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Foreword 
In the entire realm of highway design, probably no other area has received so 
much attention as has the structural design of pavements systems, and prob
ably in no other area have acceptable solutions been so elusive. This can be 
attributed to numerous factors, including the wide variety of materials used and 
the criticality of their mechanical properties, extreme and varying environ
mental conditions, difficulty with quality control of on-site production, vari
ability of magnih1de and application of loads, inadequacy in projecting ti·affic and 
predicting cumulative damage, economic aspects, and inability to devise theory 
to adequately analyze the structural system. This RECORD contains 19 papers 
devoted to several of these subjects. They have been included in a single vol
ume to emphasize the fragmented yet significant approach to the design of ac
ceptable pavement systems. 

General grouping of papers has been attempted, the first of which deals with 
continuously reinforced concrete pavements. The need to upgrade existing rigid 
pavements is recognized by McCullough and Boedecker in their development of 
an acceptable model for designing continuously reinforced concrete overlays. 
The model is derived using linear elastic theory and is validated by comparing 
derived values of mechanical stress, strain, and deflection with corresponding 
values from the Westergaard interior equation and field measurements. Per
formance of field test sections are reported by Dougan of Connecticut and Trey
big of Texas. The former documents a four-year history of the performance of 
an experimental reinforced concrete pavement that was self-stressed by use of 
expansive cement, while the latter provides an evaluation of continuously rein
forced concrete pavement test sections in terms of steel strain, deflection, 
crack pattern, pumping, and traffic. Finally, Persson and Friberg show that 
substantial savings in steel quantities are possible in continuously reinforced 
concrete pavements designed with elastic joints. Continuity of the pavement 
system can be assured across joints by transferring the low-temperature joint 
movements to elastic deformation in short unbonded segments of the continuous 
steel. 

Composite pavement performance is treated in a single paper by Zube, Gates, 
Shirley, and Munday. The paper contains performance evaluation and ratings of 
175 pavements constructed in California between 1950 and 1962. 

A second major grouping of papers encompasses various aspects of flexible 
pavement design and performance. Kersten and Skok's investigation covers the 
evaluation of 50 test sections in Minnesota that were designed using AASHO con
cepts. A second paper by Skok used traffic data from each of the 50 sections to 
develop a method for calculating the 20-year summation of equivalent 18,000-lb 
axle loads represented by the present Minnesota categories. These studies led 
to suggestions for modification of Minnesota flexible pavement design proce
dures. Vaswani presents twodesign methods for flexible pavements in Virginia. 
Tl)ese are based on the performance of 54 satellite projects, analysis of 74 
newly recommended projects, and a comparison of the two methods with present 
designs. A study by Southgate and Deen resulted in the development of a method 
of estimating the temperature distribution within flexible pavements that can be 
used to analyze deflection data at any time if the hour of day and surface tem
perature are included in the recorded data. The final contribution to this group 
of papers is a report by Moore, Scrivner, Poehl, and Phillips on a method of 
detecting seasonal change in load-carrying capabilities of flexible pavements by 
use of the Dynaflect instrument. Warrants for establishing seasonal load limits 
are suggested. 

Two papers relating to determination of equivalent axle loads for pavement 
design are included. Deacon and Deen report on the development of a relatively 



simple and accurate methodology for determining equivalent axle loads for de
sign of pavements for rural highways in Kentucky. Huang uses the elastic
layered theory to develop a method for determining equivalent single-wheel 
loads for multiple wheels. 

Another logical grouping of papers includes those relating to new theories 
and concepts. Vesic and Saxena present a critical review of existing theories of 
structural behavior of rigid pavements and study the behavior of the rigid pave
ments of the AASHO Road Test. A simple expression is presented relating the 
ultimate number of axle load applications to flexural strength of pavement ma
terial, thickness of pavement slab, and the magnitude of axle load. Kasianchuk 
and Monismith present a working model for a subsystem to consider the fatigue 
mode of stress for asphalt concrete pavements. The subsystem can be extended 
to consider loading conditions and material characteristics for which experience 
is not now available. The object of the Lerner and Moavenzadeh paper is to pro
vide a more rational pavement design base to promote technological growth and 
innovation. It discusses general engineering design in terms of goal formula 
tion, search, and selection and relates the pavement design process to this 
logical framework. Lewis and Harr present a theory whereby stresses and de
flections can be calculated for a series of rectangular slabs lying on a visco
elastic foundation and subjected to a moving load. Stresses and deflections are 
caused by weight of slab, moving concentrated load, and linear temperature (or 
moisture) variations that cause sufficient warping so that the slab is only par
tially supported by its foundation. Niu and Pickett consider a cracked Wester
gaard pavement supported on a Winkler foundation and subjected to a normal 
load applied nea1· t he c r ack . Their s tudy shows that increasing efficiency of 
moment and shear transfe r across a crack reduces maximum deflection and 
moments in pavements due to applied loads. 

The final two papers report on the use of pavement roughness instruments. 
The purpose of the report by Holbrook is to show the relationship between rapid 
travel profile parameters, roughometer values , and subjective r esponse. Phil 
lips and Swift use s tatistical methods to evaluate and rank the CHLOE profUom
eter , BPR r oughometer, PCA roadmeter, and Mays Road Meter . 
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Use of Linear-Elastic Layered Theory for the 
Design of CRCP Overlays 
B. F. McCULLOUGH, University of Texas; and 
K. J. BOEDECKER, United States Steel Corporation 

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. 

Paper sponsored by Committee on Rigid Pavement Design and presented at the 48th Annual Meeting. 
l 
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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. 
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An Experimental 
Self-Stressing Concrete Pavement: 
II. Four-Year Pavement Evaluation 
CHARLES E. DOUGAN, Division of Research and Development, 

Connecticut State Highway Department 

During the 1963 paving season, an experimental reinforced 
concrete pavement was constructed in which an expansive 
cement was used to produce thin prestressed slabs. The ex
perimental section contains three slabs 24 ft wide, 6 in. thick, 
and approximately 490 ft long. The conventional pavement, of 
40-ft contraction joint design, is placed 9 in. thick in two 12-ft 
lanes. 

This report is devoted to the 4-year, post-construction per
formance of this pavement. Slab movement data, crack obser
vation, and other information are presented, as well as sugges -
tions for the future application of this self-stressing technique. 

Early construction difficulties andpavement distress appear 
to have significantly affected the pavement performance to 
date. Transverse cracking that has developed in the test sec
tion is probably related to insufficient prestress in the concrete 
slabs. 

•IN 1963, the Connecticut State Highway Department constructed an experimental ex
pansive cement concrete pavement. The feasibility of the test installation was explored 
in early meetings with Bureau of Public Roads personnel and other interested pa1·ties 
(1), and a pilot installation was made in June 1963. Final plans for the test section 
were completed after the pilot installation, and the test pavement was placed in Septem -
ber 1963. 

The 1500-ft test area is in the southbound roadway of Route 2 in Glastonbury. The 
facility is a four-lane divided highway with fully controlled access. The testareastarts 
in a gravel fill at the northern end and runs into a reddish-brown clay cut that con
tinues throughout the test section. The southbound roadway at the test site is a tangent 
section with a +1. 5 percent grade that enters a superelevated horizontal curve to the 
right about 150 ft from the southern end of the test area (Figs. 1 and 2). 

DESIGN AND CONSTRUCTION 

The following design features were included in the test section. To minimize sub
grade friction, two layers of polyethylene sheeting were placed on a 1-in. depth of 
dense-graded bituminous concrete for the subbase. To avuiu difficulties with keyway 
formation, 24-ft paving with no longitudinal joint was required. Reinforced r.nncrete 
sleeper blocks were placed flush with the surface of the bituminous concrete at the end 
of each experimental slab (a) to provide anchorage for the longitudinal reinforcement, 
and (b) to provide anchorage for devices to restrain the slab ends from curling and 
restrain vertical displacement. 

Paper sponsored by Committee on Rigid Pavement Design and presented at the 48th Annual Meeting. 

14 



Figure l. Se If-stressing concrete pavement, 

Longitudinal reinforcement for the test slabs was with a %-in. diameter, 7-wire 
strand prestressing cable (ASTM 416), spaced 14 in. on centers with outside strands 
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4 in. from the edge of pavement. The cables were continuous throughout the slab length 
and were initially tensioned to a load of approximately 1,000 pounds. Transverse re
inforcement was provided by No. 7 deformed steel bars (ASTM A432 and ASTM A305) 
spaced 2 ft on centers, and alternating above and below the longitudinal strands. The 
ends of the deformed bars were bent 90 deg to form hooks of 8-diameter length and laid 
flat to clear the forms by 1 Y2 in. Transverse bars were tied to the longitudinal cables 
and all steel was supported by chairs. 

To restrain the slab ends from curling, a device, which was anchored in the sleeper 
block and the experimental slab and allowed free end movement of the test pavement, 
was used at the ends of slab I and the northern end of slab m. The other end of slab III 
was restrained by using the downward component of the resultant pavement stress. Slab 
II was restrained by tying concrete filler blocks to the slab ends (1, p. 58). 

Mix design for the proj ect required an 8%-bag mix that included an expansive com
ponent conforming to State Highway Department specifications. Concrete was to be 
placed with a 1 %-in. slump and fog-spr ay cured for a minimum period of 24 hours 
after placement. 

Early difficulties with consistency control, and consequently with the finishing opera
tions, were lessened by field changes in the mix design. The difficulties encountered 
were caused by the cement's affinity to water, resulting in slab growth that w;:is less 
than anticipated. The resultant longitudinal stress in the pavement was approximately 
70 to 90 psi at the slab ends, 30 psi at the mid-length, and about 140 psi transversely. 
In addition, the slab surface was very rough and wavy because of the finishing of the 
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16 

stiff concrete. Further details on the design and construction were given by Dou
gan(!). 

SIGNIF1CANT FINDINGS 

Two types of transverse cracking have developed in the test area. They are full
width transverse cracks, greater than 12 ft in length, and partial transverse cracks 
less than 12 ft in length. Both types of cracking are attributed to inadequate tensile 
strength in the pavement slabs. Insufficient prestress is believed to be a major factor 
contributing to the cracking. The relative vertical position of the transverse rein
forcement does not affect the full-width cracks except by reducing the cross-sectional 
area of the concrete slabs. The partial cracks start at the hooked ends of the trans
verse bars and progress toward the centerline of the roadway. The vertical position 
of the transverse steel does not affect the occurrence of partial transverse cracks. 

The transverse joints in the test area are closing. The transverse cracks in the 
"self-stressed" slabs have opened, resulting in permanent end displacements. Re
sistance to movement at the filler blocks at the ends of slab II is also contributing to 
the closure at joints 2 and 3. The adjacent conventional design also shows a permanent 
end displacement, which is to be expected from a contraction-joint design pavement. 

Slab end curling has not been detected. Slab hold-down devices (1) could probably 
be eliminated and cost savings achieved. If the filler blocks are used to prevent curling, 
further research on the amount of steel required to hold the filler blocks to the ends is 
needed. It appears feasible to use the downward component of the self-stress as a hold
down mechanism, but data are limited on this aspect of the project. To utilize the self
stress it is necessary to lower the longitudinal reinforcement below the neutral axis. 
As the pavement grows longitudinally, a downward component of the resultant prestress 
would be developed and, in conjunction with the weight of the slab, would act as a ver
tical restraint. 

The daily and seasonal joint movements indicate a fairly uniform unit change in 
length per unit change in temperature. These data do, however, indicate a slight de
crease in magnitude with time. The decrease is probably related to the end displace
ments at the transverse joints. Estimates of the coefficient of expansion indicate that 
there may be a seasonal variation in the expansion characteristics of the test slabs. 

The compression joint seal is working well. Minor humps have been created by the 
slab end displacements, but to date the seal has adhered well to the joint faces and has 
undergone upward displacement in only joint 1. 

The surface of the test area shows large areas of surface wear or abrasion and de
velopment of spalls at some full-width transverse cracks. The following abnormalities 
were detected by the Materials Division of the Bureau of Public Roads and they could 
well be a basis for the development of the previously mentioned defects: (a) calcium 
sulfoaluminate, a weak component in portland cement, was present; (b) large air voids 
were found that indicate insufficient compaction, i.e., consolidation of the concrete; and 
(c) the entrained air content of the test s labs was quite low. 

TRANSVERSE JOINTS 

In mid-July 1964, the transverse joints between the test slabs were sealed with an 
extruded neoprene joint seal. The four transverse joints in the test area are designated 
joints 1 through 4 from north to south respectively (joints 1 and 4 at the termini of the 
test area and joints 2 and 3 within the test area). 

The joints were prepared for sealing by cleaning out the joint cavity and sawing the 
joint faces to a 2%-in. wi dth for joints 1 and 4, and a 4%- to 5-in. width for joints 2 
and 3 (Figs. 3, 4, 5, 6, 7). While sawing the end of slab m, it was noted that the steel 
collars used in the tensioning of the longitudinal reinforcement had not been removed 
after construction (Fig. 3 ). 

The seals were placed in the joints and recessed Y4 to % in. below the surface of the 
pavement. All seals were continuous for the 24-ft pavement width, and the ends of the 
seals were butted against a steel plate to prevent infiltration of materials from the side. 



Figure 3. Joint 3-sawed face of slab 111 
showing the steel collars. 

Figure 4. Placing seal in joint I. 
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Joints 1 and 4 required a 4-in. wide seal. For joints 2 and 3 , two 3-in. wide seals were 
bonded together in the field and placed in the joint. To compensate for the lack of depth 
in the 3-in. seals, redwood strips were placed in the bottom of the joint groove for sup
port (Fig. 6 ). 

Joint Seal Performance 

To date, the joint seal appears to be effectively embedded in the transverse joints. 
Unfortunately, maintenance forces placed hot-poured liquid joint seal on the upper sur
face of the neoprene seals. It was felt that the liquid sealer would compensate for the 
recess of the neoprene seal and thus minimize. the thump at the transverse joints. 

The neoprene seals have maintained their compressed position throughout the winter. 
In the summer months the compression seals form a slight bump because of the pave
ment expansion. Figure 8 shows the only area in which the joint seal has been forced 
out of the joint. The seal is about 1 y.,_ in. (maximum) above the pavement for a distance 

Figure 5. Joint 1-seal in place. 
Figure 6. Joint 3-sea I ready for placement; 

note the redwood strips used for support. 
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Figure 7. Joint 3-seal in place. Figure 8. Transverse joint I-seal above 
pavement surface for a distance of 

4 ft. 

of 4 ft. Permanent end displacements are cited as primary factors in causing this ex
trusion. The rest of the seal appears to be performing well. 

CONDITION OBSERVATIONS 

Pavement Cracking 

Pavement distress in the form of longitudinal edge cracks was noted immediately 
after the paving operation was completed (1). Since that time, the number of these cracks 
has doubled in slabs II and III and tripled in slab I. A few of these cracks have caused 
edge spalls that required maintenance (Figs. 9 through 11), but most of the cracks have 
been confined to the area above the hooked ends of the transverse reinforcement. 

Figure 9. Slab II-longitudinal edge cracks 
near mid-length of slab; crack width 
approximately 1/a in., August 1965. 

Figure 10. Slab II-distress at longitudinal edge 
crack, mid - length of slab; transverse crack open 

'1a in., August 1965. 
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Figure 11. Slab II-completed repairs at area of 
distress shown in Figure 10; epoxy resin patching 

materia I used, August 1965. 

Figure 12. Cores taken at partia I transverse 
cracks; core numbers l, 5, and 12 taken 

in slabs I, II, and Ill respectively, 
January 1966. 
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About a year after paving, partial transverse cracks originating at the longitudinal 
cracks were noted. These cracks, generally 1 to 3 ft in length, are very narrow. Tables 
1 and 2 summarize data obtained from pavement cores. The data show that these par
tial transverse cracks occur over the transverse reinforcement. The data indicate that 
these cracks can penetrate to the transverse bars but do not extend the full pavement 
depth, as can be seen in Figure 12. Crack widths measured at the surface of the core 
with a hand microscope range from 0. 010 to 0. 002 in. and they decrease to approxi
mately 0. 002 in. about % in. below the surface. 

Figure 13 summarizes the total amount of cracking with time. The figure indicates 
that the partial transverse cracking is still developing in the test area, but the rate of 
occurrence is decreasing with time. 

These cracks are attributed to the plane of weakness created by the hooked ends of 
the transverse reinforcement. It is quite possible that this cracking will stop when 
most of the longitudinal edge cracks have developed a partial transverse crack. The 
greatest dangers from this failure are the development of full-width transverse cracks 
and the development of spalls along the crack faces and the edge of the pavement. Pres -
ently, the only areas that show adverse effects from the partial cracks are those in 
which construction difficulties were encountered, particularly the shoulder edge of 
slab II. 

TABLE 1 

SUMMARY OF CRACK DATA FROM PAVEMENT CORES 

Slab Core Type of 
Depth of Depth of Depth of Crack Width (in.) 

Date Crack 
No. No. Crack Core Cover Crack 

First Noted (in.) (in . ) (in. ) Top Bottom 

Partial 5'/, 1% '/,to% 0.005 
0 . 002 

Dec. 1965 o. 001 
Full 6'/16 3"/rn Full Feb. 1964 

None 6'/l6 

4 None 6'/, 

II Partial 6'/, 1'/, 1% 0. 010 
o. 010 Sept. 1964 
0. 002 

None 6'/, 

None 

Full 6'/, 3'/l6 Full Feb. 1964 

ill Full 6
7
/rn Full Feb. 1964 

10 None 6
3
/16 

11 None 6'.f, 

12 Partial 5'/, 1 '/, J/10 0.003 
0.001 Sept. 1964 0.001 
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TABLE 2 

SUMMARY OF COMPRESSIVE STRENGTH OF 
CONCRETE CORES 

Slab No. Cor e No. 
Strengtha 

(psi) 
Density 

(pct) 

u 

m 

3 
4 

6 
7 

10 
11 

5870 
5670 

6190 
4980 

5400 
4790 

137 . 0 
135. 8 

139. 7 
136. 2 

135. 6 
135. 4 

0 All cores corrected to L/O = 2. Cores soaked in water For 48 hours 
prior to test and tested in moist condition. 

Full-Width Transverse Cracks 

In late November 1963, full-width trans -
verse cracks appeared in the test slabs. 
The cracking was located at about the mid
length of the slabs, but has progressed 
toward the slab ends with time. Figure 14 
is a plan view of the test site showing the 
present location of these cracks. There 
are now 38, 32, and 22 full-width cracks 
in slabs I, IT, and IIJ respectively. This 
cracking occurred before the pavement 
was 2 years old and there has been no ap-
preciable increase in cracking of this nature 
since September 1965. 

Cores taken over full -width cracks show that the cracks extend through the entire 
depth of slab, and that the location of the transverse reinforcement (above or below the 
longitudinal cables) has no effect on the cracks (Figs. 1?, 16, 17). Inspection of the core 
holes gives no indication that the cracking has extended into the bituminous concrete 
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Figure 13. Summary of tota I cracking with time. 
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Figure 14. Pi on view of test area locating ful I- width transverse cracks: age of concrete, 3 years. 
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Figure 15. Cores from slab I, January 1966. 

Figure 16. Cores from slab II, January 1966. 

Figure 17. Cores from slab Ill, January 1966. 
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Figure 18. Longitudinal distribution of full-width transverse cracks: age of concrete, 4 years. 
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Figure 19. Cumulative distribution of full-width transverse cracks per 50-ft stations: age of concrete, 
4 years. 

subgrade. Crack widths from full-width cracks are not available; however, visual in
spection of the cores shows that silt and fine sand particles have penetrated the crack 
to the depth of the transverse steel. Corrosion of the transverse steel has begun on 
the circumference of the bar. The corrosion is spotty and usually occurs on the surface 
of the bar closest to the surface of the pavement. 

The full-width cracks are attributed to tensile stresses developed from subgrade 
friction. Figures 18 and 19 show the longitudinal and cumulative distribution of the 
cracks respectively. Note the high frequency of cracks in the central 200 ft of the 
slabs. Undoubtedly the low value of prestress (30 psi) at the mid-length of the slabs 
and construction difficulties have contributed greatly to this type of failure. Had the 
slabs attained sufficient growth to induce a uniform prestress of 300 psi, anci had we 
assumed the tensile strength of the concrete to be 500 psi, then the concrete would have 
had 60 percent more resistance to the tensile stresses. 

+02 

- 0.2 

- 0.4 

-06 

~ -oe 

~ - 10 

z 
~ - 12 
0 
I- - 1.4 
z 
0 -1.6 .., 

-16 

-2.0 

- 2.2 

- 2.4 

-2,6 

JOINT 2 

~ ...... I() ~ <Dt"'."t'-

"':g"' !I' X"' "''° 
~al~~ ~ ±~~ 
0

N°~ ·~·Sf ·~~·~~ 

,__ 

---
--

JOINT 3 

;z ~ ~ :3 :R :l ~lfi 
~ !9 c\i ~ ;g ,:. c\i::t 
c\i .i. !l!"' .!. ,!. ,i,.o 

~-~·cc·~ ·~·ara8 

Figure 20. Seasonal joint movement for joints 2 
and 3. 

+o.e 

+06 

+04 

.... 
:::: -0.4 
0 
""l -06 

-0.6 

-1.0 

-12 

JOINT 4 

:b ~ ~ ~ ~ :g&; 
~~~2~rL~ 
~~~cO.:..~,;, 

~~~~·~·g·~ 

Figure 21. Seasonal joint movement for joints 
and 4. 



23 

Figure 14 shows the approximate locations of the major difficulties encountered 
during construction. In slabs I and II, the high frequency of cracking in the areas in
dicated has been caused or been affected by discontinuities in paving operations ex
perienced on the project. The highest frequency of cracking in slab mis about 200 ft 
south of joint 3. Although no breakdowns were encountered in this area, this is the ap
proximate location of the start of the transition section that results in full supereleva
tion at the south end of the test area. It is possible that the additional sand used in the 
concrete on this day and the stops required to adjust the screeds for the superelevation 
have caused a reduction in concrete strength sufficient to cause the high crackfrequency. 

In all probability the full-width transverse cracks are contributing to the development 
of compressive stresses within the test slabs by creating strains on the longitudinal re
inforcement. This is supported by the core data. Unfortunately, the areas of slab II 
in which the strain instrumentation was located were filled with concrete shortly after 
paving the test site. This oversight precludes estimates of current slab stresses. 
However, data presented hereafter on joint closure reinforce the foregoing theory on 
slab stresses. 

Joint Movement 

Joint movement at the transverse joints in the test area is measured by instrumenta
tion placed in the pavement during construction. All readings are obtained with aver
nier gage and each set of readings is checked against highly probable limits established 
for the joint under observation. Figures 20 and 21 show the seasonal joint movement 
for the transverse joints. The data in these figures show the average seasonal move
ment indicated by four individual gage readings per joint. The base temperature for 
all joints is 54 F. Linear regression equations, which show change in joint opening a.S 
a function of change in temperature, are summarized in Figure 22. The equations were 
obtained using data from the time of construction up to and including June 1967. In all 
of the figures it is evident that the transverse joints are now closing. Joints 2 and 3 
presently show a closure of 1. 33 and 0. 93 in. respectively, which has been gradually in
creasing in magnitude since construction. Joints 1 and 4 began to close abouttwoyears 

BASE TEMPERATURE !>4 ~ (+ ) 
40 

JOINT 4 

JOINT I 

3 0 

~!> 
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Figure 22. Regression equations, change in 
temperature vs change in joint width. 

after construction and are still closing. 
Figure 23 shows the increase in joint clqsure 
with time. 

Undoubtedly, their closure is owing in 
large part to slab end displacements re
sulting from the full-width transverse 
cracks in the test area. This is reflected 
in the increase in slope of Figure 23 be
tween 1':/z and 2% years of age, which is 
the time period when the greatest number 
of full -width cracks were recorded. 
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Figure 23. Decrease in joint opening with time. 



24 

The fact that the terminal joints and the central joints have, during the early stage, 
opposite slopes in Figure 23 is attributed to an obstacle to movemenL that developed at 
the filler blocks early in the pavement life. During the first winter, the interface be
tween the filler blocks and the slab ends opened. Subsequently, longitudinal and then 
semicircular cracks developed over or extending from the tiebars, and a full-·width 
transverse crack appeared at about the mid-length of the filler blocks. These defects 
are shown in Figures 24 through 27. The sequence in which the distress appearedsug
gests that the restricted movement is caused by frictional resistance. It was pointed 
out (1) that the steel I -beam used in tensioning the longitudinal reinforcement was to 
be burned off "reasonably flush" with the surface of the sleeper slab. Experience with 
this type of operation indicates that it is nearly impossible to remove the I-beam flush 
with the surface of a supporting concrete block. Furthermore, pieces of blown glass 
were set on top of the web sections that extended above the sleeper slab. Therefore , 
it is highly probable that early resistance to mevement developed as a result of the 
filler block being forced to slide over pieces of the I-beam that protruded from the 
sleeper slab. At present no cores are available to support this theory, but in thefuture 
they could easily be obtained for confirmation. 

Pavement Cross Sections 

Elevations were obtained at the slab ends, 50 ft from the ends, and at the midpoint 
of each slab to measure slab curling or frost effects in the test area. Base readings 
were obtained after construction and the measurements continued each winter. To date, 
no curling of the slab ends or frost effects have been detected. 

These data and the few full-width transverse cracks adjacent to the slab ends sug
gest that the means used to prevent curling show promise. The uniform movement at 
the transverse joints also supports this statement. At this time, it is not known what 
influence, if any, the full-width transverse cracks have on slab curling. Possibly the 
subdivision of the slabs by the cracks has offset any failure caused by curling stresses. 

Data presented herein show that further research is required if the filler blocks are 
to be used for vertical restraint. The special hold-down devices (1) could be eliminated 
because of economic considerations. The resultant downward component of the self
stress is judged to be, presently, the most practical method of slab tie-down. The 
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Figure 24. Interface at filler block between 
slabs II and Ill ; crack width approximately 

~in., April 1964. 

downward resistance to vertical displace
ment can easily be achieved in the field 
with no added construction cost. 

Figure 25. Longitudinal and semicircular cracks, 
same location as Figure 24, April 1964. 

Figure 26. Close-up of cracking in Figure 25, 
April 1964. 



Figure 27. Filler block between slabs I and 
II, faulted at median side % to % in., April 

1964. 

Surface Condition Observations 
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Figure 28. Slab I-gage plug instrumentation at 
a partia I transverse crack, mid-length of slab; 
longitudinal edge crack in upper center of photo. 

The present surface condition of the test area is shown in Figures 27 through 34. 
Large areas of surface wear as well as spalls have developed at transverse cracks. 
Cores removed from the test slabs indicate that the concrete is fairly homogeneous 
despite construction difficulties. A general examination of cores showed the following: 

Figure 29. Distressed area of slab; width of spa II, 
3 to 6 in.; at median edge, 12-in. steel not 

visible. 
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Figure 30. Transverse crack 15 ft south of 
distress in Figure 29; minor spelling, crack 

tight. 
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Figvre31. Cfosc-upofareu in F'gure30sho·Ning 
longitudina I edge crack. 

Figure 33. Cracking at interface between slab 
II and fi Iler block 3. 

; 
\ 

Figure 32. Transverse crack in s!ab JI; ri_1st spots 

on surface of pavement at crack. 

Figure 34. Transverse crack in filler block 3 
approximately at mid-length of the block. 
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1. Calcium sulfoaluminate was present, but this is to be expected because it is the 
normal product of an expansive reaction in portland cement. 

2. Numerous large air voids were encountered. These indicate insufficient com -
paction of the plastic concrete, and are probably related to early construction difficul
ties. 

3. The air content of the test slabs is quite low. The air content of slabs I, II, and 
ill is 2. 6, 2. 6, and 3. 2 percent respectively, as determined by the high-pressure method. 
Bureau of Public Roads comments on the marginal air content of the cores indicated a 
good probability of developing surface scale. 

The author believes that the wear in the test area probably results from insufficient 
entrained air, coupled with the use of de-icing chemicals. Furthermore, the presence 
of calcium sulfoaluminate, which is a relatively weak crystalline structure in a cement 
paste, would tend to make the slab surface more susceptible to abrasion. 

Present thinking is that the occurrence of spalling in the test slabs is affected by 
the presence of the large air voids and calcium sulfoaluminate. The wide, full-width 
transverse cracks that have developed have no load transfer mechanism; therefore, the 
reduced strength of the mortar could aggravate spalling in the test area. 

SUPPLEMENTARY DATA AND INSTRUMENTATION 

In March 1965, additional measurements on the end displacements of each test slab 
and the adjacent conventional concrete were started. The data are obtained by estab
lishing a reference line at each transverse joint using monuments installed prior to 
paving. The slab end movements are then measured with a hand rule and r ecorded to 
the nearest %2 in. Two sets of readings are taken at each joint at each edge of pave
ment. The average movement of each slab end is then reported as the average of four 
readings. All measurements are statistically analyzed 

Figures 35 and 36 show the slab displacements at each transverse joint. The total 
movement is the sum of the measured individual slab displacements at the joint. The 
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cracks. 

movement of slab II is shown and the move 
ment of the opposite slab end is the alge
braic difference between the total move
ment and the movement of slab II. The 
data are not corrected to the original base 
readings for the joint movements, but the 
total joint movement measured at the slab 
ends is comparable to that measured with 
the vernier gage. 

In July 1966, additional gage plugs were 
installed in the test area at selected cracks, 
in the interface between the filler block 
and the ends of slab II, and at a full -width 
crack in the filler block. Figure 37 shows 
the increase in crack width from summer 
to winter for the full-width transverse 
cracks. Recognizing the fact that the ad
ditional gage plugs would have been more 
valuable if they had been installed at an 
earlier date, it is felt that the data support 
the observation that the full-width trans
verse cracking in the test area is contri
buting to the joint closure. This can be 
seen in the data for slab II in Figure 20. 

The partial transverse cracks show a 
seasonal movement of 0. 003 to 0. 007 in. The cold-weather data indicate that these 
cracks are open more than the full-width cracks. It is quite probable that the smaller 
amount of movement at the full -width cracks results from the intrusion of incompres
sible material into the cracks that creates localized compressive stresses in the test 
slabs. 

Figure 38 shows the change in crack width at the interfaces of slab II and the filler 
blocks. In Figure 36 there is about '11o in. difference in the end displacement of slab II 
and the adjacent slabs. The difference in end displacements is probably owing to the 
excess movement of the filler blocks at the ends of slab II. This condition results from 
a combination of factors, the primary causes being insufficient steel tiebars and the 
resistance to movement cited previously. Initially, it was thought that the difference 
in end displacements might be caused by the difference in thermal characteristics re
sulting from changes in mix design. This theory was abandoned because of the error 
involved in measuring the end displacements and the fact that the unit change in joint 
width with respect to change in temperature is fairly constant for all three test slabs 
(Fig. 39). 
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Estimated Coefficient of Expansion 

Estimates of the coefficient of expan
sion were obtained from the daily joint 
movement data of joints 2 and 3. Com
puted values for the joints are 0. 0000037 
O. 0000041 in. per in. per degree Fahrenheit 
respectively. These estimates are ob
tained by using an assumed length of 500 
ft and the average joint movement mea
sured over a 10 F or greater rise in tem
perature. No data are available on the 
amount of daily contraction in the test 
slabs. An estimate of the seasonal coef
ficient of expansion and contraction can 
be obtained from the data in Figure 20 by 
dividing the seasonal movement by 6,000 in. 

Table 3 gives data on the daily change 
in length used to calculate the coefficient 
of expansion. Note the wide dispersion 
of data. There appears to be cause to 
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Figure 39. Decrease in joint movement per unit 
change in temperature. 

suspect that the amount of expansion will vary with the season of the year-that is, the 
amount or rate of expansion is greater in the summer than it is in the winter. Figure 
23 indicates a decrease in joint opening with time. The amount of influence this has on 
the expansion and contraction characteristics of the slabs is not known at this time. 
Presently, it is felt that more data are required to determine if significant differences 
can be detected in the daily and seasonal coefficients of expansion. 

PAVEMENT SERVICEABILITY 

Based on the minimum number of cracks and pavement surface wear, slab ID has 
performed best. The cracks in slab ID are tight and only minor spalling has occurred. 
This again reflects improved paving technology over that used in paving slabs I and II. 

TABLE 3 

DAILY CHANGE IN LENGTH MEASURED AT JOINTS 2 AND 3 

Joint 2 Joint 3 

Temperature T Lengtlt Temperature T Length 
(F) (In.) L/T (F) (In.) L/T 

a.m. p.m. a.m. p . m . 

77 92 15 o. 3350 0.0223 77 95 18 o. 4723 0.0262 

77 92 15 0.4828 0. 0322 71 85 14 0. 3785 0 . 0270 

60 70 10 0. 1748 0.0175 39 52 13 0. 2993 o. 0230 

69 84 15 0. 4048 0. 0270 45 56 11 0. 2610 o. 0238 

36 52 16 0. 3163 0.0198 81 93 12 0. 2853 0. 0238 

43 57 14 0.3025 0.0216 75 87 12 0. 3705 0, 0309 

80 94 14 0 . 2990 0. 0214 75 88 13 0. 2725 o. 0210 

89 103 14 0. 2760 0. 0197 77 95 18 0. 3830 0.0213 

70 87 17 0. 4170 o. 0245 x 0, 1970 

53 64 11 o. 2708 0. 0246 x 0. 0246 

72 87 15 0.2658 0. 0177 e = 0. 0000041 

76 96 20 0. 4070 0. 0204 

x 0. 2687 

x 0. 0224 

e = O. 0000037 
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Year 

1965 

1966 

ADT 

4, 900 

6, 100 

Passenger 
Cars 

88. 7 

86. 7 

TABLE 4 

SUMMARY OF TRAFFIC DATA 
(Percent of ADT) 

Single-Unit Trucks 

4 Tire 

5. 7 

7. 0 

6 Tire 

2.4 

3. 0 

10 Tire 

0.1 

0 . 1 

Combination Trucks 

3 Axle 

0. 5 

0.5 

4 Axle 

2.0 

1. 9 

5 Axle 

0.5 

0.6 

Buses 

0. 1 

o.z 

The present pavement condition of the test area is shown in Figures 27 through 34. The 
cracks in Figures 30 and 32 are typical of those in slab Ill. 

Tables 4 and 5 summarize the traffic data and U1e estimated PSI and equivalent 18-
kip axle loads respectively. In Table 4 it is evident that the test area has not been sub
jected to a heavy h·affic load. This is supported by the estimated equivalent 18-kip 
axle loads shown in Table 5. 

In Table 5 two values of D were used to compute the 18-kip equivalencies. This was 
done because it was not known to what extent the steel reinforcement has influenced the 
pavement stiffness. Jn other words, is D = 6 in. equal to D = 9 in.? Because the sums 
of the equivalent 18-kip loads, by both assumed values of D, differ by roughly 4 percent, 
the value of D = 6 in. will be used hereafter. 

The PSI (2. 98) of the test area is also shown in Table 5, and is based on pavement 
roughness determined by a BPR- type roughometer (7 ). The roughness readings, which 
are the average values from all wheelpaths in the 1,500-ft test section, indicate a de
crease in roughness with time. This is incons1stent with condition obs ervations of t he 
test slabs. Supplementary calculations of the PSI, incorporating estimates of cracking 
and patching per 1,000 sq ft of pavement surface, show that the PSI of the test area is 
reduced by about 0. 6 for the 1966 value and Slightly less than 0. 6 for the 1965 value. 
However, the decrease in pavement roughness from 1965 to 1966, when used in the PSI 
formula, indicates that the PSI has increased from 1965 to 1966. These data suggest 
that some other measure of pavement serviceability is needed for this project. 

SUGGESTED FUTURE RESEARCH 

Based on data from the test installation, the following suggestions are submitted for 
consideration in future research on expansive concretes: 

1. To attain uniform longitudinal prestress in the pavement slabs, some type of 
positive anchorage should be p1·ovided along the reinforcing wires. Professor Alex 
Klein s uggested attaching s lotted washers a t various intervals on the longitudinal rein
forcement. Klein a.lso thought that there should be a better distribution of s teel in the 
cross-sectional area of the pavement, with more strands used to achieve a given area. 

To fully utilize the potential of an expansive cement to develop prestress, additional 
data are needed on type and percentage of reinforcement, bond strength of the resultant 

Year 

1963 

1965 

1966 

TABLE 5 

ESTIMATED PAVEMENT SERVICEABILITY INDEX AND EQUIVALENT 
10-KIP AXLE LOADS 

Pavement Estim11tcd Equivalent 
18-Kip Loads•• 18-Klp Loat!B 

PSI* Roughness 
(in./mi) 

D = 6 ln . D = 9 in . 
D = 6 in . D = 9 in. 

2.81 182 

2.84 177 97, 400 92, 600 

2. 98 162 95, 900 87, 900 193, 300 185, 500 

•PSI = 5.34 - 1.70 (2.16 log R - 3.39). R = pavement roughness \in./mi, BPR-type roughomeler). 
••p = 2.5. 
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concrete, optimum spacing of intermediate anchorages, and accurate information on the 
percentage of expansion and rate of gain of strength under field conditions. 

2. Slab lengths of 500 ft are too long. Klein indicated a preference for slab lengths 
of 175 to 225 ft with filler sections placed between adjacent prestressed sections. The 
difficulties encountered in this test installation do not permit an evaluation of the opti
mum slab length, but the full-width transverse cracking that developed indicates 
that the most effective slab length is less than 500 ft It could be anticipated that eco
nomic considerations would be of primary importance in determining an optimum slab 
length. 

3. This project has provided field experience with expansive cement concrete high
way construction. The data in this report suggest that the test slabs are now perform
ing in a manner similar to continuously reinforced concrete pavements. However, the 
following questions have not been answered: (a) Will the transverse cracks in the test 
area, which have caused the joints to close prematurely, create sufficient strain in the 
longitudinal cables to stabilize the joint closui·e? or (b) Will the increase in crack width 
create localized compressive failures in the test slabs? It is the intent of future ob
servations on this project to answer these questions. 
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Performance of Continuously Reinforced 
Concrete Pavement in Texas 
HARVEY J. TREYBIG, Highway Design Division, Texas Highway Department 

This is a summary of the performance of continuously reinforced con
crete pavement in Texas. The performance of pavement test sections 
with varying subbase, subgrade, and slab thickness characteristics is 
evaluated in terms of steel strain, deflection, crack pattern, pumping, 
and traffic. Data collection and analysis techniques were essentially the 
same as those used at the AASHO Road Test but with appropriate modi
fications for the continuously reinforced concrete pavement. Empirical 
equations developed by using regression techniques are modified for use 
as design tools. 

Results indicate that each of the parameters mentioned affects the 
performance of continuously reinforced concrete pavement in some way. 
Pavement type, pavement thickness, subbase type, and subgrade were 
all found to affect deflection. Pavements with 0.5 percent longitudinal 
steel perform satisfactorily as true continuous pavements, i.e., good 
load transfer is obtained. 

The crack pattern development is related to pavement age, subbase 
friction, concrete flexural strength, and curing temperature. Crack 
distribution in a givenpavement length indicates performance. A normal 
distribution reflects satisfactory performance while a skewed distribu
tion reflects unsatisfactory performance. 

Based on percentage evaluation, twice as many jointed pavements as 
continuous pavements were found pumping. H not protected, lime
stabilized sub bases may pump. Asphaltic concretes with high asphalt 
content or good surface treatments will protect stabilized subbases. 
Signs of pumping are not always proof that the subbase is being e1·oded. 

The present serviceability indexes of CRC pavements in Texas follow 
the trend of the AASHO equations but with a somewhat lower initial PSI. 
CRC pavements are perfor ming with a significantly higher PSI than are 
jointed concrete pavements with the same number of equivalent 18-kip 
axle applications. 

•THE FffiST continuously reinforced concrete pavement (CRCP) was built in Texas in 
1951. At the time, it was in use in several other states on a small scale, and more was 
built as the Interstate Highway System got under way. 

By 1960 research studies were started to evaluate the performance of continuously 
reinforced conc1·ete pavement. One of these studies was initiated in 1963 by the Texas 
Highway Department 1n cuov~ution with the Burcn.u of Public Roads. Jn very general 
terms, the objective of this research effort was to determine the performance charac
teristics of continuously reinforced pavement under varying conditions of subbase sup
port, subgrade, and pavement thickness. 

In addition to this final report, seven others have been published on some portion of 
t11e research. The first report (1) gave a detailed account of equipment and procedures 
developed for the large research -study. A later report was on an experimental pave
ment built in 1964 (~). A deflection study of two pavements (~)reported the response 

Paper sponsored by Committee on Rigid Pavement Design and presented at the 48th Annual Meeting. 
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of the pavements as measured by deflection and radius of curvature and compared the 
effects of percent steel, load, concrete modulus of elasticity and crack spacing. A de
tailed analysis of deflection in terms of slab temperature differential, crack spacing, 
crack width, and soil support (4) was based on data taken from three different pavements 
recorded around-the-clock to get all effects of temperature. The climax to the perfor
mance study of CRCP in terms of load-deflection studies contained deflection data gath
ered from 45 different pavements located throughout the state (5). A 1966 report on a 
laboratory study of the relationship of deflection and modulus of elasticity found that the 
relationship of deflection to modulus of elasticity under certain conditions was not always 
consistent with accepted theory. Finally, a recent report (7) compared data collected 
and analyzed on this project with theoretical methods of slab analysis now being devel
oped at the University of Texas (~). 

PERFORMANCE 

The performance of a pavement is a measure of its accumulated service or the ad
equacy with which it serves its purpose. Pavement performance in its most general 
sense is usually measured or specified with an index value as suggested by Carey and 
Irick - (9 ). In this research study pavement test sections were evaluated and pave
ments of varying designs were studied for their relative performance and their perfor
mance in terms of the present serviceability index (PSI). Relative performance was 
measured or indicated by steel strain, deflection, crack pattern, pumping, and traffic. 

Steel Strain 

Based on a very limited amount of steel-strain data collected in this investigation, 
no significant relationship was found between performance and the amount of longitudinal 
reinforcing steel in pavements of similar design (2). Investigations prior to this one 
indicated extremely higb stresses in the longitudillal steel when Type ill cement is used 
(!_!). Specifications now also limit the fineness of cement. 

Deflection 

Pavement deflection or response to load indicates the relative performance of pave
ments of different design. Different subgrades were evaluated in terms of deflection 
(5). In Figure 1 the relative performance of poor, fair, and good subgrades is shown in 
- terms of deflection. Also indicated in Figure 1 
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Figure 1. Relative performance of subbases 
and subgrades. 

is the relative performance of the three subbases 
shown. The low deflection of the fine-grain sub
base on the fair subgrade was a case where the 
subgrade was stabilized with lime. Lime sta
bilization of the subgrade was not part of the ex
periment factorial. Stabilization of the subgrade 
with lime is a widely used technique for devel-
oping a construction platform in areas of the 
state where subgrades are very wet. 

Because of results with lime-stabilized sub
grades, it is believed that the lime-treated sub
grade actually performs like an additional sub
base layer in terms of response to static load. 
Therefore, a soil support term was formulated 
to correlate deflections on different foundations 
{_!). It is defined as follows: 

where 
SS = soil support, 
U 1 = seven-day unconfined compressive 

strength of subbase, 
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Figure 2. Deflection as a function of soi I support. 

U2 = seven-dayunconfinedcompressive strength of lime-stabilized subgrade, and 
T sg = Texas triaxial classification of subgrade material. 

In Figu1•e 2 the X data points represent pavements that have lime-treated subgrades. 
The soil-support value for these pavements was modified to include the treated subgrade 
layer as a second subbase. After inclusion in the soil support, the X data points moved 
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Figure 3. Comparison of deflection at and between 
cracks. 

to the positions shown as squares. 
Now the squares and circles form the 
data set that displays the relation of 
deflection to soil support shown. Thus, 
the lime-treated subgrade layers do 
strengthen the pavement system. How
ever, this additional. strength is usually 
not considered in the design stage. 
Usually the stabilization wjth lime is 
primarily .for developing a workable 
subgrade or a construction platform. 

Deflection measurements were also 
used to compare measured responses 
at cracks and at midpoints between 
cracks on the continuously reinforced 
concrete pavement. The continuity in 
the CRCP or load transfer across the 
volume-change cracks is measured oy 
the comparison shown in Figure 3. 
The lines in Figure 3 are regression 
lines for data taken at and between 
volume-change cracks. Each of the 
four lines represents data recorded 
in one of the four seasons of the year 
(5). Note that the lines are nearly 
45 deg and that the intercept is very 
small-smaller than the resolution of 
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the Benkelman beam. The design of 
the longitudinal reinforcing steel was 
identical in all of the pavements from 
which the data in Figure 3 were gath
ered. It is apparent from a deflection 
standpoint that the 0.5 percent steel 
design was performing satisfactorily 
at the time of this investigation. 

The deflection-percent steel rela
tionship has been investigated on two 
experimental paving projects where 
more than one steel design was used. 
Figure 4 shows the relationship of 
steel percentage to deflection on two 
projects. The subbases and subgrades 
for these two projects were entirely 
different. This accounts for the verti
cal placement of the two data sets, i.e., 
data from two different populations. 
From Figure 4 it is believed that in
creases beyond 0.5 percent steel will 
probably not decrease deflection a sig
nificant amount. Thus, a design with 
more than 0.5 percent steel will have a 
small amount of built-in insurance. 

The response of pavements with different slab thickness was measured by deflection. 
As expected, thinner slabs deflected more than thicker ones (5). Data in Figure 5, col
lected from pavements of identical design except for the slab thickness compare satis
factorily with other research and theory. 
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Crack Pattern 

The development of the random crack pattern in CRCP is very complex. It is af
fected by the tensile strength of the concrete, percent steel shrinkage, curing tempera
ture, friction between concrete and subbase, and the uniformity and homogeneity of the 
paving concrete. 

Crack pattern development with time is shown in Figure 6. The two pavements shown 
are identical in design except for the subbases. Both pavements were built under the 
same contract and are adjacent to one another. The solid line represents a CRCP with 
0.4 percent longitudinal steel (deformed wire mat) on a lime-stabilized gravel subbase. 
The dashed line shows the same pavement on a subbase of crushed limestone stabilized 
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with asphalt emulsion. At 600 days, the pavement on the asphalt-treated subbase had a 
crack spacing 23 percent less than that of the pavement on the lime-stabilized gravel. 
This difference in crack spacing can be attributed to the difference in subbase friction 
or resistance to movement. 

The concrete tensile strength also affects the cracking pattern. A tensile test is not 
used for job control in Texas. Midpoint-loading flexural strengths are determined, how
ever, because there is a correlation between the tensile and flexural strengths of con
crete. Thus, in Figure 7 for two different curing conditions, the seven-day flexural 
strength is related to the average crack spacing at a pavement age of 200 days (12). 
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As concrete strengths go up and curing 
temperatures go down, wider crack spacings 
result. 

The ambient temperature, i.e., curing tem
perature of the pavement, also affects the crack 
spacing significantly, as shown in Figure 7 
where the slope of the lines is a measure of 
the curing temperature. Figure 8 shows that 
as the temperature of pavement reduces, the 
crack spacing approaches infinity, i.e., spac
ings much larger than the optimum of 5 to 8 
feet. Data in Figures 7 and 8 are from one 
construction project. 

The distribution of crack spacings in a given 
length of pavement is a good indicator of per -
formance. Crack-spacing data shown in Fig
ure 9 approach a normal distribution and re

flect satisfactory performance. Cracking patterns such as these are representative of 
the random crack pattern desired in CRCP. The data are from a pavement test section 
2, 500 ft long. A distribution like this can only be obtained with uniform, homogenous, 
well-consolidated concrete. Figure 10 shows a crack-spacing distribution on a pave
ment test section also 2, 500 ft long where the concrete was neither uniform, homoge
nous, nor well consolidated. Extensive areas of unconsolidation were present, and most 
of the cracks formed over the transverse steel, which is spaced on 2-ft centers. This 
is reflected in the skewed distribution. The frequency is very high for the range from 
1.5 to 3.0 ft. In general, the normal distribution indicates satisfactory performance, 
and the skewed distribution reflects unsatisfactory performance. 

Pumping 

Loss of uniform support under a rigid pavement usually causes distress in a pave
ment slab when heavily loaded. A survey of test sections selected for this investigation 
indicated that pumping was not a problem on pavements with stabilized subbase layers. 
Figure 11 shows a qualitative evaluation of the pumping found on some of the test pave
ments selected for the overall experiment, both jointed and continuously reinforced. 

Other experience in Texas with lime-stabilized subbases directly under CRCP has 
been somewhat unsatisfactory. Lime-treated soil apparently loses some of its integrity 
when it becomes wet. After wetting it erodes and pumps like a fine-grained material. 

Signs of pumping, such as water movement and material depositedonapavedshoulder, 
do not always indicate true pumping, i.e., removal of foundation from beneath the port
land cement concrete pavement slab. Some pavements with sound, stabilized subbases 
have shown signs of pumping. For example, an 8-in. CRC pavement with an asphalt
stabilized subbase showed severe signs of pumping. The pavementhadcement-stabilized 
shoulders with shoulder surfacing of 1-in. asphaltic concrete. The pavement edge was 
cored. It was found that when the shoulder base material was stabilized with cement, a 
small portion in the corner between the blanket subbase and the edge of the slab was 
either :riot mixed with cement or not compacted. It was this material that was being 
forced out by the pumping action of water in the joint between the shoulder and the slab. 
Figure 12 shows what was found. A careful examination of the core holes showed the 
small channel where the loose material had all been removed. 

Traffic 

Since the test sections for this project were selected at the inception of the project, 
the traffic load applications have been estimated several times. Data were collected 
for one direction only from the date of completion to the time of data collection. 

The total data for one direction in reality forced all traffic into one lane as far as 
the number of 18-kip applications is concerned. This may be reasonable because 
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almost all the test sections were on roadways with two traffic lanes in each direction, 
and heavily loaded vehicles usually travel the outside lane where all test sections are 
located. 

The pavement serviceability-performance concept developed at the AASHO Road 
Test relates the traffic load application to a performance index known as the present 
serviceability index (13). The CHLOE profilometer was used to determine the PSI of 
each test section in the experiment. Only one value of PSI was obtained for each sec
tion; the PSI's immediately after construction were unknown. 

Because the test sections are all about the same age, a relative comparison of PSI' s 
is reasonably valid. The limited data indicate that the average relationship of PSI to traf
fic for the sections was in the range of 4.0 to 4.2. These pavements were all three to 
six years old at the time of measurement. Even so, this does indicate the ability of 
continuously reinforced concrete pavement to maintain a high level of serviceability. 

For the test sections in this experiment, corresponding PSI and traffic data were 
assembled and are shown in Figure 13. All pavements in the experiment factorial are 
shown with no attempt to differentiate between pavements of different design. The line 
represents the AASHO equation that related the PSI of a 10-in. jointed reinforced con
crete pavement to traffic. The initial PSI of rigid pavements at the AASHO Road Tests 
was 4.5, and thus the line passes through 4.5 on the vertical axis on the semilog graph 
of PSI and traffic. 

Figure 14 shows similar data except that a differentiation is made between pavements 
with stabilized subbases and pavements with unstabilized subbases. Data are inconclu
sive. 

Figure 15 compares the performance of jointed and continuously reinforced pave
ments. The sample of jointed pavements is smaller than that of the continuously rein
forced. The observations do indicate that in Texas the continuously reinforced pave
ment is performing with a higher serviceability index than is the jointed concrete pave
ment. The lines on this figure again represent the AASHO correlation of traffic to ser
viceability index for 8- and 10-in. jointed reinforced concrete pavements. 

Figure 16 compares the performance of 8-in. continuously reinforced concrete pave
ments in Texas and Illinois (14). The Illinois data are from pavements having a range 
of 0.3 to 1.0 percent longitudinal steel. 

These four figures indicate that the AASHO equations cannot be applied directly be
cause they predict a higher level of performance than that determined from in-service 
pavements. This was also the finding of an investigation on pavements in Illinois (14). 
The trend of loss in serviceability with increased traffic is correct and valid. However, 
the PSI's measured for this investigation indicate that the average initial PSI after con
struction is something less than the 4.5 measured at the AASHO Road Test. 

DESIGN 

The research in this study led to the development of several empirical equations. 
In each case the equations were statistical models that correlate the parameters in
volved. The symbols used in these equations are defined as follows: 

S = stress in longitudinal steel (plus is tension); 
Ee = compressive modulus of elasticity of concrete; 
O'c = coefficient of thermal expansion for concrete; 

AT = change in slab temperature from time in question to time of concrete place
ment; 

X = average crack spacing, ft; 
P = percent longitudinal steel; 

Zc = shrinkage, in./in.; 
AZ = change in shrinkage, in./in.; 
AX = crack width in concrete, in.; 
K1 = constant equal to 1.468; 
K2 = constant equal to 2.553; 
De = edge deflection at a crack in CRCP, in.; 



D = slab thickness, in.; 
T = slab temperature differential, deg F; 

T sg = Texas triaxial classification of subgrade material; 
L 18-kip single axle load; 

SS soil support; 
U 1 seven-day, unconfined compressive strength of subbase, psi; and 
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U2 seven-day, unconfined compressive strength of lime-stabilized subgrade, psi. 

From the study of steel strain the following model was developed for stress in the 
longitudinal steel (~): 

s = A1 + A2EcZc + A3ECZC (~Y + A4EcetcAT + AcEcetcAT (§r (1) 

where A11 A2, A3, A4' and A5 are constants that were determined from the data. 
Equation 1 can be solved for P, the percent longitudinal steel. Thus it takes the 

form 

(2) 

An additional result of the stress and concrete movement investigation was an em
pirical equation for crack width in the concrete (2). Model number DKl has been se-
lected for this exhibit. It follows as -

(3) 

where K 1 is a constant determined from the data. 
From the analysis of the load-deflection data collected in this research study, the 

final result was an empirical equation or model that correlated the parameters in the 
sttidy to the deflections measured in the field (4, 5). 

The first study evaluated the effects of temperature and crack spacing, and the sec
ond, a statewide investigation, determined the effect of subbase, subgrade, and materials 
properties. The final model for predicting the edge deflection of a CRC pavement was 

A L 10BsAX ,,[34 T0.25B 3 

D _ o sg 
c - Dl.75 EB 2 U0 .25B3 100.0 l47T (4) 

where A0, B2, B3, B4, and Bs are constants determined from the data. 
Equation 4 could be rearranged so that a solution for D, slab thickness, could be ob

tained. Thus the equation would take the form 

(

A L 10B5 AX x134 JL25B3 T0.25B3 )
0

"
571 

o sg 
D-

- D EB2 U0.25B3 100.0147T 
c 

(5) 

Thus two empirical equations have been formulated that may serve as design aids. 
First, Eq. 2 displays the percent of longitudinal steel in terms of the material properties 
of the concrete, environment, and stress. The values for the constants are as follows: 

p - Ec(2.46 Zc - 0.002 O:c AT A ) 
{ 

:;;2 ~0·5 
- s - [3, 400 - Ec(iB.22 Zc + 27 .79 o: c AT )J 

By having the concrete modulus of elasticity, coefficient of thermal expansion for 
concrete, range of temperature from construction to extreme cold temperature, shrinkage 
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of concrete, and desired crack spacing, the necessary percentage of steel can be com
puted. An example problem is solved in the Appendix. 

Slab thickness may be determined from Eq. 5. The slab thickness would be based 
on a static load condition and a maximum allowable edge deflection. Equation 7 is Eq. 
5 with constants substituted: 

0·571 

D = ( 0.378L 106.341AX :;c0.027 T~gl63) 
D E0.168 U0.163 100.0147T 

c 

The value of crack width, AX, may be computed from Eq. 3, rewritten here as Eq. 8: 

AX= -X(AZ + O!cAT) 

el.468P 

(7) 

(8) 

or it may be computed from the following equation, which was also developed along with 
Eq. 8: 

where K 2 = 2.553. 

AX = -X(Z + ixc AT) 
l + ~P 

Either Eq. 8 or Eq. 9 will give a satisfactory answer; however, Eq. 8 is recom
mended. 

(9) 

Axle load, L, in Eq. 7 was replaced by 18 since the load used in the experiment was 
18 kips. For design it may be desirable to use a temperature differential, T, equal to 
zero. Thus, other than the allowable deflection, only strength parameters need to be 
determined. 

The allowable deflection, De, is a subject that may be conjectured. A deflection of 
0.012 in. has been suggested for design purposes where the average of the single axle 
loads is in the neighborhood of 15,000 lb (15). Based on the AASHO Road Test, a rein
forced jointed concrete pavement after being fatigued with 7,000,000 18-kip equivalencies 
should have an edge deflection of about 0.014 in. at PSI of 2.5. It is believed that CRCP 
performs equally well and better than JCP in Texas; thus, based on the fatigue relation
ship, the 0.014 in. may be considered for CRC pavement (13). 

For design purposes a maximum allowable deflection ofl).012 in. is recommended at 
this time. This is the most conservative figure in the available literature. The 0.012 
in. is also satisfactory from the standpoint of experience in having measured deflections 
on many CRC pavements of varying design and service level. 

Figure 17 is a graphical solution of Eq. 4. The nomograph may be used to solve for 
slab thickness with the following parameters being known: subgrade triaxial classifica
tion, subbase unconfined compressive strength at seven days, and maximum allowable 
deflection. In the development of the nomograph in Figure 17 the parameters in Eq. 4 
were assigned the following values: 

x = 5.0 ft 
AX = 0.010 in. 

T=O 
L = 18 kips 
E = 5.5 x 106 psi 

SUMMARY 

This performance study of continuously reinforced concrete pavement encompassed 
a wide variety of environmental elements. The pavements studied were located through
out the state. This research effort was conducted over a period of five years, during 
which much data were collected, many analyses made, and numerous reports written. 
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The following conclusions are for the entire research study and include some that are 
repeated from earlier reports on this project. In general they summarize the relative 
performance of continuously reinforced concrete pavement as evaluated in this investi
gation. 

1. Steel Strain-Temperature stresses are a direct function of the concrete's mod
ulus of elasticity and coefficient of thermal expansion. Stress is an inverse function of 
percent longitudinal steel. It is a direct function of the spacing of volume change cracks 
and of concrete shrinkage. 

2. Deflection-Pavements with good subgrades deflected less than those with poor 
subgrades. Pavements with lime-stabilized subgrades performed better than identical 
pavements with no subgrade treatment. In pavements with 0.5 percent steel and having 
a wide variation of support and environmental conditions, the transverse cracks were 
small enough to retain sufficient aggregate interlock to maintain approximately 100 per
cent load transfer. Pavements with more steel respond more favorably; however, be
yond the 0.5 or 0.6 percent point, additional steel will not decrease deflection signif
icantly. The relationship of slab thickness to deflection determined from this research 
is in agreement with accepted theory and other research. Pavements with stabilized 
subbases are superior to those with unstabilized subbases. 

3. Crack Pattern-There is a relationship between pavement age and crack pattern 
on an individual project basis. The flexural strength of the concrete has a direct effect 
on the crack spacing; it is also affected by the subbase friction and is related to the 
curing temperature. The distribution of crack spacings in a known length of pavement 
is an indicator of performance. 

4. Pumping-Based on percentages, twice as many jointed concrete pavements as 
CRC pavements with similar subbases were found pumping. Lime-stabilized subbases 
will pump if they are not protected with a nonerosive surface. Signs of pumping are 
not always proof that a pavement's subbase is being eroded. 

5. Traffic-The performance data show the trend set forth by the AASHO equations, 
but with a somewhat lower initial serviceability index. In Texas, CRC pavements show 
a significantly higher serviceability index than jointed concrete pavements. CRC pave
ments in Texas are performing well compared to others in this country. 
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Appendix 

EXAMPLE PROBLEM-SOLUTION FOR PERCENT STEEL 

The percent steel for a given set of conditions can be completed by using the em
pirically developed Eq. 6: 

0.5 

P _ { Ec(2.46 Zc - 0.002 acti.T X 2
) } 

- S - [3,400 - Ec(18.22Zc + 27.79 acAT) ] 

For the following set of conditions the required longitudinal steel percentage is 
computed: 

Ee = 4.0 x 106 psi, 
Zc = 100.0 x o-6 in./in., 
Ole = 5.0 X 10- 6

, 

AT= 50 F, 
X = 10 ft, and 
s = 33,000. 

Substituting these values, 
0· 5 

p = ( 4.0 x 106( 2.46 (100 x 10-6
) - 0.002(5.0 x 10-0)(-50) 102

] ) 

33,000 - (3,400 - 4.0x106
[ 18.22 (100 x 10-6)+ 27 .79(5.0 x 10-0)(-50))} 

Simplifying, 
0·5 0.5 

_ [ 4.0 X 106 (296 X 10-6
) J _ [ 1, 184] _ 

p - 33,000-3,400+20,504 - 9,096 - 0.4percent (Answer) 



Concrete P avements With Continuous 
Reinforcement and Elastic Joints 
BENGT 0. E. PERSSON, Consulting Engineer, Taby, Sweden; and 
BENGT F. FRIBERG, Consulting Engineer, St. Louis, Mo. 

Attempts have been made to obtain the benefits of continuous 
pavement designs without the large amounts of steel in con
tinuously reinforced and randomly cracked roads. The designs 
use weakened plane joints with steel ties crossing the joints 
(here called elastic joints) to form transverse hinges across 
the pavement. In common practice, contraction joints have 
been used intermittently as every fourth or fifth joint to avoid 
excessive stresses in the continuous steel in between. 

Continuous pavements using elastic joints exclusively have 
been explored in Sweden. Controlled slab tension tests and 
joint-width measurements have given data on joint-cracking 
forces and movements and on full-section cracking. The ef
fectiveness of different bar bond breakers and corresponding 
elastic joint forces was observed. An initial short highway in
stallation indicated that 0.2 percent continuous steel and elastic 
joints could be used, with the bars coated with asphalt to pre
vent bond for a short distance under the elastic joints. 

The highway installation was inspected after three years of 
use and found to be in excellent condition. No random cracks 
or other deterioration could be seen. Although traffic was light 
compared to that on American divided highways, a large per
centage was trucks. 

• CONTINUOUSLY reinforced concrete pavements have demonstrated that transverse 
cracks need not be detrimental to pavement performance. As usually built, the con
tinuous steel is depended upon to cause closely spaced transverse cracks in pavement 
portions away from free ends. The tension forces transmitted by the steel across the 
cracks to the concrete must exceed the concrete tension strength to be effective for 
cracking at some critical early age; over 0.5 percent of steel section has been found 
to be necessary. 

Some continuity across cracks is necessary, especially with respect to shear trans
fer, for satisfactory highway pavement performance. If cracks, or joints, become too 
wide, aggregate interlock may be lost, and faulting is a common and objectionable re
sult in jointed pavements without doweling. In continuously reinforced pavements, a 
reasonably equal width of all cracks is assured by the uniformity of steel tension forces 
at adjacent cracks. 

Continuous rP.inforcP.mP.nt, as gP.nP.rally usP.d, maintains P.VP.n crack widths bP.cause it 
has tension force capacity many times greater than the small forces needed to overcome 
variations in subgrade friction and crack-face tensions between short pavement ele
ments. Any continuing functions of the large amounts of continuous steel are insignifi
cant compared to its initial early-age objective-to promote cracking across the pave
ment section. In the mature pavement, crack widths at different temperatures appear 
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to be directly related to crack spacing and temperature but not to the amount of steel. 
This indicates that cracks might be caused by less steel through the use of weakened 
planes across the pavement, resulting in substantial savings in steel quantities and pos
sibly equally satisfactory performance. Elastic joint pavements are intended to meet 
this design objective. 

ELASTIC JOINT PAVEMENTS 

The term "elastic joint", as used in this report, refers to transverse joints across 
which steel ties connect the two pavement elements. As the elastic joint opens on de
creasing temperature, the ties are strained in tension. Overstressing the steel at low 
temperatures is avoided by treating the parts nearest the joint to prevent bonding to the 
concrete. The steel then serves as an elastic tie across the joint. 

Limited applications of elastic joint pavements have appeared in the United States, 
Switzerland, and Germany; in each case, free-moving contraction joints are employed 
at intervals. In Sweden elastic joint pavements have been investigated and applied to 
highway construction as fully continuous construction. 

Limited forms of elastic joint pavements have been used in highway pavements in the 
United States. The Arkansas standard pavement design, in use since about 1955, consists 
of 45-ft reinforced pavement slabs between contraction joints, with two intermediate 
weakened-plane joints forming three 15-ft panels tied together by continuous wire mesh 
for the full 45-ft slab length. Examination of many miles of this pavement shows nearly 
complete absence of cracking and excellent performance. 

A similar design used on Connecticut highways during the 1950's was less success
ful. It consisted of 100-ft mesh reinforced pavement -slabs between expansion joints, 
with three intermediate weakened-plane elastic joints forming four 25-ft panels tied 
together by the continuous wire mesh. Some of the elastic joints have opened wide due 
to tension failure of the steel wires. The reason was determined to be increasing re
sistance to pavement contraction at the expansion joints as a result of dowels that rusted 
after some 5 to 10 years, and induced excessive tension in the longitudinal pavement re
inforcement when temperatures decreased. Many expansion joints were immobilized at 
the narrow joint widths during summer temperatures, and the contraction and expansion 
functions were transferred to the failed elastic joints, which thereafter performed as 
undoweled expansion joints. 

Elastic-joint pavements have been built as standard construction in Switzerland since 
about 1960, and in 1961 a test road using the design was laid in West Germany near 
Offenburg, between Karlsruhe and Baden-Baden. The pavements consist of 30-m (99-ft) 
slabs between contraction joints with three intermediate elastic joints forming four 7. 5-m 
(25-ft) elements. All the joints are formed by a narrow strip of corrugated asbestos 
board on edge as base and a vibrated-in fiberboard joint crack guide at the top surface, 
including a 45-deg surface kerf cut. The elastic joints are tied across with 12-mm 
Ch-in.) plain bars lm (40 in.) long with end hooks spaced 40 cm (16 in.); the 70 cm 
(28 in.) at the center of each tie bar are coated with asphalt cutback. On the German 
test road of similar design, the observed maximum elastic joint openings were 0.8 mm 
(0.03 in.) average and 1.5 mm (0.06 in.) extreme width. The observed residual elastic 
joint openings averaged 0.02 mm (0.008 in.). The observed maximum openings at the 
contraction joints were 10 mm (0.40 in.). 

CONTINUOUSLY REINFORCED PAVEMENTS WITH ELASTIC JOINTS 

The investigations in Sweden are of particular interest because their objective is the 
development of fully continuous pavements {_!, !, ~). The investigations covered: 

1. Pullout bond tests of plain bars with different treatments; 
2. Controlled tension tests of narrow slabs on subgrades, with different dimensions 

of weakened-plane crack starters to determine the joint-cracking and slab-cracking 
forces and the relationship between tension forces and crack openings for bars variously 
treated at the elastic joints; and 
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3. Performance of an exploratory highway pavement installation after two years of 
use, consisting of 340 ft of 6.3-in. thick pavement with elastic joints spaced 13.5 to 20 
ft and reinforced with 0.2 to 0.4 percent of continuous plain bars, including joint width 
measurements of the elastic joints. 

The controlled tension tests were made at a site near Stockholm. The exploratory 
highway was installed in 1964 on European expressway E4/E6 in southern Sweden. .A. 

second longer test road is in the planning stage. The tests were made from 1964 to 
1966. All work is financed by the State Research Council. 

PULLOUT TESTS 

Initial data on slip resistance of plain round steel bars with different coatings were 
obtained from pullout tests on 32 concrete specimens with embedded bars, tested in 
tension. Concrete specimens 16 by 16 cm (6 by 6 in.) in cross sec tion and 1 cm (40 in.) 
long were used. The 12-mm or 16-mm bar (0.47 in. or 0.63 in.) to be tested was em
bedded 50 cm (20 in.) in the center of the cross section and was pulled from one end. 
The concrete specimen was anchored by a heavy deformed bar similarly embedded and 
extended from the opposite end. Loads were observed for beginning slip, maximum slip 
resistance, and continuing sliding. The tests included bars uncoated and bars coated 
with cutback asphalt (RMA 15), epoxy, epoxy and sand, and an epoxy-tar formulation. 
Table 1 gives the test results in summary. Bar stress is given for initial slip and 
maximum resistance; bond stress for continuing slip is based on 50-cm (20-in.) 
embedment. 

TENSION TESTS ON JOINTED SLABS ON SUBGRADE 

An extensive series of applied-tension tests was performed on narrow slabs rein
forced with continuous steel and provided with weakened-plane type joints placed on 
prepared subgrade. The slabs were 16 cm (6.3 in.) thick and 50 cm (19.7 in.) wide; 46 
slabs were 5 m (16.4 ft) long with one weakened plane at midlength of most, and 6 
slabs were 20 m (65.6 ft) long with three weakened planes at the quarter points. All 
slabs were placed on a sand base covered with a thin plastic film. The slabs were en
closed under temporary shelters as protection against weather and frost and were 
tes ted after about one-half year . 

The continuous reinforcement consisted of two plain bars at a center depth of 12.5 cm 
(4.9 in. ) fr om the sides, with diameter s of 12, 16, and 19 mm (0.47, 0.63, and 0.75 in.), 
equivalent to 0.27, 0.47, and 0.67 percent reinforcement. In a majority of the slabs, the 
bars were coated with RMA 15 asphalt over a distance of 75 or 150 cm (29 or 59 in.) 

TABLE 1 

SUMMARY OF PULLOUT TESTS ON PLAIN BARS 
(Averag e Values) 

Initial Slip Maxlmum Continuing Slip Resistance 

Coating and Bar Size Bar Stress Bar Stress Bar Stress Bond Stress 

kp/cm' psi kp/ cm' psi kp/cm' psi kp/ cm2 

Uncoated bars 

12-mm (0. 47 in.) 2,580 36.700 3,600 51 ,200 2,170 30,800 13 
16-mm (0.63 in. ) 1.390 19,800 2 ,760 39,200 2,140 30,400 17 

Asphalt coated , RMA 15 

12-mm 150 2 ,130 450 6,400 300 4,720 1. 8 
16-mm 140 2 .000 580 8,250 460 6,550 3. 7 

Various epoxy coatings (average}" 

12-mm 2,950 42.000 3 ,780 53 ,800 2.740 39,000 16 
16 - mm 1,860 26 ,500 2,850 40,500 2,3 20 33 ,000 19 

Two bors, which were coated with epoxy tar, are not included. They had bond values about one-half of the values for 
uncoated bars . 

psi 

180 
240 

26 
52 

230 
260 



centered under the weakened planes. Other details in some tests, such as deformed 
bars, wire mesh between the joints, and other coatings, did not provide sufficient in
formation for appraisal. 
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The weakened-plane joints consisted of 3-mm (1/a-in.) Masonite strips as crack 
starters, vibrated into place at the midlength of the 5-m slabs and at the three-quarter 
points in the 20-m s labs . In most slabs the crack-star ter depth was 5 cm (2 in.). Dif
fer ent depths and shapes from 1.9 to 8 cm (% to 3 in. ) wer e tried; the %-in. depth was 
insufficient to localize the crack, and the %-in. crack starters were deepened by saw 
cuts. In 14 slabs no crack starters were used; instead, coating on the continuous bars 
was varied to serve as crack localizers. Results of these tests proved inconclusive 
and are not included in the discussion. 

Longitudinal tension on the slabs was applied through header beams beyond both 
ends. Four deformed bars were embedded in each slab end and protruded through 
holes in the steel header beams where they were anchored by wedges. Force against 
the header beams was applied by two hydraulic jacks, one on each side of the slab, 
bearing against 6 by 6-in. timbers as reaction columns that extended between the header 
beams. Changes in joint width and subsequent full-section cracks were measured for 
increasing jack loads with a 10-in. Huggenberg gage between points on the top surface. 
The longitudinal tension force was centered at middepth of the 16-cm slabs. 

Cracking at the joints below the crack starters was visible at the sides of the slabs. 
Cracked joints were observed before tension application in only two 5-m slabs; however, 
such initial cracks were observed at most of the joints in the 20-m slabs. A distinct in
crease in the rate of extension across the joint with increasing tension force was con
sidered as a joint-cracking load . Figure 1 shows typical joint cracking for the three 
joints in a20-m slab. Figure 1 also shows cracking at joints in two 5-m slabs that 
showed no indications of cracks at the sides of the slabs before testing. 

Figure 2, prepared from tabulated data, shows the relationship between joint opening 
(as measured by extension on the 10-in. gage length) at cracking and the average stress 
on the joint net section below the crack starter for slabs reinforced with 12-, 16-, and 19-
mm bars. The data show two groupings of the cracking or joint activation: group 1, 
averaging below 0.002-in. extension, apparently applicable to joints uncracked before 
tension application, and group 2, averaging above 0.005-in. extension, believed to apply 
for joints cracked before tension application, even if not visible. In the latter group 
the change in rate of extension, rated as cracking, might be due to bond slip. With 
reference to Figure 2, the force at which a substantial rate of joint widening began in
creased with bar size, from 6.1 to 9.4 to 11.8 kp/cm2 average stress on the joint net 
section for 12-, 16-, and 19-mm bars. Table 2 gives average net section stress and ex
tension at cracking for the two groups with typical joint behavior. The joint cracking 
force was lower for the joints with 150-cm coated bars, but the joint cracking width was 
nearly the same for 7 5- and 150-cm coatings with the cutback asphalt. 

Full-section cracks occurred in nearly all slabs tested. The force required for crack
ing away from the joints averaged 3.8, 2. 7, and 2.3 times that required for joint activa
tion for the slabs reinforced with 12-, 16-, and 19-mm bars respectively. The even stress 
distribution on the concrete section, as well as bars in bond, would account for the great 
increase in force necessary for full-section cracks. The use of crack starters of dif
ferent depths in some slabs with 16-mm bars caused the relationship between cracking 
at the weakened plane and full section, as shown in Figure 3. The effect of eccentric 
loading on the joint net section is apparent in the disproportionate decrease in cracking 
force for the net section. 

Longitudinal deformation measurements in connection with the tension tests (3) show 
the value of asphalt coatings on the bars for keeping steel stresses at elastic joints 
within limits. Typical relationships between steel stress and joint opening are shown 
in Figure 4for12-mm and 16-mm bars. For example, asphalt coating of 29 in. at the 
elastic joint resulted in steel stress of 55 and 35 ksi respectively for a 1.5-mm joint 
opening. 

Without asphalt coating the steel stress in 12-mm bars reached yield-point stress of 
about 85 ksi at a joint opening of 0.05 in. Residual joint openings after tension removal 
are shown on the left side of Figure 4. They increased linearly in proportion to joint 
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Figure 1. Relationship between tension force and 
length change ac;oss elastic joints for typical con
ditions. The joint was apparently uncracked be
fore tensioning in slabs 4 l and42. The three joints 
in slab37 were apparently cracked before tension 

application at the two ends of the slab. 

Figure 2. Average stress on the joint net section 
at which a large increase in the rate of joint open
ing took place, as measured on the \0-in. gage 
length across the crack starter, for different slabs • 
The results on different slabs fall into two groups 
(separated by the dashed line). Activation of the 
joint in the slabs of group l apparently coincided 
with cracking of the concrete below the crack 
starter. The joints in group 2 slabs apparently were 
cracked before tension application, and the change 
in rate of joint widening with tension was related 

to extended bond slip. 

TABLE 2 

STRESSES AND EXTENSION ACROSS JOINTS AT JOINT CRACKING 

Plain Coated 
Bar Bar 

Size. Length , 
mm cm 

12 75 

16 

150 

75 
150 

19 75 
150 

Group 1 
Small Extension Across Joint 

No. 
of 

Tests 

5 
3 

Net 
Section 
Stress , 
kp/ cm' 

9. 1 
6.9 

11.0 
8. 4 

14. 1 
8. 7 

Ext. Across 
Joint at 

Cracking, 
mm 

0.035 
o. m~ 

0. 031 
0. 046 

0. 049 
0.049 

Doto are from Table 6 of Penson (1). 
Exte ns ion values ore for 10-in. goQe length across joint . 

Group 2 
Large Extension Across Joint 

No. Net Ext. Across 

of Section Joint at 

Test Stress
1 

Cracking, 
kp/cm mm 

5.4 0. 121 

7 8.6 0.165 

13.8 0.180 
9. 7 0.196 

Net section stress is the total force, deducting friction between the s lob end and t he joint, 
divided by the joint net section area below the crack starter, without consideration of trans
formed steel area. It is an average value. 



Figure 3. Cracking force on the weakened-plane 
joints in relation to the depth of the crack starters. 
Crackingstress lower than that prorated from full
section cracking stress can be explained by eccen-

tric force on the joint net section. ~ 

l 
'I 
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Figure 4. Relationship between joint opening and increasing bar stress in the continuous steel with 
aspha It coating. Data revea I the joint widening incident to joint cracking under tension stress as a 

permanent set joint width. 
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openings under tension; however, joints that cracked during tension testing assumed a 
constant residual opening, that did not change, even for many repeated tension applica
tions, until the tension force exceeded the cracking force. 

EXPLORATORY PAVEMENT AT HOFTERUP AFTER TWO YEARS OF USE 

The exploratorl concrete pavement (2) was placed on September 29, 1964, on the di
vided highway E41 :E6 in the southern part of Sweden about 30 km north of the city of 
Malmo. It is 8 m (26 ft) wide and 103 m (340 ft) long, and consists of eight 4-m, seven 
5-m, and six 6-m slabs (13.2 ft, 16.5 ft, and 19.7 ft), all 16 cm (6.3 in.) thick. The con
tinuous reinforcement was 16-mm <5/e-in.) plain bars of 75,000-psi yield strength steel, 
spaced 40 cm (16 in.) in the 4- and 5-m slabs and 30 cm (12 in.) in the 6-m slabs, giving 
0.31 and 0.42 percent steel, except that four of the 4-m slabs had 12-mm (0.47-in.) bars 
spaced 35-cm (14-in.) or 0.2 percent steeL Fifteen of the 19 slabs also were individually 
reinforced with wire mesh with from 0.04 to 0.16 percent longitudinal steel which stopped 
back from the transverse joints. The experimental pavement was placed on 15 cm (6 in.) 
of open-graded granular base and was separated at both ends from the 8-in. thick conven
tional pavement of 33-ft slabs on cement-treated base by contraction joints with 5/e-in. 
dowels spaced 16 in. center-to-center. Construction tempentures averaged 15 C(60 F). 

The continuous bars were at middepth and were coated with RMA cutback asphalt of 
low viscosity for a distance of 1.4, 1. 7, and 2.0 m (55, 67, and 79 in.) centered at the elastic 
ioint locations between the 4-, 5-, and 6-m slabs respectively. The joints consisted of 
/a-in. bitumen-coated hard Masonite crack starters 5 cm (2 in.) deeµ, placed in cut 
grooves and troweled smooth. At three weeks of age a 5-mm (0.2-in.) deep 45-deg kerf 
was sawed in the surface at each transverse joint line. Construction details are shown 
in Figure 7. 

Points for joint-width measurements with a 10-in. Huggenberg gage were set in the 
plastic concrete. Figure 6 shows joint widening at 3 and 20 days as measured with the 
gage. Of the 20 joints, 9 showed clear crack indications at 3 days. At 20 days all joints 
appeared to be working except the first three joints between 4-m slabs, at which the bars 
were displaced by the paving operations; partially locking those joints. 

Figure 7 shows joint movements from the lowest to the highest observed tempera
tures, February to July 1966, in relationship to joint widths at one year, September 
1965. The extreme air temperatures, -11 C (12 F) and 38 C (100 F) correspond to a 
change of approximately 70 F in average slab temperature, equivalent to unrestrained 

Figure 5. Design detai Is of joints in the exploratory pavement with elastic joints and continuous rein
forcement, built in 1964, with 0.20 to 0.42 percent steel and 13- to 20-ft joint spacing. 
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Figure 6. Elastic joint widths at 3 and 20 days of age. Air temperature at construction 59 F, at 20 days 
50 F. About half of the joints were uncracked at 3 days; at 20 days, all joints appeared to be working 
as intended, except the first three joints at the south end, where the continuous bars were misaligned 

by paving operations. 

length changes and average observed length changes as follows (coefficient of thermal 
expansion 0.0000055 in./in. / deg F): 

Slab 

4-m (13.2 ft) 
5-m (16.5 ft) 
6-m (19. 7 ft) 

Unrestrained Change 

0.060 in. 
0.075 in. 
0.090 in. 

Observed Change 

0.03 in. 
0.03 in. 
0.02 in. 

No observations were made of width changes of the joints at both ends where large 
compensating movements may have taken place during seasonal temperature changes. 

The measurements of joint openings on the test road show maximum joint opening 
at low temperatures of about 0.9 mm for slabs reinforced with 12- and 16-mm con
tinuous bars coated at the joints for distances of 1.4 m (55 in.) and 1. 7 m (67 in.) re
spectively. Assuming steel stress and joint opening relationships on the test road to be 

2-17-Ct;, 12F 
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Figure 7. Changes in elastic joint widths on the exploratory pavement from one to two years of age. 
The measurements include the low and high air temperatures, 12 and 100 F. Gage paints set on the day 

of construction were lost during the first year. 
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the same as illustrated for the tension tests in Figure 4, the maximum tension stress 
in the 12-mm bars (0.47 in.) would have been at most 25,000 psi, and in the 16-mm bars 
(',Ai in.), perhaps 15,000 psi. The approximate corresponding concrete stresses away 
from the joints, based on 0.20 and 0.31 percent reinforcement, would be 50 and 45 psi 
respectively maximum at the extreme low temperature. The increase in the low
temperature joint widths from the north end toward midlength according to Figure 7 
indicates that subgrade friction was a primary stress-producing factor. At midlength, 
about 150 ft from each end, a concrete stress of 45 psi would correspond to an average 
friction coefficient of about 0.3 (assuming a concrete weight of 1 lb/ft length per in2 

cross section). 
Steel stresses in the continuous reinforcement in the test road were quite low for the 

largest observed joint width, in accordance with the indicated stresses for up to 1-mm 
joint openings in Figure 4. The joints were even; 0.2 percent steel was apparently suf
ficient to provide uniform joint movements. The bond prevention by asphalt coating of 
the continuous bars through the joints worked as intended and limited steel stresses ef
fectively to very low maximums. 

No random cracks have occurred to date in the test road. Traffic is heavy, including 
continental traffic to Norway and to central Sweden. The surface of the test road, as of 
adjacent conventional pavement, is excellent. 
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Service Performance of Cement-Treated Bases as 
Used in Composite Pavements 
ERNEST ZUBE, C. G. GATES, E. C. SHIRLEY, and H. A. MUNDAY, JR., 

Materials and Research Department, California Division of Highways 

One hundred seventy-five cement-treated base (CTB) composite 
pavements with varying cement contents built between 1950 and 
1962 were evaluated; 64 percent are giving excellent service, 
17 percent were rated good, 8 percent were rated fair, and 11 
percent required extensive maintenance early in their design 
lives. The main causes of failure appeared to be insufficient 
cement content, poor mixing of cement, excessive trimming 
of the compacted CTB, insufficient CTB thickness, inade
quate CTB compaction, or deficiencies in the asphalt concrete 
surfacing thickness or quality. 

Asignificant improvement in the performance of CTB com
posite pavements was attributed to extending the CTB at least 
1 ft into the shoulder; plant-mixing .the CTB; building the 
project in a temperate climate; increasing the thickness of the 
asphalt concrete surfacing; limiting the compacted thickness 
of any one layer of CTB to 0.50 ft; using type Il rather than 
type I cement, using a minimum CTB thickness of 0.50 ft; and 
providing a minimum in-place CTB compressive strength of 
500 psi. 

eSEVERAL HUNDRED miles of roads using cement-treated base (CTB) were built in 
California prior to 1950. Between 1950 and 1962 over 700 miles of California highways 
were built with either class A or class B cement-treated base, which was surfaced with 
asphalt concrete (AC). Table 1 gives the various quality requirements specified for 
these cement-treated bases. 

With this substantial amount of CTB composite pavement construction completed, 
we felt that a comprehensive evaluation should be made of this type of construction. 
The scope of the investigation was limited to include only classes A and B CTB. Be
cause the 1949, 1954, and 1960 Standard Specifications were not too radically different 
from one another, we further limited the investigation to include only those projects 
built between 1950 and 1962. Projects built after 1962 were considered too new for a 
valid performance rating. 

PROJECT EXAMINATION AND SELECTION 

The performance of the projects was evaluated by a visual examination in which the 
amount and type of cracking and the amount and type of maintenance performed were 
noted. Physical characteristics of the terrain were also observed. On projects with 
four or more lanes, only the outside truck travel lane was evaluated. Visual observa
tions were made by driving along the shoulder of the road at a slow speed (approximate
ly 5 mph), using the odometer of the vehicle to measure the extent of dl.stressed areas. 
A description of the type of distress and photographs of typical cracking were made for 

Paper sponsored by Committee on Composite Pavement Design and presented at the 48th Annual 
Meeting. 
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TABLE 1 

VARIATION OF CTB QUALITY REQUIREMENTS 
DUE TO SPECIFICATION CHANGES 

standard 
Specs. 

1949 

1954 

1960 

Class 
of CTB 

A 

A 
B 

A 
B 

Minimum 
Compressive 

strength at 
7 Days 

(psi) 

650 

650 
300 

750 
400 

Cement Content 
(percent of dry 
wt. of aggr.) 

4 to 7 

3'/2 to 6 
2'/.to 3'/. 

each project. The amount of block crack
ing (normally caused by excessive deflec
tion under traffic) and pumping for each 
project was established by totaling the 
length of each type of distress, dividing 
this value by the length of the travel lanes, 
and then converting the resulting value to 
a percentage. 

Longitudinal and transverse cracking 
(normally caused by thermal shrinkage of 
the CTB) was classified as normal, greater 
than normal, or less than normal. An 
average CTB roadway was considered to 
have narrow transverse cracks at a spac

ing of about 20 ft and to have a small amount of intermittent longitudinal cracking 
throughout the length of the project. These ratings are strongly influenced by the 
rater's judgment but, because the same rater reviewed all the projects, they provide 
fairly valid comparative values. There was such a small amount of alligator cracking 
observed on these CTB projects that it was combined with the block cracking, and no 
separate evaluation was made. Patched areas were considered to have been block
cracked and were included in that rating unless the patching was obviously necessitated 
by something other than a failure of the structural section, such as fill settlement. The 
field review of these projects was completed in the summer of 1966. 

Contract files for all the projects investigated were searched for all pertinent in
formation on construction equipment, construction methods, control test values, and 
structural section design criteria. Questionnaires were sent to district maintenance 
personnel requesting information concerning the amount of maintenance performed on 
each project and the time at which the first significant amount of maintenance was 
necessary. 

Upon completion of the visual survey, 35 projects were selected for field sampling. 
In most cases, 2 projects that performed well and 2 projects that performed poorly 
were chosen from each district. A few districts had used little or no CTB that met the 
conditions established for this evaluation and could not provide 4 projects for sampling. 
A completely random selection of projects was sacrificed to ensure that projects were 
evaluated from as many parts of the state as possible. 

Dynaflect deflection measurements (1) were made in February 1966, on each of the 
35 projects. The data were obtained aC25-ft intervals for a distance of 200 ft for 2 
locations on each project. 

The Dynaflect deflection data were used as an aid in locating the specific areas for 
coring. One sampling location was selected to be representative of the better portions 
of the project and the other was chosen to be representative of the poorer portions. 
One large core, ranging from 6 to 12 in. in diameter , and two 4-in. diameter cores 
were cut at each sampling location. The larger cores were used to check the extent of 
cracking, and the small cores were used for compressive strength and density deter
minations. 

DATA ANALYSIS 

In order to simplify the data analysis for this project, an optical coincidence method 
was used. Numbered cards with a printed coordinate system, shown in J.t'igure 1, were 
used. Holes were punched in these cards at a specific set of coordinates for each 
project. The use of a different card to represent a specified range of each variable 
made it possible to compare a number of different variables by lining up the cards 
representing the variables and counting the number of holes that coincided. This num
ber could then be divided by the total number of holes in the independent variable card 
to determine the ratio of all the projects within the range of the independent variable 
that were also within the ranges of the other variables being considered. This proce
dure provided a fairly rapid means of comparing a large number of different variables. 
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TABLE 2 

CTB SHOULDER EXTENSION VS BLOCK CRACKING ON 
PROJECTS HAVING GREATER THAN 5 MILLION EWL 

Extension ol Percent of Length Affected 
Number CTB into by Block Cracking 

of Shoulder Projects (ft) 0-3 3-31 31-100 

0 through 0.5 53 24 23 38 

1.0 or more 70 28 2 38 

Dependent at 98 percent confidence. 

After the various relationships were 
established by the optical coincidence 

figure l. Optical coincidence system. method, each was then tested for statis
tical independence by comparing it to the 
chi square distribution (2). 

A 95 percent level of confidence was 
chosen to establish significance. When the data indicated a definite trend toward de
pendency and were above a confidence level of 85 percent, we indicated the data tended 
to be dependent. All data showing a statistical dependency at less than a confidence 
level of 85 percent were considered to be totally independent. 

Tables 2 through 13 give comparisons of the many variables that were considered 
likely to affect the service life of CTB projects. All of these tables have the indepen
dent variable in the left column. Three columns are used to show the percentage of 
projects falling within the selected ranges of the dependent variables. The right col
umn lists the total number of projects or sample locations that were within each class 
of the independent variable. Below each table is a statement as to whether or not the 
variables considered in the table are statistically dependent and, if so, at what de
gree of confidence they are dependent. 

Data in Table 2 indicate that block cracking is significantly reduced by extending the 
CTB l ft or more into the shoulder. The 0 to 3 percent range of block cracking is rep
resentative of good to excellent performance, the 3 to 31 percent range is representa
tive of fair to good performance, and the 31 to 100 percent range is representative of 
poor performance. The reduction in block cracking is very likely caused by the addi
tional lateral support that develops in the outer wheelpath when the CTB is extended 1 
ft or more into the shoulder. Projects experiencing less than 5 million equivalent 
5,000-lb wheel loads (EWL) were excluded from this comparison to eliminate projects 
that had obviously failed prematurely ( 3). 

Data in Tables 3 and 4 show that plant-mixed CTB material is more effective in 
preventing both block cracking and longitudinal and transverse cracking than is road
mixed material. This is probably because better control of the cement and moisture 
content and more thorough mixing are possible in a plant-mixed operation. 

CTB projects that were built along the coast had much less longitudinal and trans
verse cracking than did projects built in inland valleys (Table 5). The temperature 

Type of 
Mixing 

Plant 

Road 

TABLE 3 

TYPE OF MIXING OF CTB MATERIAL 
VS BLOCK CRACKING 

Percent of Length Affected 
by Block Cracking 

0-3 

72 

48 

3-31 

16 

30 

31-100 

12 

22 

Dependent at 98 percent confidence. 

Number 
of 

Projects 

67 

83 

TABLE 4 

TYPE OF MIXING OF CTB MATERIAL 
VS LONGITUDINAL AND TRANSVERSE CRACKING 

Longitudinal and Transverse 

Type of Cracking (percent) Number 

Mixing of 
Less Than More Than Projects 

Normal Normal Normal 

Plant 60 13 27 60 

Road 40 22 38 76 

Dependent at 95 percent confidence. 
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TABLE 5 

GEOGRAPHIC LOCATION VS LONGITUDINAL 
AND TRANSVERSE CRACKING 

Longitudinal and Transverse 

Geographic Cracking (percent) Number 
of 

Location Less Than More Than Projects Normal Normal Normal 

Coastal 63 21 16 Bl 

Inland 29 15 56 55 

Dependent at 99.5 percent confidence. 

TABLE 6 

CTB CORE COMPRESSIVE STRENGTH 
VS BLOCK CRACKING 

CTB Core Percent of Length Affected 
Compressive by Block Cracking 

strength 

Number 
of 

Sample 
(pal) 0- 3 3-31 31-100 Locations 

200 to 500 42 11 47 19 

500 to 750 87 7 6 15 

Over 750 91 6 3 33 

Dependent at 99.5 percent confidence. 

along the coast is not subject to nearly the degree of change as that in the inland valleys. 
The higher humidity could also be a factor. 

Block cracking was not significantly affected by the geographical location of the 
project. 

Drainage had no statistically significant effect on either pumping or block cracking, 
but there was a tendency for both to be greater when the drainage was rated poor. A 
significant relationship would probably have developed if these projects had been in
spected during the wet season when the drainage characteristics would have been more 
obvious. 

Comparisons of the cement content used on the various projects with the amount of 
both longitudinal and transverse cracking and block cracking produced statistically in
dependent relationships. This implies that our CTB design method has been producing 
structural sections of comparable strength throughout the full range of cement content 
used on these projects (2 .2 through 7 .0 percent). 

Longitudinal and transverse cracking was not significantly affected by an increase 
in the compressive strength of the CTB. Block cracking was significantly reduced by 
increasing the compressive strength of the CTB (Table 6). 

The data in Table 6 are based on the 35 projects that were sampled during this study. 
The compressive strength values were based on 4-in. diameter specimens that were 
cut with a surface set diamond core barrel. The CTB in locations in which the core 
disintegrated during the coring process was given an arbitrary compressive strength 
of 200 psi. This value was chosen because at one location we were able to retrieve a 
core that had a compressive strength as low as 232 psi, and it is unlikely that the CTB 
at all of the uncoreable locations had absolutely no compressive strength. 

Longitudinal and transverse cracking was greatly reduced by using an AC thickness 
of 0.29 ft or greater (Table 7). The projects that were less than 7 years old were 
eliminated from this comparison to reduce the effect of age on the longitudinal and 
transverse cracking rating. 

A comparison of AC thickness and block cracking was found to be statistically in
dependent, but there appeared to be a 
trend for the amount of block cracking 

TABLE 7 

AC THICKNESS VS LONGITUDINAL AND TRANSVERSE 
CRACKING ON PROJECTS 7 TO 16 YEARS OLD 

AC Design 
Thickness 

(ft) 

0.15 to 0.25 

0.25 

0.29a to 0.51 

Longitudinal and Transverse 
Cracking (percent) 

Less Than N al More Than 
Normal orm Normal 

28 

28 

73 

20 

24 

11 

52 

48 

16 

Dependent ot 98 percent confidence. 

Number 
of 

Projects 

25 

50 

19 

0 0nly 2 of the 19 projech hod AC thicknesses of less than 0.33 feet. 

to be reduced as the AC surfacing thick
ness was increased. The type of terrain 
in which the project was built had no sig
nificant effect on the amount of either 
longitudinal and transverse cracking or 
block cracking. The amount of commer
cial traffic and quality of the basement 
soil also had no significant effect on the 
amount of cracking. This implies that 
our design method (3) has been success
ful in overcoming the effects of variations 
in heavy truck traffic and in basement-soil 

quality. 



Number 
of 

Lifts 

1 

2 

TABLE 8 

NUMBER AND 'THICKNESS OF CTB LIFTS 
VS BLOCK CRACKJNG 

Thickness 
of 

Lifts 
(ft) 

0. 67 

0.33 

Percent of Length Affected 
by Block Cracking 

0-3 

35 

62 

3-31 

38 

23 

31-100 

27 

15 

Dependent at 95 percent confidence. 

Number 
of 

Projects 

29 

66 

61 

Within a 20 to 80 range, the sand 
equivalent of the CTB aggregate had 
no significant effect on the amount of 
cracking and pumping or on the com
pressive strength of the CTB construc
tion control samples. The sand equiv
alent is a relative measure of the 
amount of clay-like material in an 
aggregate mixture. 

Data in Tables 8 and 9 show that 
both block cracking and longitudinal 
and transverse cracking are signifi

cantly reduced by compacting the CTB in two 0.33-ft thicknesses rather than one 0.67-
ft thickness. The reason for this, undoubtedly, is that it is more difficult to achieve 
adequate compaction in the lower portion of a single lift of CTB 0.67 ft thick. Also, it 
is more difficult to achieve adequate cement distribution in heavier road-mixed lifts. 
A number of the thicker CTB core samples were cut in half, and the top and bottom 
portions were tested separately. Some of these samples showed a significantly lower 
density for the bottom half of the core, and the majority of the cores had a lesser com
pressive strength in the bottom half than in the top half. 

A CTB 0.67 ft thick was no more effective than a CTB 0.50 ft thick in preventing 
block cracking. This also attests to the adequacy of our design formula, in that a com
parable overall structural strength was provided when either thickness of CTB was 
used. 

Table 10 data show that the compressive strength of contract control samples in
creased as the CTB aggregate grading moved from the fine to the coarse side of Tal
bot's optimum density grading limits (4). As is often the case, however, an adjust
ment that improves one characteristic-adversely affects another. Using a coarse 
grading in order to improve the compressive strength makes the CTB more difficult to 
compact. The difficulty in achieving adequate compaction caused the grading variations 
to have no significant effect on the amount of either longitudinal and transverse crack
ing or block cracking. The season of the year in which the CTB was placed had no sig
nificant effect on cracking. 

Sections with the highest CTB compressive strength had the longest maintenance
free service life (Table 11). In this report, maintenance-free service life is defined 
as the project's life to the point at which major repair of the roadway is necessary. 
Minor repairs, such as crack sealing and patching of a limited amount of localized 
failures, are disregarded. Also, the maintenance-free service life of projects that 
had not reached the point of requiring extensive maintenance was estimated to be in 
one of the three tabulated ranges of service life based on their condition at the time of 
the field survey. In most cases this amounted to a projection of service life by no more 
than three years, which is felt to be a reasonable extrapolation of the data. 

According to Table 12, type II cement is better than type I cement in preventing 
block cracking. Longitudinal and 
transverse cracking was unaf-
fected by the type of cement that 
was used. California's present 
specifications require the use of 
type II cement for all CTB con
struction. 

When a minimum of 92 percent 
relative compaction was main
tained, cracking was unaffected 
by variations in relative compac
tion. Only 3 of the 32 projects 
that were available for this com
parison had relative compactions 
of less than 95 percent. 

TABLE 9 

NUMBER AND THICKNESS OF CTB LIFTS VS LONGITUDINAL 
AND TRANSVERSE CRACKJNG 

Number 
of 

Lifts 

t 

2 

Thickness 
of 

Lifts 
(ft) 

0. 67 

0. 33 

Longitudinal and Transverse 
Cracking (percent) 

Less Than 
Normal 

20 

59 

Normal 

24 

18 

More Than 
Normal 

56 

23 

Dependent at 97.5 percent confidence . 

Number 
of 

Projects 

25 
60 
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TABLE 10 

CTB AGGREGATE GRADATION VS CTB COMPRESSIVE 
STRENGTH OF CONTRACT CONTROL SAMPLES 

Compressive Strength (psi) Number 
Grading 

Percentage of 

200-500 500-750 750-1450 Projects 

Coarser 3 36 61 33 

Talbot's 
optimum 
density 9 37 54 78 

Finer 21 58 21 47 

Dependent at 99 percent ccnfidence. 

TABLE 12 

TYPE OF CEMENT VS BLOCK CRACKING 

Percent of Length Affected Number 
Type of by Block Cracking of 
Cement Projects 

0-3 3-31 31-100 

41 26 33 27 

n 66 22 12 82 

Dependent at 95 percent confidence. 

TABLE 11 

CTB CORE COMPRESSIVE STRENGTH VS 
MAINTENANCE- FREE SERVICE LIFE 

CTB Core Percent Number 
Compressive Maintenance-Free Life of 

strength 
Less Than More Than Sample 

(psi) 
1Q Yea.rs 10 Ye.a.rs Locations 

200 to 500 50 50 20 

500 to 750 40 60 20 

Over 750 10 90 30 

Dependent at 99.S percent confidence . 

Projects that were in very good condition but not 10 or more years 
old were assumed to be 10 or more years old . 

Eleven percent of the 17 5 projects eval
uated required extensive maintenance with
in 3years after they were built. Over half 
of these projects were in Shasta and 
Siskiyou Counties, and were built with a 
maximum cement content of 3 percent; 
one used as little as 2.2 percent. When 
such low cement contents are used, small 
variations in cement distribution and mix
ing can cause serious reductions in the 
compressive strength of the CTB. 

Our present specifications allow a variation in cement content of± 0.6 percent for 
road-mixed CTB material and ± 0.4 percent for plant-mixed. One of our recent inves
tigations showed that, for plant-mixed operations using good to excellent equipment 
and operating procedures, approximately 3 to 8 percent of the CTB material placed on 
each of three projects was shy of the planned cement content by more than the allowable 
deviation of -0.4 percent (5). These percentages were based on the calculated stan
dard deviation and the assumption that the 111aterial was normally distributed. It is 
easy to see, therefore, how projects built under less than ideal conditions with a min
imal cement content could develop many areas that require extensive maintenance. 
This is particularly true for plant-mixed material in which the equipment was not in 
perfect operating condition and for most road-mixed projects. 

Shasta and Siskiyou Counties are in mountainous areas that are subject to freezing 
winter weather. In a laboratory and field test of the effect of cement content on the 
durability of CTB when subjected to freezing and thawing action, Abrams found that a 
minimum of 3 percent cement was necessary to insure that the CTB would withstand 
freezing and thawing conditions ~). Admittedly his tests were on materials quite 

TABLE 13 

CTB CONDITION VS DEVIATIONS FROM THE CTB DESIGN THICKNESS 
(CORED PROJECTS) 

Percent CTD Design Thlclmess Number 
CTB Condition In Vicinity of Deviations of 

Sample Location Sample 
Thinner ± 0.04 ft Thicker Locations 

Block-cracked 55 45 0 20 

Extensive shrinkage cracking 20 60 20 10 

Uncracked or slight to moderate 
shrinkage cracking 21 42 37 38 

Oep.ndent at 99 percent confidence. 
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different from those found in the Shasta-Siskiyou area, but there is still a strong pos
sibility that some of the distress that developed on these projects was caused by a 
freezing and thawing action. 

According to Table 13, 55 percent of the 20 sample locations where the CTB was 
block-cracked were shy of their CTB design thickness by more than 0.04 ft, and none 
of the sample locations was block-cracked when the CTB exceeded its design thickness 
by more than 0.04 ft. It is readily seen that shrinkage cracking is unaffected by CTB 
thickness variations. Only 21 percent of the locations with no block cracking were shy 
of their design thicknesses by more than 0. 04 ft. The majority of the locations that 
were deficient in CTB thickness were badly cracked. 

The CTB was badly cracked at ·every location where it was less than 0.46 ft thick. 
These data indicate that many of our past CTB designs should have required increased 
thickness in order to protect against thickness deficiencies resulting from normal 
construction and that, in some cases, closer control should have been maintained over 
the construction operations. The increased thickness of CTB, which is presently added 
to our structural section designs as a safety factor, should reduce the amount of future 
pavement failures caused by slight deviations from the design thickness. We emphasize 
strongly, however, that it is important to inspect the construction operations to insure 
that the structural section is built within the tolerences specified for the project. 

Only 4 of the 175 projects that were included in this study had a design CTB thick
ness that was less than 0.50 ft: 2 were 0.42 ft thick and 2 were 0.33 ft thick. None of 
these projects was successful. All required major repairs before they were 7 years 
old, and the 0.33-ft thick CTB projects required major repairs within 5 years after 
they were completed. 

From a total of 32 coring locations in which the CTB had been placed in two com
pacted lifts, only 2 locations produced cores that were bonded together at the interface 
of the two lifts. Both of these coring locations were on the same project, which had 
used a volcanic tuff material as the CTB aggregate. 

Figure 2 shows an example of a situation that was observed on several of the sam
pled projects. The upper layer of class A CTB had a transverse crack that did not 
extend through the lower layer of class B CTB, indicating that the two layers were def
initely acting independently. 

The value of having the CTB layers well bonded together is self evident, and it is 
imperative that some means of achieving this bond be developed. Arman and Dantin 

Figure 2. Class A and class B CTB cores. 
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Figure 3. Compaction of compressive strength of 
construction control samples with that of the field 
cores: Each paint represents the average compres-

sive strength of four 4-in . diameter cores. 

found set-retarding agents to be ef
fective in producing bond between CTB 
lifts in laboratory tests with up to 7 
hours time la g between placement of 
the two lifts (7). Set-retarding agents 
could also be of value in achieving bet
ter compaction when the contractor is 
siow in achieving compaction. Use of 
an asphaltic bonding agent could also 
be an effective solution to the CTB 
bonding problem . 

The asphalt concr ete surfacing was 
well bonded to the CTB at 57 out of 66 
sample locations. This bond is un
doubtedly caused by the asphalt curing 
seal used on the CTB. 

Figure 3 shows a comparison of the 
average construction control compres
sive strength for each sampled project 
vs the average compressive strength 
of the field cores from each of these 
projects . The points appear to be ran
domly distributed about the line of per -
fect ::orrelation with about 50 percent 
having a strength less than that obtained 

from the construction control samples. This implies that there has been about an even 
chance that the strength indicated by the CTB construction control samples would never 
be reached by the CTB in the structural section. About one-third of the CTB cores 
never even reached 75 percent of the strength indicated by the construction control 
samples. It would appear to be advisable , therefore , to design new cement-treated 

Figure 4. Shear plane in class A CTB. 
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Figure 5. Compaction plane between two lifts of class B CTB. 

bases for a strength about 25 to 30 percent higher than that considered necessary in 
the completed CTB. The Washington State Department of Highways is presently doing 
just that (8). Experience there indicates that an in situ minimum 7-day compressive 
strength Of 650 psi is necessary for a CTB to be successful on Washington highways. 
Because the compaction specifications allow acceptance with only 95 percent of the 
density upon which the design cement content is based, Washington's highway department 
has increased the minimum design compressive strength to 850 psi at 7 days to com
pensate for the lesser field densities. 

Four of the 35 projects that were sampled had thin layers of disintegrated CTB 
about 0.04 to 0.08 ft thick at the top surface of the CTB while the lower portions re
mained sound. This situation has also been noted on projects other than those investi
gated during this study. In nearly every case, this condition has led to block cracking 

and pumping early in the design life of the 
project even though the underlying CTB 
remained sound. One of these four proj
ects appeared to have been trimmed ex
cessively to reduce the thickness of the 
partially cured CTB. This process un
doubtedly weakens the upper surface of 
the CTB. Figure 4 shows how the CTB 
sheared off in this weakened portion just 
below the surfacing while being cored. 

A thin layer of CTB was known to have 
been placed on another of these projects 
in order to bring it to design grade. Fig
ure 5 shows the smooth separation of these 
two layers of CTB and the thin layer that 
remained bonded to the AC surfacing. This 
core was cut from the center of the lane. 
The thin layer of CTB was pulverized in the 

Figure 6. Core hole with void under AC surfacing. wheel tracks at this location and had caused 
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extensive cracking and pumping of the pavement. Figure 6 shows how the thin layer of 
disintegrated CTB in the outer wheel track at this location was washed out from be
neath the AC by the drill water. It is difficult to spread and compact a thin layer of 
CTB, and it is unlikely that this layer would bond to the underlying CTB. It is easy 
to see, therefore, how the thin layer between the underlying CTB and the AC surfacing 
could be pulverized by the action of heavy wheel loads. 

These projects point out the disadvantages of placing extremely thin CTB layers or 
trying to manipulate the surface of the CTB after it has been compacted. 

Figure 7 shows the maximum deflection vs the maximum slope of the deflected pave
ment between any 2 of the 5 geophones of the Dynaflect for both cracked and uncracked 
locations. Both deflection and slope seem to indicate a maximum tolerable value. 
However, it is apparent that the maximum slope of the deflected pavement provides a 
more sensitive break between cracked and uncracked locations than does the maximum 
deflection. These data indicate the maximum tolerable slope to be about 0.002 percent; 
59 percent of the locations with a greater slope had already block-cracked, and many 
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that had not will probably do so 
before their design lives are 
exceeded . 

Figure 8 shows the com
pressive strength frequency 
distribution of the CTB cores 
for each type of mixing and 
class of CTB. Plant-mixing 
produces more of a normal 
frequency distribution, where
as road-mixing produces a 
distribution that is skewed to
ward the low range. Also, the 
broad range of compressive 
strengths produced by class A 
road-mixed CTB cores indi
cates poor uniformity that was 
very likely caused by a poor 
distribution of cement; 25 per
cent of the class B plant-mixed 
projects had CTB compressive 
strengths of less than 300 psi 
whereas 53 percent of the class 
B road-mixed projects were in 
that range of compressive 

strength, and 18 percent of the class A plant-mixed projects had CTB compressive 
strengths of less than 600 psi whereas 29 percent of the class A road-mixed projects 
were in that range of compressive strength. These data clearly demonstrate the su
periority of plant-mixing over road-mixing and the disadvantage of specifying a cement 
content that is too low. 

Figure 9 shows the ratio of the number of elapsed equivalent 5,000-lb wheel loads to 
the number for which the structural section was designed vs the number of years of 
relatively maintenance-free service life. The majority of the projects requiring ex
tensive maintenance were less than 5 years old, and over half of these projects had 
experienced less than 25 percent of their design traffic loading. Of the 25 projects 
requiring extensive maintenance before they were 5 years old, 18 were built with class 
B CTB and had low cement contents. Five of the remaining seven projects were built 
by the road-mixed method of construction, which is much more likely to produce an 
inferior CTB (Fig. 8). 

A straight line would appear to best fit the data in Figure 9, but this line would pass 
a year or two to the left of a point that represents the end of a ten-year design life. 
This indicates that we have been slightly underestimating the design wheel loads on 
most of our projects. 

SUMMARY AND CONCLUSIONS 

1. Block cracking is reduced by extending the CTB at least 1 ft into the shoulder. 
Longitudinal and transverse cracking is not similarly affected. 

2. Plant-mixed CTB projects have less cracking of all types than do road-mixed 
CTB projects. 

3. CTB projects along the coast have much less longitudinal and transverse crack
ing than projects built inland. This is likely due to the more uniform temperatures 
that are found along the coast. There is no significant effect on the amount of block 
cracking. 

4. Block cracking is significantly less when the in situ CTB compressive strength 
exceeds 500 psi. Longitudinal and transverse cracking is not significantly affected by 
the compressive strength of the CTB. 
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5. Increasing the AC surfacing thickness is very effective in reducing the amount 
of longitudinal and transverse cracking but has no statistically significant effect on 
block cracking. There is a trend toward a reduction in block cracking as the AC sur
facing thickness is increased. 

6. The number of heavy wheel loads and the stability of the basement soil, as 
measured by the R-value test, have no significant effect on the amount of either longi
tudinal and transverse cracking or block cracking. This implies that our design meth
od adequately accounts for these variables. 

7. CTB compacted in one 0.67-ft thickness does not perform as well as CTB com
pacted in two 0.33 -ft thicknesses. 

8. When the CTB is placed in two compacted layers, there is generally very little 
bond between these layers. The asphalt concrete surfacing was well bonded to the CTB 
at most sampling locations, however. This bond is undoubtedly produced by the as
phaltic curing seal used on the CTB. 

9. The season of the year in which the CTB is placed has no significant effect on 
the amount of either block cracking or longitudinal and transverse cracking. 

10. CTB projects built with type II cement have less block cracking than those 
built with type I cement. The type of cement has no significant effect on the amount 
of longitudinal and transverse cracking. 

11. The average compr essive strength of CTB cores from about half of the projects 
sampled during this investigation did not exceed that of their respective construction 
control samples, and the average compressive strength of about a third of the CTB 
cores did not reach 75 percent of the strength indicated by the construction control 
samples. These lower strengths undoubtedly occur because only 95 percent relative 
compaction is r equired during construction. 

12. The structural s ections with the greatest CTB compressive strength have the 
longest maintenance-free service life. 

13. The majority of the locations in which the CTB thickness was deficient were 
badly cracked, and the CTB was badly cracked at every location in which it was less 
than 0.46 ft thick. 

14. From a total of 175 CTB projects, 64 percent performed excellently, 17 percent 
were rated good, 8 percent were rated fair, and 11 percent performed poorly. 

15. Although the comparisons were statistically independent, projects with poor 
drainage tend to have mor e block cracking and more pumping of mud fines. 

16. The type of terrain in which the CTB projects are built has no significant ef
fect on either block cracking or longtiudinal and transverse cracking. 

17. Within a range of 20 to 80, the sand equivalent of the CTB aggregate has no 
significant effect on block cracking, longitudinal and transverse cracking, pumping, 
or the compressive strength of the construction control samples. 

18. Compressive strengths of contract control samples increased as the CTB ag
gregate gradings moved from the fine side to the coarse side of the grading specifi
cations, but the coarser gradings were more difficult to compact and this increase in 
strength was not realized in the cor es from the r oadway . T herefor e, grading has no 
significant fiect on the amow1t of cracldng. 

19. The compr essive strength of field-c ored CTB samples was statistically inde
pendent of cement content. However, ther e is a definite trend toward increased com
pressive strength with increases in cement content. 

20. Relative compaction has no effect on the amount of cracking when a minimum 
of 92 percent relative compaction is achieved. Only 3 of the 31 projects from which 
relative compaction data were available had any cores that were below 95 percent 
relative com.paction. 

21. The surface of a CTB can be badly damaged by trimming it after it has been 
compacted. 

22. Block cracking did not occur where the maximum tolerable slope of deflected 
California CTB structural sections between any two geophones of the Dynaflect was 
found to be approximately 0.002 percent. 
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Application of AASHO Road Test Results to 
Design of Flexible Pavements in Minnesota 
MILES S. KERSTEN and EUGENE L. SKOK, JR., Civil Engineering Department, 

University of Minnesota 

This paper reports on a study of the design of flexible pave
ments in Minnesota applying some of the concepts of the AASHO 
Road Test. The method presently used to design flexible 
pavements in Minnesota is described; it utilizes ADT and 
HCADT, a designation of spring axle load, the AASHO soil 
classification system, and gravel equivalent factors. The de
sign method was studied by measurements on 50 test sections 
established on in-service highways throughout the state. The 
program of field plate and Benkelman beam tests and laboratory 
strength tests on the pavement materials is described. An 
important aspect was variation in strength throughout the year. 

The performance of the sections has been studied by utiliz
ing the roughometer in determining PSI; traffic has been eval
uated; performance trends are noted, and predictiorui have been 
made. The AASHO Interim Guide and Asphalt Institute design 
procedures, which are based on the concepts of the AASHO Road 
Test, are used as a basis of comparison for the performance 
of the Minnesota test sections. A relationship using the spring 
Benkelman beam deflection and performance, originally de
veloped at the Road Test, is examined and the Minnesota re
sults thus far are studied for compliance. Modifications of the 
present Minnesota flexible pavement design are suggested on 
the basis of the observed performance of the test sections to 
date. 

•FOR THE PAST several years the Minnesota Department of Highways has engaged in 
a study of its flexible pavement design utilizing some of the concepts developed at the 
AASHO Road Test. The project is being conducted under the Highway Planning and Re
search Program financed jointly with federal-aid funds of the U. S. Department of Trans
portation, Bureau of Public Roads, and with state funds of the Minnesota Department of 
Highways. A part of this work has been done by personnel of the Civil Engineering De
partment of the University of Minnesota under a contract with the Department of High
ways. This paper is a report based on the work of both the Department of Highways 
and the University. 

The present Minnesota design procedure considers traffic in terms of average daily 
traffic (ADT) and heavy commercial average daily traffic (HCADT), the AASHO soil clas
sification e;roupR (A-1, A-2, P.tc.), and gravel equivalencies for various pavement ma
terials. The AASHO Road Test has given relationships that make it possible to predict 
the number of applications of a given axle load that a given pavement can withstand be
fore being reduced to various levels of serviceability. To use these relationships in a 
study of the Minnesota design method, it was necessary to collect information on 

Paper sponsored by Committee on Flexible Pavement Design and presented at the 48th Annual Meeting. 
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Minnesota pavements that could be entered into these equations. It was decided that 
in-service highways would be used in such a study for the following reasons: 
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1. It is possible to obtain performance information more quickly by using in-service 
highways; 

2. The state can be covered more thoroughly by using individual sections in different 
areas; 

3. A variety of embankment materials can be studied more easily; 
4. The effect of various levels of traffic density can be studied as they occur in ser

vice; and 
5. Using in-service highways is less costly than building a separate test road. 

Fifty in-service sections on Minnesota highways were selected for study in 1963 and 
1964. Most of these are 1200 ft long and one traffic lane wide. Serviceability tests 
are made on two 500-ft long sections and a 200-ft section is used for sampling or de
structive tests. Plate tests, for example, are run in the 200-ft section. The test sec
tions are located throughout the state and represent a range of soils, climate, and traf
fic. All are of essentially modern design. The surface thicknesses vary from 1. 5 to 
9. 5 in., the granular bases from 0 to 15 in., and the granular subbases from 0 to 29 in. 

The work that has been done on these sections is as follows: (a) the subgrade soils, 
subbase, base, and surface materials have been sampled and tested in the laboratory 
both by routine tests and also with special strength tests; (b) field strength tests such 
as plate bearings and Benkelman beam tests have been made periodically; (c) service
ability determinations have been made yearly; and (d) traffic information has been col
lected. 

Along with the general concept of correlating the performance of Minnesota asphalt 
pavements to the AASHO Road Test, the establishment of the test sections has made it 
possible to make various other analyses that when used with Minnesota Department of 
Highways practice will have immediate use. An example of these programs is the 
spring recovery program, for which strength tests have been run every week or so on 
15 to 20 test sections during the critical spring period. The Benkelman beam deflec
tion test has been established as a useful tool for determining the maximum allowable 
spring axle load. The use of the R-value for evaluation of soils in the present Min
nesota Department of Highways design procedure has also been recommended based 
on the results of the embankment testing. Methods of using traffic and the service
ability concept (in the present design procedure) have been conceived. A roughometer 
calibration wheel has also been set up in conjunction with this study. Thus, there 
already are benefits derived from the investigation. 

Using the serviceability determinations and the traffic information, the performance 
trends of the sections are being studied. Because the history is only a few years old, 
however, a final evaluation of performance of the sections cannot be made. The per
formance to date is being studied on the basis of the design procedures in the AASHO 
Interim Guide and the Asphalt Institute method. 

PRESENT MINNESOTA FLEXIBLE PAVEMENT DESIGN PROCEDURE 

Since 1954, flexible pavements in Minnesota have been designed essentially using the 
traffic and the type of embankment soil to determine a design thickness. Also specified 
for each design is the maximum allowable spring axle load in tons. The thickness spec
ified is in terms of a gravel equivalent that rates the various components of the pave
ment section. 

The traffic loading is considered using allowable spring axle load categories for light 
traffic, and the ADT and HCADT. The ADT includes all vehicles and the HCADT in
cludes all trucks with six or more tires; thus HCADT does not include small pickup and 
panel-type trucks. The design makes provision in two cases where the allowable spring 
axle load can be increased by 2 tons if an additional 2- or 3-in. overlay is added at a 
later time; thus a 7-ton design can ultimately become a 9-ton design (Table 1). 

The ADT and HCADT used for design are values predicted for 20 years in the future. 
To predict the traffic 20 years from now, it is assumed that the volume increases about 



TABLE 1 

MINNESOTA FLEXIBLE PAVEMENT DESIGN STANDARDS, 1964a 

Bi tuminous Bituminous Gravel Base, 
Surface 

Daily Total Base Treated BasE! Spec . 3138 
Axle Load Hvy . Com . Daily Veh. 

Thickness (HCADT'> (ADT) 
(in .) Spec . Thickness Spec. Thickness 

SJ:<'C . 
Thickness Class (in.) (in.) (in.) 

5 ton Less than 400 1 ';', 2321 3 5 

7 ton Less than 400 1 ';', 2331 4 5 

5 ton-ult. 7 ton 400 to 1, 000 1Y, 2331 1 2208 3 5 

7 ton 400 to 1, 000 2 2331 l 2208 3 5 

7 ton-ult . 9 tor. Less than Less than 2 2208 4 5 
150 1,000 

7 t on-ult. 9 ton 150 to 300 1, 000 to 2, 000 2 2331 1 2208 5 5 

9 ton Less than Less than 2 2331 1 2208 5 5 
150 1, 000 

9 ton 150 to 300 1, 000 to 2, 000 3 2341 1 2208 s 5B 

9 ton 300 t o 600 2, 000 to 5, 000 3 2341 1 ';', 2331 4 Rich 2204 

9 ton 600 to 1, 100 5, 000 to 10, 000 3';', 2351 3Y, 2331 4 Lean 2:!04 

9 ton More than More than 3Y, 2351 4Y, 2331 4 Lean 2204 
1, 100 10, 000 

9 ton More than More than 3 2351 8 Concrete 3 5 
1, 100 10, 000 

0These designs are For use on A-6 sLbgrade soils; for use on other soi ls, thicknesses should be adjusted as described in Table 2. 

Sand-.Gravel 
Subbase, 

Spec. 3123 

Thickness 
(in.) Class 

5 4 

6 4 

6 4 

8 4 

9 4 

9 4 

9 4 

10 4 

6 4A 
6 4 

6 4A 
6 4 

6 4A 
8 4 

3 4 

Total Base 
Thickness 

(in. of G. E .) 

BY, 
9 

10 ';', 

11 

13';', 

13';', 

14 

18 

21 

24 ';', 

Total 
Pavement 
Thickness 

(in . of G. E .) 

11Y, 

12 

14';', 

14 

17 ';', 

17';', 

20 

24 

28 

31';', 

-.:i 
N 



TABLE 2 

SOIL FACTORS FOR MINNESOTA DEPARTMENT OF HIGHWAYS 
FLEXIBLE PAVEMENT DESIGN PROCEDURE 

AASHO Classification Soll 'Fae I or. AASHO Classification Soil Factor, 
of Soil Percent of Soil Percent 

A-1 50 to 75 A-5 130+ 

A-2 50 to 75 A-6 100 

A-3 50 A-7-5 120 

A-4 100 to 130 A-7-6 130 

73 

3 percent per year. This is equivalent to multiplying the present values by 1.805. Local 
conditions are also considered and the projected value may either be increased or de
creased, based on the potential use of the road. 

The design thicknesses listed in Table 1 are for A-6 type embankment soils, which 
are the predominant soils in most of Minnesota. The designs are modified for other 
embankment types using the percentages given in Table 2. These percentages reflect 
both the strength and the frost susceptibility of these soils relative to the A-6 soils. 
There are ranges of percents shown for A-1, A-2, and A-4 soils. It is therefore pos
sible to use some judgment relative to capabilities of these soils. 

The percentages given in Table 2 are applied to the base plus subbase portion of the 
gravel equivalents for the A-6 soils. The plus or minus variation in gravel equivalent 
is applied to the subbase thickness only. For a given set of traffic conditions, the sur
face and base thicknesses for any type of embankment are the same or greater than the 
thicknesses shown for the A-6 embankments. If a particular design is calculated to 
require less gravel equivalent than is provided by the base course, the base thickness 
shown for the A-6 soils for the given level of traffic is still used. In other words, the 
surface and base thicknesses shown for A-6 soils in Table 1 are minimum designs for 
the respective values of traffic. 

The gravel equivalent factors used for evaluating the various materials and mixtures 
in a flexible pavement section are based on a value of 1. 00 for gravel base (Spec. 3138, 
Class 5 or 5B). The factors go as high as 2.25 for plant-mix surface (Spec. 2341 or 
2351) and as low as 0. 75 for sand-gravel subbase. 

PROPERTIES OF PAVEMENT SECTION COMPONENTS AND EMBANKM:ENTS 

All materials of the layers making up the pavements on the 50 test sections have 
been sampled and tested. Extractions have been made of asphalts from cores of the 
pavement and such tests as penetration, ductility, and softening point are available for 
further study. 

The tests made on the base and subbase materials include field densities and mois
ture contents, gradations and plasticity indexes. A study was made to compare the 
strength of some of the granular materials as determined by three different test pro
cedures. The three tests used were the triaxial test, the California Bearing Ratio (CBR) 
and the Hveem stabilometer test. 

Five base and five subbase materials were selected. Four of the materials represent 
e;x:tremes of T 99 density and of the percent passing the No. 200 sieve. The fifth ma
terial chosen represented values between these. 

The results of the strength tests run on the 10 samples with the triaxial test, the 
stabilometer R-value, and the CBR were compared, and the following conclusions are 
drawn. The angle of internal friction does not vary significantly for any of the granular 
materials that pass the Minnesota Department of Highways specifications. The CBR 
results order the granular base materials in a reasonable fashion, but to obtain a de
sign CBR value it is necessary to run a number of tests. The stabilometer R-value has 
also shown consistent results and it is an easier test to run than either the triaxial or 
CBR tests. It was, therefore, decided to run R-value determinations on all of the gran
ular base and subbase materials. There were only two base materials with an R-value 
below 76 and only three subbases below 74. 
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Extensive testing was also done on the embankment soils, including determination of 
field density and moisture content, gradation, plasticity index, moisture-density tests, 
CBR, and stabilometer R-value. The soils range from A-1-b to A-7-6 based on the 
AASHO classification, and texturally from sands and gravels to heavy clays. The group 
indexes vary from 0 to 20. The AASHO Road Test embankment was an A-6 soil with 
a group index of about 8. 

- The stabilometer R-value test was run using the method outlined by Wolfe (2). This 
method is essentially the same as that recommended by the California Division of High
ways and the Asphalt Institute. An exudation pressure of 240 psi is used to establish 
the design R-value . It was found that this exudation pressure yielded a specimen with 
a moisture and density close to what was felt were critical field conditions (2 ). The 
distribution of R-values shows a concentration of values below 20. The distribution of 
these strengths for soils throughout the state are most likely of this same order. The 
values range from a low of 5 to a high of 77, which indicates about a maximum range 
based on this test. The R-value of the Road Test embankment has been taken as 12 (3 ). 
Correlations are made between the R-value at various exudation pressures and field 
strength of the embankment based on the plate tests run on the embankment. It was 
found that the R-value determined at 200- to 240-psi exudation pressure correlated 
best with the field embankment s t rength measured with the plate load test. 

The CBR test was also rWl on each of the embankment soils (4, chap. 8). This is 
essentially the Co1·ps of Engineers CBR test method. Compactive efforts of 26 blows 
per layer and 55 blows per layer were used for establishing the CBR curves. The de
sign CBR was taken to be the lowest CBR value obtained assuming the embankment was 
compacted according to Minnesota compaction specifications. The Minnesota specifi
cations state that the top 3 ft of the embankment is to be compacted to maximum T 99 
dry density and between 65 and 102 percent of optimum moisture content. The design 
CBR's range from 1 to 65. The CBR of the AASHO Road Test embankment has been 
estimated at 2. 5 to 4. 0, depending on the analysis of the lab data. 

FIELD STRENGTH TESTING 

The strength of the Minnesota test sections has been evaluated in the field using two 
strength tests-the plate bearing test and the Benkelman beam deflection test. The plate 
bearipg test has been run using two procedures, the standard Minnesota "quickie" pro
cedure and a repeated load procedure. The quickie method consists of applying loads 
in several increments to the pavement on a circular 12-in. steel plate and recording 
deflections. This test has been run on most of the test sections once a year and more 
often during the critical spring period on test sections selected for spring recovery 
study. Overall, there has not been a significant change in bearing value from year to 
year except for the summer of 1965, which had lower values, following the most critical 
spring thus far observed. 

A s er ies of plate load_ tests, termed "fractional repeated load tests", was run once 
on every section in 1963 or 1964. In this procedure, repeated load plate tests were run 
on the surface, the top of the base , the subbase, and the embankment. The test proce
dure is the same as that used at the AASHO Road Test (1). 

The data obtained from a r epeated load test consist of total and elastic (rebound) de
flections for each application of each load. The first value of total deflection is usually 
larger than the other two, probably because of seating effects. The rebound deflection 
does not usually vary by more than 0. 01 or 0. 02 in. for the three applications of load. 
E-moduli of the embankments have been calculated using the average elastic deflection 
for each magnitude of load. The E-modulus is calculated from Boussinesq's equation 
for a single elastic layer. The E-moduli of the granular embankments tend to increase 
with increasing pressure, and the E-moduli of the plastic embankments tend to decrease 
with increasing pressure on the plate. 

Repeated load plate tests have been run periodically on the surface of each of the test 
sections. On all but the spring recovery test sections the tests have been run annually. 
On the spring recovery sections, repeated load plate tests were run at the same time 
as the quickie plate tests, which was about every week during the critical spring period. 
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Benkelman beam deflection tests were run on all test sections in two sets in 1963 
and 1964. The summer tests were run in June through August, and the fall tests were 
run in September and October. In the following years deflection tests were run about 
once a year in most of the sections. To better define the strength during the critical 
spring period, deflection tests were run on the spring recovery sections about weekly. 

Two procedures for measuring deflections from a 9-ton axle load were used in 1963. 
The "normal" and "r ebound" methods are described in detail elsewhere (1). Also, in 
1963, deflections were run in both wheelpaths. In 1964 and following years only the 
rebound procedure has been used and only in the outer wheelpath. The rebound proce
dure was used because the effect of the deflection basin on the readings has been found 
to be less by the Canadian Good Roads Association (6). The outer wheelpath has been 
used because comparison between the outer and inner wheelpaths showed the outer 
wheelpath to have higher deflections. 

A deflection for a test segment is determined by running deflection tests at 50-ft in
tervals in each 500-ft segment. The individual values are averaged and a standard de
viation is determined. 

VARIATION IN PAVEMENT STRENGTH THROUGHOUT THE YEAR 

In addition to the annual strength testing on the Minnesota test sections, a number 
of sections were tested at more frequent intervals and especially during the critical 
spring period. Pavement strengths determined with the quickie plate load test have 
been used as criteria for establishing maximum allowable spring axle loads for some 
10 to 15 years. A study was run in 1956 and 1957 to establish the variation in pave
ment strength during the year according to the quickie plate test. The variation in 
pavement strength was found to be dependent on embankment type and not dependent 
on pavement section thickness (5 ). 

The more frequent testing onthe test sections has been used to check the relation
ships previously used with the plate test, and to establish spring ratios of Benkelman 
beam deflections so that the strength measured at any time of the unfrozen portion of 
the year could be used to predict a spring strength. 

The test sections selected have predominantly clayey subgrade soils, which are of 
greatest interest because this type of soil is most prevalent in Minnesota. Another 
criterion used in determining the test sections was that the testing crew be able to 
cover the entire testing circuit in about one week. During 1964 and 1965, 11 test sec
tions were selected to be studied, and in 1966, 1967, and 1968, 15 test sections were 
included in the program. The spring recovery field testing included the bearing value 
using the Minnesota quickie plate load test; the Benkelman beam deflection test; mois
ture contents of the base, subbase, and embankment soil; and air and mat temperatures. 

The quickie plate load test was not run in 1968 because it was felt that more infor
mation could be obtained faster with the Benkelman beam deflection test. The proce
dures mentioned previously have been used for the plate load and the Benkelman beam 
tests. The data studied included climatic variables of temperature and precipitation. 
These data were considered to give some idea of how critical the years of spring re
covery testing were relative to an overall average year. If testing is continued for a 
number of years on the same sections, it will be possible to estimate the frequency of 
various critical years in terms of loss of strength. 

Both the quickie plate load test and the Benkelman beam deflection test have been 
used to evaluate bearing capacity of flexible pavements. However, the two methods 
apparently measure different characteristics of strength. The Benkelman beam test 
results are more dependent on the upper portion of the pavement, whereas the quickie 
plate load test results are more dependent on the lower structure. This is reasonable 
because the quickie plate load test evaluates bearing capacity at a higher deflection than 
does the Benkelman beam test. It is concluded from the 4 years of spring testing that 
the Benkelman beam test is easier to run and that more tests can be made in a given 
length of time. It is felt that the beam devices could be efficiently used in each Depart
ment of Highways district to evaluate the roads in the districts, whereas the expendi
ture involved with providing a plate bearing truck for each district would be prohibitive. 
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Asphalt 
Surface 

TABLE 3 

DEFLECTION RATIOS TO CALCULATE MAXIMUM SPRING DEFLECTIONS FROM DEFLECTIONS 
TAKEN DURING OTHER NONFROZEN TIMES OF THE YEAR 

Date of Test 

Thickness Sept. Aug. 16-31 Au g. 1-15 July 16-31 July 1-15 June 16-30 June 1-15 May 16- 31 May 1-15 

2 In. or 
l ess 1. 85 1. 80 1. 75 1. 70 1. 65 1. 80 1. 50 1. 35 1. 15 

2'/, to 3/, 
In. 1. 80 1. 78 1. 75 1. 70 1. 65 1. 60 1. 50 1. 35 1.15 

3 /, to5 /, 
In. 1. 75 1. 70 1. 65 1. 60 I. 55 1. 50 1. 45 1. 30 1. 15 

5'/, to 8 
In. 1. 45 1. 42 1. 40 1. 37 I. 35 1. 32 1. 30 1. 20 I. 10 

Greater 
than 8 in . 1. 25 1 . 20 I. 15 1.10 1. 08 1. 05 1. 05 1. 05 1. 00 

Ratios gi ven are ror clayey embankments. For k>arn and silt loom ombonkments, 0. 1S hlghar-ratlo~ are re·eommended from Juno 1S through S1'plc11nb..r ond 
0.10 higher from May 1 through June 15. For sand or sand and 9ravel embankments, a rati o of 1.20 is re commended from June 1 1hro11gh September, 1. 10 
from May 15 to June 1, and 1.05 prior to May 15. 

With regard to the Benkelman beam deflection test, the following conclusions were 
drawn : 

1. The percent of maximum spring to fall deflection values generally decreases as 
the surface mat thiclmess increases. 

2. The loss of strength is dependent on the embankment type. A division into three 
soil-type categories of plastic, semiplastic, and nonplastic is appropriate. 

3. One test section with a crushed limestone base material showed high loss of 
strength. This is evidently because the material had a high percentage of fines. 

4. The average percent of maxLuum spring to fall deflection Yalues compared closely 
to the value Obtained from the CORA study (~). However, that study does not s how de
flections to be dependent on surface thickness. 

5. The highest average annual Benkelman beam deflection occurred during the spring 
that showed the highest average moisture content in the subbase and embankment. 

The average date of minimum strength occurred 18 days after the end of the freezing 
season. The longest time period between the end of the freezing season and minimum 
strength occurred during the year that had the highest freezing index value. These re -
sults occurred for both test methods. 

Based on the spring recovery study and other information available from previous 
studies by the Minnesota Department of Highways, three methods have been suggested 
for the determination of allowable spring axle loads. 

The first method uses quickie plate bearing test results and is basically the standard 
method that had been used by the Department of Highways. Less r eduction in spring 
bearing percentages is recommended for thicker pavements. 

The other two methods use the Benkelman beam deflection test to evaluate the strength 
of the pavement. The first deflection method uses the deflection results to correlate 
with the plate bearing value and then this value is converted to an allowable spring axle 
load as presently used. This method is of doubtful value because the correlations between 
deflection and bearing value are only approximate. The third method uses the Benkelman 
beam deflection and allowable deflections to establish the allowable spring axle load without 
a correlation with the plate bearing value. The method requires the determination of three 
factors to estimate an allowable axle load: (a) the variation of deflections throughout the 
year for various highway sections; (b) the determination of allowable deflections; and (c )the 
relationship between load and deflection for appropriate highway sections. 

The variation in deflection throughout the year has been determined from the spring 
recovery study. A deflection measured at any time during the year can be converted 
to a spring value using the ratios in Table 3. These ratios were developed by plotting 
deflections for each test section for each year (1). The spring of 1965 was found to be 
the most critical spring and thus the ratios shown in Table 3 are close to the ratios 
found for that year. By gr ouping the sections into various categories of thickness, it 
was found that the ratios were most dependent on surface thiclmess. This is reasonable 
because in the spring the surface mix tends to be harder when cool and thus would tend 
to decr ease the spring deflection. The ratios were also assumed to be dependent on 
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50-150 
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TABLE 4 

SUMMARY OF RECOMMENDED ALWWABLE SPRING DEFLECTIONS 

Allowable Deflection (in.) Where 
Two-Way Two-Way Surface Thickness Is: 

ADT HCADT 
Less Than 3-6 in. Greater Than 

3 in. 6 in. 

500 50 0. 075 0. 065 0. 055 

500-1. 000 50-100 0. 070 0. 060 0. 050 

I. 000-3. 000 100-150 0. 060 0. 050 0. 040 

3. 000 150 0. 045 0. 040 0. 035 

0 N18 =Daily equivalent 18,000-lb axle loads, 
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embankment soil classification. The spring recovery section that had a sand embank
ment (TS 15) had a very low deflection ratio, which agrees with the previous findings 
using the plate load test (5). Test Section 41, which has a loam embankment soil, showed 
very erratic behavior; thiS had also occurred for this type of soil in previous strength 
studies. Thus the ratios for this group (semiplastic soils) are the highest. 

A number of previous studies (7, 8, 9, 10) along with the AASHO Road Test have been 
considered to establish allowable spring deflections. The measured maximum spring 
deflections from the spring recovery study were considered relative to the performance 
of the sections to help establish allowable deflections. The allowable deflections that 
result from these considerations are shown in Table 4. The allowable deflections have 
been assumed to be dependent on the surface thickness and the level of traffic on the 
road, as indicated in the table. The traffic values in Table 4 are roughly correlated 
using the relationships developed in the traffic study related to this project and reported 
elsewhere in this Record (16). 

Using the data reported by Huculak (10) and some data from the Minnesota sections 
plus some load-deflection relationships Trom the AASHO Road Test, it has been as
sumed that deflection and load are directly proportional for a relatively well-designed 
road and loads within the legal axle limit. 

With the assumption of a linear relationship between load and deflection used, three 
quantities are needed to calculate the allowable spring axle load. These are (a) the 
axle load under which the deflection test is made, (b) the predicted spring deflection, 
and (c) the allowable spring deflection for that section of road. The allowable spring 
axle load can then be calculated by 

where 

allowable spring axle load, tons; 
axle load used for deflection testing, tons; 
allowable maximum spring deflection from Table 4, in.; and 
predicted spring deflection for the pavement section, in. 

(1) 

It has been recommended that the spring recovery work be continued so that the rela
tionships thus far developed can be verified. 

EVALUATION OF PRESENT CONDITION OF PAVEMENT SECTIONS 

The terms of present serviceability ra.ting (PSR) and present serviceability index 
(PSI) were developed at the AASHO Road Test (15). Equation 2 is the relationship found 
at the Road Test for flexible pavements: -

PSI = 5.03 - 1.91 log (1 + SV) - 1.38 RD 2 
- 0.01 (C + P)% (2) 



78 

where 

PSI = present serviceability index; 
SV = slope variance; 
RD = rut depth, in.; and 

C + P = area of cracking and patching, sq ft per 1, 000 sq ft. 

These measurements were made every 2 weeks at the Road Test and t.11.e rate of de
crease of PSI with traffic was used to define performance. Formulas reported from 
the Road Test define the thickness required to maintain the PSI above a given level for 
a given number of applications of a particular axle load. The terminal level of PSI for 
design purposes is usually taken as 2. 50 or 1. 50. A value of 1. 50 was considered failure 
at the Road Test. 

To use the concepts developed at the Road Test it is desirable to establish a service
ability determination for highway pavement sections and study the decrease in value of 
this serviceability with time. This concept can also be a useful tool for routine evalua
tion of the condition of highway pavements. 

To apply the results of the AASHO Road Test to other areas it is necessary to use 
the same parameters as were developed in the Road Test. This required, in the case 
of determination of road condition, that a measure of present serviceability for pave
ments be devised. A direct correlation is difficult in Minnesota for two reasons. First, 
a profilometer to measure slope variance was not available. Second, the surface tex
tures on in-service highways differ from those at the AASHO Road Test. A third more 
basic consideration is that some engineers feel that the present serviceability index, as 
developed at the Road Test, does not always directly reflect the strength of a pavement 
structure. An example of this is a case where roughness occurs because transverse 
cracks have developed and become rough. 

A BPR-type roughometer has been used to evaluate roads in Minnesota for about 20 
years. Because this device was operational and a reasonably good correlation was 
found between the roughometer and serviceability at the AASHO Road Test, it was de
cided to relate roughness measurements to serviceability ratings using the Minnesota 
Department of Highways roughometer. The correlation has been obtained by special 
runs made in South Dakota in 1960 through 1962 (11), by a special test between the 
CHLOE profilometer and the roughometer in Minnesota in 1961 (14), in runs made on 
sections in Indiana established by Purdue University (12), and in aspecial study of 
about 200 half-mile segments selected in Minnesota. The details of all these correla
tion studies cannot be given here. However, the final equation evolved for determining 
the present serviceability index is as follows : 

PSI= 11.03 - 3.98 log (RI) - 1.38 RD2 
- 0.01 (C + P)Yz (3) 

RI is the roughometer index in inches per mile and the other items are as noted before. 
This equation is similar to one developed by the Illinois Division of Highways (13) for 
their roadometer. To calculate the PSI of the test sections using Eq. 3 it is necessary 
to determine the roughometer index, the rut depth, and the cracking and patching of the 
pavement section. 

The roughometer electronics may vary somewhat from time to time. A calibration 
course along TH 96 near Stillwater had been used for calibration of the roughometer. 
Because Lllis is a typical highway pavement, the surface tends to vary in roughness with 
time. To establish a more consistent calibration for the roughometer, a 10-ft diameter 
vertical steel wheel located at the Rosemount Research Center was reactivated during 
the fall of 1964. A 15-hp AC motor was connected to the existing vari-drive transmis
sion and a set of pulleys so that the wheel runs at 57 rpm, which is equivalent to 20 mph 
at the circumference. A system has been arranged so that the roughometer truck can 
be backed up to the wheel and the roughometer wheel placed on the calibration wheel. 
The calibration wheel is fitted with nine %-in. strips on one side, and three 1/4-in. strips 
on the other side. When the wheel of the roughometer is set on the nine-strip side, a 
roughness of approximately 100 in. per mile results; the three-strip side gives about 
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The other two elements of the serviceability index (rut depth and cracking and patch
ing) have also been determined periodically on the Minnesota test sections. Extreme 
precision is not necessary because the rut depths usually encountered do not affect the 
PSI significantly. Cracking and patching values are estimated in square feet per 1000 
square feet of pavement area. The structural cracking, or that caused by repeated 
wheel loads, is the only type considered for serviceability calculations. Shrinkage and 
contraction cracks that are not load-associated are not included in the area of cracking. 
Load-associated cracking is divided into three types (15): Class 1 cracking is that which 
has connected into blocks smaller than about 2 ft in dimension; Class 2 cracking is that 
which has connected into blocks less than 6 in. in size; and Class 3 cracking is Class 2 
cracking with pieces that are loose. Class 2 cracking is also called alligator cracking. 
Classes 2 and 3 cracking only are included in the C + P term of the PSI formula. This 
term has only a small effect on the value of the PSI and therefore need be only approxi
mated. 

Because the general decreasing trend of the serviceability of the Minnesota test sec
tions is slight, it has only been necessary to determine serviceability once per year. 
Present serviceability indexes have been determined on each test section in each of the 
summers of 1963 through 1967 using the roughometer and determinations of rut depth 
and cracking and patching. The individual values are available for each test segment 
of each test section and are being used along with the traffic to develop performance 
trends. 

The trends in PSI values for the test segments have been slightly down for the sec
tions that have not been overlaid. The average PSI values for 63 test segments that can 
be compared for the 5 years are as follows: 

Year 

1963 
1964 
1965 
1966 
1967 

Average PSI 

3.82 
3.76 
3.83 
3.64 
3.63 

As can be seen, the general level of PSI has been high and the trend is only very slightly 
down, which makes a performance analysis based on these concepts somewhat difficult 
at this time. 

Initial PSI values are also necessary for the performance analyses, and they have 
been obtained from roughometer indexes made when the pavement was constructed. If 
a roughometer index was not available, an average initial value of 4.10 was used. 

DETERMINATION OF A TRAFFIC PARAMETER 

To make a performance analysis of flexible pavement sections based on the concepts 
of the AASHO Road Test, it is desirable to convert the mixed traffic loading on the test 
sections into a summation of equivalent 18,000-lb single axle loads since the pavement 
was built. It is also necessary to study the variation in these values on a yearly basis 
so that equivalent 18,000-lb axle loads can be predicted for the design period of a pave
ment. A traffic study has been made on the Minnesota test sections to make these de
terminations possible. 

The three purposes of the traffic study can be summarized as follows: (a) to deter
mine the total traffic in terms of the summation of equivalent 18,000-lb axle loads on 
each of the 50 Minnesota test sections since each was built; (b) to estimate a reasonable 
growth factor based on the data of the last 12 to 15 years; and (c) to correlate various 
traffic parameters to equivalent 18,000-lb axle loads for design purposes. 

A detailed field traffic study that included weight and volume distributions of vehicles 
at each test section was made three times throughout 1964 and once during the spring 
load restriction period in 1965. The data from this study were modified for other years 
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using statewide data to determine the total equivalent 18,000-lb axle loads on each test 
section since it was built. The computations were put into a computer program on the 
CDC 6600 computer. 

The rate of increase in equivalent loads has been studied over the last 12 years and 
it is concluded that a rate of increase of 8 percent per year is reasonable for an over
all estimate, but that local conditions can cause a very significant range in growth factor. 

The 1964 traffic study was used to correlate ADT, HCADT, and the daily sum of 
Types 4 and 5 (four-axle and five-axle) trucks to daily equivalent axle loads. The er
rors in equivalent loads from predicting traffic by these three parameters have been 
related to gravel equivalent thicknesses. It was found that for design purposes the sum -
mation of Type 4 and 5 trucks could best predict equivalent axle loads, but that only a 
slightly poorer correlation resulted using the HCADT. The error in terms of gravel 
equivalent is about 1. 2 in., which represents about 0. 6 in. of asphalt surface. 

Using the results of the traffic correlations back to 1956, the correlation between 
HCADT and daily equivalent loads has been studied and it has been found that the equiv
alent loads predicted from HCADT over the last 10 years have had an annual increase 
between 4 and 26 percent, depending on the span of years considered for the increase. 
Over a 10-year or longer period, an increase of 5 to 8 percent is shown to be appro
priate. This increase, along with an annual 3 percent increase in HCADT, yields the 
growth factor of 8 to 11 percent. 

From the results of this study the summation of equivalent 18,000-lb axle loads over 
a 20-year period represented by the present Minnesota traffic categories shown in 
Table 1 are calculated (16). 

PERFORMANCE TRENDS AND PREDICTIONS 

General performance analyses based on the concepts of the AASHO Road Test are 
made essentially by considering the trend of PSI with the increasing values of summa
tion in equivalent 18,000-lb axle loads. By observing these trends on the test sections 
it is anticipated that it will be possible to determine how much traffic is required to 
lower the PSI to a given level (usually 2. 5 for primary roads), and to define the shape 
of the performance curves to aid in the prediction of the number of applications to var
ious levels of serviceability. This can be done by observing the performance trends 
of the test sections and relating them to the thicknesses and embankment strengths of 
the sections or to the strength of the sections. At this time the performance of the 
sections has been compared to the performance predicted by the AASHO Interim Guide 
and the Asphalt Institute design procedures, which are based on the Road Test con
cepts. At the Road Test an equation was developed relating spring beam deflections to 
the number of applications to a PSI of 2. 5. Using the measured or predicted spring 
deflections on the test sections, this relationship is verified for Minnesota conditions. 
So far there is generally not enough drop in PSI for the test sections to determine thick
ness or strength requirements absolutely. The relationships shown in this section are 
the methods that appear to predict performance relationships best from the data avail
able to the present time. 

Irick shows a simplified method of predicted log (EN18) to a PSI of any level when 
the original PSI is known and any number of points along the plot are determined (17 ). 
A curvature term, B, is calculated and used to make the predictions if more than one 
point along the line is known. A B-value of 0. 5 indicates a curve that is concave down 
and a B-value of 1. 0 indicates a curve that is concave upward 

The equations for this method have been put into a computer program, called PER
PRED, that determines the curvature and predicted log (~Nl8) to PSI levels of 2. 5 and 
1.5. The traffic for the summers of 1963, 1964, 1965, 1966, and 1967 have been used 
along with the PSI values for those years to enter into the PERPRED program. Most 
of the test sections had not decreased in PSI enough to yield an accurate estimate of 
either B or log (~Nl8) to a PSI of 2. 5. The B-values generally tend to get higher as 
the PSI levels decrease. If the initial PSI is high, the B-value tends to be high, indi
cating upward curvature. At this time it is not possible to establish a well-defined 
curvature value for the performance trends, but generally it appears that a value close 
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to 1. 0 is appropriate for sections that have lost more than one unit of PSI. For initial 
estimates of future performance this value can be used. 

At the Texas Transportation Institute a method developed at the Asphalt Institute (18) 
is used to predict performance. For this method the slope of a log (PSI) vs arithmetic 
!:Nl8 plot is determined and extrapolated to a PSI of 2. 5 to predict performance. 

Using the same data as used for PERPRED, the last points on the plot are used along 
with the original point to establish the slope. Again, because of the generally high PSI 
levels of the sections, the variation in predictions is quite great. Of the 79 test segments 
for which comparisons were made between PERPRED and this method, only about 21 
percent of the predictions were within 50 percent of each other. 

Both methods will continue to be used for performance predictions because (a) it is 
not yet possible to determine which of the models defines the observed performance 
trends best, and (b) these methods make it possible to predict the applications to a PSI 
of 2. 5 with some degree of accuracy a number of years before the section actually goes 
to a PSI of 2.5. 

The AASHO Interim Guide and Asphalt Institute design procedures are both set up 
based on the Road Test equations. To check the performance of the Minnesota test 
sections relative to these, design predictions of life in years left for each test section 
were made using the traffic level at the time of construction, the thickness of the pave
ment layers, and the strength of the embankment using the R-value or CBR test value. 
The number of years of life predicted by these procedures gives an idea of whether a 
given section is overdesigned or underdesigned according to the procedures. 

The following conclusions were made based on a study of these predicted lives: 

1. It is not possible to evaluate one of these design procedures against the others 
because there are not enough test sections that have gone to a PSI of 2. 5. 

2. The test sections that have nonplastic embankments (high strengths) are generally 
overdesigned according to these methods. The field performance confirms this be
cause none of those sections are below a PSI of 3. 0. Based on this fact, plus the fact 
that the life predictions are on the order of 40 to 50 years beyond 1967, it has been 
recommended that a reduction in thickness of pavements on these embankments be made 
on a trial basis. 

3. Some of the sections on plastic soils appear to be overdesigned, as indicated by 
the long predicted lives, and some others appear to be underdesigned. 

4. The parameters necessary to use these design methods can be evaluated in Min
nesota and could be used to design flexible pavements in Minnesota. 

5. For test sections with granular bases and subbases it is necessary to provide 
adequate drainage. The three sections that had much less life than would be predicted 
by these design procedures had poor drainage characteristics primarily because of 
trench-type constructions. On the other hand, two of the sections that are performing 
better than anticipated both have good drainage characteristics. 

6. Even though the Asphalt Institute design procedure is based on thicknesses that 
are conservative compared to the AASHO Road Test data, rather than going through the 
middle of the data, as do the equations of the AASHO Interim Guide, the life predictions 
using the Asphalt Institute procedures are less conservative (longer). This happens 
because different types of equations or models have been fitted through the Road Test 
data. 

7. Observation of the test sections should be continued at least until they reach a 
PSI of 2. 5. This can be done adequately by determining the PSI once per year on each 
test section. The traffic can be updated each year using the statewide traffic report 
and the traffic program. 

Four equations were developed relating Benkelman beam deflection to performance 
at the AASHO Road Test. The equations relate the number of applications of a given 
load to a PSI of 2. 5 and 1. 5 to the fall and spring deflections. The equation for spring 
deflections predicting equivalent 18,000-lb applications to a PSI of 2. 5 is shown as Eq. 
4. The equation using spring deflections is considered because the correlation is better 
than for fall deflections and the standard error is less. This is reasonable because the 
spring period is the most critical time in Illinois just as in Minnesota. 
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Figure 1. Measured and predicted spring deflection related to equivalent 18,000-lb axle loads 
sustained by the test section through 1967. 

log (:tN18 )M = 11. 06 - 3. 2 5 log ds 

Squared correlation coefficient = 0. 78 
Standard error = 0.21 

(4) 

where 

(!:N18)M = summation of equivalent 18,000-lb axle loads to a PSI level of 2.5; and 
ds = Benkelman beam deflection taken during the spring period, 0. 001 in. 

At the AASHO Road Test, the normal deflection procedure yielded about the same 
deflections as the rebound procedure. The rebound procedure is used for determining 
deflection in Minnesota because this method yields a more accurate deflection on weak 
pavements. The deflection term in Eq. 4 is therefore assumed to be comparable to 
rebound deflections measured in Minnesota. 

To see how the Road Test equation worked for Minnesota pavement strengths and 
mixed traffic, plots such as Figure 1 were made. The upper line on the figure is Eq. 4; 
the lower line represents one standard error conservative from this best-fit line. For 
each of the test sections a maximum spring deflection level has either been measured 
directly or estimated from fall deflections for the spring of 1964, 1965, 1966, and 1967. 
The range of these deflections for the four springs for each of the sections is plotted 
against the summation of equivalent 18,000-lb axle loads the section has sustained from 
the time of construction to 1967. The spring deflections have been adjusted to account 
for the maximum allowable spring axle loads on the test section. In 1967 all of the 
sections had serviceability levels higher than 2. 5 except TS 28, 9, 41, and 50. Test 
Sections 2, 8, and 41 have been overlaid. In addition to these, only TS 7, 43, and 47 had 
serviceability levels less than 3. 0. The other sections are performing well through 
1967 and therefore for the !:Nl8 values indicated for the section on the plot. 

The position of the points checks Eq, 4 to some degree at this time because most of 
the points are to the left of the best-fit line. This means that the equation predicts that 
the sections can generally withstand more applications of load than have been sustained 
through 1967. 

Unless a test section is overlaid in 1968, it will move to the right on the figure by 
the increase in log (EN18) represented by the 1968 traffic. If observations of service
ability and determinations of traffic are made in future years until each section reaches 
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Figure 2. Differences in subbase thickness represented by variation in embankment strength for the 
AASHO soil classes using the AASHO Interim Guide R-value design procedure. 

a serviceability level of 2. 5, then a performance line for the Minnesota sections could 
be established. It may or may not agree with Eq. 4 from the Road Test. 

Based on the position of the points in Figure 1 it has been recommended that a line 
one standard error conservative from the best-fit line from the Road Test be used for 
the present. This can be represented by Eq. 5, with terms as defined for Eq. 4: 

log (!:N18)2• 6 = 10.85 - 3.25 log ds (5) 

With additional observations on sections in the future, this recommendation could be 
changed 

The advantage of using a strength test such as the Benkelman beam deflection to 
predict performance is that all localized conditions such as drainage, poor quality base 
material, and the like are evaluated. Using only thickness as an evaluation, this is not 
possible. These performance predictions with the deflection test are used to develop 
an overlay design procedure. The deflection test has also been established as a good 
method for determining allowable maximum spring axle loads. 

EVALUATION OF THE PRESENT MINNESOTA FLEXIBLE 
PAVEMENT DESIGN METHOD 

Based on the results of the performance studies on the Minnesota test sections , cer
tain modifications to the present Minnesota design procedure are suggested. Some of 
these are direct modifications, such as using a strength test for embankment evaluation 
and changes in thiclmess requirements, whereas others ate relationships developed 
from the data but that are not presently considered directly in the present procedure, 
such as an overlay design. In this section the recommendations are outlined and jus
tified 

Embankment Evaluation 

At the present time the AASHO classification system is used to evaluate embank
ments for design in Minnesota. "Standard" sections are given for an A-6 soil and are 
selected on the basis of the total volume of traffic (ADT) and the volume of heavy com-
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Figure 3. Differences in subbase thickness represented by variation in embankment strength for the 
AASHO soil classes using the Asphalt Institute R-value design procedure. 

mercial trucks (HCADT). It is recommended that strength be used as a criterion for 
embankment classification based on the experience of a nwnber of other agencies, such 
as the California Division of Highways (19 ), the Corps of Engineers (20 ), the Asphalt 
Institute (3) and others. For the Minnesota design procedure the recommended thick
nesses are constant except for the A-1, A-2, and A-4 soils. However, the variation in 
strength found within each AASHO classification represents a range in pavement design 
thicknesses based on design procedures that consider the strength of the embankment. 
Figure 2 is a plot of the variation in subbase thickness that results if the AASHO In
terim Guide is used for design on the weakest and strongest soils according to the R
values found within each AASHO classification. Figure 2 shows that the difference in 
design thickness in terms of granular subbase ranges from about 5 in. to 29 in., de
pending on the embankment soil type and the level of traffic. Figure 3 shows the dif
fer e nces in s l.'l.bbase thickness represented by the variation in R-value based on the 
Asphalt Ins titute design pr ocedure. These plots show that, even though the AASHO 
classification generally denotes the strength of a soil, within a given class the variation 
in strength can be significant. The variation in thickness is shown to be most signifi
cant for A-2-4 soils followed by the A-6, A-7-5, and A-7-6 soils in that order. The 
differences are greatest using the AASHO Guide procedure compared to the Asphalt 
Institute procedure. 

Correlations have been made between the field E-modulus from the plate load test 
and both the R-value and CBR. For the R-value, correlations were made for R-values 
obtained at exudation pressures of 100, 200, 240, 300, and 400 psi. The embankment 
E-moduli have been determined at 5-, 15-, and 25-psi plate pressures. The correla
tions were best for the R-values relative to the CBR and for the R-value determined at 
an exudation pressure of 200 psi. Based on these correlations plus the fact that the 
stabilometer R-value is somewhat easier to run than the laboratory CBR test, the sta
bilometer R-value has been recommend for evaluating embankment soils in Minnesota. 

Evaluation of Materials in the Pavement Structure 

The present Minnesota design method uses the gravel equivalent concept to evaluate 
the relative effect of the pavement layers for design. illtimately, the relative effect of 
the layers should be based on the ability of the various layers to improve the perfor
mance of a pavement section. The equivalencies from the AASHO Road Test are the 
only ones based on performance at the present time. The relative effect of the layers 
has also been determined based on deflections that have also been related to perfor
mance. For the Minnesota test sections plus the sections used for Minnesota Investi-
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gation 603 (22), equivalencies have been roughly implied based on spring tonnage ob
tained and deflections. The elastic theory has also been used to predict deflections 
using appropriate moduli for the layers. The problem with determining equivalencies 
is that, with variations in field conditions, the equivalencies can vary significantly on 
a daily and even hourly basis with changes in temperature, moisture content, etc. 

Using an equivalency factor of 1. 0 for granular-base materials, plant-mix surface 
equivalency factors have been shown to range from less than 1. 0 to 15 depending on the 
method of evaluation and conditions assumed for evaluation. The greatest percentage 
of values is in the 2. 2 to 3. 5 range for critical field conditions. At this time it has 
therefore been recommended that use of the present factor of 2.25 for hot-mix asphalt 
concrete surfacing (mixes 2351 and 2341) be continued. A value of 2.00 can be used for 
the 2331 mix, which has a somewhat more open aggregate gradation requirement. It 
has also been recommended that the present factors be used for stabilized base courses. 
These are 1.50 for rich-mixed 2204 mixes and 1.25 for lean bituminous-treated bases. 
These values compare favorably with the factors determined by Terrel and Monismith 
for cured mixes using emulsions (23 ). 

It has also been recommended that an equivalency of 1.00 be applied to subbase ma
terials that fail base course specifications only because of material retained on the 1-in. 
sieve. Also, based on the low R-values found for the base materials on TS 28 and 29, 
it has been recommended that the gradation and degradation properties of crushed lime
stone bases be checked carefully. As more performance data are obtained on the test 
sections it will be possible to determine appropriate equivalencies based on this factor. 

Traffic Evaluation 

As a result of the study of traffic in this investigation, it has been recommended 
that the traffic factor in the design method be based on equivalent 18,000-lb loads. With 
such a factor, changes in the composition of the truck population can be more accurately 
handled than with a term such as HCADT. It will be possible to take advantage of the 
trends shown in the last few years that indicate an increase in equivalent 18,000-lb axle 
loads for a given number of trucks. 

Thickness Recommendations 

Although the histories of serviceability ratings on the Minnesota sections are still 
relatively short, it has been possible to make predictions of life by the models discussed 
and with the Benkelman beam spring deflections. These predictions permit, in effect, 
a judgment of the present Minnesota design. The results have been studied for various 
embankment types, R-values of the embankment, and traffic categories. Generally it 
has been found that the present Minnesota procedure is somewhat conservative for sec
tions with relatively strong embankments. Recommendations are being made for changes 
in gravel equivalent thicknesses from minus 8 in. to plus 2 in. Continuing observations 
on the test sections may alter or strengthen these recommendations. 

Designing an Asphalt Overlay Using Benkelman Beam Deflections 

Benkelman beam deflections have been related to the performance of an asphalt pave
ment using Eq. 5. Equation 6 was developed for plastic embankment soils from data 
from a deflection study on Minnesota secondary roads (22) in addition to the data from 
this satellite study: -

log ds 2.300 - 0.051 Di - 0.022 D2 

where 

ds = spring Benkelman beam deflection, 0. 001 in.; 
Di = asphalt mixture thickness, in.; and 
D2 = granular base plus sub base thickness, in. 

(6) 
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With the logarithmic relationship for deflection, the antilogs of the coefficients in
dicate a percentage r eduction in deflection per inch of material. It is stated that this 
equation should not be used as a design equation (22), but considering all other condi
tions constant it can be assumed that each inch of asphalt mi.xture decreases the deflec
tion by about 10 to 12 percent. Using the traffic information developed in this study, it 
is possible to relate present traffic in terms of a daily number of equivalent loads or 
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HCADT to the number of years it would take to accumulate a given total number of 
equivalent 18,000-lb axle loads. The number of years to accumulate the loads is, of 
course, dependent on the annual rate of increase in traffic assumed. 

When these relationships are combined, a method such as that shown in Figure 4 
could be developed to help estimate the effectiveness of an overlay in extending the life 
of an asphalt pavement. The upper part of the chart includes both the relationship be
tween spring deflection before overlay and what it can be expected to be after various 
overlay thicknesses are added to the pavement section, and then how many equivalent 
18,000-lb axle loads the pavement can be expected to withstand before the PSI level 
drops to 2.5 (assuming that the pavel)'lent is constructed to a PSI of about 4.0). The 
total number of equivalent loads is on the bottom axis of the chart. The lower part of 
the chart shows the relationship between present daily Nl8, HCADT, and how many 
years it would take to accumulate the given total number of equivalent axle loads. 

The chart is set up for an annual equivalent load increase of 8 percent, but it could 
easily be modified to another value. The other relationships can also be changed as 
more information becomes available. It is felt that the present chart is somewhat con
servative, which is necessary until more performance data are available from the 
Minnesota test sections. It is recommended that as many checks as possible be made 
on the relationships shown in the chart, especially the decrease in deflection observed 
on a pavement section after it has been overlaid. If possible, some test areas should 
be established where, on a given job, some %-mile sections could be overlaid with 1 in. 
of asphalt, some sections overlaid with 2 in., and so forth, so that both the decrease in 
deflection and the relative performance of the sections could be observed. This addi
tional information could then be added to the overall system of evaluation of flexible 
pavements. 

This method could also be used as an indicator of an appropriate maximum spring 
axle load. For instance, if the life of a given overlay was considered too short, the 
spring deflection could be decreased by limiting the axle load on the pavement during 
that period. Thus, if a 7-ton axle load were the maximum load rather than a 9-ton 
load, the spring deflection could be reduced by seven-ninths with a corresponding in
crease in predicted life of the overlay section. 

SUMMARY 

By establishing 50 test sections on in-service roads in Minnesota and following a 
program of measurements -including serviceability determinations, plate tests, Benk
elman beam deflections, and traffic-an evaluation of flexible pavements is being made 
using concepts originally developed at the AASHO Road Test. 

A correlation has been developed so that present serviceability indexes can be de
termined using the Minnesota roughometer. Traffic is being evaluated on the basis of 
equivalent 18,000-lb axle loads. The performance of the Minnesota test sections for 
four years has been determined and methods of extending the performance trends are 
given. A method of utilizing spring Benkelman beam deflections to predict performance 
shows promise. 

Modifications to the present Minnesota flexible pavement design are to be considered 
on the basis of these findings. Continued observation of the test sections is needed to 
verify the indicated relationships. 
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Design of Flexible Pavements in Virginia 
Using AASHO Road Test Results 
N. K. V ASWAN!, Highway Research Engineer, 

Virginia Highway Research Council, Charlottesville 

A method based on the AASHO Road Test model equation and a theoretical 
equation for pavement deflection is presented for design of flexible pave
ments in Virginia. The independent variables evaluated are (a) the thick
ness of the layers of the pavement, (b) strength equivalencies of the ma
terials in each layer of the pavement, (c) subgrade support value including 
the soil resiliency and the environmental conditions affecting it, and (d) 
traffic. The dependent variable is the deflections measured by Dynaflect 
in the spring of 1967 and 1968. 

Thickness equivalencies of the materials used in the construction of 
flexible pavements in Virginia have been determined. A soil classifica
tion map of Virginia, based on about 200 projects (each with 2 to 30 soil 
samples) throughout the state, has been prepared. This map shows five 
soil classifications based on resiliency, the AASHO soil classification, 
and texture of the soils. A design method for Virginia in the form of a 
nomogram is proposed as a maintenance and design tool. Two additional 
methods are based on present design conceptions, standards, and practice 
in Virginia. 

•THE MAIN objective of this investigation is to provide a pavement design method for 
Virginia that is based on the AASHO Road Test results in terms of thickness equiva
lencies of the materials, soil support values, and traffic and that does not alter the 
present design concepts in Vi.rgi.nia. 

A Dynaflect, which is a dynamic load device for measuring deflections, was used to 
evaluate the structural performance of pavements. The performance of this equipment 
was also studied. 

The soil support values were determined on the basis of resiliency properties and 
California bearing ratio (CBR) values. 

Fifty-four projects with varying pavement structures throughout Virginia were chosen 
for a satellite study. All these projects are on primary or Interstate roads. Three 
design methods are recommended. One of these methods, based on soil support values 
(SSV), traffic, and thickness index, was further tested on 74 new projects. 

A principal purpose of this study is to evaluate the performance of the satellite pave.
ments, to determine the thickness-equivalency values of the different materials in the 
pavement, and to correlate these values, along with other variables such as soil sup
port and traffic, with the pavement performance. 

The climatic and regional factors were considered to affect the subgrade soil, and 
hence their effects were assumed to have been considered in evaluating the subgrade 
support value. Strengths of all materials-e. g., asphaltic concrete and stone sub
base-are considered to be the same all over Virginia because they are as specified 
by the Virginia Highway Department. The pavement life before resurfacing was con
sidered in the design. 

Paper sponsored by Committee on Flexible Pavement Design. 
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VARIABLES 

Deflections 

The Dynaflect records dynamic deflections of a pavement at 5 points at 1-ft intervals 
along the path of travel. The maximum deflection recorded is midway between its two 
wheel loads. Dynaflect measurements were made during the spring in 1967 and 1968. 

Soil Support Value 

Investigations have shown that the subgrade support value depends on two important 
factors: (a) resistance to a single applied load, and (b) rebound due to soil resiliency. 
The pavement design recommended herein is based on these two factors. 

Traffic 

The total traffic up to June 1967 and the average annual daily traffic (AADT) on each 
project were evaluated. 

To determine the 18-kip equivalent the method given in the AASHO Interim Guide (1) 
was modified. The modified method is given in the first interim report on flexible -
pavement design (~. This modified method has been accepted by the Virginia Highway 
Department. 

THICKNESS EQUIV ALENCY VALUES 

The AASHO Road Test report (~ defined the strength of the pavement as 

(1) 

It then equated this strength with pavement deflections. This relationship for a given 
system of load when converted to thickness equivalencies could be written in the follow
ing form: 

log d 

where 
D is the strength or thickness index of the pavement; 
a 1, a

2
, ••• , are strength coefficients; 

hl' h
2

, ••• , are thicknesses of the respective layers; 
a2 a3 
- , - , ... , are the thickness equivalencies; and 
a1 a1 
d is the Benkelman beam deflection of the pavement. 

(2) 

(3) 

In this investigation d is taken as the deflection measured by the Dynaflect in the 
spring. The deflection of a pavement is the sum of the compressions of the different 
layers of the pavement, including the subgrade. Compression in any layer depends not 
only on the thickness and the strength of each laye1·, but also on the following factors: 
(a) the thickness of the overlying layer, (b) the thickness equivalency of the material 
of the overlying layers, and (c) the ratio of the strength of the overlying or underlying 
layer and the strength of the layer itself as given by Burmister's equation (4). 

The AASHO equation does not include the effects of these three factors. -In this 
study the effects of factors a and b were investigated to a certain extent. The effect of 
factor c was not considered because of the lack of data. 

To provide for factor a, the thickness of the overlying layers, the following general 
equation-based on Boussinesq and Westergaard-was adopted. The derivation of the 
equation is explained in Appendix A. 
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(4) 

d = deflection of the pavement in inches; 
A deflection modulus, a function of Poisson's ratio, elastic modulus, 

and a given system of loading; 
a, b, and c constants; 

r = horizontal distance of the point where the deflection is to be deter
mined from the load point in inches; 

H = vertical distance of the point where the deflection is to be determined 
from the load point in inches; 

H 1 = vertical distance of the top of a layer from the top of the pavement in 
inches; and 

H2 vertical distance of the bottom of the same layer from the top of the 
pavement in inches. 

The values of the constants a, b, and c were determined by use of a computer pro
gram with different values of H1 and H

2
• The value of r was 10 in. for the Dynaflect. 

The most suitable values that would give the maximum effect of the thickness of the 
layer under consideration were adopted. With the values of the constants so deter
mined, Eq. 4 could be written as follows: 

(5) 

To provide for factor b, the thickness equivalency of the overlying layers, Eq. 5 was 
modified. The modification consisted of converting the thickness of any layer of mate
rial into the equivalent thickness of asphaltic concrete. Thus, in a multilayered pave
ment with layered thicknesses h1, h2, h

3
, ••• from the top of the pavement and equiv

alency values a
1

, a
2

, a3 , ••• respectively, the equation for the pavement deflection will 
be as follows: 

EVALUATION OF FACTORS 

General Behavior of Pavements 

Studies of the satellite pavements in Virginia have shown that in the spring deflecr
tions for a given pavement remain almost constant (5), and if any decrease takes place, 
it is for a short duration immediately after construction. The duration of variation in 
deflection after construction depends on the pavement components. The satellite proj
ects taken in this investigation were old enough not to provide variations. Deflection 
data were taken during the springs of 1967 and 1968, and both sets of data gave the 
same correlation with the structural components of the pavement. 

Evaluation of Thickness Equivalencies 

A multiple regression analysis of the data from the 54 satellite projects was car
ried out with a computer to determine the thickness equivalency by means of Eq. 2. 
Different combinations were tried. Later, the thickness equivalencies of the cement
treated base and cement-treated stone subgrade varied from 0.8 to 1.7 and 0.4 to 0.5, 
respectively. 

The most suitable thickness equivalencies obtained by multiple regression analysis 
followed by simple regression analysis of these satellite projects are given in Table 1. 
The values given by the AASHO Committee are also given in the table for comparison. 
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TABLE 1 

THICKNESS EQillVALENCIES OF THE MATERIALS 

Material 

Asphalt mat 
Cement-treated stone base 
Stone subbase 
Select material in subbase 
Cement-stabilized subgrade 

Thickness 
Equivalencles 

Virginia 

1.0 
1.0 
0.35 
0.0 
0.4 

AASHO 

1.0 
0.52 
0.31 
0.25 

In this investigation, the total thick
ness of the asphaltic concrete (AC) mat
i. e., the asphaltic concrete surface, 
binder, and base courses-is considered. 
The thickness equivalency of this material 
has been taken as 1. 

In Virginia, the cement-treated stone 
base course (CTB), if provided, is usually 
below the asphaltic concrete mat and may 
vary in thickness from 4 in. to about 8 in. 
For the best correlation, the thickness 
equivalency of this material was found to 
be 1.4. Because there is limited experi-

ence with this material in Virginia, a thickness equivalency of 1.0 is recommended. 
At a later date this value may be increased. This value of 1.0 is recommended also 
because various investigators have found quite different values for this material. The 
AASHO Committee gives a value of 0.52, Chastain and Schwartz (6) give a value of 0.96, 
the Canadian Good Roads Association (7) recommends a value ofl.O, and Phang (8) 
gives a value of 2.0. Variations in thethickness equivalency of this material are-prob
ably caused by differences in factors such as environmental conditions, distance of the 
CTB layer from the top of the pavement, and mix design affecting the variation in the 
strength of the layer. 

The use of cement-treated stone base is increasing in Virginia, and about 20 percent 
of the projects in the satellite study incorporate this material. 

In Virginia the stone subbase (SSB) varies in thickness from 4 to 10 in. It is pro
vided under the bituminous base. A thickness equivalency value of 0.35 has been rec
ommended for this material from this investigation. The Asphalt Institute (9) and 
Phang recommended values of 0.37 and 0.31 to 0.33, respectively. Chastain-and 
Schwartz recommend a value of 0.46 for Illinois. About 75 percent of the projects in 
the satellite study have a stone subbase under the bituminous base. 

Select material is a low-cost material irrespective of its resilient properties and 
has a CBR of about 20. If used, it is laid over the subgrade and varies usually from 
6 to 26 in. in thickness. 

Multiple regression analysis showed that the thickness equivalency value of select 
material tends to be zero. Because select material does not appear to contribute ap
preciably to reducing deflections, its thickness equivalency value is taken to be zero. 
About 60 percent of the projects in the satellite study have select material. 

In Virginia, cement-treated subgrades (CTS) were first provided over highly re
silient soils because they do not compact properly. Cement-treated subgrade reduced 
the effect of soil resiliency, reduced deflection, and provided a good working platform. 
Its use has spread over the Piedmont area and some areas in the coastal plain and 
mountain regions. The thickness of the CTS layer varies from 6 to 12 in. 

The best value of the thickness equivalency of CTS is found to be 0.4. The AASHO 
Road Test did not recommend any value. About 50 percent of the projects in the sat
ellite study have CTS. 

Evaluation of Soil Support Value 

After using Eq. 3 to evaluate the thickness equivalencies of the materials in the 
pavement, it became apparent that Eqs. 3 and 6 required modification to the following 
form: 

log d = a 0 + a
1 

(D + subgrade factor) (7) 

d 
[ 

1 J H =ah 
2 

2\ 
0 

. 
1 1 + . . . + subgrade factor 

(1 + r + H I '
5 H = 0 

(8) 

The values of the subgrade factor for the three soil areas are given in Table 2. 



TABLE 2 

SUBGRADE FACTORS 

Soil Areas Eq. 7 

Res llient soils in Piedmont 
(1, 2, and 3 in Fig. 1) 0 

Non-resilient sandy soils in Coastal 
Plains (4 in Fig. 1) 3.0 

Non-resilient clayey soils in Valley 
and Ridge (5 in Fig. 1) 2. 0 

Eq. 8 Soil 

1 
0 2 

3 
0.008 4 

5 
0.005 
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TABLE 3 

SOIL RESILIENCY VALUES 

Classification Resiliency Value 

High-resilient soils 0. 5 
Medium-resilient soils 1.0 
Low-resilient soil 1. 5 
Non-resilient soils, sands 3.0 
Non-resilient soils, clayey 2.0 

This increased soil support in clayey and sandy soil is obviously due to the inherent 
property of the soil and also the environmental factors. No other investigation to ac
count for environmental conditions has been conducted. 

It is, however, recommended that 50 percent deduction be made from the calculated 
thickness index until experience indicates the desirability of deducting the full value of 
the tactor. 

As a part of this investigation, a subgrade soil resiliency classification map for 
Virginia was prepared (Fig. 1). The approach and basis of this classification are dis
cussed in Appendix B. The classification is based on the AASHO soil classification 
and the textural soil classification of about 200 projects throughout Virginia. In each 
project the number of samples varied from 2 to 30. 

Thus, as explained in Appendix Band shown in Figure 1, the soils in Virginia have 
been divided into five classifications. Soils 1, 2, and 3 with high, medium, and low 
resiliency were arbitrarily given a value of 0. 5, 1.0, and 1.5 respectively. The soil 
support values (SSV) of these three soils were then obtained by multiplying the Virginia 
CBR value of the soil by its resiliency value. 

A correlation between SSV, traffic, ani;i thickness index for the satellite pavements 
in the resilient soils of the Piedmont area was determined. In this correlation, the 
data for the satellite pavements in soils 4 and 5 (i.e., sandy and clayey) were incor
porated, and the resiliency value of their soils determined. The resilient values of 
the sandy (Coastal Plains) and clayey (Valley and Ridge) soils were found to be 3. 0 
and 2. 0 respectively. Thus, the resilient values of the soils given in Table 3, were 
partly assumed and partly derived. 

Figure 1 shows these classifications by soil number. For the area marked 4 and 5, 
it is suggested that a resiliency factor equivalent to the mean of the two classifications, 
i.e., 2.5, be taken. For projects located on the border of the two classifications, 
mean values of the two classifications could be taken, although it would be better to 

Figure 1. Classification of subgrade soil resi Ii ency (see Table 2). 
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Figure 2. Thickness index correlated with deflections and traffic by MSHO equation. 

study the soil and determine its AASHO and textural classifications and then determine 
its resiliency as discussed in Appendix B. 

Choice of Equation for Design 

With the thickness equivalency values in Table 1 and with the subgrade factors in 
Table 2, the pavement deflections obtained in the springs of 1967 and 1968 were cor
related with the thickness index, D, in Eqs. 7 and 8. The correlation values varied 
from 0.75 to 0.79, which indicated a high rate of correlation. Equation 7 showed a 
better correlation than did Eq. 8. This shows that the AASHO equation (Eq. 7) gives a 
better correlation than the theoretical equation. It is, therefore, evident that the 
AASHO equation could be adopted for design. A plot of 1967 data with Eq. 7 is shown 
in Figure 2. 

DESIGN METHODS FOR PAVEMENTS IN VIRGINIA 

Design by Correlation Between Thickness Index and Deflection 

Numerous investigations, including the AASHO Road Test, have shown that as the 
thickness and/or strength of the pavement layers increase, the pavement deflection 
decreases. 

This investigation has shown that log of pavement deflection is a straight-line func
tion of the sum of the thickness index and the subgrade factor. This was confirmed 
from both the 1967 and 1968 Dynaflect data taken on the 54 satellite projects. Based 
on this correlation, the following equation is recommended for use: 

log d = 0.32 - 0.043 a 1 (h
1 

+ 0.35 h2 + 1.0 h21 

+ 0.0 h
3 

+ 0.4 h
4 

+ subgrade factor) (9) 
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TABLE 4 

FLEXIBLE PAVEMENT DESIGN CHART OF THE VIRGINIA HIGHWAY DEPARTMENT 

Stabilized 
Traffic Daily Equivalent Subgradea Subbasea Binder Surface 

Category 18-klp Axle Loads (in.) (in.) Base Course Course 
(1) (2) (3) (4) (5) (6) (7) 

I 0-7 6 none 4-6 in.a none P&Dsc 
IA 8-16 6 none 6-8 in,b none P&Dsd 
II 17-124 6 4-8 3 in. none 165 lb S-4 or S- 5 

B-3 (1.5 in.) 
(345 lb) 

IIA 125-224 4-8 4 in. none 165 lb S-4 or S-5 
B-3 (1.5 in.) 

(460 lb) 
lll 225-329 6 4-8 6 in. none 165 lb S-5 

B-3 (1, 5 in.) 
(690 lb) 

IV 330-429 6 6-10 6 in. 165 lb I-2 100 lb S-5 
B-3 (1. 5 in.) (1.0 in.) 

(690 lb) 
v 430-659 6-12 6-10 8 in. none 165 lb S-5 

B-3 (1.5 in.) 
(920 lb) 

V1 660 and over 6-12 8-12 8 in. 165 lb 1-2 100 lb S-5 
B-3 (1.5 in.) (1.0 in.) 

(920 lb) 

~Minimum depth of subgrade stabilization and subbase will depend on soil conditions and design CBR value. 
Stone base. 

'Prime and double seal on Contract I; 165-lb plant mix on Contract II when warranted. 
dPrime and double seal on Contract I; up to 300-lb plant mix on Contract II. 

The relationship based on this equation for 1967 data is shown in Figure 2. In this 
figure lines PQ and RS include 86 percent of the area under the normal curve. Thus, 
we may conclude that, according to the design standards in Virginia, the deflections 
would lie within lines PQ and RS. 

This relationship is adaptable for pavement design in Virginia by superimposing 
over Figure 2 the traffic scale (columns 1 and 2 of Table 4) of the Virginia Department 
of Highways design method. Figure 2 could, therefore, be used to determine the thick
ness index needed for a given traffic category, based on the pavement design method in 
Virginia. The figure would also indicate the amount of likely Dynaflect deflection. 

As an illustration of a design based on this method, assume a traffic category be
tween 225 and 329 and a subgrade soil that does not need a cement-treated subgrade 
(Fig. 2 and Table 4). A design based on an average deflection of 0.80 to 0.96 x 10-3 in. 
would be appropriate. Further, the pavement should have a thickness index between 
8.6 and 10.5, i.e., the pavement should be designed for an average thickness index of 
9.5. Various choices in the structural cross section could be made as given in Table 5. 

The flexible pavement design chart of the Virginia Highway Department (Table 4) 
recommends choice 2 only. With the help of this chart more choices in the selection 
of pavement cross sections could be available. 

Seventy-four projects recently designed by the Virginia Department of Highways 
were evaluated by regression analysis to compare the thickness index by this method 

with the thickness index by the method 
presently used. The correlation coef

TABLE 5 

PAVEMENT DESIGN CHOICES BASED ON 
THICKNESS INDEX AND DEFLECTION 

Type of Layer Choice 1 Choice 2 Choice 3 

AC surface (S-5) 1.5 In. 1.5 in. 1.5 in. 
AC base (B - 3) 7.5 in. 6.0 in. 4.5 in. 
Stone subbase 0 6.0 in. 4 in. 
Cement-treated subgrade 0 0 6 In. 
Thickness index 9. 0 9.6 9.8 

ficient was found to be 0.81, which in
dicated a high degree of correlation. 

Design by Correlation Between 
Thickness Index and Daily Traffic 

By using the strength equivalencies 
as determined in this investigation, the 
thickness index of the sections recom
mended by the Virginia Department of 
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Figure 5. Thickness index corre lated with dai ly traffic and soi l support va lue by AASHO equation. 

Highways were correlated with the daily traffic as given in Table 4 by means of Eqs. 7 
and 8 separately. Both equations gave the same correlation. The values are as fol
lows: (a) with cement-treated subgrade, R = 0.97 and (b) without cement-treated sub
grade, R = 0.99. The use of the AASHO equation is more acceptable only because of 
its simplicity in application for design. This correlation, shown in Figure 3, could be 
used for design of flexible pavements in Virginia. 

Design Based on SSV, Daily Traffic, and Thickness Index 

A third variable, SSV based on CBR and resiliency, was introduced in the relation
ship between daily traffic and the thickness index discussed previously. Nomographs 
were drawn for Eqs. 7 and 8 separately and are shown in Figures 4 and 5. 

The thickness index obtained from the nomograph based on the theoretical equation 
needed slight corrections for the subgrade factor. The corrections are also shown in 
Figure 4. The thickness index obtained from the nomograph based on the AASHO equa
tion (Fig. 5) did not need a separate correction for the subgrade factor. The SSV scale 
was considered to have made the necessary corrections. 

To verify and modify these nomographs, 74 new projects were studied for their soil 
support values, daily traffic, and thickness index. It was found that: 

1. Soil support values above 15 do not effect changes in the thickness index of the 
pavement in these projects and hence the soil support scale was made to vary from 0.5 
to 15; and 

TABLE 6 

PAVEMENT DESIGN CHOICES BASED ON THICKNESS INDEX, 
SSV, AND TRAFFIC 

Type of Layer Choice 1 Choice 2 Choice 3 Choice 4 

AC surface course (S-5) 1. 5 in. 1. 5 in. 1.5 In, 1.5 in. 
AC base course (B-3) 8. 5 in. 7. 5 in. 6.5 in. 5.5 In. 
Cement-treated base 0 0 0 4 in. 
Stone subbase 4 in. 6 in. 6 in. 0 
Select material 0 0 0 0 
Cement-treated subgrade 4 in. 6 in, 8 in. 4 in. 
Thickness index 13 . 0 13 . 5 13. 3 12. 6 
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2. The present pavement design method provides the same design for daily traffic 
of 660 18-kip equivalents and any value higher than this. 

The traffic scales in Figures 4 and 5 have, therefore been extended up to 1,000 and 
2,000 18-kip equivalents respectively. The higher values are extrapolated. 

The nomograph in Figure 5 can be utilized for determining the thickness index re
quired for the design of new pavements based on subgrade soil properties and traffic 
in terms of daily 18-kip equivalents, or it can be used for maintenance by evaluating 
the modified thickness for the revised traffic in terms of daily 18-kip equivalents. As 
a design example, consider a project that has a design CBR value of 7.1 and design 
daily traffic of 329 18-kip equivalents and that lies in a medium-resilient soil area of 
silts and clays in the Piedmont region. The SSV is, therefore, equal to 7.1x1.0 = 7.1 
and, from the nomograph based on the AASHO equation in Figure 5, the thickness index 
of the pavement is 13.2. Design choices for this value of thickness index are given in 
Table 6. 

Any one of these three methods could be adopted in Virginia without any change in 
the field and laboratory method of evaluation. The methods provide more choices in 
selection of materials and their thicknesses, as shownin Tables 5 and 6, than does the 
present method of design. They have been made more sophisticated by the use of thick
ness equivalency values. Of these three methods, the one with SSV and traffic is rec
ommended for use. 

CONCLUSIONS 

Several conclusions drawn from this investigation of satellite study projects are 
applicable to paving materials and designs used in Virginia. 

1. The following thickness equivalency values could be considered for design in 
Virginia, with the layers placed in the order described (any layer could be omitted 
but not interchanged): 

Type of Layer 

Asphalt mat 
Cement-treated stone base 
Stone subbase 
Select material 
Cement-treated subgrade 

Thickness Equivalency 

1. 0 
1. 0 
0.35 
0.0 
0.4 

2. The deflection of a pavement is a function of its thickness index; the higher the 
thickness index, the lower the deflection. 

3. Comparison of a theqretical equation and the AASHO Road Test equatioIJ. has 
shown that both give the same magnitude of evaluation and they are equally good for 
design purposes. Because application of the AASHO Road Test equation is much sim
pler, its use is recommended. 

4. The recommended methods for design give more choices in the selection of ma
terials and their thicknesses than does the present method of design in Virginia. Fur
ther, the recommended methods are more sophisticated through use of thickness 
equivalency values. One of the recommended design methods takes account of the soil 
support value, which includes the effect of environmental factors. 
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Appendix A 
BASIS OF THE GENERAL FORM OF EQUATION 4 

Deflection d = A [ 
1 

b J H2 

(1 + era + Ha) H 
1 

constants; 
deflection modulus, a function of Poisson's ratio, elastic modulus, 
and a given system of loading; 
pavement deflection; 
modulus of elasticity of the material; 
vertical distance of the point where the deflection is to be determined 
from the load point; 
vertical distance of the top of the layer from the top of pavement; 
vertical distance of the bottom of the same layer from the top of the 
pavement; 
load applied; 
horizontal distance of the point where the deflection is to be deter
mined from the load points; 
Poisson's ratio of the material; 
deflection at a point under consideration; 
compression of a layer =difference between the deflection at top 
(i.e., at depth H1) and bottom (i.e., at depth HJ of the layer in inches; 
deflections at the top of a layer at a distance H1 from the top of the 
pavement; and 
deflection of the bottom of the same layer at distance H2 from the top 
of the pavement. 

Compression of any layer in a homogeneous isotropic and semi-infinite elastic solid 
is given by the following equations: 
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Boussinesq 's equation 

A [ 2(1 - µ.) r
2 

+ (3
3 

- 2µ.) H
2 J H2 

(r2 + H2) /2 H1 

(a) 

Westergaard's equation 

w (b) 

The above two equations could be written in a general form as 

(c) 

and 

(d) 

To satisfy the following four boundaries 

H Oandr 0 
H ooandr 0 
H Oandr "' 
H 00 andr ="' 

the equation has been slightly modified as follows: 

(e) 

(f) 

Appendix B 
CLASSIFICATION BASED ON RESILIENCY OF SOILS 

The factors on which the degree of soil resiliency depends are as follows: 

1. Amount and size of mica in the soil-The resiliency increases with an increase 
in size and quantity of mica. 

2. Orientation of the mica flakes-Resiliency is greatest when the particle orienta
tion is essentially perpendicular to the direction of the applied load. 

3. Soils from the C-horizon are more resilient than soils from the B-horizon. 
Since subgrade cuts lie mostly in the C-horizon and the tops of fills consist of soils 
from this horizon, it is the one being considered for classification. 

For the purpose of the design of pavements, Virginia soils have been divided as 
follows: 

1. High- resilient soils-A-5 or A-4 (with G.1. of 5 and up). Both classifications 
should have a large percent passing No. 200 sieve and also high mica content. 
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2. Medium-resilient soils-(a) A-4 (with G. I. of 5 and up) having a large percent 
passing No. 200 sieve but with low mica content; (b) sandy silt with high mica content. 

3. Low-resilient soils-A-7-5 or micaceous clay. 
4. Non-resilient soils, sandy-A-1, A-2, A-3, or A-4 (with G.I. less than 5). 
5. Non-resilient soils, heavy clay or organic-A-4-2, A-6, A-7-6, or A-8. 

Generally, low-resilient soils do not contain mica and the resiliency is due to silt 
only. 

Discussion 
F. P. NICHOLS, JR., National Crushed Stone Association-It may be of some help to 
the reader of the foregoing paper and another paper by the same author (5) to recall 
some of the background data that contributed to the development of the author's pro
posed flexible pavement design methods. This assumes, of course, that a reader some 
years hence is faced with the task of reviewing the literature on pavement design in the 
never-ending quest for a truly reliable method based either on elastic theory or pure 
empiricism. 

Vaswani has not seen fit to refer to two readily available papers (10, 11) that de
scribe the development of much of the data he has used. Nor does herefer to any of a 
number of unpublished progress reports that further amplify the data; Figure 4 of his 
1968 paper (5) was lifted directly from one such report . Perhaps his reason for omit
ting these references is that his conclusions, based on elaborate statistical and mathe
matical analysis of the same or similar data, are diametrically opposed to those drawn 
by the author of the earlier papers. 

The first omission, from HRB Bulletin 269, published in 1960 (10), traced the de
velopment of "black base" designs in Virginia beginning with a local aggregate job in 
an area where commercial aggregates were unavailable. That report also described 
the first experimental project on US 58, which was designed to determine if possible 
what thickness of "black base" might solve performance problems being experienced 
on other projects along this corridor built with lighter bituminous mat thicknesses. 
To summarize, the problem definitely was not solved by more than doubling the thick
ness of the bituminous-bound upper layers. Had the "thickness equivalency" concept 
been applied to these findings alone, stone base would have had to be assigned a higher 
value than black base in this experiment. 

The 1960 report also mentioned the start that had been made toward "getting to the 
bottom of the problem" through other experimental installations. The approach here 
was to ensure more reliable support at the foundation level in areas of scarcity of stone 
or other acceptable subbase aggregates by means of subgrade stabilization with cement 
or lime. 

A 1962 paper (11) demonstrated the obvious superiority of increasing the foundation 
support over increasing the thickness of surface type materials . Several projects, with 
and without subgrade stabilization, of similar age, and in similar soil areas, were com
pared. Results show the marked reduction in deflection values accomplished through 
improved foundation support. 

A paper presented in 1963 (12) was listed in Vaswani's 1968 paper. However, the 
one mention of it presented an erroneous interpretation of what was actually stated 
therein with regard to excessive rather than tolerable deflections. This paper's sum
mary showed that, except in the Piedmont section of Virginia, "the magnitude of de
flection apparently has little to do with the problems of pavement behavior," because 
none was excessively high. Further, it showed that, of 24 pavements in the Piedmont 
built without stabilized subgrades, deflections measured on the 14 with black bases 
were not significantly different on the average from those on the 10 without. (Both 
averages were considered excessively high.) Similarly, of 16 that did have stabilized 
subgrades, there _were very minor differences between average deflection values on the 
9 with black bases and on the 7 without (neither average was excessively high). The 
obviously significant differences were between the average deflections measured on the 
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pavements built on stabilized foundations and those on pavements not so well supported; 
stabilization at the bottom, rather than at the top, cut the deflections almost in half. 

Vaswani 's design procedure is based on "thickness equivalencies" that are "deter
mined" once and for all from deflections measured by the Dynaflect (13), a machine 
that measures a pavement's response to relatively light, pulsating loads. The paper's 
introduction indicates that performance equivalencies are directly related to the ability 
of materials inquestion to reducethese minute deflections. The author's Table 1 shows 
unique equivalency values for broad classes of material such as asphaltic mixtures, 
cement-treated stone bases, untreated stone subbases, select materials (worthless), 
and cement-stabilized subgrade soils, regardless of the material's thickness, quality, 
or position in the structure. In effect, he says that a pavement consisting of 7 in. of 
any combination of hot bituminous mixtures laid on any soil is equivalent to one con
sisting of 4 in. of the highest quality bi tuminous mixtw·es laid on better than 8% in. of 
the best graded, highest quality crushed stone, slag, or gravel that can be obtained. 
Further, one infers that any increase in bituminous base thickness, per inch, is equiv
alent to an increase of 2.86 in. of crushed aggregate. 

This is in direct conflict with statements made by Foster (14), who has shown that 
beneath a 3-in. hot-mixed bituminous surface at the AASHO Road Test, a 4-in. high
quality hot-mixed bituminous base performed about as well as slightly more than 3 
times that thickness of the poorly compacted crushed limestone base used there, a 
thickness equivalency of about 3 to 1. However, Foster shows that an 8 in. thickness 
of the bituminous base was equivalent to 16 in. of the limestone, an average equiva
lency of only 2 to 1. Thus, if the first 4 in. had a 3 to 1 equivalency, the next 4 in. 
must have had an equivalency hardly more than 1 to 1 to produce the average value 
of 2 to 1. 

Foster had stated earlier (15) that the Road Test subbases and bases were weaker 
than they would have been in an ormally built highway-that they should have been bet
ter compacted. He stated further that "the thickness differential between bituminous
treated and standard base course would be less in sections with standard base courses 
compacted to higher densities." 

It is not the purpose of this discussion to describe fully a design approach better 
than that developed by Dr. Vaswani. Its primary purpose is to point out again the fal
lacy of a constant "thickness equivalency" concept. 

But in addition, a major objection must be voiced against the nomograph (Fig. 5) 
recommended for determining total design strength in terms of thickness index D; the 
trifling difference of 2 or 3 in. in asphalt concrete thickness requirements for equal 
traffic but for soil support values differing from 1 to 15 cannot be supported by pave
ment performance records in Virginia. It is also in considerable conflict with the latest 
revision of the Virginia CBR design chart, originally described in 1954 by Woodson (16). 
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N. K. VASWANI, Closure-I very much appreciate Mr. Nichols' comments. The 1968 
paper was based on data most of which were collected under his direction, except those 
for the last two years. For the most part, I agree with the conclusions made in his 
reports prior to 1966. As a result of my mathematical and statistical analysis I, in 
fact, seem to have described his thinking in numerical values with some additional con
clusions such as the one from Figure 3 of my paper. 

The 1968 paper and the present one give a high strength equivalency value to soil 
cement, which agrees with Nichols' remarks that a strong foundation is necessary for 
weak resilient soils. The first project on US 58, sponsored by Nichols, clearly dem
onstrated the necessity for a strong foundation layer such as soil-cement, soil-lime, 
or cement-treated stone. 

I would like to mention that the principle of thickness equivalency indicates the total 
pavement strength needed. After the strength is determined, the success of the design 
depends on the designer's making a proper choice of the materials. 

Regarding tolerable deflections, Figure 5 of my 1968 paper clearly shows that tol
erable or permissible deflection is a function of the strength or thickness index of the 
pavement and is not a fixed value. The tolerable or permissible deflection depends on 
the sum of the strengths of the individual layers and not on the thickness and strength 
of one particular layer. 

In his discussion, Nichols seems to indicate that the value of the thickness equiva
lency of any material is a function not only of the strength of the material but also of 
the depth at which it is laid below the top of the pavement. This certainly is true. 
For example, a cement-treated aggregate base placed directly under an asphalt con
crete mat has a thickness equivalency of 1 for pavements in Virginia. The same mate
rial when placed in the subbase instead of the base will have lower strength equivalency 
values. Foster's interpretation of the AASHO Road Test results (14) was applied to 
the pavement design chart in Virginia. It showed that the thicknessequivalency values 
reported in this paper give about the same thickness index values as given by Foster's 
curves. 

Nichols states that the thickness equivalency value is a function of the quality of the 
material. This is also true. The thickness equivalency values determined in this in
vestigation are for materials that satisfy the specifications of the Virginia Department 
of Highways. 

Nichols states that the major objection in the design chart in Figure 5 is the differ
ence of 2 to 3 in. in asphalt concrete thickness for soil support values differing from 
1 to 15. This difference-if so-is the difference in the thickness index, which could 
be equivalent to 6 to 9 in. of stone aggregate base or 4 to 8 in. of soil cement. 



Development of Traffic Parameter for Structural 
Design of Flexible Pavements in Minnesota 
EUGENE L. SKOK, JR., Civil Engineering Department, University of Minnesota 

•THE LOADING on a highway pavement is composed of applications of axle loads of 
various weights. The axle loads r~ge from less than 2,000 lb on a single axle to more 
than 50,000 lb on a set of tandem axles. To determine the load effect on a pavement 
during its design life it is necessary to obtain the number of loads and the weight dis
tribution operating over the pavement. For some design procedures this is done by 
assigning a specific load to the highway section. Another method is to relate the design 
to the amount of total traffic in average daily traffic (ADT) and the number of heavy 
trucks expected to use the highway (HCADT). The latter is the method used for the 
present Minnesota flexible pavement design procedure (1). 

At the AASHO Road Test it was possible to determine the relative effect of the load
ings used because a particular section of road was subjected to repetitions of one mag
nitude of load. The relative effect of the loads on the performance of pavement sections 
can be used to convert each load repetition to an equivalent number of repetitions of a 
base load. For a number of design procedures, including the AASHO Interim Guide, an 
18,000-lb axle is used as the base load (2, 3, 4). 

Even though a fairly precise determination can be made of the load equivalency fac
tors, the calculation of the total equivalent 18,000-lb single axle loads is approximate 
because the distribution of axle loads on a pavement can only be estimated. When all 
loads on a road section are the same, such as at the Road Test, there is no problem 
involved with determining the summation of equivalent axle loads, but when actual high
way loadings are being considered, approximations must be made to estimate the dis
tribution of axle weights within a given truck type and the distribution of the various 
truck types over a particular section of road. During the last five years a compre
hensive study has been made of flexible pavement design and performance in Minnesota. 
This study was based on measurements and observations on 50 test sections, all on ex
isting state highways. As a part of this study it was necessary to have a determination 
of the traffic loads on each section. The distribution of the various truck types for the 
50 test sections could not be determined accurately from the available statewide data. 

Therefore, a traffic study was started in 1964 by the Planning Research Section of 
the Minnesota Department of Highways for these test sections. The traffic study has 
been used to obtain the distributions mentioned plus the total volume of traffic to use 
the roadway at each test section. The distribution and volumes are used to (a) calculate 
the total equivalent 18,000-lb axle loads that the section has been subjected to since it 
was last resurfaced, and (b) determine what traffic parameters best predict the total 
equivalent loads on a pavement section and how accurately these parameters predict the 
equivalent axle loads. 

The first part of this paper is a presentation of the traffic study made on the Minne
sota test sections and analysis of the data. The analysis has been programmed for the 
CDC 6600 computer. The statewide weight distribution and volume distribution data 
for the year can be put into the program to bring the traffic for each test section up to 
date. This is done in general by assuming that 1964, which is the year the traffic study 
was run, is the base year and that the distributions on each test section vary as the state
wide distributions for subsequent years. 

Paper sponsored by Committee on Flexible Pavement Design and presented at the 48th Annual Meeting. 
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It has been assumed that a comprehensive traffic study cannot be made when a pave
ment is to be designed. In the second part of this study correlations have, therefore, 
been made between the equivalent axle loads and (a) average daily traffic (ADT), (b) the 
heavy commercial average daily traffic (HCADT), and (c) the summation of Types 4 plus 
5 trucks. It is shown that the equivalent loads can be predicted with increasing accuracy 
using the first three parameters in order as listed. The errors in these predictions are 
related to design thickness. 

TOTAL LOAD IN TERMS OF EQUIVALENT 18,000-LB SINGLE AXLE LOADS 

To analyze the performance of the Minnesota test sections based on the concepts of 
the AASHO Road Test and based on a good estimate of the load effect on the pavements, 
it is necessary to estimate the total equivalent number of 18,000-lb axle loads since the 
pavement section was built. Even though accurate determinations of the load equivalency 
factors based on the performance of the sections at the Roat Test have been made, the 
calculation of the total equivalent loads for a highway section is approximate because the 
distribution of the axle loads or the numbers of the various axle loads cannot be obtained 
exactly. 

A traffic study on the Minnesota test sections was performed by the Planning Research 
Section of the Minnesota Department of Highways in 1964 to fill in an estimate of these 
distributions on the test sections. 

The traffic study included the following operations on 41 of the 50 test sections: 

1. Weigh all trucks passing a location during a 16-hour period on a weekday in each 
of three seasons. 

2. Classify vehicles during 16-hour periods on a weekday, Saturday, and Sunday in 
each of the four seasons. 

3. Count traffic for seven consecutive days in each of the four seasons to provide 
average daily traffic volumes (ADT). 

Only 41 traffic stations were used because nine of the locations could represent dis
tributions for two test sections. 

The procedure to determine the total number of equivalent wheel loads over a section 
since it was constructed as summarized in the following has been performed on each 
test section through 1964, 1965, 1966, and 1967. It is assumed that it is desirable to up
date this information in future years. The method outlined has therefore been put into a 
computer program that, when statewide data for a given year have been added, adds on 
the traffic estimate for each test section using the 1964 traffic study as a base and 
modifies the weight and volume distributions based on ratios of the statewide data. The 
computer program is available on request from either the Civil Engineering Depart
ment of the University of Minnesota or the Minnesota Department of Highways Planning 
Research Section. 

Truck Factors 

Truck factors have been calculated for each of five types of trucks for each test 
section in 1964 using the weight data from the traffic study. A truck factor (TFS) is 
defined as the average number of equivalent 18,000-lb axle loads that the pavement sec
tion is subjected to with one passage of that truck type. If, for instance, a Type 5 truck 
factor-is 1.5, then on the average every Type 5 truck that passes over the test section 
would have the effect of 1.5 18,000-lb axle loads when the effect of its five axles are 
summed together. For the traffic analysis, trucks are classified into the following six 
types: 

0 
1 
2 
3 
4 
5 

Description 

Single unit, 4-tire 
Single unit, 2-axle, 6-tire 
Single unit, 3-axle 
Tractor-truck or semitrailer, 3-axle 
Tractor-truck or semitrailer, 4-axle 
Tractor-truck or semitrailer, 5-axle 
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The weighing part of the 1964 traffic study was done at four times (cycles) during 
the year: (a) early spring, during load rest rictions; (b) late spring, after load restric
tions; (c) summer ; and (d) fall. The weighing done for the early spr ing was actually 
done in the spring of 1965, but was assumed as part of the 1964 data. 

A computer program called TRUFAC was set up to calculate truck factors for each 
cycle for each test section using the weight data. TRUFAC essentially accepts the num
ber of axles in 2,000-lb weight classes for single axles and tandem axles, multiplies the 
number of axles in each weight class by the load equivalency factor for that weight 
class, sums the pr oducts, and divides by the number of trucks in that truck type classi
fi cation giving the average number of equivalent 18,000- Ib axle loads for that type truck. 
This final value is t he truck factor. The equivalency factors have been obtained (5) to 
show the relative effect of the various axle loads on the performance of a pavement 
section as indicated by the AASHO Road Test equations. 

Truck factors have been determined for Types 1 through 5 trucks using TRUF AC. 
The truck factors calculated for individual seasons at each test section were weighted 
assuming the following time distribution: 2 months for spring, 3 months for fall, and 7 
months for the summer truck factor. The late spring value was averaged with the sum
mer value to obtain a summer truck factor for weighting. 

To study the variations in truck factors, the highways were broken down into three 
classes and the variations in truck factor with season for these groups were considered. 
The three classifications are the following: 

Class A-Highways carrying interstate trucks and very few local trucks. 
Class B-Medium-high traffic roads with some interstate trucks and some local trucks. 
Class C-Low traffic loads with almost all local trucks. 

There are 8 sections classified as Class A, 15 sections as Class B, and 18 sections as 
Class C. 

Table 1 summarizes the truck factors obtained on these classes of roads for the three 
cycles of the year. Two things are of interest in this table. First, the spring restric
tions have a slight effect on the truck factors for Classes A and Broads and have a greater 
effect on Class C roads, which are generally restricted in the spring. Second, in all 
cases the fall truck factors are significantly higher than the spring or summer values 
(primarily because of harvest time). These variations justify the use of seasonal truck 
factors and the weighting of them by time to determine a yearly truck factor. In a num
ber of cases the yearly truck factor for Class C roads was quite different from the overall 
average for a given truck type. In cases where an extremely high or low value repre
sented a very small number of trucks, designated maximum or minimum values of 
truck factor for the various truck types were used. It was reasoned that over the years 
a truck factor nearer the average would be appropriate. Table 2 gives the minimum and 
maximum limits on truck factors set up. These limitations primarily affected Class C 
roads. 

TABLE 1 

SUMMARY OF SEASONAL TRUCK FACTORS BY ROAD CLASSES 

Truck Type 
Road Class Season 

2 3 4 

A Spring 0 . 210 0 . 273 0. 947 I. 249 I. 682 
Summer 0. 277 0 . 492 0 . 745 I. 362 I. 640 
Fall o. 291 0.701 1. 410 I. 750 I. 948 

B Spring 0. 144 0 . 213 o. 544 I. 428 I. 850 
Summer 0. 215 0 . 273 0 . 811 1. 408 I. 893 
Fall 0. 216 0 . 304 o. 837 2.062 2. 199 

c Spring 0. 113 0 . 232 0.126 0. 659 0 . 411 
Summer 0. 184 0.311 0. 186 I . 097 1. 827 
Fall o. 278 0.424 0.665 l. 077 1. 988 

All Spring 0 . 150 0 . 240 0. 687 I. 253 1. 678 
Summer 0 . 219 o. 352 0 . 619 I. 329 1. 737 
Fall 0 . 256 o. 454 1. 028 I. 761 2. 034 



Weight Distributions 

The variation in weight of the five types 
of trucks back to 1952 has been estimated 
by using statewide weight distributions 
for each type of truck obtained from the 
annual traffic reports of the Minnesota 
Department of Highways Planning and 
Programming Division. Before 1963, the 
tables did not include a breakdown between 
tandem and single axle loads, which made 
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TABLE 2 

MINIMUM AND MAXIMUM TRUCK FACTORS USED 
FOR 1964 YEARLY TRUCK FACTORS 

Truck Type 
Limit 

3 4 5 

Minimum 0 . 100 0. 150 o. 208 0 . 500 0 . 500 

Maximum o. 500 0.800 None 2.250 2. 300 

it impossible to calculate directly the statewide truck factors (SWTF) for Types 2, 4, 
and 5 trucks from the traffic reports. 

In the Bureau of Public Roads 1965 Truck Weight Study (5), a pr ocedure was sug
gested for projecting tandem axle effect back for previous years when only the all-axle 
category was available. This method consists of calculating the ratio of single axles to 
all axles in each weight category for the earliest year this information is available 
(1963). This ratio is then used to estimate the number of single axles in each weight 
group for each type of truck. The remainder of all axles divided by two is assumed to 
be the number of tandem axles in that weight group. This procedure was used to esti
mate the statewide truck factors for each type truck for each year previous to 1963. 
The results from this method of estimating tandem axles have been incorporated in the 
computer program for estimating variation in truck factor. 

A plot of the truck factors is shown in Figure 1. Of special interest is the increase 
in weight of the Type 4 and Type 5 trucks in the last three or four years. The ratio of 
the statewide truck factors for a given year to the 1964 statewide truck factors is used 
to modify the truck factors for each test section for the year of interest. This has been 
done for each test section back to the year when it was last overlaid. Provision for this 
calculation has also been made in the computer program so that statewide truck factors 
are used to modify the test section truck factors as the statewide traffic reports are 
made available in each future year. 

Truck Type and Volume Distributions 

The 1964 truck type distribution has been determined for each test section using the 
volume data from the 1964 traffic study. The distribution is set up as the percentage 

of heavy commercial traffic that includes 
Types 1, 2, 3, 4, and 5 trucks. The per
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centages obtained for each season have 
been weighted to calculate a 1964 percent 
distribution for each test section. 

It is assumed that the volume distribu
tion of heavy commercial trucks can vary 
from year to year. To estimate the vari
ation from year to year the statewide vol
ume data are used. These data were again 
obtained from the annual traffic reports. 
The "axles counted" data are used to de
termine this statewide yearly distribution. 
The variation of distribution from year to 
year is determined by taking the ratio of 
these percentages to the 1964 percentage 
and multiplying the 1964 test section dis
tributions by these ratios. The sums of 
these calculated distributions are appor
tioned up or down to 100 percent so that 

0 
the calculated percentages can be used 

,.,, - " .. ''"" "" ,,.. ~,. •900 11><1 19u , .. , "" .... '"" along with the HCADT to determine the 
Year 

Figure 1. Statewide truck factors. 
number of each type of truck for each test 
section and each year. A plot of the state-



108 

wide yearly percentage distributions is shown in Figure 2. The general increase in the 
percentage of Type 5 trucks in the last four years is of interest. The use of statewide 
distribution data is recommended for updating the traffic volume data each year in the 
future. Provision has been made in the computer program for inclusion of these data 
from the annual statewide traffic reports. 

The total HCADT for each test section in 1964 is obtained from the traffic study. The 
HCADT does not include 4-tired, 2-axle trucks (defined as Type 0 trucks). 

The variation in HCADT is estimated by using traffic flow maps furnished by the 
Traffic and Planning Section of the Minnesota Department of Highways. Again, using 1964 
as the common denominator, ratios of CADT from the traffic flow maps were obtained 
for each test section location and each year back to when the individual test was con
structed. CADT, which includes Type 0 trucks, was used because this is the value along 
with total ADT that is shown on the maps. Ratios of CADT can be assumed to be the 
same as ratios of HCADT because the percentage of Type 0 trucks has remained essen
tially constant from 1952 through 1967. 

From the preceding information, the number of heavy commercial trucks per day 
(HCADT) traveling in one direction (i.e., over the test section) can be determined for 
each test section and each year. This is referred to in the program as HCADT (J, K) 
where J refers to each test section 1 to 50 and K refers to the year from 1952 to the 
present year (PY). When HCADT (J, K) is multiplied by each of the percent distributions 
for each year, the number of each type of truck is obtained for each test section and 
each year. This set of values is referred to as ANOTKS (I, J, K). 

With TFS (I, J, K) and ANOTKS (I, J, K) determined from the previous paragraphs, 
an estimate of the equivalent 18,000-lb axle loads contributed by each truck, each year, 
on each test section can be obtained by multiplying corresponding elements of these 
arrays. The resulting array is represented by DTEAL (I, J, K), the daily total equiva
lent axle loads for each type truck (I), each test section (J ), and each year (K). 

The summation 

5 L DTEAL (I, J, K) = DTE AL (J, K) (1) 

l=l 

gives the daily equivalent axle loads for each test section and each year. To get the 
total equivalent 18,000-lb axle loads for a given year, the DTEAL (J, K) is multiplied by 

365, giving the YTEAL (J, K). 

•• 
T,,,. I 

Type 2 

Type J 

1953 1954 1955 1955 1957 1958 199 1960 1961 IM2 IH! 1964 1965 1966 

Year 

Figure 2. Percent distribution of heavy commer
cia I traffic. 

To obtain the summation of equivalent 
axle loads for a test section, the summation 

PY L YT EAL (J, K) = SYTEAL (2) 

K=YC 

is made, where YC is the year constructed 
and PY is the present year. This is called 
the SYTEAL (summation of yearly total 
equivalent axle loads). The YTEAL for the 
year constructed is divided by two because 
it is assumed that traffic ran for half the 
year of construction. Table 3 is a list of 
the 1967 yearly 18,000-lb axle loads for 
each test section plus the estimated sum
mation of the equivalent 18,000-lb axle 
loads for each test section through 1967. 
This table shows the wide variation in traf
fic found on the Minnesota test sections. 

To carry this procedure through the next 
year (in this case, 1968), it is necessary to 
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TABLE 3 

1967 YEARLY EQUIVALENT 18,000-LB AXLE LOADS AND SUMMATION OF EQUIVALENT 18,000-LB 
AXLE LOADS THROUGH 1967 

Test Year 1967 l: Nl8 Test Year 1967 l: Nl8 
Section Built Yearly N18 Through 1967 Sec lion Built Yearly Nl8 Through 1967 

1 1958 113, 510 851, 724 28 1956 34, 647b 
2 1954 69, 93ob 78a 1965 7, 128 15, 788 

52a 1965 24, 182 53, 016 29 1956 20, 898b 
3 1961 25, 596 107, 049 30 1961 222, 115 995, 833 
4 1958 16, 511 98, 957 31 1959 12, 367 84, 338 
5 1958 6, 576 44, 215 32 1957 6, 194 50, 261 
6 1960 162, 168 669, 927 33 1957 40, 906 272, 691 
7 1961 14, 658 97, 143 34 1959 134, 589 737, 715 

8, 9 1953 40, 112 388, 359 35 1958 15, 677 88, 628 
10 1958 3, 867 25, 587 36 1961 42, 189 187, 263 
11 1961 9, 536 61, 314 37 1961 32, 944 131, 606 
12 1956 6, 966 60, 526 38 1956 48, 511 325, 947 

13, 14 1962 31, 574 123, 679 39, 40 1953 19, 625 145, 253 
15 1960 328, 581 1, 530, 470 41 1955 640, 54ob 
16 1957 65, 530 539, 128 91a 1964 218, 369 630,200 

17, 18 1959 76, 480 385, 125 42 1962 12, 565 45, 906 
19 1957 99,046 743, 533 43 1959 553 4, 036 
20 1955 70, 612 371, 262 44 1963 7, 269 27, 841 

21, 22 1961 25, 303 141, 060 45 1959 6, 674 25, 825 
23 1961 131, 402 488,325 46 1961 6, 773 26, 819 
24 1956 4, 198 36, 830 47 1957 20, 501 166, 545 
25 1956 2, 294 26, 054 49 1955 32, 856 260, 985 

26, 27 1961 1, 457 7, 025 50 1954 7, 911 53, 047 

0 Sections overlaid since 1963 continued to be observed with a number of 50 plus the original number. 
bTotol equivalent 18,000-lb axle loads before being overlaid. 

have (a) the annual statewide traffic report for that year, and (b) the traffic flow map or 
some estimate of the CADT for each test section. The annual traffic report is used to 
determine the truck factor ratios (changes in weight distribution) of the trucks by type 
and the volume distribution change of the various type trucks necessary to modify the 
results of the 1964 traffic study to make it applicable for the present year. The annual 
traffic reports are usually available in April of the following year. The traffic flow 
maps are only available for the even years. For an intervening year, such as 1965, the 
same CADT could be assumed without a great error. With the 1966 traffic flow map 
available, it is then possible to interpolate between 1964 and 1966 to get a better esti
mate for 1965. These data can be changed easily in the computer program. 

The procedure developed in this section is valid for updating the traffic value on 
each test section as long as there is no abrupt change in the traffic pattern for the given 
section. For instance, if an Interstate highway opened parallel to a section, the heavy 
traffic would most likely be altered materially. The traffic flow map for that year would 
show the decrease (if any) in the total volume, but would not indicate the decreased num
ber of Types 4 and 5 trucks nor possibly their general decrease in weight caused by the 
shifting of through traffic to the Interstate highway. If a change in traffic pattern such 
as this occurs, it is advisable to make another traffic study at the test section location. 
To ensure that no extraneous traffic conditions have developed on any of the test sections, 
it would be advisable to conduct another traffic study every 5 or 10 years. The frequency 
at which these traffic studies are made is dependent on the funds available for such a 
study. The field work represented here costs approximately $85,000. A future study 
would only have to be run three times per year rather than four, but more time would 
be required to obtain complete information on some of the low-traffic sections. 

Based on the results of the study made in 1964, a future study could be modified in 
the following ways. As shown previously, there is a significant difference in truck fac
tors between spring, summer, and fall. It would therefore be advisable to weigh and 
count trucks in each of these seasons. The spring cycle should be during the spring 
restriction period and the fall cycle preferably should start after September 1. It would 
be advisable to make weight distribution determinations only on test sections where 
more than ten of each type of truck can be weighed during a reasonable length of time. 
Volume distribution data should be gathered until at least one of each type of truck has 
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passed the given location. This is important in areas where very low traffic occurs, be
cause it is known that sometime one of a given type of truck will pass by. When one 
Type 5 truck every three or four days is added up over the life of the pavement it may 
be the major contributor to total loads to which the pavement is subjected. 

Based on the data obtained from the traffic study made in 1964 it has been recom
mended that the traffic for the Minnesota test sections and any other load determinations 
based on the equivalent axle load determinations be made at the site being considered 
and then projected to other years based on statewide variations from year to year. This 
recommendation is based on a comparison of truck factors in 1964 from a number of the 
test sections and on the statewide data. Some of the truck factors for 1964 are sum
marized in Table 4, which gives truck factors for four test sections, the average truck 
factors for the three classes of roads as defined previously for the overall flexible 
pavement investigation traffic study, and the statewide traffic from the annual traffic 
report. Test Sections 1, 15, and 19 are all on US 10 and TS 6 is on US 2 near Duluth. 
The interesting thing about the three test sections on US 10 is that TS 19 generally has 
low truck factors compared with TS 1 and TS 15, especially for Types 4 and 5 trucks. 
It is felt that this low truck factor is caused by the fact that TS 19 is located at a per
manent weighing station. Overloaded trucks may be "permanently" avoiding the perma
nent weighing station. The overall data for the special traffic study also result in some
what higher truck factors than calculated from the statewide traffic report for 1964. The 
increase of over 0.50 is significant for Type 5 trucks, as is the increase of about 0.25 
for Type 4 trucks. This also may be caused by the use of permanent weighing stations 
for statewide data collection. These variations show the importance of making traffic 
surveys for test sections at the location of the sections rather than considering state
wide data when the summations of equivalent axle loads are being determined. This is 
important when considering the loading a research study section has had imposed on it, 
but is of lesser importance when considering traffic for design purposes. 

PREDICTION OF AXLE LOADS FOR PAVEMENT DESIGN 

By means of the procedures just presented, the total traffic that has passed over a 
section of highway can be estimated. The procedure involves a rather comprehensive 
traffic survey (weight and volume) and the setting up of a computer program that brings 
the traffic up to date each year. To design a pavement based on equivalent axle loads, 
it is necessary to estimate the present magnitude of traffic and to be able to project 
this value into the future over the design period. To do this for design purposes, it is 
not always practical to run a load distribution study, but it is easier to estimate the 
ADT, HCADT, or make some estimate of the number of heavy trucks that will be using 
the road. Using the 1964 traffic study and the variation in statewide traffic, correla
tions have been developed to show how these traffic parameters correlate with the 
equivalent 18,000-lb axle loads. The errors in these approximations are converted to 

TABLE 4 

COMPARISON OF 1964 TRUCK FACTORS 

Truck Type 
Source 

2 4 

TS 1 0. 312 0. 151 1. 409 1. 445 1. 789 
TS 6 0. 464 0. 365 0.260 2. 242 1. 671 
TS 15 0.379 0. 616 0.161 1. 784 1. 958 
TS 19 0.167 0. 236 0. 240 0.660 0. 710 
All Class A 0. 267 0.508 0. 945 1. 440 1. 724 
All Class B 0. 203 o. 271 0. 773 1. 575 1. 962 
All Class C o. 196 0. 326 0. 296 1. 019 1. 631 

All Traffic Study 
Data 0.217 o. 359 0. 733 1. 424 1. 801 

Statewide from 
1964 Traffic 
Report 0. 205 0. 452 0. 596 1. 171 1. 276 
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thicknesses so that the correlations can be evaluated. In the first part of this section, 
the estimated yearly equivalent loads for the last 12 years are considered to try to 
estimate the probable future growth of traffic in terms of equivalent axle loads. This 
factor is necessary for future designs to help determine the load-life of the pavement. 
The variation in the correlation of HCADT with equivalent loads over the last 10 years 
is studied and a method is suggested for predicting future growth of equivalent 18,000-lb 
axle loads based on HCADT. 

VARIATION OF RATE OF APPLICATION OF LOADS WITH TIME 

To design a highway using the equivalent load concept it is necessary to predict the 
future growth of traffic in terms of equivalent loads for the design period into the future. 
As has been shown by the traffic volumes on Minnesota test sections, the number of 
equivalent loads is not only dependent on the volume of traffic, but also very much de
pendent on the weight characteristics and the percentage of the different types of trucks. 

Two design methods that currently use a growth factor for design with the equiva
lent load concept are tbe Asphalt Institute method (4) and the California method (6). 
A growth factor of 3 percent per year is used, which is inherent in the determina
tion of traffic for the Asphalt Institute design (4, Appendix A). For the California 
traffic determination, it is assumed that traffic- in terms of equivalent wheel loads 
increases 50 percent in ten years. This is equivalent to a yearly growth factor of 
4.14 percent. 

To see how these factors compared with the results of the traffic analysis on the 
Minnesota test sections, the yearly equivalent axle loads for the preceding 12 years 
were taken as a percentage of the 1965 yearly equivalent axle loads and averaged for 
the Classes A, B, and C roads as defined previously. The percentages were averaged 
for each of the classes of sections. It was found that the values for Classes A and B roads 
were very similar. These two classifications were therefore combined and the averages 
for this "heavy" category and the Class C (light) category were determined separately. 
Even though the variation in each of these percentages is based on the same statewide 
data, there is on the average about a 10 percent higher value of percentage for the light 
traffic roads. This actually represents a slower growth rate. The lower growth rate 
for the lower traffic roads can be attributed to the lower percentage of Types 4 and 5 
trucks on these roads. The Types 4 and 5 trucks have shown the greatest increase in 
weight over the last 10 to 12 years. It was found that the growth of the heavy roads can 
be best represented by a growth factor of greater than 10 percent per year and the light
er traffic roads can be represented by a growth factor of about 8percentper year. These 
values of growth factor are considerably higher than those previously mentioned. It is 
felt that the last 12 years represent a period of abnormally high growth in truck weights 
and volume of truck traffic. For estimating future traffic growth, a value between 5 
and 8 percent would be adequate. This is only an overall value, however, and when a 
specific estimate is being made, many local factors could materially affect the growth 
factor anticipated. 

Correlation of Equivalent Loads With Other Traffic Parameters 

The relationships obtained when 18,000-lb equivalent axle loads are correlated with 
three traffic parameters on a pavement section are presented in this section. The pa
rameters used for correlation are (a) the two-way average daily traffic at the section 
location (ADT), (b) the one-way heavy commercial traffic (HCADT as previously defined) 
at the section, and (c) the daily summation of the number of Types 4 and 5 trucks at the 
section in one direction. 

The initial correlations are made using the data from the 1964 traffic study on the 
Minnesota test sections. Initial plotting indicated that the data appeared to fall into two 
categories-one with traffic greater than 150 daily equivalent loads, and the other with 
less than 150 daily equivalent loads. Test Section 19 was left out of the correlations 
because the data from this section deviated greatly from the overall trends. Compari
son of arithmetic and logarithmic plots and error terms showed that log-log correla
tions were the best. 
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Two-way Totol Averoo• Doily Traffic , ADT 

Figure 3. Percent of 1965 annual equivalent 
18,000-lb single axle loads for heavy traffic test 

sections. 
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Figure 4. Percent of 1965 annual equivalent 
18,000-lbaxle loads for light traffic test sections. 

Figures 3, 4, and 5 and Table 5 show the correlations of the three parameters and 
daily Nl8 using logarithmic axes. The data show that a better correlation is achieved 
by separating the light and heavy traffic. 

Table 6 gives the error thickness of granular base, using Eq. 18 from an Asphalt 
Institute monograph (7). When log Nl8 is used, one unit of thickness represents a given 
standard error because thickness is related to the log Nl8 in the equation. An error 
facto r is also listed in Table 6 for each traffic parameter and category. This factor 
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Figure 5. Logarithmic relationship between daily 
equivalent 18,000-lb axle loads and two-way 

tota I average daily traffic. 

represents the percent accuracy to which 
Nl8 can be estimated using the given pa
rameter. For instance, the error factor 
is 1.240 for heavy traffic using HCADT. 
This means that Nl8 can be predicted to a 
percentage accuracy of :1: 24 percent 
(actually x 1.24 or .;. 1.24). This accuracy 
represents a thickness of granular base of 
about 0.6 in. 

TABLE 5 

CORRELATIONS FOR PREDICTING EQUIVALENT AXLE 
LOADS WITH LOG-LOG RELATIONSHIPS 

Form of Equation: log Nl8 = a0 + a, log (X) 

x Traffic standard 
Conditions a. a, Error 

ADT Light -1. 204 0.853 0. 328 
Heavy 2. 399 -0. 002 0.228 
All -1. 725 1. 052 0 . 367 

HCADT Light -0. 816 1. 307 0. 229 
Heavy -0 . 671 1. 317 0.093 
All -1. 006 1. 433 0.217 

I;(4+5) Light 0.506 0.824 0.169 
Heavy 0. 819 0 . 776 0. 051 
All 0.396 0.944 o. 163 



TABLE 6 

ERROR IN THICKNESS OF GRANULAR BASE OWING 
TO STANDARD ERROR OF CORRELATIONS 

USED TO ESTIMATE N18 

Traffic 
Parameter 

ADT 

HCADT 

I: (4 + 5) 

Category 

Light 
Heavy 
All 

Light 
Heavy 
All 

Light 
Heavy 
All 

Error 
Factor 

2.126 
1. 691 
2.328 

1. 695 
1. 240 
1. 649 

1.475 
1.124 
1. 455 

Gravel 
Equivalent 
Thickness 

Error 
(In .) 

1. 8 
1. 3 
2.0 

1. 3 
0.6 
1. 2 

0.9 
0.3 
0.9 
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TABLE 7 

MINNESOTA TRAFFIC CATEGORIES CONVERTED TO 
DAILY EQUIVALENT 18,000-LB AXLE LOADS 

USING THE 1964 CORRELATION 

Two-Way One-Way Daily 18,000-lb 
HCADT Range HCADT Range Axle Loads 

<150 <75 "'43 
150-300 75-150 43-107 
300-600 150-300 157-392 
600-1100 300-550 390-867 

>1100 >550 > 867 

The errors in thickness obtained using 
the arithmetic relationships were greater 
than those in Table 6. It is slightly better 
to break the roads down into heavy and 
light traffic categories. The better corre
lation using I; (4 + 5) as the independent 

variable is obta.ined because in most cases the Type 4 plus Type 5 trucks made up about 
70 to 90 percent of the equivalent loads on the pavements for 1964. 

From the accuracies shown in Table 6, it is apparent that an estimate of equivalent 
loads using HCADT should be adequate and that slightly better accuracy would result if 
a good estimate of the number of daily Type 4 plus Type 5 trucks could be obtained. 

The following equations have been suggested to predict Nl8 from HCADT for design 
purposes. 

log Nl8 -0.816 + 1.307 log (HCADT) for HCADT < 150 (3) 

log Nl8 -0.671 + 1.317 log (HCADT) for HCADT > 150 (4) 

For the present Minnesota Department of Highways design procedure, the two-way 
HCADT is used as a design parameter (1). The HCADT used in this presentation is a 
one-way HCADT. Table 7 gives the ranges of HCADT presently used converted to daily 
equivalent 18,000-lb axle loads using this 1964 correlation. 

VARIATION IN CORRELATION BETWEEN TRAFFIC AND LOADS 

It has been found by the Traffic and Planning Section of the Minnesota Department of 
Highways that the HCADT on most Minnesota highways is increasing at a rate of 3 per
cent per year. For the estimation of loading on a pavement using the HCADT, the cor
relation between HCADT and daily Nl8 is used. To design a pavement, consideration 
must be made of the increase in Nl8 projected into the future through the design period. 
When HCADT is used to predict Nl8 over a design period of 20 years, two factors can 
increase that cause an increase in N18 each year. These are (a) an increase in HCADT 
which is around 3 percent per year as indicated above (this may vary somewhat depend
ing on local traffic conditions), and (b) an increase or decrease in daily Nl8 predicted 
for a given HCADT. A change in correlation could significantly affect the total design 
Nl8 over the design period. The correlations to show the effects discussed are con
sidered in the remainder of this section. 

The correlation between Nl8 and HCADT shown in Figure 4 is for the year of the 
traffic study (1964). To study the variation of this correlation with time, the daily Nl8 
for each test section used in the traffic study was determined for each year from 1956 
through 1966. Table 8 gives the results of these correlations for the 11 years. The 
equation is the same log-log model and results in equally good correlations for each 
year as shown by the squared correlation coefficients and the standard errors. 

To see what these correlations represented in terms of daily Nl8, the predicted Nl8 
were calculated for each year for one-way HCADT values of 75, 150, 300, and 550. 
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TABLE 8 

RESULTS OF CORRELATIONS BETWEEN N18 AND 
HCADT FOR 1956 THROUGH 1966 USING 

Year 

1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 

NO BREAKDOWN OF TRAFFIC 

log N18 = a 1 +a, log (HCADT) 

-0. 9079 
-0.8445 
-0.8672 
-0. 9884 
-0. 9464 
-0.9196 
-0.9854 
-0. 7153 
-0.8945 
-0. 8004 
-0. 7645 

a, 

1. 317 
1. 293 
1. 342 
1. 385 
1. 362 
1. 352 
1. 362 
1. 259 
1. 373 
1. 355 
1. 359 

Squared 
Correlation 
Coefficient 

0.912 
0.910 
0.898 
0.922 
0.923 
0.925 
0. 935 
0.787 
0.906 
0.912 
0.927 

standard 
Error 

0.180 
o. 183 
0.199 
0.177 
0.170 
0.164 
0.148 
0.172 
0.188 
0.180 
0.171 

TABLE 9 

PERCENT INCREASE IN DAILY EQUIVALENT 
18,000-LB LOADS RELATIVE TO HCADT 

Period HCADT 

Prior to 1965 75 150 300 

10 years 4.2 5. 7 6.9 

4 years 12. 5 17. 3 21. 8 

3 years 17. 8 15. 9 12. 5 

550 

6. 7 

25. 9 

12. 3 

These values correspond to the present de
sign limits of 150, 300, 600, and 1100 two
way HCADT. The daily Nl8 values were 
plotted on a log scale so that a constant 
slope represents a constant rate of increase 
assuming a compound percentage increase. 
There was not a constant rate of increase 

over the 11-year period. In fact, there is somewhat of a decrease in the correlations 
from 1958 through 1962. This can be explained by the fact that more Type 5 trucks 
relative to Types 3 and 4 trucks were coming into use during that period. The Type 5 
trucks generally had a slightly lower truck factor because the loads on tandem axles 
have a lower load equivalency ratio. In the past four or five years, as trucks have been 
loaded more efficiently, these loads have gone up and the correlation is at a high level 
and increasing. To estimate the amount of increase in daily Nl8 per year relative to 
HCADT, three lines were drawn through the data from the last 11 years. The lines 
represent rates of increase for ten years, four years, and three years. The rates of 
increase represented by tlle Unes are given in Table 9. For the last three years the 
rate of increase is lower than for the last four years for the two highest categories of 
HCADT. The increases for three and four years are about the same for the lower two 
HCADT categories. The rates for the ten-year period are about half or less the slopes 
of the later years. 

To consider the increase in these correlations into the future, a number of factors 
should be considered. The sag in the relationships from 1958 and 1962 was most likely 
caused by the greater use of Type 5 trucks. The period from 1962 to the present ex
emplifies a time when the Types 4 and 5 trucks are being used more efficiently and thus, 
on the average, these trucks would be heavier. This trend will most likely not continue 
for more titan two or three more years. The percentage increases over 12 percent are 
thus considered high and a value of 5 to 8 percent per year is recommended. This percent 
increase along with the 3 percent increase in HCADT per year yields an 8 to 11 percent 
increase in N18 per year. When the maximum allowable axle loads are considered it 
can be seen that these values would be exceeded after three or four years at a rate of 
increase of 15 percent and after about ten years at a rate of 10 to 12 percent per year. 
Using an overall rate of increase of 5 percent results in a factor of 2.5 in 20 years and 
using 12 percent results in an 8.6-fold increase. It is felt that the lower percent in
crease should be used so that gross overdesign will not occur. If it is found that there 
is more increase in loading and the pavement is failing because of it, an overlay can be 
added after any number of years of service. 

SUMMARY AND CONCLUSIONS 

At the AASHO Road Test it was possible to determine the relative effect of the load
ings used because a particular pavement section was subjected to repetitions of only 
one magnitude of load. 'l 'he relative effect of the loads on the performance of pavement 
sections can be used to convert each load i-epetition to an equivalent nwnber of repeti
tions of a base load. These load equivalencies can be used to convert mixed traffic to 
a number of equivalent 18,000-lb axle loads. A procedure has been developed for de-
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termining on a computer the total equivalent 18,000-lb axle loads on each test section. 
To do this it was necessary to determine the load and volume distribution of traffic on 
the individual test sections rather than using statewide data. Annual statewide data can 
be used to modify the distributions determined from the traffic study. Both the number 
and weight of the Type 5 trucks have increased as shown in Figures 1 and 2. The weights 
of Types 1, 2, and 3 trucks are about the same over the last 15 years. 

The equivalent 18,000-lb axle loads can best be predicted from the daily sum of Type 
4 plus Type 5 trucks on a section of road. However, the prediction using the HCADT is 
only slightly worse and is recommended for designing flexible pavements. The log-log 
relationships shown as Eqs. 3 and 4 can be used for the correlation and should be up
dated each year. It is recommended that the HCADT continue to be used for traffic de
terminations and that an increase of 5 percent in Nl8 relative to HCADT and an increase 
of 3 percent in HCADT be used for design purposes if no other particulars are known 
about the design traffic. It is thus recommended that an annual growth factor of B per
cent in NlB be used for design purposes. With subsequent correlations of the Minnesota 
test sections in future years, the growth factor can be verified or modified. 

Further studies should be continued in an attempt to relate the truck factors to the 
type of road, location, etc. The additional studies should not be made at permanent 
weighing stations because these are apparently being avoided by some heavy trucks. 
With the traffic values being calculated each year, other correlations between type of 
road and the weight distributions should be considered. A study should also be con
sidered for which every vehicle is counted and classified and every truck is weighed 
over a period of a week or even a month to see how accurate various samples of this 
total would be in predicting equivalent lB,000-lb axle loads. 
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Temperature Distribution Within Asphalt 
Pavements and Its Relationship to 
Pavement Deflection 
HERBERT F. SOUTHGATE and ROBERT C. DEEN, Kentucky Department of Highways, 

Lexington 

A method has been developed to estimate the temperatures at depth in 
an asphaltic concrete pavement utilizing the measured pavement sur
face temperature and the 5-day average air temperature history. 
Temperature prediction nomographs were developed for each hour 
between 6 a. m. and 5 p. m. This temperature prediction method is 
independent of the season of the year. A method for adjusting Benkel
man beam deflections for temperature effects has been developed and 
is presented. This enables the deflections taken at any temperature 
to be adjusted to a reference temperature, thus making possible di
rect comparisons of deflections. 

An analysis of AASHO Road Test data was made using the Boussinesq 
and Burmister equations and charts. The results indicate that the 
temperature-modulus of elasticity relationship is curvilinear, has the 
same basic shape found by Kallas in the laboratory, and has the same 
basic shape as the temperature-deflection adjustment factor curve. 
There appears to be a linear relationship between deflection adjust
ment factors and modulus of elasticity. Therefore, there seems to 
be a temperature-deflection-modulus of elasticity correlation be
tween field test data and theory. 

•ASPHALTS "soften" as the temperature increases and "stiffen" as the temperature 
decreases, and measurements have shown that the deflection and rebound of asphalt 
pavements in response to loads are affected to a significant degree by temperature. 
Historically, pavements that deflect greatly under traversing loads are short-lived. 
Pavements that undergo minimal deflection at some maximum load are either inherently 
more rigid or are more firmly supported than those that undergo greater deflection. 
The rigidity or "stiffness" of asphaltic concrete is not a direct measure of strength, nor 
is deflection an inverse measure of the strength of a pavement structure. strength is 
usually expressed as the load or stress that causes overt failure, whereas stiffness or 
rigidity is concerned only with load-deflection (or stress-strain) relationships. It seems 
reasonable that the deflection of a pavement decreases as the thickness of the asphaltic 
concrete is increased, and that the strength of the pavement structure is thereby in
creased. Therefore, in the case of a pavement that has a more or less uniform degree 
of support, deflection and thickness are empirical indicators of strength and structural 
adequacy. For lesser but uniform degrees of support, greater thicknesses of asphaltic 
concrete are compensating, effectively reducing deflection and strengthening the pave
ment system. Of course, the supporting capabilities of underlying soil or base courses 
may be improved and/or thickened to accomplish the same effect. Elastic and visco
elastic theories have been extended and perfected, fatigue theories of failure have been 
studied, and each of these has been related with some degree of confidence to load and 
deflection. 

Paper sponsored by Committee on Flexible Pavement Design and presented at the 48th Annual Meeting. 
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Surface deflection (or rebound) remains the most measurable response of a pavement 
to an applied load. Adjustment of measured deflections to a common (or base) tempera
ture offers further hope of reducing the temperature variate and improving the correla
tion between load-deflection and classical theory. 

Pavement surface temperature alone does not suffice to account for the dependency 
of deflection on temperature; and, because temperatures at depths are known to influ
ence deflections, subsurface temperatures must be either measured in situ or estimated 
from other correlations. The purpose of this research (1) is (a) to develop a method 
for estimating the temperature at any depth in a flexible pavement up to 12 in. thick, and 
(b) to analyze the temperature-deflection data generated in the AASHO Road Test (2) to 
show that temperature adjustment factors are generally applicable to Benkelman beam 
deflection measurements of bituminous pavements and to determine the magnitude of 
these adjustment factors. 

METHOD AND ANALYSIS 

Analysis of Temperature Records 

The data used to develop the temperature distributions and the prediction criterion 
were those recorded in 1964 and 1965 at the Asphalt Institute's laboratory at College 
Park, Maryland (3). 

In this analysis, data for 12 consecutive months were punched on cards to facilitate 
data processing and analysis. A study of the data revealed that in normal weather and 
at a given hour, the temperature at a given depth was approximately the same percentage 
value of the surface temperature, even though the surface temperatures fluctuated from 
day to day. For a given depth, temperature fluctuations followed an orderly pattern and 
were influenced primarily by the surface temperature. 

The data showed that a short period of rain or extensive cloud cover reduced the sur
face temperature and influenced the temperatures at shallow depths. However, extended 
periods of inclement weather reduced the surface temperature to nearly the level of the 
air temperature and proportionately decreased the temperature throughout the 12-in. 
pavement thickness. Air temperatures generally dropped and recovered more slowly 
than the pavement surface temperature. Therefore, air-temperature history was an 
indication of previous long-term influences on the temperatures at various depths. 

Mean daily air temperatures, a measure of the air-temperature history, were com
puted as the average of the highest and lowest air temperatures for each day. This 
particular method was chosen for the following reasons: 

1. The U.S. Weather Bureau uses this system for each reporting weather station, 
and thus air temperature data would be readily available; 

2. The U.S. Weather Bureau report does not contain air temperatures for each hour 
of the day; 

3. This method has some precedence in engineering work. 

Consideration of air-temperature history provided an interesting and valuable result, 
as shown in Figures 1 and 2. In Figure 1, a linear relationship between mean pavement 
temperatures (average of temperatures at the 0.125-, 4.0-, and 8.0-in. depths) and 
0.125-in. depth temperatures is shown for each calendar month. The relationship of the 
months, their temperature ranges, and the seasonal changes in temperatures can be 
readily seen. The addition of mean monthly air temperature to each respective monthly 
line in Figure 1 produced Figure 2. The addition of air-temperature history to each 
respective month reduced the scatter of the data such that one straight line could replace 
all of the monthly lines. Similar analyses for 4- and 12-in. thick pavements indicated 
the same general relationships. 

Regression Analysis of Temperatures With Respect to Depth 

The only daily temperature data that were deleted prior to regression analysis were 
eliminated for one of two reasons: either the recorder was out of operation because of 
maintenance, or the first two days of recorded pavement temperatures after a missing 
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Figure 1. Mean pavement temperature by calendar month for an 8-in. thick pavement at 1:00 p.m. vs 
temperature at the 0.125-in. depth. 

day of data were eliminated because the antecedent air temperatures were also missing 
from the source data. This resulted in the elimination of 47 days of data. Therefore, 
data for 318 days were used in the final analysis. 

To develop relationships to be used in later analyses, a regression analysis was made 
of the temperature-depth data. Because the method of estimating temperatures would 
ultimately be used to adjust Benkelman beam deflections, data taken from 6 a. m. through 
5 p. m. were analyzed because most deflection tests would be performed during these 
hours. 

To approximate the temperature-depth relationships for a given hour, a review of the 
data suggested the need for a polynomial equation of the form 

Y = C1 + C
2
X + C

3
X2 + ... + Cnxn-l (1) 

where 

Y = temperature in degrees F at depth X, 
X = depth in inches from the pavement surface, and 

Cu <;, C3 , • • • Cn = coefficients determined by the method of least squares. 
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Figure 2. Mean pavement temperature by calendar month for an 8-in. thick pavement at 1:00 p.m. vs 
temperature at the 0.125-in. depth plus 30-day mean air-temperature history. 
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Results showed that at 6, 7, and 8 a. m., a third-order polynomial provided the best fit , 
and a fourth-order polynomial was very nearly as accurate. For the remaining hours, 
a fifth-order polynomial gave the best fit, and again the fourth-order was very nearly as 
accurate. Therefore, a fourth-order polynomial was chosen to approximate data for all 
hours. 

Standard errors of estimate were calculated and the maximum difference between the 
observed temperature value and the value calculated from the polynomial was recorded. 
Analysis showed that the average standard error of estimate was approximately 0.50 F
the least being 0.09 F and the maximum being 2.20 F. The maximum difference between 
the observed and calculated temperatures ranged from 0.17 F to 4.54 F and an average 
of 318 values yielded 0.95 F. The large differences, such as the 4.54 F, were verified 
by inspection of the temperature-depth data and revealed that the real distribution was 
erratic. Days of data were picked at random, and further checks between observed and 
calculated values indicated that the curves were smooth and in close agreement with 
measured temperatures at the respective depths. 

The temperatures at the surface and at each Y:i -in. increment of depth through 12 in. 
were calculated by means of the fourth-order polynomial equation determined for the 
respective day. Temperatures so calculated were plotted as ordinate values vs the 
measured surface temperature plus an average air-temperature history preceding the 
day of record (a separate graph for each depth was prepared). The plot for the 6-in. 
depth is shown in Figure 3. The average air-temperature history was computed for 5 
days prior to the day of record. The optimum number of days for the air-temperature 
history was determined by further investigations described below. 

The addition of an average air -temperature history to the surface temperatures was 
found to produce a favorable shift in the abscissa values in relation to the fixed ordinate 
values . Average air temperatures were computed for 1, 2, 3, 5, 7, and 10 days pre
ceding each day of record. Each set of data was adjusted and evaluated in terms of 
standard error of estimate. The standard error of estimate decreased to a minimum 
when 2 days of air-temperature history were added and then increased as the number of 
antecedent days increased. The minimum standard error of estimate for the 6-in. depth 
and for the hours 6 a.m. through 9 a.m . and 6 p.m. and 7 p.m . occurred when a 10-day 

IL 
0 

:I: 
I-

100 

Q.. 80 
l&J 
0 

:I: 
0 
z 
I 60 
CD 

319 DATA POINTS 

Y• 2.6409 + 0.4454 X 

0 
40 60 80 100 120 140 160 180 200 

PAVEMENT SURFACE TEMPERATURE+ 5-0AY MEAN AIR-TEMPERATURE HISTORY, ° F 

220 

Figure 3. Temperature at the 6-in. depth vs measured pavement surface temperature at 1 :00 p.m. plus 
5-day mean air-temperature history. 
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average air-temperature history was added, and for the hours of 10 a. m. through 5 
p. m., a 2- to 5-day average air -temperature history was optimum. 

Figure 4 was drawn to find the number of days of average air temperatures that gave 
the least standard error of estimate for all depths and all hours under consideration. 
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As can be seen, accuracy does not increase significantly beyond the 5-day point. There
fore, only the 5 previous days are considered to be significant. Further analysis of the 
standard errors of estimate showed that the 5-day average air-temperature history suf
ficed for all depths greater than 2 in. The least standard errors of estimate for the 
depths 0 in. through 2 in. indicated that the best estimate was obtained by the use of the 
surface temperature alone. Pavement temperatures in the top 2 in. of the pavement 
are more directly dependent on the hour of the day and the amount of heat absorption, 
whereas temperatures at depths greater than 2 in. are assumed to be a function of the 
surface temperature, amount of heat absorption, and the past 5 days of temperature 
history. 

A complete set of curves giving the best estimate of temperature at the several depths 
and by hour of the day was developed. Because of space limitations, only the set of 
curves for 1 p. m. is shown in Figure 5 as a typical example. 

Development of Deflection Adjustment Factors for Temperature Effects 

Two types of adjustment factors were considered. The first was to assign an incre
mental deflection to each degree of temperature difference between the pavement tem
perature and the reference or standard temperature. This type of correction was em
ployed by Kingham and Reseigh (4) and by Sebastyan (5); however, the m~gnitude of sug
gested corrections differed. The second method considered was the use of a dimension
less, multiplicative factor that could be applied to a measured deflection at some known 
surface temperature or a known mean temperature of the pavement. No known refer
ence in the literature mentions the second method. 

Inspection of the AASHO Road Test curves (2, Figs. 89a, 89b, 89c, and 90a) sug
gested that the dimensionless, multiplicative factor method might be more appropriate. 
Therefore, in this study, the aboveAASHO Road Test curves were transformed to semi
logarithmic plots, temperature being the logarithmic scale. The data plotted as straight 
lines, and the slopes of the individual curves for each loop were very nearly parallel. 
However, the slopes for the several loops were not parallel. The equation for the 
straight lines was 

where 

M = slope of the straight line, 
Yll Y2 =deflection values, and 

(2) 

Tu T 2 = mean pavement temperatures in degrees F corresponding to the Y 1 and Y2 

deflection values respectively. 

After the slope had been determined, the deflections were computed for mean pave
ment temperatures of 30 through 150 F, at 10 F-intervals, by the equation 

where 

Y3 = deflection at the temperature T 3 , 

Y1 =same Y1 used in Eq. 2, 
M =slopes as determined in Eq. 2, 
T 3 = temperature at which the deflection was computed, and 
T 

1 
=same T 1 used in Eq. 2. 

A mean temperature of 60 F was chosen as the reference temperature, T 60 • 

The adjustment factors were derived from the equation 

(3) 

(4) 
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where 

AF = the adjustment factor used to adjust measured deflections due to temperature 
effects, 

Y60 =computed deflection in inches for the mean pavement temperature 60 F from 
Eq. 3, and 

Y3 = computed deflection in inches for a particular- mean pavement temperature T 3 

from Eq. 3. 

Table 1 shows the results of calculations for the 4-in. pavement on Loop 5. Each of the 
12 adjustment factor curves in Figure 6 are the results of computations according to 
Eqs. 2, 3, and 4, and the curves are plotted arithmetically with mean pavement tempera
ture, T 3 , on the ordinate axis and the adjustment factor, AF, on the abscissa axis. De
flections, Y3 , computed from the 12 individual curves at a given mean pavement tem
perature, T 3 , were added and averaged to obtain the final adjustment factor curve shown 
in Figures 6 and 7. 

Further analysis showed that there may be a relationship among average structures 
within a given loop-that is, except for the 8.6-in., asphalt-treated base curve, which 
for some unknown reason was an outlier. There was no consistent relationship between 
loops and substructures as evidenced by the 2-in. surfacing on Loop 3 and the 6-in. sur
facing on Loop 6, where the total structural thicknesses were 9 and 24 in. respectively; 
yet each had the same adjustment factor curve. The same situation was present with 
regard to the 4-in. surfacing on Loop 3 and the 16.1-in., asphalt-treated base section 
that had total structural thicknesses of 11 and 24.1 in. respectively. These structural 
relationships may have been obscured by the AASHO approach of averaging deflections 
for a given surfacing thickness within a loop; however, theAASHO structural-equivalency 
equation showed that in some cases the structural indexes were vastly different. Fur
ther analyses might be made of the AASHO data (2, Figs. 89a, 89b, 89c, and 90a) with 
the raw data grouped according to surfacing thicknesses and structural indexes without 
regard to locations. 

The adjustment factor curve for temperature effects is applicable only to creep
speed deflections because the source data used in the analysis were taken at creep speed. 
Further analysis would be required to establish applicability to deflections taken at other 
than creep speed. The adjustment factor curve is applicable to any loading as long as 
the deflection is to be adjusted to the reference temperature for that same loading. 

Relationship Between Temperature-Adjustment Factors and 
Modulus of Elasticity of Asphalti.c Concrete 

Reflection on the Boussinesq equation for deflections at the center of a flexible plate 

y = 1.5 Pa (5) 
E 

where Y = surface deflection in inches, P =unit load on circular plate, a = radius of 
plate, and E = modulus of elasticity of the material, discloses that the deflection is a 

TABLE 1 

RESULTS OF CALCULATIONS SHOWING DEVELOPMENT OF DEFLECTION ADJUSTMENT FACTORS FOR 
THE 4-INCH PAVEMENT ON LOOP 5 OF THE AASHO TEST ROAD 

Temperature, T3 (F) 
Deflecl!on, Y,, at Adjua1ment Deflec llon, Y,, at Adjustment Tempernture T, Pac tor Temperature, T, (F) Temperature T, Factor (In.) (in.l 

40 0.01562 1.7106 100 0.04071 0 .6563 

50 0.02173 1.2293 110 0 .04333 0.6167 

60 0.02672 1.0000 120 0.04571 0.5846 

70 0.03094 0.8636 130 0.04790 0.5578 

80 0.03460 0.7723 140 0.04993 0.5351 

90 0.03783 0.7063 150 0.05182 0.5156 

T 1 = 52 F = average pavement temperature, TA Y 1 = 0.0228 = deflection corresponding to T 1 
T 2 = 80 F = overage fXJVement temperature, TA Y2 = 0.0346 = deflection corresponding to T2 
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Figure 8. Apparent modulus of elasticity of composite pavement structure vs pavement thickness. 

linear function of load as well as the modulus of elasticity of the material, which may 
be affected by temperature. In turn, Burmister's equation for deflections under a flexi
ble plate, using a two-layered elastic system (§), 

(6) 

where E2 =modulus of elasticity of lower layer, and F 2 =dimensionless factor depend
ing on the ratio of moduli of elasticity of the subgrade and pavement as well as the 
depth-to-radius ratio, indicates that deflections are also a function of pavement thick
ness and the modulus of elasticity of the pavement layer and the underlying material. 
The load and the radius of contact area could be considered constant for a given axle 
load and tire pressure. 

The surface deflections (2, Figs. 89a, 89b, 89c, and 90a) were used to calculate the 
modulus of elasticity by the Boussinesq equation (Eq. 5). This was an apparent modulus, 
Ee, of the composite structure of the pavement. When these values were plotted against 
respective thicknesses of asphaltic concrete (Fig. 8), a straight line could be passed 
through the data points for a given loop section at each temperature; and, upon extrap
olation to zero thickness (or temperature-affected thickness, in the case of asphalt
treated bases), the respective lines converged at an approximate value of 8,400 psi. This 
was considered to be the subgrade modulus E2 of Burmister's two-layered, elastic theory 
equation. The Fw factors were obtained by 

(7) 

where Fw = Burmister's settlement coefficient. 
Burmister's influence curves (6) were used to obtain the ratio of E 1 to E2 • The mod

ulus of elasticity of the asphaltic concrete was obtained from 

E
1 

= N x E 2 
(8) 
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where 

The foregoing calculations were made using the deflections at various temperatures 
and the E 1 values were avaraged for each temperature. Simultaneous solution of the 
equation 

where 

A log E =- + B 
io i TA 

TA =absolute temperature (degrees R =degrees F + 460), 
E 1 = average modulus of elasticity of asphaltic concrete at TA• and 

A, B = constants, 

(9) 

for two different temperatures determined the values A and B. Extrapolated values for 
E 1 at 30 F, 40 F, 100 F, 120 F, and 140 F were then calculated. Figure 9 shows that 
the resulting modulus of elasticity of the asphaltic concrete pavement has a curvilinear 
relationship with temperature. Note that the shape of the curve is very similar to the 
adjustment factor curve shown in Figure 7. The shape of the temperature-modulus 
curve derived by elastic theory clearly substantiates the adjustment factor curve derived 
by statistical procedures. A correlation graph is shown in Figure 10. It is seen that 
the adjustment factor and modulus of elasticity are related at any stated temperature by 
the equation given in Figure 10. 

Comparison of Derived Temperature Distributions and 
Adjustment Factors With Data From Other Test Roads 

Data are being gathered by the Asphalt Institute (7) from a test site at San Diego, 
California. The flexible pavement at this test site contains thermocouples embedded in 
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the pavement, and temperatures are being recorded. Two days of temperature distri
butions, October 6, 1966, and February 17, 1967, together with their respective 5 days 
of high and low air temperatures have been received from the Asphalt Institute and 
checked by the temperature prediction procedure described in this report. The pre
dicted temperatures varied generally within ±6 F from the observed temperatures at 
the various levels. The Asphalt Institute also furnished temperature distribution data 
for the Colorado test pavement reported by Kingham and Reseigh (4). Table 2 contains 
the summary of the analyses for both California and Colorado data; each compared to 
the temperatures predicted by the method reported herein and developed from the Col
lege Park data. A few temperatures fell outside two standard errors of estimate; how
ever, most of the data are well within these tolerances. 

TABLE 2 

COMPARISON OF MEASURED PAVEMENT TEMPERATURES AT 
SAN DIEGO AND COLORADO TEST SITES WITH ESTIMATION OF 
TEMPERATURES BY METHOD BASED ON COLLEGE PARK DATA 

Average Difference 
Standard 

Location 
Depth Number of Between Observed and 

Deviation (In.) Observations Estimated Temperatures (F) (F) 

Colorado 2.00 59 -2.68 5.03 
4.60 4 -4.75 6.61 
5.50 5 -1.40 3.55 
5.75 25 +1.72 5. 51 
6.00 25 +1.96 5.94 
7.50 4 -0.25 3.71 
9.00 5 +1.60 4.24 

10.50 50 +2.82 7.09 

San Diego 3.00 2 0.00 0.00 
3.10 2 -2.00 1.41 
3.40 2 -6.00 6.00 
3.50 11 -3.50 4,69 
6.50 2 -2.50 2.55 
9.40 11 +0.09 2.50 
9.50 2 -2.50 2.55 

10.80 2 -2.50 2.55 
11.50 2 -3.50 3.54 
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An interesting comparison between modulus 
of elasticity of asphaltic concrete, E 1 , derived 
from the AASHO data (Fig. 9) and laboratory 
measurements of the complex modulus, IE* I, 
is also pr ovided by Kallas and Riley' s tests 
(8) on asphaltic concretes used 0 11 the Colo1·ado 
test pavement (4) . In Figur e 11 (from 8, Fig . 
3b ), showing IE* I plotted against temper a
tur e, IE* I was determ ined by sinusoidal ten
sion and compression loading. The most fa
vorable agreement is with respect to the 1-cps 
loading frequency. The similarity between 
this curve and the curve in Figure 7 seems 
extraordinary. 

SUMMARY AND RECOMMENDATIONS 

A practical and reasonably accurate method 
of estimating the temperature distributions 
within flexible pavements has been developed. 
This method can be used to analyze deflection 
data at any time if the hour of the day and the 
surface temperature are included in the re-
corded data. 

The relationship between mean pavement 
temperature and deflection allows any deflec

tion test value to be adjusted to a reference temperature if the mean temperature of the 
pavement at the time of testing is known or is estimated by the method outlined herein . 

Further study is needed to test the assumption that the average air-temperature his
tory allows this system of estimating pavement temperature distributions to be used in 
other areas of the world. Additional data are needed to determine whether the average 
air-temperature history adequately takes into account the effects of latitude and altitude 
on pavement temperatures. 

Theoretical analysis of the AASHO Road Test pavement deflection data by the two
layered elastic theory shows a curvilinear relationship between modulus of elasticity 
of asphaltic concrete and temperature. The magnitude of the moduli are such that a 
straight-line relationship exists between moduli and the multiplicative, temperature
deflection adjustment factors. 
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Discussion 

N. K. VASWANI, Virginia Highway Research Council-The authors are to be compli
mented on their attempt to account for the effect of temperature on pavement deflection. 
Clarification of two points may prove to be helpful. 

Some of the most important data that led to the authors ' conclusions are an analysis 
of the AASHO data given in Figures 89a, 89b, and 89c and Figure 90a of the AASHO 
Road Test Report 5. The authors do not seem to have taken the actual data points, but 
instead the generalized curve for which the correlation and standard deviation values 
are not known. 

In Figure 6 of the paper, seven curves are shown, each based on the AASHO data 
mentioned. The degree of correlation (or amount of error) existing between the data 
obtained from the AASHO curves and the curves given in Figure 6 is also not known. 

Figure 7 is the average of the seven curves in Figure 6. In Figure 6, the further 
the distance from the base point (i.e., 60 F of deflection adjustment factor = 1.0 ), the 
greater the error in averaging. It is therefore believed that, although this investigation 
shows the trend, the percentage error is unknown. 

The AASHO Road Test and any number of field and laboratory investigations have 
shown that the pavement strength is the sum of the strengths of each layer, and that this 
strength can be generalized as 

deflection, y, is a function of (E1 h 1 + E2h2 + ... ) 

where E1 and Ka are the str~ngth coellicients of the materials in each layer of the pave
ment with thickness h1 and h2 respectively. According to the authors, the modulus of 
asphaltic concrete, E1 , ifl a function of the temperature. Thus it follows that, according 
to the above equation, the change in temperature resulting in the change in the value of 
E1 should be an additive quantity for correlating with y, the deflection, as indicated by 
Kingham and Reseigh (4), rather than a quantity to multiply by (E1 h 1 + E2h2 + ... ), which 
in effect would change the contributing strength of other layers too. The reason that the 
authors used the multiplying quantity in their analysis may be the result of the adoption 
of Burmister' s elastic theory. 

R. 1AN KINGHAM, The Asphalt Institute-Southgate and Deen are to be commended fo1· 
reducing the enormous built of temperature data obtained by Kallas on thick asphalt 
pavements to a mathematical form that can be used to predict pavement temperatures 
at any depth in an asphalt pavement layer. With such predictions, a mean pavement 
temperature can be determined for use in correcting Benkelman beam deflections to a 
60 F standard temperature. This discussion is limited to the derivation of the adjustment 
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factors that the authors suggest can be used 
to correct beam deflections for temperature. 

To derive adjustment factors for cor
recting beam deflections to 60 F, the au
thors were limited to data published from 
the AASHO Road Test. They assumed that 
the mean pavement temperature for the 
AASHO data was the average of the top, 
middle, and bottom of the pavements being 
tested. It is believed that the top, middle, 
and bottom temperatures of an asphalt con
crete layer 4-in. thick were used. For this 
reason, temperatures reported for thicker 
asphalt layers may have been subject to 
bias . 

This would explain in part why the ef
fect of temperature on deflection seemed 
to decrease at higher temperature ranges. 
This trend influenced the authors' choice 
of a mathematical model to fit the data. In 
order to compute deflection adjustment 
factors for temperatures other than those 
measured at the AASHO Road Test, extrap-
olations from 90 to 140 F had to be made 
using the mathematical model, and thus 

the correction factors were highly dependent on the choice of mathematical model. An
other limitation of the adjustment factors was the reference temperature of 60 F. It is 
believed that 70 F would have been a better choice because it represents more nearly 
the median for the temperatures normally experienced in deflection testing throughout 
the United States and Canada. 

For several years this discussant has been concerned with developing technology for 
correcting Benkelman be!tm deflections to a standard temperature (10). Such correc
tions are very important when deflections are used to determine asphalt concrete over
lay thicknesses (11). Data from two full-scale experimental base projects, which were 
in Colorado (4) and San Diego County, California (12), were collected to explore this 
problem. These data, plu s some published by the Canadian Good Roads Association (5, 
13) and the Road Research Laboratory (14), shed further light on the relationship be- -
tween mean pavement temperature and the Benkelman beam deflection measurement. 

All the data considered were obtained by measuring deflections at a point while pave
ment temperatures varied throughout the course of a day. Deflections plotted against 
the mean asphalt layer temperature showed a linear relationship for the temperature 
ranges that can be expected over a 24-hour period. This finding for full-depth asphalt 
pavements from the Colorado Experimental Base Project has been reported previously 
by this discussant (10). Also, more nearly linear relationships were found for the 
AASHO Road Test data when mean temperatures were determined without the known 
bias. A theoretical analysis also suggested that the relationship is approximately linear 
for a 30 to 40 F temperature span. For temperatures ranging from 30 to 140 F, how
ever, the trend was curvilinear with greater temperature influence at higher tempera
tures. 

As a result of the field measurements and theoretical studies, this discussant selected 
a linear mathematical model to fit measurement data for each pavement point. The re
sulting equations were used to compute deflections for certain designated temperatures. 
Extrapolations greater than 10 F were avoided. Deflections at these selected tempera
tures were then plotted against the 70 F deflection as shown in Figure 12. The excel
lence of fit of the data to a straight line through the origin shows that a multiplying fac -
tor, of the type proposed by Southgate and Deen, is a good method of adjusting beam de
flections. The slope of the linear fit through the origin is, of course, the adjustment or 
multiplying factor for the temperature in question. 
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Figure 13. Derivation of adjustment factor curves. 

Plots similar to Figure 12 were made for dat a from each source. The resulting 
slopes were plotted against their respective temperatures. These results are' shown 
in Figure 13. Two relationships are evident. The Curve A included data primarily 
from granular base pavements and represents strong support to the thin asphalt layer 
(less than 4 in.). Curve B represents test data from thick aspn;Ut pavements (4 in. or 
more) laid directly on weak subgrades. 

Figure 13 provides two adjustment factor curves for use in correcting beam deflec
tions to a standard temperature of 70 F. The choice of curves involves some judgment. 
Considering the data sources for each curve, it is recommended that Curve A, the curve 
representing the smaller correction factors, be used in the majority of instances. The 
second curve, Curve B, providing large correction factors, represents an extreme situ
ation where the asphalt layer is thick and weakly supported. 
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H. F. SOUTHGATE and R. C. DEEN, Closure-The authors appreciate the interest 
shown in the paper by Vaswani and Kingham. The comments made by Vaswani are well 
taken and offer the opportunity to reemphasize points mentioned in the paper. 
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Because the study reported in the paper was of a feasibility and pilot nature, and be
cause of certain pressing needs to analyze field deflection measurements, the actual 
data points represented by the curves in Figures 89a, 89b, and 89c and Figure 90a of 
the AASHO Road Test-Report 5 were not used. fustead, the generalized curves were 
analyzed and therefore the correlations and deviations are not known . The authors in
dicated that a more precise analysis might be made in the future by considering the 
actual data points instead of the generalized curves. 

The authors did assume that the definition for surfacing temperature given on page 
104 of Report 5 on the AASHO Road Test was correct. Because the term "surfacing 
temperature" was not redefined for Figures 89 and 90 of the r eport, it must be assumed 
that the surfacing temperature was the average of the top, middle, and bottom tempera
tures of the actual layer thickness rather than of a 4-in. layer. 

By definition, the adjustment factor at 60 F was taken to be one and is so indicated in 
Figures 6 and 7. This does not necessarily suggest that the error in estimat ing the de
flection adjustment factor is less at this temperature than at other temper atures. Much 
of the scatter indicated by the various curves in Figure 6 may be, in part, due to the av
eraging effect of the AASHO curves over pavements of various structural thicknesses 
and components. Selection of the reference temperature seems to be somewhat arbi
trary and analyses of deflection measurements should not be altered by use of adjust
ment factor curves based on different reference temperatures. Figure 7 can be easily 
adjusted to any other temperature that one desires to u se as a reference or base. 

It is interesting to note that the adjustment facto1· curve s hown in Figure 7 of the 
paper falls between Kingham 's Curves A and B (Fig. 13), which may be considered ex
treme cases of pavement construction. Because the adjustment factor curve in the 
paper was based on Figures 89 and 90 of the AASHO Road Test report, and the r efore in
cluded averaging effect s, it is not surprising that the curve of Figure 7 falls between 
Curves A alld B of Kingbam's discussion. 

Further analysis of field deflection measurements since the paper was submitted 
have been made using the deflection adjustment factor curve given in Figure 7 of the 
paper. Amazingly good agreement has been found between the deflections as adjusted 
for temperature and the theoretical deflections computed by an n-layered computer 
program for the analysis of elastic-layered pavement systems. This comparison in
creased the authors' confidence in the adjustment factor curve and, more importantly, 
in the shape of the temperature adjustment factor curve. 

To repeat what was indicated by the authors in the paper and by Vaswani in his dis
cussion, further analysis of the AASHO Road Test data is needed to determine the actual 
magnitude of the adjustment factors and to develop the proper and precise relationship 
between temperature and adjustment factor with respect to the structural makeup of the 
pavement system. Until this more detailed analysis of actual field data points can be 
made, it is felt that the adjustment factor curve in Figure 7 provides an adequate first 
approximation of the temperature effects on pavement deflections. 



Detecting Seasonal Changes in Load-Carrying 
Capabilities of Flexible Pavements 
WILLIAM M. MOORE, FRANK H. SCRIVNER, RUDELL POEHL, and 

M. B. PHILLIPS, Texas Transportation Institute, Texas A&M University 

ABRIDGMENT 

eTHE MAIN EFFORT of this research was directed toward finding an instrument cap
able of measuring-wiU1 speed, accuracy, and economy- seasonal changes in the strength 
of flexible pavements and showing how it could be used in a program to protect pave
ments from overloading during critical periods. The instrument selected was the 
Dynaflect, a trailer-mowited device that loads the pavem ent dynamically and indicates 
the corresponding deflection at several points on the surface . Operated by one man 
and towed by a passenger car, the Dynaflect appears to meet the requirements for the 
job. Tests were made with the Dynaflect on pavements at locations ranging irom 
Springfield, Ill., northward to Duluth, Minn. The tests revealed that the annual strength 
histor y of pavements in northern climates is divisible into four distinct periods: (a) a 
period of deep frost and high s tr ength, (b) a period of rapid strength loss, (c) a period 
of r apid str ength r ecovery, and (d) a per iod of slow strength recovery. The second 
and third periods together constitute the critical period for flexible pavements. 

A s erie.s of correlation s tudies indicated that Dynaflect measurements could be used 
with reasonable accuracy to predict the results of plate bearing tests and Benkelman 
beam deflection tests as well as the curvature of the pavement in the vicinity of a heavy 
wheel load. Thus, the Dynaflect apparently could be substituted for other instruments 
being used to detect seasonal changes in strength. In addition, the Dynaflect, although 
not the most economical to operate, proved to be more sensitive than the other instru
ments to changes in strength. The research resulted in suggested warrants for decid
ing when, where, and how long to impose reduced load limits, and what those load limits 
should be. It appears that if these warrants were used to control the placement and 
removal of load restrictions, some reduction in the duration of the restricted period 
might result. 
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Equivalent Axle Loads for 

Pavement Design 
JOHN A. DEACON, Assistant Professor of Civil Engineering, University of Kentucky; 

and 
ROBERT C. DEEN, Assistant Director of Research, Kentucky Department of Highways 

One significant means for evaluating the relative destructive 
effects of repetitive vehicular loading on highway pavements is 
the equivalent axle load concept. To apply this concept to de
sign situations, proper methods must be available for making 
valid predictions of equivalent axle loads for design that are 
based on data gleaned from traffic volume counts, vehicle clas
sification studies, and loadometer surveys. This paper reports 
on the development and testing of such a predictive method for 
rural highways in Kentucky. The problem was treated as three 
separate but interrelated parts: (a) development of a proper 
methodology and identification of pertinent traffic parameters, 
(b) identification of relevant local conditions that serve as in
dicators of the composition and weights of the traffic stream, 
and (c) development of significant relationships between the 
traffic parameters and the local conditions. Percentages of the 
various vehicle types and the average equivalent axle loads per 
vehicle were selected as the most significant traffic parameters. 
These were empirically related by multiple regression and 
other techniques to the set of local conditions, which included 
road type, direction, availability and quality of alternate routes, 
type of service provided, traffic volume, maximum allowable 
gross weight, geographical area, and season. The resultant 
methodology was judged to be sufficiently accurate, simple, 
reasonable, and usable to satisfy the problem requirements. It 
is recommended for use, however, only when valid, long-term 
vehicle classification and weight data are unavailable for the 
route under investigation. 

•PROPER structural design of highway pavements requires an evaluation of the destruc
tive effects of the anticipated vehicular loading. The concept of load equivalency pro
vides a means for expressing these destructive effects in terms of a single measure, 
the equivalent axle load (EAL). The design EAL's represent the equivalent num
ber of applications of a standard or base axle load anticipated during the design life. 

Kentucky has been estimating design EAL's since adopting the load equivalency con
cept in the mid-1940' s (1). Average estimates obtained at several locations have been 
found to agree remarkably well with the actual average EAL's that were accumulated. 
However, when EAL estimates at specific locations were compared with actual accumu
lations, an unacceptably large variation was often found, illustrating the need for a more 
careful determination of the effects of local conditions on significant traffic parameters. 

The objectives of this study are (a) to establish a methodology for obtaining accurate 
estimates of design EAL' s, (b) to identify those characteristics of a particular route or 
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locale that affect the composition and weight of traffic, and (c) to provide a means for 
relating significant traffic parameters to the local conditions. The study is limited to 
analyses of data obtained in predominantly rural areas and assumes that accurate esti
mates of average daily traffic (ADT) are available. 

CURRENT METHODS FOR PREDICTING DESIGN EAL'S 

The procedure used in Kentucky for estimating design EAL's is based on analyses of 
four traffic parameters: ADT, average percent trucks, average number of axles per 
truck, and average load distr ibution of truck axles (composite axle -load distribut ion) (2). 
Initial estimates of these parameters are based on data from traffic volume counts, ve-: 
hicle classification counts, and weight studies at loadometer stations. A series of ad
ditive and multiplicative adjustments are applied to convert these initial estimates to 
averages for the design period (3). Proper manipulation of these averages yields pre
dictions of the number of applications of truck axle loads that fall within designated axle 
load intervals. Application of load equivalency factors and subsequent summation pro
duce the design estimate. 

The prime deficiency in this technique is the manner of relating initial estimates of 
the four parameters to local conditions. This is currently accomplished through the 
judgment of the designer, who normally considers one of the following as the basis for 
the estimates: (a) data from a nearby loadometer station, (b) data from a loadometer 
station having similar characteristics, or (c) statewide averages for all loadometer sta
tions in the designated traffic-volume group. This method has been relatively unsuc
cessful in the past. It ignores a wealth of available classification data, and it affords 
no basis for predictions if unusual or changing traffic conditions are anticipated. 

In California, the composition of the traffic stream (percentages of the various vehi
cle types) is estimated separately from the axle load distributions (4, 5). This is ad
vantageous because much more data are commonly available for compoSltion (classi
fication counts) than for weights (loadometer surveys). Furthermore, the computations 
are simplified by expressing the axle load distributions in terms of unit EAL' s, defined 
as the average EAL's per vehicle. Local conditions enter the analysis primarily in the 
estimation of vehicle-type percentages based on classification counts at similar loca
tions. Some consistency is assumed in the average unit EAL's among the many types 
of highways within the state, although modifications can be made at the discretion of the 
designer. 

Two investigations conducted in Texas shed additional light on both methodology and 
the effects of local conditions. The first of these (6) was concerned primarily with 
methodology. Pertinent parameters of the traffic stream include ADT, percentage of 
trucks, number of single and tandem axles per 100 vehicles, and composite axle load 
distributions for both single and tandem axles. Estimates of the percentage of trucks 
are based on an analysis of historical data that relates percentage of trucks to ADT. 
The number of both single and tandem axles per 100 vehicles is obtained from a cross
classification tabulation based on volume group, percentage of trucks, and highway clas 
sification. Finally, the composite axle load distributions are related to percentage of 
trucks on the basis of historical data. The local conditions that enter the analysis are 
traffic volume and highway classification. 

The second investigation (7) employed a slightly different methodology but focused 
attention on estimation of axle load distributions at one location on the basis of measure 
ments at other locations. It was concluded that design axle load distributions should be 
obtained from measurements at a nearby loadometer station if such measurements are 
available and if design and traffic conditions are nearly identical. If not, the statewide 
average distributions should be used, except for highways approaching Interstate design 
standards. 

Recently, Ulbricht (8) reported a method for estimating design EAL's based on two 
parameters of the traffic stream: ADT and an equivalency coefficient. The equivalency 
coefficient is the average EAL per vehicle and reflects the proportions and weights of 
all vehicle types in the traffic stream. To estimate design EAL ' s, it is recommended 
that vehicle weight and classification data be used directly. Only if such data are un
available should an estimate be made by taking the combined product of average ADT, 
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the equivalency coefficient, the number of years, and 365. Local conditions are consid
ered through a relationship between the equivalency coefficient and a three-celled clas
sification of highway type by truck usage. 

This brief review indicates that there has been very little in-depth study of the effects of 
local conditions on the pertinent traffic parameters and that there has been little agreement 
on the propertraffic parameters andmethodologytoaccomplish the desired objectives. 

PROPOSED PROCEDURES 

Review of the Kentucky procedure suggested that deficiencies existed not only in the 
method for relating the traffic parameters to local conditions but also in the method for 
specifying the relevant traffic parameters. Search for a more acceptable procedure led 
to the adoption of an empirical approach that relied on correlations of significant traffic 
parameters with local conditions of potential importance. 

Parameters and Methodology 

Because it was desirable to maximize use of all available data, two types of param
eters were considered, one dependent on vehicle classification counts and the other de
pendent on loadometer surveys. Percentages of the various vehicle types were chosen 
as parameters to represent the classification data. These seemed to offer significant 
advantages over the percentage of trucks and the number of axles per truck because they 
allowed consideration of vehicle types such as buses that heretofore had been excluded, 
they maximized the amount of information available for other than pavement-design pur
poses, they lent more insight into the basic characteristics of the traffic stream, and 
they were thought to be more sensitive to changing local conditions. The vehicle types 
selected for investigation included cars; buses; single-unit, two-axle, four-tired (SU-
2A-4T) trucks; single-unit, two-axle, six-tired (SU-2A-6T) trucks; single-unit, three
axle (SU-3A) trucks; combination, three-axle (C-3A) trucks; combination, four-axle 
(C-4A) trucks; and combination, five-axle (C-5A) trucks. These represented all major 
vehicle types for which data had been accumulated in Kentucky during the 17-year study 
period of 1950-1966. 

The parameters selected to represent the vehicle weight data were the unit EAL' s or 
the average EAL' s per vehicle. This selection was based primarily on the criterion of 
simplicity, since alternate parameters such as axle load distributions are much more 
difficult to treat statistically and handle computationally. Unfortunately, some informa
tion is lost by collapsing the axle load distributions into a single measure, and some 
flexibility is sacrificed by the necessity to preselect the set of equivalency factors. 

These traffic parameters and the ADT were used to compute the design EAL's as 
follows: 

Design EAL' s = 365(N)(ADT eff) ~ (Pi)(UEALi) 
1 

where 

N = design period in years, 
ADT eff = average or effective ADT during the design period, 

Pi = predicted fraction of the total traffic stream made up of vehicle type i, and 
UEALi =corresponding average unit EAL's. 

If desired, this equation can be appropriately modified to consider directional and lane 
distributions. 

Local Conditions 

Once the proposed methodology was established and the traffic parameters of inter
est identified, it was then necessary to identify those local conditions thought to be sig
nificantly related to the composition of the traffic stream and the weights of the vehicles 
included in it. These local conditions were to serve as the basic independent variables 
from which estimates of the dependent variables could be made. 
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TABLE 1 

IDENTIFICATION OF LOCAL CONDITIONS 

Local Description 
Local 

Code Description 
Condition 

Code Condition 

Road Type 1 Interstate-numbered 8 8,000- 9, 999 
2 US-numbered 9 10,000-13,999 
3 KY-numbered 10 14, 000- or more 
4 Other Maximum 1 30,000 

Direction North- south allowable 2 42,000 
East-west gross 3 59,640 

Alternate 1 Alternate route is inferior weight 4 73,280 

route 2 No alternate or alternate of same quality Geographical Western Kentucky 
3 Alternate route is superior area South Central Kentucky 

Service 1 Primary service to major recreation 
North Central Kentucky 

provided 2 Significant service to major recreation 
Eastern Kentucky 

3 Some service to recreation Year 1 1950-1951 
4 Ordinary 2 1952- 195 3 
5 Some service to mining 3 1954-1955 
6 Significant service to major mining 4 1956-1957 
7 Primary service to major mining 5 1958-1959 
8 Some service to industry A 1960-1961 
9 Primary service to industry 7 1962-1963 

Vulurne 1 0- 499 
8 1964-1965 

(ADT) 2 500- 999 
9 1966 

3 1, 000- 1, 999 Season 1 Winter (Jan.-Mar.) 
4 2, 000-2, 999 2. Spring (Apr.-June) 

3, 000- 3, 999 3 Summer (July-Sept.) 
4,000-5, 999 4 Fall (Oct.-Dec.) 
6,000-7, 999 

Several general guidelines were available to aid this selection. Any apparently rel
evant local condition had to be amenable to analysis for purposes of making forecasts 
and analyzing historical data. Some rationale had to be formulated to tentatively sub
stantiate the relationships between the traffic parameters and the local conditions. 
Finally, it was desirable to exclude from the set of local conditions any predictive char 
acteristics of the traffic stream except ADT. Extensive review of available data in light 
of these guidelines led to establishment of the set of local conditions identified in Table 1. 

The road-type category was established to provide an indication of the percentage of 
through trucks in the traffic stream. Categorization by route number simplified the 
process of analysis. The direction category reflects a geographical situation in which 
the bulk of Interstate truck traffic. in Kentucky travels primarily on north-south routes. 
Accordingly, a two-celled classification was used to represent direction, the importance 
of which was thought to diminish as the local - service use of the route increased. The 
significance of the availability and quality of alternate routes became apparent when traf
fic parameters on certain routes were studied during time periods in which alternate 
routes having superior geometric design features were opened to traffic. 

A large number of routes in Kentucky provide access to areas in which rather unusual 
types of traffic are generated. Most notable are those coal mining areas in which most 
of the coal is carried over some segment of the highway system. To make possible 
proper estimates of EAL's in these areas, the service-provided category was established. 
Traffic volume has long been associated with other significant parameters of the traffic 
stream and, because it must be independently projected, was included in the set of local 
conditions. Equally as significant is the legal maximum allowable gross weight. Ken
tucky had four different maximum gross weights during the study period, and increases 
in this legal limit have invariably led to an incr ease in the percentages of the large com
bination vehicles. So significant is the effect that much of the variability in the traffic 
parameters, which in the past has been attributed to the time factor, is in reality a re
flection of changing legal weight limitations. 

Traffic characteristics, particularly for primarily local-service routes, were felt to 
r eflect in part the social and economic characteristics of the r esidents in an area. Con 
sideration of this factor in the analysis was ensured by dividing the state into four major geo-
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graphical areas, each of which is relatively homogeneous with respect to socioeconomic 
environment. The year has been considered in past procedures as a major independent 
variable and was retained in this analysis primarily for this reason. Season is known 
to have a significant effect on the composition of the traffic stream (for example, the 
percentage of trucks) and was to be included in the set of local conditions to provide 
correlations with historical data. 

CORRELATION OF TRAFFIC PARAMETERS WITH LOCAL CONDITIONS 

These nine local conditions served as the independent variables with which the traffic 
parameters were correlated. Extensive analysis verified the significance of these local 
conditions, although the relative importance of each varied according to the particular 
parameter under evaluation. Criteria for assessing the suitability of various meaning
ful relationships included accuracy, simplicity, reasonableness, and predictability. In 
addition, the relationships had to be amenable to predicting traffic parameters for com
binations of local conditions for which little or no data had been obtained in the past. 

Data Sources 

Vehicle weight data were available from the operation of loadometer stations through
out the state. Two types of loadometer surveys included routine coverage at the perma
nent loadometer stations and two special weight surveys. Approximately 10 permanent 
loadometer stations have been operated each year since 1942 (3). These provided the 
bulk of weight data for the high-volume and important routes. -The two special weight 
surveys were conducted during the spring and summer months of 1957 and 1964. These 
provided much of the weight data for low-volume facilities. During the study period, 
approximately 69,000 vehicles were weighed at 51 different rural locations. 

Vehicle classification data were available from the loadometer surveys, from auto
matic traffic-recording stations, from special classification surveys, and from origin
and-destination studies. A total of 1,871 counts were taken at 730 different rural loca
tions, and approximately 6, 100,000 vehicles were counted. 

Methods 

The dependent variables in the analysis (vehicle-type percentages and unit EAL' s) 
were treated as continuous variables. The independent variables (the local conditions) 
were treated as classification sets. Because of this method for data representation and 
because of the plausibility of strong interactions among many of the local conditions, a 
combinatorial analysis or cross-classification tabulation was thought to be relevant to 
the problem. With this method the available data are grouped into categories represent
ing each feasible combination of the independent variables, and the averages of the de
pendent variables within each combination serve as the best estimates of future traffic 
characteristics. Because the number of possible combinations of the local conditions 
was excessive, however, the combinatorial analysis was judged to be unsuitable. 

The most convenient method for estimating the traffic parameters is to compute 
statewide gross means without regard to local conditions. However, because the effects 
of local conditions can be considered only by modifying the gross means based on in
tuition and judgment, this approach was likewise judged to be inappropriate. 

The first method seriously considered was an evaluation of the effects of the local 
conditions through a series of correction or adjustment factors applied to the gross 
means. There is one correction factor for each local condition, and its value is deter
mined by the local-condition code. To apply this procedure, the gross means are first 
computed. The average residuals between the actual parameter values and the gross 
means are then computed for each value of one preselected local condition. The process 
is repeated for the second and all subsequent local conditions by computing average re
siduals between observed values and those predicted for previously analyzed local con
ditions . The entire process is iterated to eliminate possible effects of the chosen se
quence of local conditions. 
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TABLE 2 

SUMMARY DESCRIPTION OF METHODS FOR 
CORRELATING TRAFFIC PARAMETERS 

WITH LOCAL CONDITIONS 

Description 

Combinatorial means, full interaction 

Cross means, no consideration of local 
conditions 

Correction factor based on gross means, 
no interaction, iterative 

Correction factor based on classified 
means, limited interaction, iterative 

Multiple regression, averages, no 
interaction 

Multiple regression, dummy variables, 
no interaction 

Nomenclature 

None 

None 

FACTl 

FACT2 

MULTRA 

MULTRD 

Interactions among a limited number of 
local conditions can be considered by a 
slight modification o~ this procedure. Clas
sified means computed for various combi
nations of the interacting local conditions 
are substituted for the gross means and 
the process continued as enumerated above. 

Of somewhat more appeal than the in
tuitive correction-factor techniques are 
multiple regression techniques, which are 
supported by sound mathematical and sta
tistical theory. The first multiple regres
sion technique is basically one of obtaining 
weight ed averages. Thus average esti
mates of each parameter are obtained for 
each different local condition. Multiple 
regression techniques are used to assign 

weights to each local condition for the purpose of obtaining weighted av t:lra~es for final 
predictions . 

The second multiple regression technique makes use of dummy variabl es and is de
signed specifically for independent variables which are treated as class ification sets (9). 
The number of dummy variables, which assume values of either zero or one, required
to r epresent each local condition i s the number of classification sets for that condition 
less one. Thus, 40 dummy variables are r equired to represent the nine local conditions 
of Table 1. Theoretically, the procedures can be gener alized to include int er actions 
among two or more of the local conditions by r edefining the dummy variables so that 
each variable corresponds to one combination of the interacting local conditions. Prac
tically, this gr eatly increases the number of dummy variables and was not attempted 
because computer program limitat ions restricted the number of dummy variables to 
50 (10). 

The foregoing methods for correlating the traffic parameters with local conditions 
are summarized in Table 2. For all practical purposes, FACTl, MULTRA, and 
MULTRD were found to yield results of comparable accuracy. MULTRD offers certain 
advantages of simplicity, however, and a more appealing basis for development. Where 
a limited number of interactions are important , FACT2 was adjudged to be the most 
feasible approach. 

Vehicle-Type Percentages 

Extensive analyses showed that FACT2 is the superior technique for relating the 
vehicle-type percentages to the local conditions. Multiplicative correction factors were 
chosen because their use precludes estimation of negative percentages. The number of 
possible combinations of the various local conditions and the number of available data 
sets were the bases for limiting the interacting local conditions to three. Eight of the 
most promising combinations of three local conditions were selected intuitively and 
analyzed jointly on the basis of r elative accuracy and predictability. As a result of this 
analysis, r oad type, maximum allowable gross weight, and t r affic volume were judged 
to exhibit the most s ignificant int eractions among those investigated. 

Problems we1·e soon apparent in tr eatment of the year variable . Prior work indicated 
that no trend relationship existed between additive correction factors for C-4A truck 
predictions and year. The same dis turbing tendencies were obser ved for other vehicle 
types and for multiplicative correction factors as well. Accordingly, year was excluded 
from the set of local conditions with an average reduction in accuracy as measured by 
the correlation coefficient of about 5 percent. 

The criterion of reasonableness dictates that the sum of the predicted percentages 
must equal 100 percent. Because the percentage of each vehicle type is predicted inde
pendently, the initial estimates will rarely total 100 percent. A simple a~justment pro
cedure, whereby each initial estimate is multiplied by 100 and divided by.the sum of the 
initial predictions, was adopted. 
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TABLE 3 

ACCURACY OF VEHICLE-TYPE PERCENTAGE ESTIMATES 

Vehicle Mean Standard 
Standard Error Correlation Coefficient 

Type Percent Deviation Uncorrected Correcteda Uncorrected Correcteda 

Cars 71.67 7 .13 5.71 5.65 0.60 0,61 
Buses 0.86 0.62 0.48 0 .48 0.62 0.62 
SU-2A-4T 9.09 3.87 2.62 2.57 0.74 0.75 
SU-2A-6T 8.51 3.90 3.23 3.23 0.56 0,56 
SU-3A 1.00 2.38 2.13 2 .12 0.45 0.45 
C-3A 3.94 4.15 2.69 2.68 0.76 0.76 
C-4A 4.10 4.37 2.68 2.68 0.79 0.79 
C-5A 0.82 2.16 1.56 1.54 0.69 0.70 

0
Estimotes of vehicle-type percentages were corrected to a total of 100 percent. 

The procedures described were used to estimate vehicle-type percentages for com
parison with actual percentages obtained from past vehicle classification counts. The 
results of this accuracy comparison are summarized in Table 3. Despite the relative 
inaccuracy of the technique, it was found superior to others investigated on the basis of 
the criteria of accuracy, simplicity, reasonableness, and predictability. 

Unit EAL's 

One of the major disadvantages of the unit-EAL parameter is that the load equivalency 
factors must be preselected. This shortcoming was partially alleviated by considering 
three types of unit EAL's-Kentucky, AASHO, and modified AASHO. The modifiedAASHO 
EAL's were computed using only AASHO load equivalency factors for single axles. 

Because of the limited amount of vehicle weight data, consideration of interactions 
among even a limited number of local conditions was felt to be unwarranted. In spite of 
this, preliminary analyses indicated that an approach such as gross means would be in
appropriate because the local conditions did measurably affect the average unit EAL's. 
Consideration was limited to multiple regression techniques because the residual tech
niques offered no known additional advantages. 

The method finally selected for relating unit EAL' s with local conditions made use of 
additive factors derived using multiple regression with dummy variables. Three of the 

TABLE 4 

ACCURACY OF UNIT EAL ESTIMATESa 

Vehicle EAL Mean Standard Standard Error Correlation Coefficient Number of 
Unit Vehicles Type Type 
EAL Deviation Uncorrected Correctedb Uncorrected Correctedb Weighed 

KY 0.0415 0.644 0.632 0.630 0.19 0.21 
SU-2A-4T AASHO 0,0061 0.030 0.030 0.030 0.19 0.20 12, 389 

MAASHOc 0.0061 0.030 0,030 0 .030 0,19 0.20 

KY 3.1945 4.121 3.758 3.752 0.41 0 .41 
SU-2A-6T AASHO 0.1787 0.088 0.081 0.081 0.38 0.38 23, 389 

MAASHO 0.1787 0.088 0.081 0.081 0.38 0.38 

KY 10.0445 16.129 12.973 12.867 0,59 0.60 
SU-3A AASHO 0.3391 0.289 0.235 0.234 0.58 0,58 2, 180 

MAASHO 0.5290 0.440 0,363 0.362 0.56 0.57 

KY 8.8944 6.560 6.109 6 .973 0.36 0 . 37 
C-3A AASHO 0.6071 0.270 0.253 0.253 0.35 0 .35 12, 143 

MAASHO 0,6071 0.270 0,253 0.253 0,35 0 .35 

KY 15 .2519 9.848 7 .766 7 .759 0.61 0.61 
C-4A AASHO 0.8076 0.328 0.227 0.226 0.72 0.72 14, 321 

MAASHO 0.9872 0.435 0.302 0.301 0.72 0.72 

KY 18.3338 15 .225 11.478 11.471 0,66 0.66 
C-5A AASHO 0.7865 0.452 0.347 0 .347 0.64 0.64 4, 302 

MAASHO 1.2088 0.705 0 .530 0.530 0 ,66 0.66 

0 No we.ight dote were o voi /able for co~ or buses. 
bNegar ivo estimates were transformed to ze ro . 
CModified AASHO procedures were used . 
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local conditions had to be excluded from the analysis. Season was omitted because all 
available weight data had been limited to the late spring or summer months. Service 
provided was eliminated because of the relative scarcity of weight data representative 
of each of the service-provided categories. Un;fortunately this caused a significant re
duction in accuracy (a reduction in the correlat ion coefficients of about 15 percent) and 
suggests that more accurate future estimates may be partially dependent on the weighing 
of vehicles on roads representing each of the service-provided categories. The year 
variable also had to be eliminated from the analysis. Data again indicated that it would 
be extremely difficult, if not impossible, to estimate the correction factors for future 
years. Furthermore, because of the interrelationships between year and maximum al
lowable gross weight, the correction factors for maximum allowable gross weight ap
peared incongruous when year was included as an independent variable. 

The procedures described were used to estimate unit EAL's for comparison with ac
tual unit EAL's obtained from past weight data. The results of this accuracy compari
son are summarized in Table 4. The correlation coefficients reveal that the accuracy 
of the estimates leaves much to be desired. However, no other technique yielded supe
rior accuracies as lung as iL was stipulated that the technique had to represent a valid, 
predictive procedure. It is apparent from Table 4 that this method of accounting for the 
effects of local conditions is superior to the gross means approach. The best accuracy 
was generally achieved for those vehicle types that contribute most significantly to the 
EAL accumulations. 

ACCURACY VERIFICATION 

Several empirical methods were investigated for predicting the pertinent traffic pa
rameters. These included optimal methods that could meet the criteria of accuracy, 
simplicity, reasonableness, and predictability. The true validity of the proposed model 
could not be assessed solely on the basis of estimates of the individual traffic parame
ters. Of considerably more significance is the accuracy of estimates of design EAL's 
or of estimates of pavement thickness resulting therefrom. 

To make such a determination, EAL' s were estimated and compared to actual EAL' s 
for all stations at which both vehicle classification and weight data had been obtained. 
There were 51 such stations representing a total of 225 counts. Of these, 9 were sta
tions for which 11 or more years of data were available, and 18 were stations for which 
7 or more years were available. Thirty-one of the stations were represented by only 1 
or 2 years of data. 

The first comparisons were made on the basis of EAL' s per 1, 000 vehicles for the 
225 individual counts; these are s.ummarized in Table 5. The correlation coefficients 
are relatively small, which indicates that a large portion of variability in EAL' s per 
1,000 vehicles for individual counts remains unexplained. This was thought to result in 
large part from the extreme variability in the actual EAL's that are accumulated at in
dividual stations from year to year. Such variability is depicted in Figure la for station 
8, for which 14 years of data were available. This figure suggests that if the dailyEAL's 
were accumulated over a period of years, the actual and predicted accumulations might 
tend to converge. Figure lb shows that, following a 6-year period of initial instability, 

TABLE 5 

ACCURACY OF ESTIMATES OF EAL 'S PER 1,000 VEHI CLES 
FOR 225 INDIVIDUAL COUNTS 

Type Actual Standard Standard Correlation 
Me an Deviation Error Coefficient 

Kentucky 
(EWL's/ 1,000 vehicles) 1,535 .4 1,405.3 1, 173.1 0.55 

AASHO 
(EAL's/ 1,000 vehicles) 82 .4 54 .5 42.4 0.63 

Modified AASHO 
(EAL's/1,000 vehicles) 96 .9 70.B 52.2 0.68 
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the percentage of error between actual and predicted EAL's at station 8 did tend to be
come reduced as the number of years increased. By extrapolation, the percentage of 
error at the end of a 20-year design period would be about 6 percent, certainly a toler
able error. 

Similar curves for 6 of the remaining 8 stations for which 11 or more years of data 
had been accumulated are also shown in Figure lb. These curves verify that the per
centage of errors tends to become reduced and stabilized as time increases. This is of 
extreme significance because flexible pavement designs in Kentucky are usually based 
on a 20-year period. 

As a further means for validating the proposed methodology, the influence of the ac
curacy of the EAL estimates on the accuracy of the design pavement thicknesses was 
also investigated. First the actual and estimated EAL's for each of the 51 locations 
were extrapolated to 20-year accumulations. Then the combined flexible pavement 
thicknesses including base and pavement were determined for a design CBR of 5 (2). 
Figure 2 summarizes the results of these determinations. Differences in the thiCk
nesses based on estimated actual and predicted EAL's seem rather large at first glance. 
However, it should be recalled that actual data were available for periods of only 1 or 2 
years for 31 of the 51 stations represented in Figure 2. This would, of course, decrease 
the reliability of the estimates of 20-year accumulations of EAL's. Figure 2 shows 27 
overdesigns, 16 balanced designs, and 8 underdesigns. 

CONCLUSIONS 

This search for a responsive technique to estimate EAL accumulations for pavement
design purposes required extensive data compilations and the development of many rele
vant summaries. Only limited data are presented, however, because of space limitations 
and because most of the data are valid only for Kentucky conditions. The interested 
reader will find the complete data tabulations elsewhere (11). The significant conclu-
sions of this study are as follows: -

1. The best basis for predicting EAL's for pavement-design purposes remains data 
taken from a nearby reference station if that station has characteristics similar to the 
location in question, at least 3 or 4 years of data are available, and due consideration is 
given to possible future effects of changing local conditions. 

2. The recommended predictive methodology, when no suitable reference data are 
available, contains a set of traffic parameters that enter the design computations di
rectly, a set of local conditions that can be considered as determinants of the traffic pa
rameters, a set of relationships that define the manner in which the local conditions 
(independent variables) affect the traffic parameters (dependent variables), and a predic
tive equation. 

3. The optimal traffic parameters for EAL estimates have been identified as ADT, 
percentages of the various vehicle types, and their unit EAL's. 

4. The recommended method for predicting vehicle-type percentages consists of a 
set of basic percentages determined jointly by road type, volume, and maximum allow
able gross weight and a series of multiplicative correction factors determined and ap
plied independently by direction, season, alternate routes, service provided, and geo
graphical area. 

5. The recommended method for predicting unit EAL's is based on a multiple re
gression model that considers the effects of road type, direction, alternate routes, vol
ume, maximum allowable gross weight, and geographical area in an additive fashion. 

6. The proposed method for predicting design EAL's is sufficiently accurate for use 
in designing flexible pavements. 
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Computation of Equivalent Single-Wheel Loads 
Using Layered Theory 
Y. H. HUANG, Assistant Professor of Civil Engineering, University of Kentucky 

A method based on elastic layered theory and programmed for 
a high-speed computer was developed for determining equiva
lent single-wheel loadsfor dual wheels. Itwas found that equiv
alent single-wheel loads based on equal vertical deflection at the 
pavement-subgrade interface were generally greater than those 
based on equal vertical stress or equal surface deflection. 

The effect of various factors on equivalent single-wheel 
loads was investigated, using equal-interface deflection crite
rion. IL was found that the ratio between the total load on dual 
wheels and the equivalent single-wheel load depends on three 
factors: pavement thickness, wheelspacing, andmodulus ratio, 
which is the ratio of the moduli of elasticity of pavement and 
subgrade. Charts that give the interface deflection under a 
circular load for various pavement thicknesses, offset distances, 
and modulus ratios are presented so that the equivalent single
wheel load for any given loading and pavement condition can be 
determined. 

An important fact revealed by this study is that the equiva
lent single-wheel load increases appreciably with the increase 
in modulus ratio. The current method of assuming that pave
ments are homogeneous media with a modulus ratio of unity 
always gives an equivalent single-wheel load that is too small 
and is not in line with the findings of the WASHO Road Test. 

•THE CONCEPT of equivalent single-wheel load has long been used in the structural 
design of flexible pavements. Separate criteria for multiple-wheel loading need not be 
developed if the multiple-wheel loads are converted to an equivalent single-wheel load 
so that the design criteria based on single-wheel loads can still be applied. This pro
cedure is particularly suited for the design of airport pavements, because the wheel 
configuration of airplanes is quite variable, and it is not convenient to have separate 
design criteria for each plane. Although the axle and wheel configuration of trucks has 
been fairly standardized, the concept can be used to determine the effect of special ve
hicles on highway pavements, or to find axle spacings and loads that will produce no 
greater detrimental effect than that produced by a given load on a single axle. 

Various theoretical methods (1, 2 ), mostly based on elastic theory, have been de
vised to ·determine the equivalent single-wheel load for dual or multiple wheels. The 
applicability of the elastic theory is based on the fact that, after a few load applications, 
the deflections of a flexible pavement under each load application are essentially elastic 
in the sense that they are almost completely recoverable (3 ). It has further been found 
that the performance of flexible pavements can be related fo these elastic deflections, 
and that a high degree of correlation exists between deflection and rutting (4). Con
sequently, a comparison of theoretical stresses or deflections in pavementS, based on 

Paper sponsored by Committee on Theory of Pavement Design and presented at the 48th Annual 
Meeting. 
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elastic theory, will give a general indication of the equivalency between single- and 
multiple-wheel loads as related to pavement performance. 

REVIEW OF PAST WORK 
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The study of equivalent single-wheel loads was first initiated by the U. S. Corps of 
Engineers during World War Il, when the B-29 bombers were introduced with dual
wheel assemblies. A theoretical consideration of the vertical and shear stresses in 
an elastic half space and an experimental measurement of the vertical deflections at 
the interface between pavement and subgrade were used by Boyd and Foster (5) in 
presenting a semirational method of determining equivalent single-wheel loads, which 
had been used by the Corps of Engineers to produce dual-wheel design criteria from 
single-wheel criteria. The method assumes that the equivalent single-wheel loadvaries 
with the pavement thickness. For thicknesses smaller than half the clearance between 
dual wheels, the equivalent single-wheel load is equal to half of the total load. However, 
for thicknesses greater than twice the center-to-center spacing of wheels, it is equal to 
the total load. By assuming a straight-line relationship between pavement thickness 
and wheel load on logarithmic scales, one can readily obtain the equivalent single-wheel 
load for any intermediate thickness. The same method has been used by the Federal 
Aviation Administration for the design of flexible airport pavements (1). 

The application of the method and the subsequent completion of accelerated traffic 
tests revealed that design criteria based on the foregoing method were not very safe, 
and an improved method was developed by Foster and Ahlvin (2). In this method, the 
pavement is considered as a homogeneous, elastic, and semi-infinite half space., so 
that the vertical deflections at a depth equal to the thickness of pavement can be ob
tained from available solutions (6). A singlE?-wheel load that has the same contact 
radius as one of the dual wheels and results in a maximum deflection equal to that 
caused by the dual wheels is designated as the equivalent single-wheel load (ESWL). 

In a previous paper (7 ), the author extended the work of Foster and Ahlvin by con
sidering the pavement as a two-layer elastic system, thus taking the ratio of the moduli 
of elasticity of the pavement and subgrade into account. A chart was developed by which 
the ESWL for any combinations of pavement thickness, modulus ratio, wheel spacing, 
and contact radius could be obtained by a simple calculation and interpolation. It was 
shown that the ESWL increased appreciably with the increase in modulus ratio and that 
the use of layered theory would give a larger equivalent wheel load that was more in 
line with traffic data. However, the chart is limited because it is applicable only to 
dual wheels, or to multiple wheels that can be approximated by a set of duals. Further
more, the computation was based on equal contact radius instead of equal contact pres
sure (i.e., the single wheel and each of the dual wheels have the same contact radius 
instead of the same contact pressure), although it is illustrated that the ESWL's based 
on equal contact radius are not too much different from those based on equal contact 
pressure. 

The purposes in this study are (a) to develop a method for computing ESWL's based 
on equal contact pressure and Burmister's two-layer elastic theory (8); (b) to compare 
the ESWL's computed on the basis of the criteria of equal interface stress, equal sur
face deflection, and equal interface deflection; (c) to find the effect of various factors 
on ESWL's by using one of the criteria considered to have the most potential; (d) to 
compare the theoretical findings with traffic data to ascertain the limitations of the 
theory; and (e) to present a set of stress or deflection charts by which ESWL's for 
any given pavement thickness, modulus ratio, and axle and wheel configuration can be 
determined. 

DESCRIPTION OF METHOD 

The computation of ESWL can be based on either equal -stress or equal-deflection 
criteria. Assume, for example, that the maximum stress or deflection that occurs 
under a set of dual wheels is known. A single wheel that has the same contact pres
sure and results in a stress or deflection of the same amount is said to be equivalent 
to these duals. 
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In this study, only the vertical stress at the pavement-subgrade interface and the 
vertical deflections, both on the surface and at the interface, were considered. Boyd 
and Foster (5) showed that the computed ESWL's based on equal shear stress were not 
too much different from those based on equal vertical stress. 

Assumptions 

The pavement is assumed to be a two-layer elastic system. Layer 1, which includes 
the surface, base, and subbase courses, has a thickness, h, and an average modulus of 
elasticity, E1; layer 2, which represents the subgrade, is of infinite thickness with a 
modulus of elasticity, E 2• Both layers are infinite in extent and consist of incompres
sible materials with a Poisson's ratio of 0. 5. 

The single-wheel load and each of the dual-wheel loads are applied over a circular 
area, the radius of which is such that a given contact pressure, q, will be obtained, i.e., 

where 

a_J:P 
l'iCL 

a = contact radius under each wheel load, 
P = load applied to each wheel, and 
q = contact pressure. 

(1) 

The boundary and continuity conditions employed by Burmistcr (8) are assumed to 
be valid The layers are in continuous contact as indicated by the continuity in ve1·tical 
stresses, shear stresses, vertical deflections, and radial deflections. The surface is 
free of normal stresses outside the loaded area and free of shear stresses throughout. 

Stresses and Deflections Under a Single-Wheel Load 

The interface stress, a, surface deflection, w0 , and interface deflection, w1, due to 
a circular load can be computed by the following formulas (J.., ~' 10): 

a=qB 

w0 ~. F 
E2 o 

~·F E i 
2 

where a = stress factor. It may be expressed in the form 

(2a) 

(2b) 

(2c) 

a = -(1 - N) ~ !"' J (m!) J (m~) [ (1 + m)e -m - N(l - m)e -3m ]dm (3a) 
h o h i h 1 - 2N(l + 2m2)e -2m + N2e -4, 

0 

Surface deflection factor, F 0 , may be expressed as 

[ 
1 + 4Nme -2m - N2e -4m ~dm 

-2m -4m 
1 - 2N(l + 2m2 )e + N2e 

(3b) 



Interface deflection factor, F 1 , is 

where 

(E / E
2

) - 1 

(EJ E2 ) + 1 ' 

E/E2 = modulus ratio , 

[ 

-m -3m ] (1 + m )e - N(l - m)e dm 

1 - 2N(1 + 2m2)e -2m + N2e - 4m m 

J 0 and J 1 = Bessel function of the first kind, order 0 and 1 respectively, 
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(3c) 

r = radial distance from the center of loaded area to the point where the 
stress or deflection is to be sought, 

a = contact radius, 
h = thickness of layer 1, and 
m = a parameter. 

The infinite integrals in Eq. 3 were evaluated by a numerical method programmed 
for an IBM 360 computer at the University of Kentucky. Because the maximum stress 
or deflection due to a single -wheel load always occurs under the center of the wneel, 
the maximum stress or deflection can be obtained by letting r = 0 in the evaluation. 

In the case of dual -wheel loads, the maximum stress or deflection can be obtained 
by superposition. The stress or deflection due to each wheel load was computed in
dependently and then superposed to obtain that due to all wheels. For instance, the 
stress or deflection factor under a set of dual wheels at a point having a distance ri 
from the left wheel and rr from the r ight is the sum of two factor s, each obtained by 
s ubstituting r = r 1 and r = l'r respectively into Eq. 3. Because the maximum stress 
or deflection occw·s at some point between one wheel and the centerline of the dual , the 
stress or deflection at several points must be computed and the maximum value ob
tained. The ESWL can then be determined by a graphical method (!). 

COMPARISON OF CRlTERIA 

To compare the ESWL's computed on the basis of different criteria, a conventional 
32,000-lb tandem-axle load was chosen. This type of loading was used in both the 
WASHO and the AASHO Road Tests, so the resulting information obtained from these 
tests can be used to compare the theoretical findings presented here. 

Figure 1 shows the proposed wheel loads applied to a two-layer system. The load 
on each axle is 16,000 lb and that on each wheel is 8,000 lb. Although the actual wheel 
loads are applied over dual tires , assume that they are applied on a single tire over 
a circular area. It can be shown that this assumption has very little effect on the ESWL, 
as long as the single-wheel load is also assumed to be applied on a single tire. Since 
the contact pressure is 70 psi, the contact radius can be determined from Eq. 1, 

- f§;ff§§_ 6 . ad = f 1TX70 = m. 

Under the given loads, it was found that on the surface the maximum deflection oc
curred under one wheel; at the interface, however, the maximum stress or deflection 
occurred anywhere between one wheel and the centerline of the two wheels. A com
puter program was developed to compute the vertical stresses and deflections at the 
six points shown in Figure 1 and obtain the maximum values. 
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Figure 1. Proposed whee I loads. 
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To indicate the relationship between the total load on dual wheels and the ESWL, a 
parameter called load factor, L, which is a ratio between the total load and the ESWL, 
was employed: 

Table 1 gives the load factors computed by three different criteria for various pave
ment thicknesses and modulus ratios. It can be seen that all three criteria have the 
same trend, i.e., the load factor decreases with the increase in thickness and modulus 
ratio. The interface deflection criterion generally gives the smallest load factor or the 
largest ESWL. Because the use of interface deflection was on the safe side, it was 
adopted for more detailed analyses. 

EFFECT OF VARIOUS PARAMETERS ON LOAD FACTOR 

Theoretically, in addition to modulus ratio, the magnitude of load factor depends on 
the following four parameters: (a) total load, 2Pa , (b) contact pressure, q, (c) wheel 
spacing, S, and (d) pavement thickness, h. Tbe effect of each of these parameters on 
load factor was investigated using the equal-interface deflection criterion. 

TABLE 1 

COMPAIUSON OF LOAD FACTORS COMPUTED BY DIFFERENT CRITERIA 

Pavement E/E 2 
Thickness Criteriqn 

(in.) 1. 0 2.5 5. 0 10. 0 25. 0 50 . 0 100. 0 

6 Interface stress 2.00 2.00 2. 00 2. 00 2. 00 l. 98 l. 95 
Surface deflection 1. 77 l. 77 1. 77 1. 73 l. 66 1. 60 l. 52 
Interface deflection 1. 79 l. 78 1. 76 l. 73 1. 66 1. 60 1. 51 

16 Interface stress l. 99 l. 97 1. 93 l. 86 1. 73 1. 62 l. 49 
Surface deflection 1. 77 l. 66 1. 57 1. 47 l. 32 1. 23 1. 16 
Interface deflection 1. 67 1. 60 1. 52 l. 43 1. 30 1. 22 l. 15 

24 Interface stress 1. 96 l. 89 1. 81 1. 72 l. 57 1. 45 l. 36 
Surface deflection 1. 77 1. 61 1. 48 1. 36 1. 24 1. 17 l. 12 
Interface deijeclion 1. 55 1. 45 1. 36 1. 28 l. 18 1. 13 l. 08 
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TABLE 2 

EFFECT OF TOTAL LOAD ON LOAD FACTOR 

E / E , 

1. 0 2 . 5 5. 0 10 . 0 25. 0 50 . 0 

1. 67 1. 63 1. 54 1. 45 1. 33 1. 22 

1. 67 1. 62 1. 54 1. 45 1. 32 1. 22 

1. 67 1. 60 1. 52 1. 43 1. 30 1. 22 

1. 63 1. 57 1. 50 1. 40 1. 28 1. 20 

TABLE 3 

EFFECT OF CONTACT PRESSURE ON LOAD FACTOR 

1. 0 

1. 64 

1. 67 

1. 67 

1. 70 

E / E , 

2.5 5. 0 10. 0 25. 0 

1. 57 1. 51 1. 41 1. 29 

1. 60 1. 52 1. 43 1. 30 

1. 61 1. 54 1. 44 1. 31 

1. 63 1. 56 1. 45 1. 33 

TOTAL LOAD • 16, 000 lb 
CONTACT PRESSURE • 70 psi 
PAVEMENT THICJi:NESS • 16 in. 

50. 0 

1. 21 

1. 22 

1. 22 

1. 23 

100 . 0 

1. 16 
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1. 15 

1. 14 
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Figure 2. Effect of wheel spacing on load factor. 
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Figure 3. Effect of pavement thickness on load factor. 
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Table 2 gives the effect of total load on load factor. The computation was based on 
average conditions with q = 70 psi, S = 48 in., and h = 16 in. The load factor decreases 
slightly with the increase in total load. An eight-fold increase in total load only causes 
a decrease in load factor by not more than 0. 06. This is the reason the load factor, in -
stead of the ESWL, was used because the load factor is practically independent of the 
total load, whereas the ESWL changes with the total load. 

Effect of Contact Pressure 

Table 3 gives the effect of contact pressure on load factor. The computation was 
based on Pa= 8,000 lb, S = 48 in., and h = 16 in. The load factor increases slightly 
with the increase in contact pressure. However, under the given pavement and loading 
conditions, the effect of contact pressure is not significant. 

Effect of Wheel Spacing 

Figure 2 shows that wheel spacing has a tremendous effect on load factor. The 
larger the wheel spacing, the greater the load factor. For smaller modulus ratios, 
the effect of wheel spacing is more conspicuous at smaller spacings as indicated by a 
rapid change in the slope of the curves. For larger modulus ratios, the effect is more 
conspicuous at larger spacings because of the superior load-distributing characteristics 
of the pavement. 

Effect of Pavement Thickness 

Figure 3 shows the effect of pavement thickness on load factor based on the proposed 
wheel loads shown in Figure 1. The load factor generally decreases with an increase 
in pavement thickness. However, at very small thicknesses, say, less than 6 in., the 
load factor may increase with the increase in thickness. 
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COMPARISON WITH ROAD TESTS 

One of the main objectives of the WASHO Road Test (11) was to determine the effect 
of various axle loads, both single and tandem, on flexiblepavements. In this test, the 
combined thickness of surfacing and base coutses was 6 in., one with 4 in. of asphaltic 
concrete surfacing on 2 in. of crushed gravel base course, and the other with 2 in. of 
surfacing on 4 in. of base. The thicknesses of gravel subbase were O, 4, 8, 12, and 16 
in. Thus, the total thickness of pavement structure over the basement soil varied from 
6 to 22 in. with an average of 14 in. The following is an excerpt of the findings published 
by the Highway Research Board (!_!): 

Based on distress that occurred in the section with 4-in. surfacing, a 
tandem-axle load of 28 kip would have been equivalent in this test to a 
single-axle load of 18 kip. Similarly, a tandem-axle load of 33.6 kip 
would have been equivalent to the 22.4 kip single-axle load. Compar
isons for sections with 2-in. surfacing, based on a graphic analysis which 
discounted the relatively erratic behavior of two of the ten sections, 
showed that a tandem-axle load of 28.3 kip in this test could have been 
equivalent to the single-axle load of 18 kip. Similarly, a tandem-axle 
load of 36.4 kip could have been equivalent to the 22.4 kip single-axle 
load. In general, the distress caused by tandem axles was equivalent to 
that caused by single axles of the order of two thirds of their weight. 

Two points are quite significant in the above statement. First, the replacement of 
2 in. of asphaltic concrete by 2 in. of crushed gravel would increase the load factor, 
which is the ratio between tandem - and single-axle loads, in one case from 1. 55 to 1. 57 
and in another case from 1. 50 to 1. 62. Thi1s is in conformity with the layered theory 
that the larger the modulus ratio, the smaller the load factor, or the greater the ESWL. 
Second, the last statement indicates that the load factor for the test road was 1. 5. This 
may illustrate that considering the pavement as a homogeneous medium (i.e., E1/E2 = 1) 
may not give a good prediction of ESWL's. As Figure 3 shows, the load factor for h = 
14 in. and E/E2 = 1 is 1. 70, which is much greater than U1e 1. 5 determined experi
mentally in the WASHO Road Test. Only when E/E2 is increased to 10, which is typical 
for asphalt pavements, can a load factor of 1. 5 be obtained This indicates that the use 
of layered theory, by assuming that the pavement has a larger modulus than the sub
grade, may give a better prediction of the effect of various wheel loads on pavement 
distress. 

The theoretical findings presented here agree with the results of WASHO Road Test. 
However, the author does not claim that the use of layered theory and the equal
interface deflection criterion is valid under all circumstances. In fact, the experimental 
determination of ESWL's is affected by the magnitude of load as compared to the load
carrying capacity of the pavement, the latter being affected by many other environmental 
factors. For example, in Ute WASHO test road the 6-in. sections with 2-in. surfacing 
were completely destroyed by all of the four different axle loads. Based on the area 
damaged in 6-in. sections, it can then be said that there is no difference in the destruc
tive effect of any of the vehicles involved. The same is true for the 22-in. sections 
with 4-in. surfacing where no damage was done by any of the four axle loads. However, 
under average conditions, with some portions of fue pavement damaged and others in
tact, the theory developed may give a fairly good prediction of ESWL's. 

It should be noted that the computation of ESWL's presented here is based on the 
elastic deformation only, which is more related to structural failures such as cracking. 
It does not include the plastic or consolidation type of deformation, which is more 
related to functional failures such as rutting. This distinction can be used to explain 
why contradictory conclusions regarding equivalent axle loads were obtained between 
the WASHO (11) and AASHO (4) Road Tests. In the WASHO Road Test, it was found 
that a 32,000-lb tandem-axle load was much more destructive than an 18,000-lb single
axle load whereas, in the AASHO Road Test, the 18,000-lb single-axle load was found 
slightly more destructive Utan the 3 2, 000-lb tandem axle load. The difference is believed 



152 

to be caused by the use of pavement serviceability index in the AASHO Road Test fo1· the 
determination of equivalent wheel loads. In addition to cracking and patching, this index 
is based on slope variance and rut depth, which were not considered in the WASHO Road 
Test. Because the ESWL based on layered theory is greater than that obtained from the 
AASHO Road Test, the use of layered theory is on the safe side. 

The suggestion of using layered theory to compute ESWL's should not imply that the 
equivalencies obtained from the AASHO Road Test are no longer valid. In fact, if a 
pavement is overdesigned and its serviceability is of major concern, the equivalent 
loads as determined from the AASHO Road Test are quite adequate and should be used. 
On the other hand, if the pavement is underdesigned and the prevention of failures is a 
majol' factor, as is in the case of military or airport construction, the use of Bw·mis
ter' s two-layer theory, instead of Boussinesq's single-layer theory, is suggested. 

CONCLUSIONS 

In this study, a method was developed for computing equivalent single-wheel loads 
for dual wheels. The method is based on Burmister's two-layer elastic theory and 
assumes that both single and dual wheels have the same contact pressure. Three 
criteria-equal interface stress, equal surface deflection, and t!qual interface deflec 
tion-were investigated. It was found that, for a conventional 32,000-lb tandem-axle 
load, the equivalent single-axle loads determined by the equal-interface deflection 
criterion were generally the largest, whereas those determined by the equal-interface 
stress were the smallest. Because the use of the equal-interface deflection criterion 
was on the safe side, it was adopted for more detailed analyses. 

To indicate the relationship between the total load on dual wheels and the ESWL, a 
parameter called load factor, which is a ratio of the total load and the ESWL, was em -
ployed. It was found that total load and contact pressure had a relatively small effect 
on load factor. However, the load factor decreases, or the ESWL increases apprecia
bly, with an increase in pavement thickness and modulus ratio, or with a decrease in 
wheel spacing. 

An important fact revealed by this study is that the ESWL increases appreciably 
with an increase in modulus ratio, E/E2• The current method of considering pave
ments as homogeneous media (i.e., E/E2 = 1) always gives an ESWL that is too small 
and is not in line with the findings of the WASHO Road Test. 

ACKNOWLEDGMENTS 

The study reported herein was part of a faculty research program sponsored by the 
Department of Civil Engineering, University of Kentucky. The support given by the 
University of Kentucky Computing Center through the use of the IBM 360 computer and 
related technical service is appreciated. 

REFERENCES 

1. Yoder, E. J. Principles of Pavement Design. John Wiley and Sons, pp. 41-48, 358, 
and 341, 1959. 

2. Foster, C. R., and Ahlvin, R. G. Development of Multiple-Wheel CBR Design Cri
teria. Jour. Soil Mech. and Found. Div., ASCE, pp. 1647-12, May 1958. 

3. Wbiffin, A. C., and Lister, N. W. The Application of Elastic Theory to Flexible 
Pavements. Proc. Internat. Conf. on Structural Design of Asphalt Pavements, 
Univ. of Michigan, pp. 499-521, 1962. 

4. The AASHO Road Test: Report 5-Pavement Research. Highway Research Board 
Spec. Rept. 61E, p. 137, 1962. 

5. Boyd, W. K, and Foster, C. R. Design Curves for Very Heavy Multiple-Wheel As
semblies. In Development of CBR Flexible Pavement Design Method for Air
fields-A Symposium. Trans. ASCE, Vol. 115, pp. 534-546, 1950. 

6. Foster, C. R., and Ahlvin, R. G. Stresses and Deflections Induced by a Uniform 
Circular Load. HRB Proc., Vol. 33, pp. 467-470, 1954. 



153 

7. Huang, Y. H. Chart for Determining Equivalent Single-Wheel Loads. Jour. High
way Div., ASCE, pp. 115-128, Nov. 1968. 

8. Burmister, D. M. The Theory of Stresses and Displacements in Layered Systems 
and Applications to the Design of Airports Runways. HRB Proc., Vol. 23, pp. 
126-144, 1943. 

9. Fox, L. Computation of Traffic Stresses in a Simple Road Structure. Road Re
search Tech. Paper No. 9, HMSO, London, 1948. 

10. Huang, Y. H. Stresses and Displacements in Viscoelastic Layered Systems Under 
Circular Loaded Areas. PhD dissertation, Univ. of Virginia, 1966. 

11. The WASHO Road Test: Part 2-lfest Data, Analyses , Findings. HRB Spec. Rept. 
22, 1955. 

Appendix 

DEFLECTION CHARTS 

The data in this paper were based on a set of dual wheels, and the solutions were 
obtained by using a high-speed computer. In order to determine equivalent single
wheel loads when multiple wheels are encountered, or when a computer is not avail
able, a set of charts based on Eq. 3c was developed (Figs. 4, 5, 6, and 7 ). These charts 
give the vertical deflections at the interface under a circular load for various pave
ment thicknesses and offset distances. Seven different modulus ratios, 1, 2. 5, 5, 10, 
25, 50, and 100, were employed so that the deflection for any intermediate modulus ratio 
can be obtained by interpolation. 
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For E/E2 = 1, which is the case of a homogeneous medium, the chart checks quite 
closely with that presented by Foster and Ahlvin, indicating the correctness of the 
computer program. Because charts of this type for EJE2 other than 1 are not avail
able elsewhere, and because the deflection at the interface has been considered as a 
factor of pavement design, these charts may be of some practical use for those in
terested in the theoretical aspects of pavement design. 



Analysis of Structural Behavior of Road 
Test Rigid Pavements 
ALEKSANDAR S. VESIC and SURENDRA K. SAXENA, Duke University 

ABRIDGMENT 

eTHE FIRST PART of this report is devoted to a critical review of existing theories 
of structural behavior of rigid pavements. These theories differ principally in the 
model selected to represent the subgrade supporting the pavement slab. Two principal 
models are being used: the elastic-isotropic solid, characterized by a modulus of de
formation E8 and a Poisson's ratio v8 ; and the Winkler subgrade, characterized by a 
coeffici ent of subgrade reaction k. 

It is shown that, with a suilablt:J selection of coefficient k, theories based on the 
Winkler model for the subgrade can also furnish adequate answers for slabs resting 
on a subgrade behaving as an elastic-solid. However, there is no single value of k 
that can give perfect agreement of all static influences in a particular case, unless 
the subgrade thickness is limited to a maximum of 2.5 stiffness radii of the slab. The 
following analytical expressions are presented for evaluation of k for a slab of thickness 
h with deformation characteristics E, v, resting on a subgrade of depth H with deforma
tion characteristics Es, vs= 

Subgrade of infinite depth (H .... m) 

(1) 

or in simplified form, 

(2) 

Subgrade of finite depth (H s 1.38 ~ h) 

E 
ko1 = 1.38 s 

(1 - Vs2)H 

(3) 

The second part of the report is devoted to study of structural behavior of rigid 
pavements of the AASHO Road Test. It is shown that the overall response of the AASHO 
subgrade to loads is comparable to response of an ideal isotropic-elastic solid. How-
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ever, with proper selection of the coeffi
cients of subgrade reaction k, the Winkler 
subgrade model (used in the well-known 
Westergaard theory of rigid pavements) 
can also lead to good predictions of pave
ment stresses and deflections. As sug
gested by Eqs. 1 and 2, the coefficient k 
for the AASHO pavement/ subgrade systems 
is a variable quantity that is inversely 
proportional to the pavement slab thickness. 

It is also demonstrated that the combined 
tensile stress in pavement slabs represents 
the best indicator of pavement performance. 
If the critical stresses for each loading 
case and slab are plotted vs the number of 
load repetitions N2. s needed to reduce the 
serviceability index to 2.5, a unique rela
tionship results for all slabs regardless 
of type of loading (Fig. 1). 

This most significant finding confirms 
the soundness of a rational, mechanistic 
approach to design of rigid pavements. 
It demonstrates beyond doubt that failure 
in pavement performance is not a phemon
enon of chance, as some statistical ap
proaches tend to suggest, but a phenomenon 
that has a definite mechanical cause. 

It can be shown that the data in Figure 
1 can be fitted by the expression 

( fc)
4 

N2.s = 225,000 a (4) 

in which fc represents, as before, tensile strength of the pavement s lab material in 
bending (for AASHO slabs fc = 790 psi), and a represents the maximum combined 
tensile stress in the pavement slab caused by traffic load Q moving in the anticipated 
average wheelpath position. (In existing design procedures, a is computed as the 
absolute maximum stress caused by loads placed in some extreme positions such as 
slab edge or slab corner.) 

Using Eq. 4 and considering the fact that the pavement stress a for AASHO Road 
Test conditions is found to be proportional to wheel load Q and inversely proportional 
to approximately the 1.25 power of the slab thickness h, the following general relation
ship between principal variables in the AASHO Road Test can be established: 

(5) 

where C is a constant. 
Equation 5 suggests that slab thickness should be increased as the fifth root of the 

anticipated number of load applications. This means that, under otherwise equal cir
cumstances, the pavement life may be increased 1.8 times by adopting a 9-in. instead 
of an 8-in. slab thickness, and 3 times by adopting a 10-in. instead of an 8-in. slab 
thickness. At the same time the pavement life can be reduced to half by adopting a 
7-in. instead of an 8-in. slab thickness. 

It also follows from Eq. 5 that the pavement life varies as the fourth power of the 
concrete strength. This points out the importance of the quality of materials in pave
ment construction: a 10 percent increase in strength may mean a 50 percent increase 
in pavement life; a 20 percent increase in strength may mean doubling the pavement 
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life. At the same time, a 10 percent reduction in concrete strength may mean reducing 
the pavement life to 65 percent of the normal expectation; a 20 percent reduction in 
strength may mean reducing the life to 40 percent of the normal expectation. 

Equation 5 may give us a rational basis for evaluation of effects of overload and 
mixed traffic on pavement life. A consistent 10 percent overload may reduce the pave
ment life to half the normally expected time. One application of double load is equiva
lent to 16 applications of normal load. At the same time 16 applications of the half
load in a mixed traffic should be equivalent to one application of normal load; 6,500 
applications of a 2-kip axle load should be equivalent to one application of an 18-kip 
load. 

The analyses leading to Eq. 5 furnish a rational basis for evaluation of equivalency 
of single and tandem loads under much more general conditions than possible in the 
past. With such an expression it becomes possible to predict in a rational way what 
would be the effect of using, on a certain pavement, tandem axle loads with different 
axle spacing or with a different distance between extreme wheels. Moreover, it be
comes possible to predict with somewhat greater certainty the potential life of a rigid 
pavement subjected to traffic by a new vehicle that may be of entirely different char
acteristics than any other vehicle used in the past on similar pavements. 



Asphalt Concrete Pavement Design
A Subsystem to Consider the Fatigue 
Mode of Distress 
D. A. KASIANCHUK, Associate Professor of Engineering, Carleton University, Ottawa; 
C. L. MONISMITH, Professor of Civil Engineering, Institute of Transportation and 

Traffic Engineering, University of California, Berkeley; and 
W. A. GARRISON, Materials Testing Engineer, 

Contra Costa County Public Works Department, Martinez, California 

In this paper a working model is presented for a subsystem to consider 
the fatigue mode of distress for asphalt concrete pavements. The de
sign subsystem is divided into three general sections-(a) preliminary 
data acquisition, (b) materials characterization, and (c) analysis and 
evaluation. In developing a particular design with this subsystem, use 
is made of traffic and wheel load distributions, environmental condi
tions based on available weather records for the vicinity of the pro
posed design, multilayer elastic theory, resilient response of untreated 
granular materials and fine-grained soils, stiffness and fatigue char
acteristics of the asphalt concrete, and a cumulative damage hypothesis 
based on the simple linear summation of cycle ratios. To expedite the 
design process, the majority of the design computations have been pro
grammed for use with a high-speed digital computer. 

An example shows the use of the design procedure for a structural 
pavement section consisting of asphalt concrete resting directly on the 
subgrade soil. The design developed is shown for conventional mate
rials and traffic to result in a thickness that is quite reasonable based 
on comparisons with other design methods. This particular subsystem 
would appear to have some advantages, however, in that it can be ex
tended to consider loading conditions and material characteristics for 
which experience is not available. 

•PROPER DESIGN of asphalt concrete pavements requires consideration of a number 
of complex and interrelated factors. Recent effol'ts have been made to formulate, in a 
systematic manner, pavement design systems that attempt to bring these factors to
gether as the first step i.J.1 the development of a more rational metl10d of design (1, 2). 
Such a system is shown in Figure 1. Although the design of an asphalt concrete pave
ment in the manner suggested by this system is not presently possible, each of the 
considerations shown within it is real and should be included in some way in the design 
of every modern pavement. 

One of the distress mechanisms included as a part of the rupture mode of distress 
shown in tl1e limiting response block of Figure 1 is that of fatigue of asphalt concrete. 
It is the purpose of this paper to define considerations that are required to develop a 
subsystem to consider this mode of distress within the framework suggested in Figure 
1. From these considerations, a working model is presented and illustrated by the de
sign of a pavement structure to show the applicability and reasonableness of the method 
in current pavement design technology. 
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Figure 2. Block diagram of the fatigue subsystem. 

THE FATIGUE SUBSYSTEM 

A form that a design subsystem can take to consider fatigue is shown in Figure 2 in 
block diagram form. It should be noted that this fatigue subsystem constitutes only a 
small part of the whole system (Fig. 1). 

The fatigue subsystem shown in Figure 2 can be seen to parallel the classical 
structural engineering approach, in which a structure is designed, its behavior under 
its anticipated service conditions analyzed, and its adequacy with respect to some dis
tress criterion determined. This approach is employed because it is realized that the 
fatigue of asphalt concrete is only one mechanism of a number that can lead to distress 
within an asphalt concrete pavement structure. Other causes of distress can be ana
lyzed using a similar line of reasoning and their study would form other subsystems to 
consider-for example, such distress modes as distortion, distintegration or low tem
perature fracture. 

Considering the design subsystems shown in Figure 2, it will be noted that it divides 
itself naturally into three sections: 

1. Preliminary data acquisition-(a) Estimate traffic and wheel load distribution to 
be served by the proposed facility on the basis of the type of highway, the nature of the 
area served, and the expected growth of the area; (b) survey subgrade soils traversed 
by the proposed route and perform routine identification tests; (c) select the most eco
nomic materials to be used in the construction of the highway; (d) determine the en
vironmental conditions from available weather records for the vicinity of the proposed 
highway; and (e) design the asphalt concrete mixture to be used. 

2. Materials characterization-(a) Test the asphalt concrete, subgrade soil, and 
any granular materials to be included in the section to determine their "elastic" prop
erties in the range of service conditions expected in the life of the highway; and (b) 
test the fatigue properties of the asphalt concrete mixture. 
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3. Analysis and evaluation-(a) Define the seasonal variation in the stiffness of the 
asphalt conc1·ete and the moistuxe content of the subgrade soil; (b) determine the ex
pected response of the asphalt concrete layer in the trial design section to the action of 
the range of wheel loads and climatic envirorn:rient· (c) predict the fatigue life of the 
trial design under the action of the expected traffic volumes; and (d) evaluate the trial 
design with respect to the adequacy of the section in providing an adequate design life 
for fatigue. If necessary, select another trial section and 1·eanalyze. 

It should be reemphasized that the design procedure is meant to consider only dis
tress that might be caused by fatigue. Protection against other modes of distress must 
at present be embodied in the selection of the trial structural design. 

APPLICATION OF PAVEMENT DESIGN PROCEDURE 

The example to be presented is concerned with the design of the structural section 
for the widened portion of the Ygnacio Valley Road between Walnut Avenue and Oak 
Grove Road in the city of Walnut Creek and the unincorporated area of Contra Costa 
County, California. The proposed reconstruction includes the overlay of the existing 
two-lane pavement plus the widening of the facility to four lanes by the addition of new 
12-It wide traffic lanes on each side of the present roadway. 

A full-depth asphalt concrete section was considered for the new construction in
volved in the widening primarily to alleviate the problems that would be encountered 
if excavation were required for a thicker structural section. Because the surface 
grade elevation is fixed by the existing roadway, a conventional structural section 
could be accommodated only by excavating into the silty clay subgrade soil whose water 
content increased with depth. It was the previous experience of the Mater ·a1s Division 
of the Public Works Department of Contra Costa County that both excavation and com
paction difficulties would be met in this situation. A thinner all-asphalt concrete sec
tion would not require this excavation, and the anticipated construction problems could 
be avoided. 

A second factor, not considered during the selection of the design section, but never
theless important to the design deliberations, is the possibility of the occurrence of 
saturated base conditions if a conventional section were constructed. The reconstruc
tion involves consideration of the use of a landscaped median strip that would be il"ri
gated. Because of the flat topography of the area and the characteristics of the sub
grade soil, it is possible that any water reaching the base from the irrigation operation 
would remain in the section unless expensive positive drainage facilities were provided. 
A full-depth asphalt concrete section may Ums be useful in such a situation. 

The steps followed in the design and analysis of the structural section for this proj
ect will be briefly presented and orde1·ed insofar as possible to conform to the fatigue 
subsystem presented here. 

Traffic and Wheel Load Distribution 

Initially, the only traffic information available for the project was a traffic index of 
9. 5 (3) that had been estimated by the Engineering Department of the city of Walnut 
Creek to represent the traffic that could be anticipated for a 10-yeai· period following 
construction. Using this traffic i11dex, a conventional structuTal section consisting of 
0.50 ft of asphalt concrete, 0.85 ft of unh'eated aggregate base, and 1.05 ft of untreated 
aggregate subbase was selected. This thiclmess of structural section would have re
quired considerable excavation into the silty clay subgrade, as noted earlier. Accord
ingly, it was deemed appropriate to consider a full-depth asphalt concrete section as 
an alternative. 

Although the design subsystem utilized herein can accommodate detailed traffic 
data, it was necessary initially to ·use the estimate provided by Walnut Creek to make 
a preliminary selection for a full -depth asphalt concrete section to determine whether 
or not it would be worthwhile to pu1·sue further the design of this type of pavement for 
the particular circumstances. The traffic index of 9.5 corresponds to 18,000,000 r ep
etitions of a 5-kip wheel load, according to California pavemen design procedure (_~). 



TABLE 1 

MONTHLY WHEEL LOAD FACTORS BASED ON W-4 
LOADOMETER STUDIES, CALIFORNIA, 1961 to 1966 

Axle Load 
(kips) 

under 3 
3 to 7 
7 to 8 
8 to 12 

12 to 16 
16 to 18 
18 to 20 
20 to 22 
22 to 24 
24 to 26 
26 to 30 
30 to 35 

2-Axle 

2 .354 
18.871 
2.127 
4.135 
1.752 
0.569 
0.168 
0.015 
0.008 
0.001 

3-Axle 

0.224 
16.438 
6.126 

12.700 
6.830 
2.228 
0.397 
0.046 
0.007 
0.004 

4-Axle 

1.230 
22.275 

7.200 
15.480 

9.210 
3.570 
0.930 
0.075 
0.015 

5-Axle 

0 .422 
20 .873 

7.082 
16.029 
15.899 
12.402 
2.165 
0,084 
0.029 
0.008 
0.006 
0.001 

6 or More 
Axles 

2.104 
23 .805 

7.687 
28.362 
21.024 

5.957 
0.973 
0.192 
0.087 
0,148 
0.198 
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This value was converted to an 
equivalent number of passages of 
an 18-kip axle load (9-kip wheel 
load) using the equivalent wheel 
load (EWL) concept of the State of 
California (3), and resulted in a 
traffic prediction of 1, 600, 000 ap
plications of an 18-kip axle load in 
the 10-year design period. As will 
be seen, the preliminary full-depth 
asphalt concrete section selected 
utilizing these data (approximately 
1 ft in thickness) suggested that it 
would be worthwhile to pursue this 
approach further. Accordingly, ad-
ditional traffic data were obtained as 
planning for the project progressed. 

Data obtained for the detailed analysis of the pavement section showed a present ADT 
of 16, 500 vehicles per day, including 185 2-axle trucks, 107 3-axle trucks, 2 4-axle 
trucks, 126 5-axle trucks, and none with 6-axles or more. The figures represent the re
sults of a traffic count taken on the existing facility. Using these daily figures of truck 
traffic and monthly wheel load factors determined from the statewide loadometer sur
veys from 1961 to 1966 (Table 1), the number of applications per month of each of the 
axle load groups was estimated. These values are given in Table 2. 

Several other features of the traffic on the new facility were also estimated on the 
basis of available information. Because it was known that the major source of truck 
traffic on this road would be two quarries providing aggregate for construction in the 
surrounding areas, some consideration was given to the operations in these quarries 
to obtain the daily and seasonal variations in the traffic. This led to the assumption 
that the daily variation shown on the California Interstate general purpose route (Fig. 3) 
would adequately represent the anticipated pattern. The seasonal variation expected 
was one in which higher traffic volumes would be handled during the summer months, 
and to include this expectation the monthly traffic numbers given in Table 2 were pro
portioned accordingly. The values were increased to 1.2 times those shown in .May to 
September inclusive and reduced to 0.8 times those shown in November to March in
clusive. At the same time it was concluded that the assumption of a 5 percent annual 
growth rate in the truck traffic would be consistent with the expected development of 
the area. 

This more detailed breakdown of the anticipated traffic was also analyzed to deter
mine its degree of correspondence with the original estimate. Applying the EWL con
cept of the California pavement design procedure to the new data results in an actual 
traffic index for a 10-year design period of about 9.2. In the standard practice this 
value would be "rounded-up" to T. I. = 9. 5, and thus the new data are shown to be con
sistent with the estimate used in the preliminary design. 

TABLE 2 

ESTIMATED AXLE LOAD DISTRIBUTION, YGNACIO VALLEY ROAD 

Axle Load Group Axle Load Number per Month Axle Load Group Axle Load Number per Month 
(kips) (kips) (kips) (kips) 

under 3 3 515. l 18 to 20 19 348.2 
3 to 7 5 7924.6 20 to 22 21 18.4 
7 to 8 7 .5 1955 .7 22 to 24 23 5.9 
8 to 12 10 4174.5 24 to 26 25 1.6 

12 to 16 14 1816.6 26 to 30 28 0.8 
16 to 18 17 1913.4 30 to 35 32 .5 0. 1 
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Figure 3. Hourly traffic variation, California 
general purpose Interstate route. 

Subgrade Soil Survey 
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Figure 4. Resu Its of repeated load tests, 
Y gnac!o Va! !ey Road subgrade soi L 

The subgrade soil survey was conducted by the Materials Division of the Contra 
Costa County Public Works Department. Density, water content, and undisturbed 
samples were obtained at seven locations within the length of the project, including 
one location beneath the existing pavement. These tests indicated that a uniform sub
grade soil-a silty clay-existed throughout the entire length. 

Environmental Conditions 

A composite weather record for the location was determined from several sources. 
The average air temperatures and daily ranges were taken from records kept at Bu
chanan Air Field, which is within 5 miles of the project location. The average wind 
velocity, solar insolation, and sky cover were obtained from the monthly records at 
San Francisco Airport and at Concord. The data used in the pavement temperature 
simulation are given in Table 3 

Test Pavement Materials 

The selection of a full-depth asphalt concrete section simplified this phase of the 
procedure to the determination of the properties of the subgrade soil. Resilient modulus 

TABLE 3 

WEATIJER DATA USED IN THE SIMULATION OF PAVEMENT TEMPERATURES, 
YGNACIO VALLEY ROAD 

Average Air Average Wind Solar Sky Cover 
Month Temperature 

Daily Range Velocity Insolatlon (sunrise to 
(F) 

(F) (mph ) (Langleys) sunset) 
per day 

Jan. 46 18 6.2 182 7.0 
Feb. 48 21 7.0 287 6.0 
Mar. 52 23 8.8 426 5.5 
April 59.5 26 9.3 547 4.8 
May 61.5 28 9.9 642 3.8 
June 66 31 9.8 701 2.0 
July 69 33 9.1 685 0.9 
Aug. 72 33 8.9 621 1. 1 
Sept. 66.5 31 7 .7 506 1.4 
Oc t . 62.5 27 6.6 374 3.3 
Nov. 54 21 5.8 248 5.3 
Dec. 44,5 13.5 5.8 157 7.2 
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TABLE 4 

COMPUTED STRAINS IN PAVEMENT SECTIONS IN AUGUST 

Thickness 
(in.) 

8 
12 
16 

Subgrade Vertical 
Compressive Strain, <v 

(in. per in. x 10-•) 

5.72 
2.94 
1.90 

Asphalt Concrete 
Tensile strain, < T 

(In. per in. x 10-•) 

350 
167 
99 

determinations were made over a range in deviator stresses on undisturbed samples 
recovered from beneath the existing pavement. The resilient modulus is determined 
from the expression 

where 
MR modulus of resilient deformation, psi; 

"ct repeatedly applied deviator stress, psi; and 
Er resilient (recoverable) axial strain, in. per in. 

Each of the samples was subjected to approximately 40,000 repetitions of each of five 
repeated deviator stress levels (duration, 0.1 sec; frequency, 20 repetitions per min), 
and the resilient modulus determined using the resilient deflection corresponding to 
25,000 repetitions. The data obtained are shown in Figure 4. 

It was assumed that the conditions of density and moisture content at which these 
samples existed in the field would be those conditions that could be expected to exist 
under the proposed pavement, and that these conditions would be relatively stable. The 
results were thus used to characterize the subgrade throughout the entire year. 

Poisson's ratio, v, for the silty clay was not determined in the laboratory; how
ever, for the analyses to be presented subsequently, v was assumed equal to 0.5. This 
value would appear reasonable for the expected conditions of the soil in situ. 

Design Structural Section 

Temperature simulation for this pavement using the data in Table 3 and the method 
developed by Barber (4) indicated that the highest monthly averages would be experi-

- enced in August. Using typical prop-

~ 
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Figure 5. Results of stabi lometer tests, Y gnacio Valley 
Road. 

erties of the materials under these 
conditions, strains were calculated 
for 8-, 12-, and 16-in. thick layers 
of asphalt concrete under a 9-kip 
wheel load with dual tires using lay
ered system elastic theory ( 5). An 
iterative procedure was used to en
sure compatibility of the vertical 
compressive stresses at the subgrade 
and the modulus of the subgrade (Fig. 
4). Table 4 indicates the levels of 
strains obtained in these calculations. 

The vertical compressive strain 
at the subgrade level should be kept 
below about 6.5 x 10- 4 in. per in., ac
cording to the Shell analysis of pave
ments designed according to the CBR 
procedure (6). From Table 4 it can 
be seen that each of the trial thick-
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Figure 6. Results of control led stress fatigue tests ot 
150-psi tensile stress showing effect of asphalt con

tent, Ygnacio Valley Road. 

nesses provides sufficient thickness 
to achieve this level during the month 
when the mixture stiffness is at a 
minimum. 

The fatigue behavior of the asphalt 
concrete is assumed to be controlled 
by the horizontal tensile strain on the 
underside of the asphalt bound l!iler. 
A st rain level of about 150 x 10 in. 
per in. was considered to be a rea
sonable maximum value based on pre-
vious experience because fatigue lives 
of at least 106 repetitions are obtained 
at thi s strain level (7). (As noted 
earlier, the estimated design traffic 
index of 9. 5 corresponds approximately 
to 1.6 x 106 r epetitions of the 9-kip 
wheel load. ) The value of strain for 
the 12-in. thickness (Table 4) is suf

ficiently close to this value. Accordingly, 
tailed analysis , 

this thickness was selected for more de-

Design Asphalt Concrete Mixture 

Special consideration was given to the design of the asphalt concrete mixture to be 
used in this pavement to provide a compromise between the stability requirements and 
requirements for best fatigue resistance. 

A mixture was first designed using the standard California stabilometer procedure 
by the Materials Division of Contra Costa County. The results of the tests are shown 
in Figure 5. Although tests were performed on mixes fabricated using aggregates 
from each of the two major sources in the area, the results were treated as one set of 
data, these aggregates being almost identical in terms of petrography, surface texture, 
and shape throughout the range of sizes . A 60-70 penetration grade asphalt cement 
supplied by the Chevron Asphalt Company was incorporated in the design mixture to 
take advantage of the higher stiffness and consequent longer fatigue life that it would 
afford in this situation (7). Figure 5 shows that the asphalt content satisfying the sta
bility requirement for TyPe B mixes (i.e., stability 35 at 140 F) is 6.2 percent. In 
line with standard California practice, this value is reduced by 0.3 percent to allow 
for expected field variation, and the design asphalt content is quoted as 5.9 percent. 

At the same time, fatigue test specimens were prepared in the laboratory, contain
ing the same aggregates and with .asphalt contents ranging from 5.3 to 8.7 percent. 
Controlled-stress fatigue tests were performed on these specimens. Figure 6 shows 
the mean fatigue lives determined in these tests at a stress level of 150 psi and indicates 
that the best fatigue performance would be provided by a mixture containing an asphalt 
content of 6. 7 percent. 

The elements of the necessary compromise can be seen by comparing the two mix
ture designs, i.e., 5.9 percent vs 6.7 percent. The selection of the optimum design, 
however, takes some other facts into consideration. The stability requirement is based 
on the necessity of providing adequate resistance to deformation at the highest tempera
tures to be experienced by the pavement. This criterion, in general, places a maximum 
on the amount of asphalt that can be incorporated into the mixture. Consideration of the 
pavement temperature simulation, however, indicates that the lower portion of a full
depth asphalt concrete section will not attain the high maximum temperatures experi
enced at the surface. Higher asphalt contents can then be tolerated in the lower portion 
without sacrificing the stability of the layer. 

Increase in the asphalt content of a mixture will also provide additional benefits in 
terms of increased ease of compaction and increased resistance to weathering. Thus, 
the decision to suggest a higher asphalt content for the mixture to be used in the lower 
portion of the layer is based on some other criteria in addition to the provision of the 
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TABLE 5 

TRAFFIC WEIGHTED-MEAN STIFFNESS VARIATION, YGNACIO VALLEY ROAD, 103 PSI 

Month 0 to 4 in. 4 to B In. 8 to 12 in. Month 0 to 4 in. 4 to 8 in. 8 to 12 in. 

Jan. 1, 720 1,840 1, 890 July 175 230 270 
Feb. 1,410 1,570 1,640 Aug . 162 210 244 
Mar. 1,030 1,250 1,280 Sept. 267 342 389 
April 580 700 770 Oct. 480 580 636 
May 430 535 600 Nov. 1,030 1, 170 1,225 
June 245 316 365 Dec. 1,880 1,980 2,020 

best resistance to fatigue. On these grounds it was recommended that the uppermost 
3 in. of the section be produced of an asphalt concrete containing 5.9 percent asphalt 
with the lower portion of tl!e layer containing 6.2 percent. 

Structural Analysis 

The asphalt concrete layer was represented for the purposes of the layered elastic 
system calculations as three 4-in. layers. The traffic weighted-mean stiffness of 
each of these layers was obtained by a procedure outlined in the Appendix. The monthly 
variation of these stiffness values is given in Table 5. 

The complete structural analysis of this pavement is greatly simplified by the fact 
that the tensile strain in the asphalt concrete can be represented as a linear function 
of wheel load magnitude for any given condition of asphalt concrete stiffness. In this 
pavement the only layer whose modulus is a function of stress level, and hence wheel 
load, is the subgrade soil. The variation in stress level in this material is greatly at
tenuated by the action of the 12-in. asphalt concrete layer. This leads to only small 
variation in the subgrade modulus With changes in the wheel load, especially when com
pared with the constant values of stiffness of the asphalt concrete layers in any given 
month. The number of individual representations of the pavement for the purposes of 
calculation of the tensile strain in the asphalt concrete need not be compounded by the 
number of wheel load magnitudes being considered. 

The results of the calculation of the tensile strain in the asphalt concrete for the 
August traffic weighted-mean stiffness values are shown in Figure 7. These calcula
tions were performed taking into account the variation of the subgrade modulus with 
stress level using an iterative method for solving the stresses in a multilayered elas
tic system (13). It can be seen from this figure that the results may be represented in 
terms of theslope of the line relating the tensile strain in the asphalt concrete to the 
axle load magnitude. This slope has been termed the normalized strain, B, such that 

-\;) .. 
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~ 
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Figure 7. Tensile strain against axle load, Ygnacio Valley 
Road, August. 

where 
( 

w 

B 

E = BW (1) 

the tensile strain in the 
asphalt concrete; 
the axle load magni
tude; and 
the normalized strain, 
which is a function of 
the stiffness of the as
phalt concrete in the 
month under consider
ation. 

Figure 8 shows the results of 
the structural analysis calcula
tions for the Ygnacio Valley 
Road pavement presented in 
terms of normalized strain. 
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Figure 8. Seasonal variation in norma Ii zed strain, Y gnacio Va I ley Road. 

It should be noted that this simplification is not generally applicable, especially 
where untreated granular materials are included in the structural section. The varia
tion in modulus of base and subbase materials with stress level requires that the itera
tive procedure be applied for each wheel load magnitude (~. 

Test Fatigue Properties 

Controlled-stress fatigue tests were performed on laboratory-prepared specimens 
of the asphalt concrete mixture containing 6.2 percent asphalt. This is the mixture 
suggested for the lower portion of the asphalt concrete layer where the maximum ten
sile strains will occur in the field. These tests , performed at a time of loading of 0.1 
sec and a frequency of stress applications of 100 per minute (9), yielded the following 
fatigue equation: -

where 
Nf 

£mix 
number of applications to failure at strain level, E"mix; and 
mixture strain, in. per in. 

with a standard error of estimate of 0.212. 

Fatigue Life Prediction 

(2) 

Prediction of the fatigue life was made using a form of the linear summation of cycle 
ratios. This compound-loading hypothesis suggests that fatigue failure occurs when 

(3) 

where 
~ number of applications at strain level i, and 
Ni number of applications to cause failure in simple loading at strain level i. 
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Fatigue life prediction simply becomes determination of the time at which this sum 
reaches unity. A computer solution developed to facilitate computation is summarized 
as follows: 

1. The tensile strain vs stiffness relationship for each axle load was stored (in this 
case the normalized strain data shown in Figure 7 simplified this step). 

2. The tensile strain under each wheel load magnitude was obtained from the ap
propriate relationship by a numerical interpolation procedure at the stiffness value 
representing the month under consideration. 

3. The fatigue life that would be expected under simple loading at that strain level 
was determined from the fatigue curve developed for the asphalt concrete. At the same 
time, the fatigue life corresponding to a 90 percent confidence level was obtained, as
suming a logarithmic normal distribution of fatigue life at any strain level (13). 

4. The cycle ratio for each of the strain levels (axle load groups) was formed us
ing the number of applications per month of each axle load group (ni) shown in Table 2 
and the fatigue life at each strain level determined from Eq. 3. 

5. The sum of the cycle ratios per month was taken and the process repeated for 
consecutive months until, first, the sum at the 90 percent confidence level reached 
unity, and then, the sum at the mean level reached unity. This process included the 
seasonal variation in monthly traffic and the annual rate of increase noted earlier. 

6. The fatigue life predictions at the two levels of confidence were taken as the 
times at which these values were obtained. 

The following predictions resulted: 

1. The mean fatigue life will be 11. 7 years. 
2. At a 90 percent confidence level, the shortest probable fatigue life will be 6.6 

years. 

These predictions indicate that the 12-in. section considered should have adequate 
resistance to fatigue distress to provide for the 10-year design life required in this 
highway. 

DISCUSSION OF FINDINGS 

The reasonableness of the recommended 12-in. asphalt concrete layer can be seen 
by comparing it with thicknesses indicated by use of other design methods: 

Method 

State of California, A 
State of California, B 
Asphalt Institute 
Shell Group Method 
AASHO Interim Guide 

Reference 

(3) 
(16) 
(ill) 
(TI) 
(12) 

Thickness (in.) 

19.3 
13.5 
13 
11 
9.5 

The State of California design B shown was provided by the Materials and Research 
Department of the Division of Highways (16) and was based, in part, on deflection pre
dictions based on Dynaflect measuremenfStaken on the subgrade soil at this location. 

These comparisons indicate that the design section selected through the use of the 
fatigue subsystem corresponds reasonably with thicknesses obtained using a number of 
existing design methods. Because these existing procedures probably embody resis
tance to other modes of distress as well as fatigue, some confidence that the proposed 
design is adequate with respect to these other modes is also obtained. 

At this point it should be emphasized, however, that an advantage of this design sub
system, as compared to existing procedures, is that it permits detailed consideration 
of the particular set of conditions under which the pavement is expected to perform be
cause fatigue life is predicted as a function of anticipated traffic, subgrade and asphalt 
concrete material properties, and environmental variables, and their expected inter
action at a specific location. 
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SUMMARY 

In this paper a working model has been presented for a subsystem to consider the 
fatigue mode of distress. This proposed method permits incorporation of realistic 
material properties into the design process within the framework of elastic layer the
ory to define the potential for cracking of the pavement structure under repetitive traf
fic loading. The subsystem has been shown for conventional materials and traffic to 
result in thicknesses that are quite reasonable, based on comparisons with other exist
ing design methods. This particular subsystem would appear to have some advantages, 
however, when compared to existing procedures in that it can be extended to consider 
loading conditions and material characteristics for which experience is not now avail
able. Moreover, as other subsystems considering additional distress modes become 
available, this subsystem can be incorporated within the general systems framework 
shown in Figure 1 because a specific mode of failure has been delineated. 
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Appendix 
TRAFFIC WEIGHTED STIFFNESS 

Both temperature and traffic vary with hour of the day. Some account of this may 
be taken through the use of the concept of traffic weighted-mean stiffness (13). The 
calculation of this weighted mean has been programmed for the computer and a brief 
outline of the flow of the program will indicate the operations performed. 

1. The weather data for the locality, the variation of the traffic with hour of the 
day, and the mixture properties are stored. Mixture properties include properties of 
recovered asphalt (penetration and ring and ball softening point), asphalt content, ag
gregate specific gravity, percent air voids, and volume concentration of aggregate. 

2. The temperature at 12 midnight is calculated using Barber's procedure (4). 
3. Mixture stiffness using the procedure developed by the Shell investigations (14, 

15) is computed corresponding to this temperature and a specified time of loading. -
- 4. The procedure is repeated for each hour of the succeeding 24 hours. 

5. The arithmetic mean value of the two hourly values for the stiffness of the as
phalt concrete is taken as the hourly mean stiffness, Si. 

6. The traffic weighted-mean stiffness, Str• is calculated from 

i =24 
~ Si• tq 
i=l 

100 

where tri = traffic, in percent ADTT, in the houri. 
Stiffnesses calculated in this way have already been given in Table 5 for each month 

of the year and for the depth considered. The variation of mixture stiffness with depth 
(at a time of loading of 0.015 sec) is shown in Figure 9. Figure 10 shows the range of 
stiffnesses that can be expected throughout the year. 
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Figure 9. Traffic weighted-mean stiffness of asphalt concrete vs depth for various months during the 
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Figure 10. Variation of traffic weighted-mean stiffness of asphalt concrete throughout the year, both 
at surface and 12-in. depth. 



An Integrated Approach to Analysis and 
Design of Pavement Structure 
A. C. LEMER and FRED MOAVENZADEH, Department of Civil Engineering, 

Massachusetts Institute of Technology 

The nature of general engineering decision-making is discussed in terms 
of three phases: goal formulation, search, and selection. Pavement de
sign is discussed within this logical framework. It is argued that only 
by using an orderly and well-documented approach to design and analysis 
will the pavement field be able to keep pace with rapidly expanding engi
neering technology. Some explicit search and selection techniques are 
suggested for both their immediate usefulness and as examples of the 
many new tools becoming available through the use of the computer. A 
hypothetical example is described to demonstrate the application of the 
ideas in the paper. 

•PAVEMENT design is a specialization of engineering design and has problems that 
are specialized examples of more general design procedures. By beginning with the 
general problem-solving and decision process, one may gain insight into what the re
quirements are for a rational and logical design procedure, and how these require
ments may best be met in pavement design. The desirability of such a rational and 
logical basis for design is threefold: 

1. To make the valid personal experience of the individual designer available in 
a useful form to all members of the field; 

2. To keep pace with rapidly changing materials technology, and take full advan
tage of the opportwrlties offered by modern sciences; and 

3. To allow optimal use of the potential benefits of the computer and the possi
bilities for man-machine interaction. 

With these thoughts in mind, a general model of problem solving is first defined. 
This model is then used as a skeleton on which the body of the pavement design pro
cess is built. 

One may identify three principal phases in the problem-solving process: goal form
ulation, search, and selection (11). 

Goal formulation includes identifying the problem and establishing in some explicit 
form the objectives of solution. The nature of the results to be achieved are specified 
with the desired level of achievement. For pavements, specification might include 
safety or dependability. The formulation of the goal statement is difficult because 
there is often no easy way to measure the level of goal fulfillment, and attempts to 
define and evaluate goals are often subjective, changing with time and personality. 

In describing the performance of a proposed solution to a problem, a set of value
effected variables is used. These are variables over which the designer exercises 
some control and by which he arrives at an estimate of how well the solution satisfies 
the goal statements. In the simplest case, goal statements may be constraints on 
these value-effected variables, exemplified in the case of highways by serviceability 
or traffic capacity. Specific design requirements are stated as levels of value
effected variables that must be achieved by a satisfactory solution. 
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Search is a process by which solutions to these specific requirements are generat
ed. The solutions are specified by values of decision variables, such as pavement 
thiclmess or modulus of elasticity of the materials that the designer chooses. Search 
procedures are as simple as the standard design of steel tension members or as 
esoteric as nonlinear optimization programming. 

Selection follows after a series of possible actions is accumulated. The conse
quences of actions are predicted, evaluated in terms of the value-effected variables, 
and compared with the goal statement. A rank ordering of the actions is established by 
this evaluation. Rationality then dictates the selection of the first-ranked alternative. 

A final phase of the model is the goal and search revision that becomes necessary 
as new information becomes available through observation of the results of selection 
and implementation of the action. Success or failure of a new technique or material 
prompts a change in the designer's perception of what is possible, or leads to a revi
sion of the search-selection methods to provide a better prediction of the consequences 
of actions. For example, research may reveal that asphaltic pavements are best 
characterized by viscoelastic rather than elastic models. Implementation of this 
finding requires no change in the overall framework of the process. This phase makes 
the problem-solving process a dynamic process-each part changes with time, per
sonality, and changing perception. 

THE HIGHWAY PAVEMEN'r SYSTEM 

This problem-solving process may be used to organize pavement design decisions. 
While the following discussion is a general approach to the problem, specific sugges
tions are made to assure immediate usefulness of this framework. Wherever possible, 
these suggestions will be concrete and developed; where this is not possible, those 
areas in which research will be most helpful are indicated. 

Goal Development 

Highways are basically a public commodity, used by society as a whole. It seems 
most logical that one should derive the specific goals of the highway pavement from 
those more general goals of society. Assuming that the society desires to make the 
optimal use of its resources to achieve the greatest overall benefit, a specific state
ment of the purposes of the designer aware of this goal might be as follows: The de
signer should provide a surface that will accommodate transportation at the desired 
level (speed and volume), with a high degree of economy and reliability, and for an 
optimum time as governed by current resources and future expectations. More 
specifically, the primary concern of the pavement designer is to provide a structure 
possessing adequate serviceability qualities throughout its design life (8). Such ade
quate qualities will produce a pavement that is ridable, safe in terms Of comfort and 
frictional characteristics, and that will maintain its structural integrity. These 
qualities should be provided at low cost to society. 

These statements begin to define the goal space; to place these statements in a 
convenient form, a tree diagram may be used (Fig. 1). Such a diagram is a plan of 
the goal space and is helpful in that it indicates not only the particular items to be 
considered, but also a structural relationship among the items. It must be realized 
that the tree is something of an oversimplification; that is, unconnected items will 
often have important effects on one another. Further, as indicated before, the prob
lem at hand is but a small portion of a larger one, and parts of this larger problem 
will have some influence on operations and decisions in pavement design. 

The pavement designer, then, is concerned with the description and selection of 
the action that will fulfill the requirements represented in these goals. The goal 
space, as shown in Figure 1, is a framework for evaluation and selection. This pro
cedure will be discussed later . 

Search 

The object of a search technique is to generate possible solutions to a problem. 
While there are currently a number of pavement search techniques in the form of 
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standard design procedures, it is desirable to have a technique that will accommodate 
new technology as it becomes available and that will act as a prod to the development 
of new ideas. 

One such technique is that of hierarchical decomposition (2). This technique is 
essentially a categorizer of the areas of concern within a specifically stated program 
of requirements. Briefly, a problem is represented as a linear graph composed of 
nodes, representing the requirements, and paired links between nodes, representing 
connections and relationships among requirements. Decomposition of this graph-the 
problem-presents the designer with a series of smaller and, it is hoped, more trac
table subproblems. Solutions to the smaller problems are combined and adapted to 
build an overall solution to the problem. Concentration on any one of these subproblems 
will produce a solution that is well suited for that subproblem and that, through sys
tematic consideration of the remaining concerns, is expanded to become a complete 
solution. 

As specific application, a list was prepared of 47 causes for unsatisfactory per
formance of a pavement. This list was accumulated by examination of texts (3, 15) 
and discussion with people in the field of pavement design. This list was evaluated 
for the relationships among requirements, as subjectively viewed by the authors, and 
submitted for computer decomposition. 

The computer decomposition is shown in Figure 2. The actual list of items (at the 
lowest level of the tree) is the only direct output, and it has been convenient to put 
some descriptive labels on the upper portions of the branches. These labels are in
tended to be helpful guides and not perfectly accurate descriptions of the groups they 
cover. 

The first point made by this decomposition is that the designer should consider on 
an equal basis theory (design and planning) and practice (construction and maintenance). 
The divergence between the assumptions of design and analysis and the actual field 
condition is often forgotten or ignored. The engineer forgets the plan when it leaves 
the office. At best, this divergence is rationalized by large factors of safety. 
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The entire chart will not be discussed in this paper; the items in it are straight
forward statements of what a pavement should not do in order to be satisfactory. The 
designer will have certain preferences as to which of the lowest level requirements 
are of greatest importance. These preferences are established by the problem at hand, 
as it is perceived by the designer. For example, in an area of unfavorable geological 
conditions, the designer may feel that the group !Ala in Figure 2 is the principal con
cern because the local soils are quite varied and poor in quality. 

Having identified his principal area of concern, the designer will generate an action
propose a rough design-that emphasizes a solution to the special problem. He then 
will expand his concern to include related requirements, check for compliance, and 
modify where necessary. Finally, he will have a complete design that reflects his 
feelings on the relative importance of the various requirements. 

This process may be repeated, using new ideas at the same starting point or start
ing at another point, to generate a series of possible alternative actions. Each action 
will be adequate to satisfy the overall requirements of the problem while emphasizing 
one portion. One of this series of actions is chosen for final implementation. 

Selection 

Two questions must be answered in the selection process: (a) How is an action de
scribed in order to make it operationally comparable with other alternatives? and 
(b) How are these actions measured and compared with respect to goal fulfillment? 
These questions call for measures of performance; the quality of performance deter
mines the degree of goal fulfillment for the pavement. 

In Figure 1, the goal space, one sees a diversity of concerns. These concerns 
may be separated into four broad categories: (a) the physical state of the pavement
its riding quality; (b) the passage of time and its effects on the pavement and its eco
nomics, i.e., rising costs and physical deterioration; (c) the elements of chance that 
enter the real-world problem, as with materials variability; and (d) the capital ex
penditure required. Associated with each of these broad categories are a number of 
lower-level parameters that directly describe the pavement system for design and 
construction. 

The primary task is to go from these description parameters, the decision variables, 
to the goal variables. The following paragraphs suggest methods for considering the 
four goal categories that are, in fact, interrelated and perhaps inseparable. 

Performance and Time: Serviceability-The purpose of a pavement design method 
is to provide a specific selection of materials, combined and structured in a specific 
configuration, to satisfy a specific set of environmental and service requirements. 
Of the various methods currently used, only those based on the serviceability concept 
offer any promise of usefulness for a rational selection of design alternatives. Other 
methods generally consider only one type of load. 

The concept of serviceability and a present serviceability index were proposed and 
developed by AASHO in 1958. The idea was to develop a description, a single-number 
serviceability index, for a pavement in terms of its ridability as experienced by the 
user, and then to be able to design for a desired level of serviceability over a speci
fied period of time. 

A new pavement is said to have an initial level of serviceability, represented by a 
present serviceability index, PSI0 • As time and traffic pass, the quality of the pave
ment deteriorates until it reaches some value considered and defined to be the mini
mum acceptable. At this level, PSI*, the pavement is said to have failed and is in 
need of extensive repair. The length of time required for this to occur is the failure 
age, A*. 

Serviceability is defined in terms of human response; it is judged by the discom
fort imposed upon the user. Several methods, of varying degrees of objectivity, have 
been suggested and used to evaluate this discomfort (1, 9). Research is still needed 
to perfect a technique. - -

Once a definition and measurement are developed, the next step is to determine 
those physical properties that affect serviceability for a pavement. Various investi-
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gators have presented a variety of analyses using qualities such as longitudinal profile 
and degree of cracking and patching (4, 5, 7). 

Finally, experimental data must be gathered to develop predictors of serviceability 
history as a function of design decision variables, such as material parameters and 
layer thickness. From data thus gathered (AASHO Road Test, Canadian Good Roads 
Association), design methods are developed (10, 11). 

The general area of serviceability and theTactors describing it require much re
search. If clear identification can be made of those factors of a pavement that define 
and influence serviceability, then theoretical models may be developed to predict the 
behavior of these factors as a function of materials, design configuration, and environ
ment. The primary shortcoming of the design procedures developed from the road 
tests is their lack of general applicability. New materials and methods may not be 
used, and the methods have limited usefulness in new climatic situations. 

Research should thus be directed toward finding general ways to describe the factors 
influencing pavement performance and to developing valid measures of these factors. 
Then, more accurate models must be formulated and put into useful form to allow the 
prediction of performance for any material and design-construction-environment 
combination. 

The Role of Chance: Reliability-In dealing with the real world one is faced with the 
variability of nature. To a very large extent, the parameters of serviceability and 
failure age may be considered as random variables. The elements of chance and un
certainty must be considered in the rational design process. 

These elements of chance may best be handled with the technique of realiability 
analysis, and the consideration of reliability as a design parameter. Reliability may 
be understood as the ability of a system to provide satisfactory and trustworthy 
service-the measure of reliability is a probability. Reliability is the probability that 
the system will perform in a satisfactory manner, for at least a given length of time, 
under a prescribed set of conditions (6). The framework for such an analysis is the 
mathematical description of the system, as used for design, into which the input data 
are entered as probabilistic functions derived from experimental and empirical ob
servation. An accurate description of each requirement placed on the system and of 
the capabilities of the system to meet these requirements is needed. 

In general, five specific elements are necessary for a reliability study: (a) a com
plete specification of the system in terms of its functional components, (b) a list of the 
objectives that the design is to fulfill, (c) a set of failure criteria, (d) a list of possible 
failure modes and the manner of their occurrence, (e) probabilistically stated data on 
the expected service conditions. 

The first four of these elements may be seen to be essentially identical to those 
discussed previously in constructing the problem-solving process. Components are 
the description of a specific action. Objectives are the value-effected variables of 
goal specification. Failure modes are particular ways in which a loss of service
ability-the criterion-can occur. 

Data on service conditions are gathered in the laboratory and in the field and fall 
roughly into categories of materials behavior and environmental variation. Concrete 
strength and subgrade support are representative of the first group; weather and traf
fic fit the latter. 

Economic Analysis: Cost-It is not within the scope of this paper to review current 
me thods m engineering economic analysis or to attempt to develop some new concept 
of economic analysis for pavement systems. It should be pointed out that this analysis, 
difficult for standard pavement types, is made more so by the introduction of new de
sign possibilities. If consistency is maintained with the other goals of the highway 
pavement, consideration must be given to the ultimate economic value of developing 
new technology. 

The implementation of a pavement action is in fact an experiment whose outcome 
will affect future decisions. The cost of implementing an action must be ultimately 
justified by the returns it brings. These two ideas must be jointly considered in the 
economic analysis. It is felt that some guidance in this area may be found in the use 
of Bayesian decision theory. 
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The Selection Process 

The preceding discussion is directed at prediction and evaluation, the preliminaries 
of selection. In the actual process of selection, the decision-maker is faced with the 
problem of comparing the diverse measures of cost, serviceability, and reliability, 
along with any number of other minor criteria in the form of other scales of measure
ment and biases as to the relative importance of each measure. 

An explicit selection process is now required. This process should be able to ac
commodate the multidimensional evaluation of actions and to work with a recognition 
of the complex nature of the goal variables. The procedure should require as little 
quantification of opinions and feelings from the decision-maker as possible and should 
at each point indicate clearly the considerations of a choice. One such procedure is 
the goal fabric formulation (12). The goal fabric analysis proceeds as follows: 

1. Goals are listed and their interrelation and structure are determined. This 
step yields the goal fabric (Fig. 1). 

2. The pairs of alternative actions are mapped by their consequences onto the goal 
fabric. 

3. Following the structure of the goal fabric, dominance checks are made to deter
mine at each level which of the two alternatives is preferred. Dominance is deter
mined by greater value, either objectively as with dollars or subjectively as with 
aesthetic quality. 

4. Comparison of the paired preferences yields a rank ordering of the set of alter
natives. Rationality implies selection of the first-ranked action for implementation. 

Review 

The completion of the goal fabric analysis marks the end of the first stage of the 
decision process. At this point, a review is warranted to state concisely the results 
of the foregoing discussion. 

1. A general statement of goals for the highway pavement is formulated, and goal 
variables are identified. An expanded structural presentation of goals is made. 

2. A search technique is suggested as a means for structuring the design process 
and suggesting innovation in design alternatives. 

3. While not specifically discussed, pertinent decision variables are suggested by 
the search presentation and the subsequent development of prediction tools. Decision 
variables include such quantities as material parameters and layer thickness. 

4. Prediction-evaluation techniques are presented to allow the forecasting of conse
quences of an action and the description of these consequences by value-effected vari-
ables of cost, reliability, and serviceability. -

5. A selection technique is suggested that makes possible the comparison of multi
dimensional evaluations and places the objective and subjective criteria of preference 
within an orderly framework. 

New Directions: Goal Revision and the Computer 

Before finishing this discussion some mention of the aspects of goal revision and 
the conduct of problem-solving within the computer environment is desirable. 

Goal revision occurs as new technology becomes available (in the form of new ma
terials or new understanding of system behavior), as each decision implemented in 
the real world generates data on performance, and as each cycle of the process gives 
the decision-maker greater insight into what is reasonable to be expected and possible 
to achieve. In this aspect the problem-solving is a sequential chain, as mentioned 
previously, and includes, as possible actions, data collection and further research to 
be considered with their costs and possible benefits. As suggested, the techniques of 
Bayesian decision theory offer promise in this area and have been given preliminary 
investigation by some researchers ~). The computer is invaluable in handling data. 



180 

EXAMPLE 

The presentation of an example for highway pavements is a difficult task. On the 
one hand, an example may help to clarify and illustrate the discussion; on the other 
hand, a great deal of the data and techniques needed for the sucessful construction of 
a good example are not yet developed. Hence, the following is suggested as illustra
tive but by no means rigorous. 

Assume that it is desirable to build a highway in a developing subtropical country. 
The estimate of traffic, for a 40-year period, is assumed to be absolutely certain, 
and is taken from the PCA thickness design manual examples (13). In a real situation, 
traffic would be estimated with growth rate and statistical prediction and might be 
specified in probabilistic terms. The 40-year design period has been specified by 
economic growth considerations, as most desirable for the country as a whole. 

The goal structure previously described will be used. In general, the designer 
may find it desirable to develop his own specification of goals. Note that the difficul
ties of maintaining the pavement in sparsely populated regions imply the desirability 
of a low level of maintenance throughout the 40-year life, and that political expediency 
places a premium on fast construction. 
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Phase one of the search most logically begins with the more standard types of pave
ment action, in this example, portland cement concrete . Standard design procedures 
are readily available, and these actions require little innovative thought. The first 
actions will be designed using the PCA method, which is based on the Westergaard 
stress analysis. This basis makes the method well suited to the requirements dis
cussed previously for the rational scheme and the reliability analysis. It has been 
observed that a pavement of this sort, properly designed and constructed, will resist 
deterioration due to loads and will be most susceptible to failure caused by environ
mental effects, in this case, marked by rain and high temperatures. 

Data are gathered in the form of distributions of probability of occurrence. One 
may design on the basis of mean value and use the distributions in the reliability com
putations. Necessary parameters are as follows (Fig. 3): 

1. Combined k-The subgrade is susceptible to climatic and seasonal variations, 
and hence two distributions for k, subgrade modulus, are assumed. The first of these 
indicates the condition of subgrade and subbase as compacted and normally maintained. 
The second indicates the worst conditions, brought about by a critical combination of 
spring temperature and precipitation conditions. From climatic analysis it is found 
that there is a 30 percent probability that this latter condition will occur during the 
40-year design life. The low k value "tail" on each of these two distributions accounts 
for the possibility of soft spots due to soil inhomogeneity and construction error. 

2. Concrete modulus of rupture-This is the normal probability curve typically 
used in quality control. It is assumed that the use of the modulus of rupture, as deter
mined from three-point bending tests, is valid for predicting the behavior of the con
crete in service. In the first design, a coefficient of variation of 15 percent of the 
mean strength is used to reflect normally available quality control. 

3. Trial depth-The possible variations of slab thickness due to construction prac
tices should be taken into account, for these variations would have some effect on the 
stresses. For the sake of simplicity, however, these variations are ignored in this 
analysis. 

By following the example in the PCA manual, one can eliminate the actual design 
computations, and the reader is referred to this publication. The first three pavement 
actions are satisfactory according to the design method. The first design is a 9-in. 
thick slab. Reliability computations are given in Table 1. Induced stresses are found 
from charted results of the Westergaard analysis. Allowable stress ratios for the 
given numbers of repetitions are experimental results. Probabilities are the normal 
probabilities that the specified concrete will have a strength less than or equal to the 

TABLE 1 

RELIABILITY FOR DESIGN 1 

Axle Induced Stresses 
Max. Allow. Probability 

Load (psi) Expected 
Stress Strength FaUure 

(kips) Repetitions 
Ratio Expectation 

k = 50 k = 95 k = 115 k = 155 50 95 115 155 

30 362 312 300 282 3, 100 0.68 0.095 0.024 0.016 0.008 0 .023 
28 342 296 285 267 3, 100 0.68 0.066 0.013 0 .009 0.004 0 .016 
26 325 276 260 244 6,200 0.66 0 .053 0.009 0.004 0.002 0.009 
24 300 255 246 232 163,000 0.55 0.140 0.022 0 .019 0.009 0.014 
22 275 243 234 221 639, 740 0.50 0 .152 0 .047 0.024 0 .019 0.023 
54 405 346 330 315 3, 100 0,68 0.288 0 .075 0 .047 0.027 0 .069 
52 395 335 320 305 3, 100 0.68 0.236 0.055 0.034 0,019 0 .044 
50 375 323 310 294 30, 360 0.61 0,359 0.109 0.072 0.042 0 .077 
48 368 313 303 289 30, 360 0.61 0.352 0.079 0 .059 0.036 0.071 
46 350 300 294 281 48, 140 0.59 0.281 0.076 0.061 0.038 0 .069 
44 340 287 276 264 150, 470 0.55 0 .367 0,095 0.064 0.041 0 .078 
42 325 278 261 249 171, 360 0 .55 0 .271 0.068 0.037 0.021 0.074 
40 315 261 249 237 248,060 0.53 0.288 0 .054 0 .032 0.019 0.044 

Total 0 .611 
Reliability = 39 percent 
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failure stress, equal to induced stress divided by allowable ratio. Failure expectation 
is the probability of failure. That is, 

expectation = P(strength ~ cumulative applied stress) 

x P(stress ~ computed value) 

At the 30-kip axle load 

expectation = 0.70 [~ (0.095 + 0.016) (0.10) 

+ j (0.016 + 0.008) (0.90)] + 0.30 [~ (0.095 + 0.024) (0.10) 

+ ~ (0.024 + 0.008) (0.90)] = 0.023 

Because deterioration is a primary concern, one possible action is to try closer 
quality control. Furthermore, there is strong indication that closer control will yield 
some net savings in materials. The second design is a repeat of the first, using a 
10 percent coefficient of variation for concrete strength. Reliability computations are 
similar to those shown previously. 

In an effort to realize some possible savings, the third action is an 8Y:i-in. slab 
of higher strength concrete, and again normal quality control is used. Computations 
are again similar. 

No meaningful statement of costs is possible at this level of abstraction. The de
sign assumptions imply that no maintenance will be necessary during the 40-year life, 
although practical experience indicates that this is not so. Savings might occur through 
reduction of waste in the second design (tighter quality control). The third design in
cludes a 51/ii percent reduction in materials volume, but an increase in concrete 
strength requires an increase in cost for extra cement. 

The next standard strategy is asphalt paving, following Asphalt Institute methods 
(3). A 20-year life is assumed and consideration of a resurfacing will be included, 
although the implicit assumption of no other extra maintenance is again made. 

The traffic data are converted to a design traffic number of 248 for use in the de
sign charts. Using published correlations of the subgrade support modulus k and the 
CBR value, one finds that the mean values for average and worst conditions are, re
spectively, 4.8 and 4.2. For the 20-year period, it is assumed that the probability of 
the worst condition is 0.15, half that for the 40-year period. 

The initial design is full - depth asphalt concrete. It is found from the design chart 
that 10 in. are required for normal conditions, 11 in. for the worst condition. The 
10-in. design is chosen, even though some reliability is sacrificed for economy. 

The design method used is highly empirical, is based on the AASHO Road Test 
data, and represents a mean value curve-fitting of points. Some interpretation is 
required to get reliability. It has been observed (4) that for heavily traveled asphalt 
pavement deflection should be kept below a maximum of 0,050 in., as measured in 
the Benkelman beam test, if deterioration due to wheel loads is to be avoided. If this 
requirement is met, environmental factors will be the chief contributors to failure. 
These factors are supposedly accounted for in the design method. The cµRA data 
(4) are used to estimate the load resistance, and mean deflections and standard devia
tions are evaluated. Then the probability of load failure, assuming the normal distri
bution, is easily computed. 

Reliability may then be computed in a manner similar to that shown for concrete 
pavements. Quality control of the pavement mix has been implicitly included in the 
variance of the deflection measurements. 

In this hypothetical example, any of the foregoing alternative actions might require 
the development of a complete set of skills and supply capacities within the country, 
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because no large-scale asphalt or portland cement concrete production facilities or 
heavy construction equipment are immediately available. Hence, search for an innova
tive action appears very desirable. Figure 2 may be used, although in general the 
designer would apply the decomposition technique to his specific problem. One may 
simply overlook entries such as "frozen concrete," which are not particularly applic
able in this problem. In the concern for low maintenance level, one notes that the 
foregoing standard actions are most susceptible to surface deterioration; one enters 
the chart at block IV A2a. The elimination of surface porosity, spalling, and related 
problems would be most beneficial. It is beyond the scope of this discussion to try to 
develop a rational means for designing an impermeable surface. The properly de
signed topcoat will provide a tough and impervious surface of good riding characteris
tics. Reliability would be computed on the basis of loads and surface wear. 

Another approach to search might be through the desire for rapid construction. 
Perhaps precast concrete slabs would be a solution; they have an additional advantage 
of closer quality control and lead to possibilities of greater durability. Looking over 
the search tree, one sees that most of the problems are handled through materials 
control in the plant. Soils problems and subgrade support must be dealt with. One 
might try supporting the slabs on sills, which will act as strip foundations for a simply 
supported beam. If it is prestressed, a 4-in. thickness (assuming 5,000-psi mean 
compressive strength concrete is used) is found to be adequate. Reliability is here 
based on stress exceeding strength in the slab. 

Table 2 summarizes the actions suggested and the scales by which these actions 
may be evaluated and compared. The level of design confidence indicates the de
signer's confidence in the design method and thus in the design. The reliability mea
sure is as computed for failure modes assumed in design. The cost parameter would 
normally be some dollar value of total or annual cost. Special features indicate the 
entry to search, i.e., the special features on which the design is based. Fear of failure 
indicates the items not included in the reliability measure that are likely to cause 
trouble. 

Rank ordering by preference is accomplished by comparing pairs of actions on the 
goal fabric. For example, action 2 is clearly preferred to action 1; all measures of 
goal achievement for the former are greater than those for the latter. Comparison 
of actions 2 and 4 is more difficult; whereas design confidence and reliability are lower, 
the design is more inclusive of possible failure factors, and costs might prove lower. 

TABLE 2 

PAVEMENT ACTIONS 

Action Level of Reliability 

Design Cost Special Fear of 
Measure Parameter Features Failure No. Description Confldence 
(iierce nl) 6 Qsls 

PC concrete, A 39 Loads Standard Environ-
9-in. slab, 15 percent mental 
strength variation 

PC concrete, A 78 Loads 0.95x Standard Environ-
9-in. slab, 10 percent mental 
strength variation 

PC concr ete , A 39 Loads 0.98x Standard Environ-
e Y.- tn . slab, mental 
high strength, 
15 percent variation 

4 Asphalt c 67 Loads, Standard Design 
environ- statistics 
mental 

5 PC concrete, Loads, Environ-
epoxy topcoat, environ- mental 
10 percent strength mental 
variation 

6 PC concrete, B 85 Loads Environ- Foundation 
precast, 10 percent mental, losses 
variation construe-

ti on 
speed 
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Number indicates preference 
- = Indifference 

PROPER PAVEMENT 

Figure 4. Goal fabric action. 

One uses the goal fabric to structure the comparisons. Take, for example, actions 
1 and 5. Figure 4 shows the goal fabric, and how one might begin mapping actions 
onto it. In some requirements one will have no preference, as with optimum pavement 
life. By mapping the lowest level preferences and comparing, one moves up the tree, 
expressing his feelings about the relative importance of requirements. For instance, 
the comparison of construction cost (1 preferred to 5) and maintenance cost (5 pre
ferred to 1) will yield some total or annual cost to determine preference. Comparison 
of frictional characteristics (1 preferred to 5, epoxy may slicken) and comfort (5 pre
ferred to 1, add color to epoxy with no additional cost) is more difficult. 

In view of the gross assumptions made to arrive at Table 2, it would be meaningless 
to pursue ranking to completion. Even if all the analyses made were perfectly adequate 
and correct, two decision-makers might still be expected to arrive at different rank
ings. The purpose of this example, to illustrate an orderly, rational process for 
pavement design decisions, has been served. What is now required is further work 
and research to fill in this framework with the tools necessary to make this approach 
fully operational. 
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The Effect of Degree of Continuity Across a Void 
or Crack on Performance of Concrete Pavements 
H. P. NIU, Assistant Professor of Civil Engineering, South Dakota School of Mines 

and Technology; and 
GERALD PICKETT (deceased), Professor of Engineering Mechanics, University of 

Wisconsin 

When a reinforced concrete pavement cracks, there is some 
reduction in rigidity . The reduction may result from imper 
fect transfer of moment across the crack or from imperfect 
transfer of both moment and shear, depending on the width of 
lhe ci·ack and how well the pavement is reinforced. Analyses 
are made for deflections and moments in pavement loaded near 
a long, straight crack for various combinations of moment and 
shear transfer across the crack. Fourier integrals are used 
to solve the problem. Solution is first made for a concentrated 
load at a given point, and then Maxwell's reciprocal theorem is 
used to obtain deflections at that point due to distributed loads 
at any point. A program has been written for computing de
flections and moments for any assumed efficiency of transfer. 
Representative results are given in the form of tables. Analy
ses are based on the assumptions that (a) except for the crack, 
the pavement bends in accordance with the Lagrangian equation 
for thin plates, and (b) the subgrade reaction is directly propor
tional to the local deflection. Present study shows that increas
ing efficiency of moment and shear transfer across a crack re
duces the maximum deflections and moments in the pavement 
due to loads on the pavement. 

ICONCRETE pavements usually crack, resulting in reduced load-carrying capacity and 
other undesirable features. Various remedies have been tried. These include spaced 
joints with load transfer devices, prestressing, and continuous reinforcement. The idea 
of continuously reinforced pavement is to control the width of the cracks rather than 
prevent them. With sufficient reinforcement the cracks may be kept so small that mo
ment and shear are transmitted across them. The purpose of this investigation is to 
determine the stresses and displacement in a pavement under load as a function of the 
efficiency of transfer of moment and shear across a crack in the pavement. 

In the analysis we shall assume that, except for one long, straight crack, the pave
ment bends in accord with the Lagrangian equation for thin plates and that the reactive 
pressur e of the subgrade is proportional to the local deflection. Our interest will be in 
maximum moments and deflections caused by loads in the vicinity of the crack. The 
necessity for a general solution is avoided by considering first a concentrated load for 
which solutions of the homogeneous differential equation are adequate. Then, by using 
Maxwell's reciprocal theorem and an integr ation, we can find the deflection at a given 
point for a distributed load . Curvatures are found by appropriate differ entiation and 
then moments and stresses are computed by the usual formulas for plates. 

Paper sponsored by Committee on Theory of Pavement Design and presented at the 48th Annual Meeting. 
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THEORETICAL DERIVATIONS 

Pavement Equations 

x As shown in Figure 1, the x axis is 
placed at the crack and the y axis goes 
through the point of application of the con
centrated load. This is the point (o, c) 
where c is the distance of the load from 
the crack. For purposes of the analysis, 
three regions are considered, depending 
on the y coordinate, as follows: Region I, 
cs: y; Region II, o s: y s: c; and Region ill, 
y s: o. 

With only the one concentrated load the 
homogeneous differential equation 

(1) 

Figure 1. Pavement with a straight crack. is applicable for each region. Symbols in 
this and other equations in this paper are 
defined as follows: 

a, b, c = linear distances; 
D = flexural rigidity of the slab; 
k = subgrade modulus or weight density of equivalent liquid subgrade; 

t = (D/k)% for liquid subgr ade; 
Mx = bending moment per unit of length of the edges parallel to the x axis; 
My = bending moment per unit of length of the edges parallel to the y axis; 

P = total loadon slab; 
q = intensity of load on slab per unit of area; 
w = deflection of slab; 

x, y = rectangular coordinates; 
O!, f3 = variables of integration in Fourier integrals; 

'Y = 0!2 + {32; ' 
µ = Poisson's ratio; 

<ti, p = proportional constants; 
V2 = Laplace operator; 

Consider the following solutions of Eq. 1 for the three respective regions: 

Wl = 
Pt3 /m cos 0!X(A1 cos {3y + B1 sin Q,, )e -yy dO! 
11D "'3 

0 

co 

Pt3 f w2 = 1TD cos 0!X(A2 cos {3y cosh yy + B.2 sin {3y cosh yy 

0 

+ C:i cos fjy sinh yy + D2 sin {3y sinh yy) dO! 

cos O!X(A3 cos {3y + B3 sin {3y)e'YY dO! 

(2) 

(3) 

(4) 
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where 

ri ../1+ 4 t 4 2 ~l+clt4 

'Y2 __ + a fi=-~+----
- 2 2t2 

' 2 2t2 
(5) 

t
4 = D/k (6) 

Ai, B1 , A2 , B2 , <;, D2 , A3 , B.i are arbitrary functions of the variable of integration 
a and are introduced for the purpose of satisfying four conditions at the boundary be -
tween Regions I and II and four conditions at the boundary between Regions II and m. 

Each solution satisfies Eq. 1 and is capable of meeting all boundary requirements 
for the region to which it applies. 

Boundary Conditions 

For the analysis, each region is considered to extend to infinity in both plus and 
minus x dirnctions and the solutions for each region are Fourier integrals in the x di
rection; therefore, no further consideration need be given to the boundaries at x = ±co, 
The requirement that the deflection approach zero as y approaches ±co is met by using 
only positive values of 'Y from Eq. 5. There remain eight conditions to be satisfied as 
follows. At y = c, 

W1 = W2 

E" f D :y V2
(w1 - W2)dx = P 

-E" 

For all positive values of E, however small, Pis the concentrated load. At y =0, 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 

(14) 

Equations 7, 8, and 9 express continuity of deflection, slope and moment between 
Regions I and II. Equation 10 expresses continuity of shear except at the point of the 
concentrated load where the proper discontinuity is provided, since 

/ ~ J cos .. "" dx = p (15) 

-E" 0 
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and j cos ax dais the well-known Dirac 
0 

delta function. Continuity of twist Myx is 
satisfied when the other continuity conditions 
are met. 

At the crack between Regions II and III 
there may be discontinuity in deflection and/or 
slope. Continuity of moment is expressed by 
Eq. 11. Continuity of twist and shear is re
placed by continuity of reaction, Eq. 12, in ac
cord with thin plate theory. Equation 13 states 
that the moment transmitted across the crack 
is proportional to the discontinuity in slope, 
and Eq. 14 states that the reaction transmitted 
is proportional to the discontinuity in deflec -

Figure 2. Area to be loaded divided into rec- tion. If the proportionality constants p and ¢ 
tangles for deriving deflections. are both infinite, there is perfect continuity; 

if they are both zero, there is no continuity. 
If there is moderate reinforcement, one might 

expect poor transmission of moment and good transmission of reaction. 
Substitution of Eqs. 2, 3, and 4 into the eight boundary conditions, Eqs. 7 to 14, re

sults in a matrix of equations. A FORTRAN program was written that computes the 
elements of the matrix and makes the solution for the eight conditions arbitrary func
tions of a for any given values of the nondimensional parameters al and c/ t. 

Deflections and Moments 

If the deflection at any point (x, y) due to a concentrated load at point (o, c) were de
sired, it could be found by numerical integration of the applicable integral, Eqs. 2, 3, 
or 4. For this purpose the matrix of equations would be solved for the arbitrary func
tions for a sufficient number of properly spaced values of at. In like manner the mo
ment at any point (x, y) due to the concentrated load could be found by numerical integra
tion of the corresponding integral for moment. However, our interest is in deflections 
and moments due to distributed loads. Because the deflection at (o, c) due to a load at 
(x, y) is equal to the deflection at (x, y) due to a load at (o, c ), the deflection at (o, c) due 
to a distribution load could be found by replacing P in the appropriate expression for w 
by q dx dy and integrating over the loaded area. 

To avoid the tedious integrations suggested for a given loading distribution, influence 
charts for deflections are prepared. The area that may be loaded is divided into rec
tangular blocks, of which one is represented in Figure 2. The deflection, W(i, j) at point 
(o, c) due to a uniform load of q intensity over the i, j block shown, is given by 

(16) 

where the general term w[a, b] is found by integrating the appropriate expression for w 
with respect to x from zero to a and with respect to y from zero to b. For example, this 
gives for Region I 

w(a b) - _g£ !"" sin O!a [A1 (-yt cos Rb+ 11t sin Rb) 
' - TTD at( (y.t)2 + (Rt)2 ] ,., ,., ,., 

0 

- B1 (f3.t cos ffu + y.t sin f3b)]e -.,,t> <la! (17) 

Reciprocal relations do not in general apply between derivatives of deflections. That 
is, the curvature in the y direction at point (o, e) due to unit load at point (x, y) is not 
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equal to the curvature in the y direction at point (x, y) due to unit load at point (o, c). 
However, because c is the coordinate in the y direction for deflection at point (o, c), the 
curvature in the y direction at this point is c2w /ac2 where w is the deflection. From 
these considerations the moments at point (d, c) due to a load at point (x + d, y) are given 
by 

M = y 
(o2W - D -+ 21c 2 

o2W) 
µ. 21d2 (18) 

Mx = - c~2w D Od2 + a
2

w) 
µ. ac2 (19) 

( ) a
2
w Mxy = 1 - µ. D --adac 

(20) 

where (x + d) has been substituted for x in the appropriate expression for w. After dif
ferentiation, d may be set equal to zero to obtain moments at (o, c). 

Expressions for curvature in the x direction are readily obtained; thus for Region I 
the curvature a2w1/ad2 at (o, c) due to a uniform load over the region bounded by x - a, 
x = O, y = 0, y = b is given by 

co 

g£ J a.t sin a.a { 
'll'D (y.t.}2 + ({31.f (A1 yt cos {3b - .f3t sin ,Bb) 

0 

+ B..t ({3t cos [JP + yt sin .Bb) ] e -yb d~ {21) 

In view of the lengthy analytical expressions, the curvature in they direction is ex
pressed by the central difference formula, 

w(o, c + Ac) - 2w(o, c) + w(o, c - de) 
(Ac)2 (22) 

Finally, the moment M(i, j) under consideration at the point (o, c) due to a uniform 
load over the i, j block is given by 

where m is the value of the moment in question due to a uniform load over the whole 
area bounded by x = O, x = a, y = O, y = b. 

NUMERICAL CALCULATIONS AND RESULTS 

Representative results of the computations are given in Tables 1, 2, and 3. Table 1 
gives Cw in the expression 

w = Cw qt4/2,000 D (24) 

where w is the deflection at the point (o, c) due to a uniform load of q intensity over a 
square area O.lt by O.lt with center at the designated x and y coordinates. In like 
manner, Table 2 gives Cm in the expression 

(25) 

These two tables are for the special case of c = O, i.e., at the edge of the crack, p = 0.0, 
i.e., no moment transfer across the crack, and ¢ = "'• i.e., perfect transfer of shear 



IX I a.a5 a.15 

1.45 . 9235 . 9178 

1. 35 i.as9 IL 052 

1. 25 l.2a7 i .199 

1.15 1. 368 l. 359 

l.as 1. 542 1. 532 

0.95 1. 731 ~- 720 

0.85 1.934 1. 921 

0. 75 2 .153 1:2 .137 

a.65 2.387 '1 .369 

0. 55 2.636 2. 615 

0.45 2. 902 2 .877 

0. 35 3.184 J .155 

0.25 3.482 l. 447 

0.15 3. 797 J.752 

0.05 4 .128 '4.069 

~ t a.as a.15 

1.45 2.aaa 2. 744 

l.JS J.225 J.147 

l.2S J. 7aJ J.608 

l.lS 4.2SJ 4.lJS 

l.OS 4.888 4.74a 

0.9S 5.627 S.439 

a.as 6.491 6.248 

a. 7S 7.SlJ 7.192 

a.6S 8. 736 8.Jao 

a.SS la.22 9.611 

a.4S 12.aa 11.17 

a.JS 14.48 l3.a2 

o. 2S 17.74 lS.lS 

O.lS 22.48 17.28 

a.as 29.aa 18.47 

TABLE 1 

DEFLECTION COEFFICIENTS Cw 
(See Eq. 24) 

C = 0.0, p = 0.0,. ¢ = m, µ = 0.15 

a.25 a.35 a.45 a.55 a.65 

. 9a64 , 8897 . 868a .8418 . 8115 

l.a39 i.a2a . 9956 . 9656 • 9311 

1.184 1.162 1.134 l.1oa l.a6a 

1. 342 1. 317 1. 284 1. 245 1.201 

1. 513 1.484 1.447 1. 402 1. 352 

1.697 1.664 1.622 1. 571 1.514 

1.895 1.857 1.809 1.751 1.686 

2.107 2 .a64 2.aa9 1.943 1.869 

2. 334 2.284 2.221 2.146 2. 063 

2. 575 2.517 2.445 2.360 2. 266 

2.830 2. 763 2.680 2. 583 2. 478 

J.099 J. 021 2.925 2.816 2.697 

3. 380 l.289 3.179 3.056 2. 923 

3. b72 3.565 J .440 3. 301 3 .153 

3 .972 J .848 3. 706 3. 551 3.387 

TABLE 2 

MOMENT COEFFICIENTS Cm 
(See Eq. 25) 

C = 0,0, p = 0.0, ¢ = m, µ = 0, 15 

0.25 o. 35 0.4S o.ss 0.6S 

2.62a 2.443 2.222 1.968 1.692 

2.997 2.783 2.518 2.216 l.89a 

3.424 J.164 2.84S 2.485 2.1oa 

3.908 J.S9l J.20S 2. 774 2.321 

4.4S9 4.068 J.S98 J.081 2.S46 

S.084 4.S98 4.a2J J.402 2. 771 

S.79S S.184 4.477 J. 729 2.98S 

6.6a2 S.826 4.9Sl 4.asa 3.177 

7 .516 6.Sl6 S.428 4 .347 J.JJa 

8.541 7.236 5.882 4.S93 3.424 

9.663 7.94S 6.271 4. 757 3.438 

la.02 8.S68 6.SJ7 4.aas J.JS6 

11.89 8.991 6.621 4. 712 J.171 

l2.S6 9.a98 6.494 4.471 2.914 

12.61 8.832 6.169 4.as9 2.8Sl 
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a.75 a.85 a. 95 

• 7778 . 7412 . 1a24 

. 8927 . 8512 . 8a71 

1.017 . 97a2 . 92a4 

1.151 l.a98 l.a42 

1. 296 1.236 1.17 3 

l.4Sa 1. 383 1. 312 

1.615 1.539 l.46a 

1. 789 1. 7a4 1.615 

1. 972 1.877 1. 779 

2.165 2.a59 1.949 

2.365 2. 247 2.126 

2. 571 2. 441 2 .·308 

2.783 2.640 2.495 

3.oao 2.842 2.684 

3.218 3.047 2. 875 

o. 75 a.as 0.95 

l.4a5 1.116 . 8348 

l.S5S 1.222 .8992 

l. 710 1.325 . 9567 

l.86S 1.422 l.aOJ 

2.016 l.saa l.034 

2.156 1.576 .a44 

2.27S l.619 .a26 

2.363 1.627 . 9737 

2.4a7 l.S9a . aaaa 

2.394 l .Sa2 .7398 

2.Jla l.JS4 .ssa1 

2.1sa .l.147 .Jlla 

1.912 .892S . 0227 

l.S68 .6552 .3532 

1.171 . 426S .4148 
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TABLE 3 

DEFLECTION AND MOMENT COEFFICIENTS 
(See Eqs. 24 and 25) 

c/ l x/ l v/l o/D $/D 

0.5 0.05 0.45 o.o 0 

0.5 0.05 0.45 o.o l 

0.5 0.05 0.45 o.o 100 

0.5 0.05 0.45 0.0 1000 

0.5 0.05 0.45 o.o m 

0.5 0.05 0.45 0.001 0.001 

0.5 o. 05 0.45 O.Ol 0.01 

0.5 0.05 0.45 O.l 0.1 

o.o 0.05 0.05 o.o 0.0 

o.o 0.05 0.05 0.0 m 

0. 3 0.05 0.05 0.0 m 

0.3 0.05 0. 25 0.0 m 

0.3 0 . 05 0 . 45 0.0 m 

0.3 0.15 0.05 0 . 0 m 

0. 3 0.15 o. 25 0.0 m 

aTaken from Tables 2 and 3 of Influence Charts for Concrete Pavements, 
G. Pickett and G. K. Ray, ASCE Transoetloru, Vol. 116, 1951. 

bJhe value seems to be loo large . 

c 
w 

4. 667a 

3 . 483 

2. 770 

2. 753 

2 . 753 

4 .649 

4.612 

4.305 

0.203b 

4 .128 

3.291 

3 .123 

2 . 859 

3 . 257 

3.077 

cm 

29.06a 

26 .99 

23 . 58 

23 . 31 

25.5la 

28 . 85 

28.82 

28. 56 

56.42° 

29.~0 

16.67 

25 . 53 

20 . 46 

14.08 

15.44 

across the crack. Table 3 gives selected results for various values of c, p, and ¢. 
These three tables were prepared from a much larger body of computed data, including 
results for both Cw and Cm for the following cases and ranges of x/t and y/t: 

c/t p/D ¢/D x/l y/t 

0. 0. co 0 - 2.0 0-3.0 
0.3 0. co 0-2. 0 0-3.0 
0.5 0. co 0-2.0 0-3.0 
0.5 0. 1 0-1. 0 0-1. 
0.5 0. 100 0- 1. 0 0-1. 
0.5 0. 1000 0-1. 0 0-1. 
0.5 0.001 0.001 0-1. 0 0-1. 
0.5 0.01 0.01 0-1. 0 0-1. 
0.5 0.1 0.1 0-1. 0 0-1. 

Because the solutions in every case were for areas 0. ll by 0. ll, a total of 2, 400 of 
each of Cw and Cm were obtained. For each Cw a minimum of one infinite integral was 
evaluated, and for each Cm a minimum of three infinite integrals was evaluated. Simp
son's rule was used in the numerical integration of the infinite integrals. The spacing 
of the intervals and the maximum value of al used were varied until no further changes 
were detected in the first four significant digits of the integrated values. In like manner 
Ac was varied to obtain what was believed to be optimum accuracy in determining 
a2w/ac 2

• As Ac is decreased accuracy is increased until round-off error dominates. 
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For each Ott used, an eighth-order matrix of equations based on the eight boundary 
conditions was solved; 22 of the 64 elements of the matrix were zero, 14 were easily 
obtained, 8 involved two to three functions, 14 involved four to six functions, and 6 in
volved nine to ten functions. For example, in the four to six category was element (2, 5) 
given by 

{Jt sin Be sinh ye - yt cos Be cosh ye 

where f3 and y are given by Eq. 5. Therefore, considerable computational effort was in
volved. The computations were done on a CDC 1604 computer at the University of Wis
consin. 

Space limitations do not permit further description of how the computations were 
made nor inclusion of more computed results. However, if one has an adequate com
puter available and the FORTRAN program used, he may obtain as many results similar 
to those shown in Tables 1 to 3 as desired. The program can be obtained on request 
from the author. 

If Tables 1 and 2 are plotted to scale they become influence charts and as such can be 
used to obtain deflections and moments for any distribution of loading. 

Examination of Table 3 shows the decrease in deflection and moment with increase in 
either or both moment and shear transfer across the crack. Comparison of perfect 
shear transfer with that of no shear shows that the deflection at the crack (c = 0) for 
loads near the crack (y/t = 0.05) is reduced to about half (8.203 to 4.128), and the mo
ment at the crack is reduced to nearly half (56.42 to 29.80) by the shear transfer. This 
reduction is much less for points farther from the crack. 

SUMMARY 

This paper considers a cracked Westergaard pavement supported on a Winkler foun
dation and subjected to a normal load applied near the crack. After formulating integral 
equations to the problem we have determined numerical values of interest. 

The present study shows that increasing efficiency of moment and shear transfer 
across a crack reduces the maximum deflections and moments in the pavement. If the 
results shown in the tables are plotted to scale and become influence charts, one can 
obtain deflections and moments for any distribution of loading. An available computer 
program will give deflections and moments for any assumed efficiency of transfer. 

For the continuously reinforced pavement, where transverse cracks usually occur at 
close intervals, a similar approach can be extended to the problem by dividing the slab 
into more regions. The present analytical study is confined to an isolated crack, with 
continuous uncracked slabs on both sides. 
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Analysis of Concrete Slabs on Ground Subjected to 
Warping and Moving Loads 
K. H. LEWIS, Assistant Professor of Civil Engineering, University of Pittsburgh; and 
M. E. HARR, Professor of Soil Mechanics, Purdue University 

A theory has been developed whereby stresses and deflections 
could be calculated for a series of rectangular slabs lying on a 
viscoelastic foundation and subjected to a moving load. The 
stresses and deflections are caused by the weight of the slab, 
the moving concentrated load, and the linear temperature (or 
moisture) variations that cause sufficient warping so that the 
slab is only partially supported by its foundation. 

The support conditions were simulated by a Kelvin visco
elastic model, and zones (which depended on the value of sub
grade reaction) wer e set up so that the solutions to the governing 
differential equations could be reduced to a set of simultaneous 
algebraic equations. The equations were solved with the aid of 
an IBM 7090 digital computer using a FORTRAN source pro
gram. 

It was found that when partial support caused by warping 
exists, the tensile stress in the slab can increase with increas
ing velocity of load. Moreover, the maximum deflection (down
ward) need not occur when the velocity of the load is equal to 
zero. The reduction in subgrade support over a narrow region 
(8 ft or less) leads to deflections and stresses that are higher 
than those calculated using the initial value of subgrade reac -
tion. This is particularly evident when the load is over the 
region of reduced subgrade reaction. 

•IMPROVEMENTS in the performance of concrete pavements for highways and airports 
have been for many years the concern of civil engineers interested in these problems. 
This concern has been due not only to the ever-increasing cost of construction and main
tenance but also to the preponderance of cracks that exist in pavements. 

The development of these cracks depends on several factors, such as type of sub
grade, deterioration of the concrete, temperature effects, and load (52), and, although 
they may or may not represent a failed condition, they do indicate deficiencies in the 
analysis, design, or construction of highway pavements. Cracks not only detract from 
the general appearance of a highway but also often lead to driving discomfort and pave
ment deterioration, especially when load transfer and subgrade support are lost. 

Regarding the construction of concrete pavements, advancement in the development 
of the principles of soil mechanics has limited the use of poor subgrades and has vir
tually eliminated the use of soils susceptible to frost action and pumping. In addition, 
specifications that are geared to promote the use of sound concrete and the practice of 
good construction methods have become widespread (1, 47). 

Refinements in construction procedures have been -accompanied by development of 
methods of monitoring the factors influencing concrete pavements ( 15, 16 ), and strains as 
well as deflections of pavements can be determined for both static and dynamic loadings 
(!!, ~). Temperature differences between the upper and lower faces of the slab can 
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be measured with the use of thermocouples (51), and variations in moisture content can 
be established from the dielectric propertiesof concrete (3). 

Today, the problem of material weakness has been reduCed, if not solved, and signif
icant progress has been made in the ability to build pavements and to measure their im
portant properties. However, little has been done to upgrade the methods of analysis. 
Current procedures for designing and evaluating pavements (52) are still based on static 
loads and, except for introducing equivalent static loadings (2), they do not account for 
the dynamic response of the pavement to moving loads. Moreover, the pavement is 
usually assumed to be fully supported at all times even though this is often not the case 
(!.!:, !!.. 22) . 

The present trend in transportation is toward heavier loads and higher speeds and 
consequently there is an increasing need to be able to predict performance. This can 
be done only when more is known about the input and causal factors of traffic loads, 
curling, and loss of subgrade support. It is to help satisfy this need that this research 
was undertaken. 

BACKGROUND 

In the early stages of development, pavement design and road construction consisted 
of a collection of rule-of-thumb procedures based on empirical knowledge. As early as 
1901, test roads were being used to determine the best type of pavement for the prevail
ing traffic (38). Between 1920 and 1940, much work was done on the classification of 
soils (5) and highway engineers were able to correlate pavement performance with sub
grade types. 

During World War II engineers were faced with the problem of designing pavements 
for greater wheel loads than previously thought necessary. Because they could not af
ford the long period of time that was required to develop design procedures based on 
past experiences, they sought a more rational basis of design. This search ultimately 
led to procedures that form the core of pavement design today. 

Static Load Solutions 

In 1884, Hertz (13) first published a solution to the problem of elastic plate on a Winkler
type foundation (50T. However, it was not until the advent of Westergaard's solution in 
1926 that a highway pavement was treated in this manner and the problem was approached 
from a purely theoretical point of view. Today, Westergaard's work still forms the 
basis of the analytical bent in pavement design. 

Westergaard (48) solved the problem arising when a slab is fully supported on a 
Winkler foundation and subjected to static loads applied at the interior, free edges, and 
corners of the slab. Later, Kelley (23), Spangler (43), Pickett (34), and Westergaard 
(49) himself extended these original solutions to account for linear temperature varia
tions. In 1957, Freudenthal and Lorsch (10) used the three fundamental models (Max
well, Kelvin, and Standard Solid) to study the problem of an infinite beam on a visco
elastic foundation. Then in 1958, Hoskin and Lee (19) solved the problem of an infinite 
plate on a viscoelastic foundation. -

All of these solutions neglect the shearing forces generated at the pavement-base in
terface. Several mechanisms have been offered to account for this effect. Filonenko
Borodich (9) considered a set of springs held together by a membrane, whereas Schiel 
(42) took a -fluid that exhibited surface tension as his soil model. Pasternak (32) and 
Kerr (25), on the other hand, considered a beam of unit depth resting on a bedOf inter
relatedSprings as a foundation, and Pister and Williams (33) used the shear interac
tions suggested by Reissner (40). Perhaps the most realistic approach offered to ac
count for shear in an elastic base is that given by Klubin (26), who expressed the pave
ment reaction by an infinite series of Tschebyscheff polynomials, which also accounts 
for the two elastic constants (modulus of elasticity and Poisson's ratio). 

It should be noted that Klubin's solution is in fact an elastic solution and the others, 
which impose Winkler assumptions, are not. In spite of this, because the Winkler 
foundation affords a much simpler analysis and generally gives good agreement with 
field data, it will no doubt remain popular. 
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All of these analyses are based on the assumption that the slab maintains contact 
with its support at all points and at all times. Experimental and field studies (16, 21, 
22) have shown this assumption to be seriously in error, and a few investigatorshave 
accounted for the effects of only partial support. In 1959, Leonards and Harr (28) 
solved the problem relating to a partially supported slab on a Winltler foundation sub
jected to linear temperature and/or moisture variations. Later, Reddy, Leonards, and 
Harr (39) extended this analysis by introducing nonlinear temperature variations as well 
as a viscoelastic foundation. In all of these analytical procedures, only symmetrical, 
statically applied loads were considered. 

Dynamic Load Solutions 

For many years, the problem of determining the stresses and deflections in a vibrat
ing plate has been of interest primai·ily to mathematicians. Raleigh (37) and Lamb (27), 
using the classical beam theory developed by Euler (7) and Bernoulli (4), studied several 
problems dealing with the vibration of bars, membranes, and plates. Eater, Ritz (41) 
elaborated on this work and made significant contributions toward the study of vibrating 
rectangular plates. 

Recently, engineers have felt the neeu Lu account Ior the dynamic response of pave 
ments, and seve1·al solutions have evolved. Pioneering these solutions was the work of 
Timoshenko (45), Hovey (20), and Ludwig (30) in their studies of the <fynamics of rails 
subjected to moving loads-:- In 1943, Dorr \6), using Fourier integrals, extended the idea 
to a beam, but in all of these solutions the foundation was represented by a Winkler 
model that exhibited no viscous effects. 

In 1953, Kenney (24) added the effects of linear damping and, by means of the method 
of undetermined coefficients, was able to examine the relationship between deflections 
and critical velocity. In a more recent work, Thompson (44) elaborated on Kenney's 
solution and showed that the solutions for the deflections fall into three distinct regimes. 
Specifically, Thompson showed that these regimes were defined by the value of the dis
criminant of the fourth-order characteristic equation. If the value of the discriminant 
as defined by 

(1) 

where E =the damping ratio, and e =the velocity ratio, is greater than zero, the charac
teristic equation has no real roots. If A is equal to zero, there is one real, double root; 
and if A is less than zero, there are two real, unequal roots. 

The solutions presented by Thompson demonstrate that at static conditions the deflec
tion curve is symmetrical (with maximum deflection occurring under the load); but as 
velocity increases, the point of maximum deflection falls farther and farther behind the 
load. Upward deflections occur behind the moving load when A is greater than zero; 
however, when A is less than zero, there are no upward deflections (i.e., the deflected 
surface does not intersect the axis of zero deflection, but simply approaches it at some 
great distance behind the load). 

Several investigators have also considered the road loading system as an interaction 
between two major components that are interdependent, namely vehicles and roads. 
Fabian, Clark, and Hutchinson (8) examined the elements of each component and devel
oped some basic mathematical models. Analysis of their vehicle subsystem showed 
that the magnitude of the dynamic load is a function of vehicle dynamic properties and 
apparent road profile and may, in fact, be significantly greater than the static load. 
Quinn and De Vries (35) used an experimental procedure to determine the highway and 
vehicle characteristics and showed that, if these quantities are known, the reaction of a 
vehicle on a highway can be predicted. 

In general, most of the analytical studies reported in the literature on moving loads 
on pavements (52) do not account for the interaction between vehicle and road. For the 
most part thesereports show that, for fully supported pavements, the lower the velocity 
the greater the deflections and stresses in the slab. Measurements of displacement 
(~ 17, 18) generally support this finding; however, some data (!.!) do exist to suggest 
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the possibility that displacements may increase at velocities greater than 30 to 40 mph. 
Also to be noted is the fact that tests on tire forces on pavements (36) indicate that the 
"average" force produced on the pavement by a moving load increases with velocity. 

Obviously, there are several interdependent factors, such as the vehicle's suspension 
system, tire pressures, and road profile, that should be included in the analysis of pave
ments. However, at the present time, the interaction between vehicle and pavement is 
not well understood. fu spite of this, further insight into the highway problem can be 
gained by examining some of the simplifying assumptions that appear in current analyses 
of highway pavements. Thus, it is the object of this paper to obtain by analytical means 
the stresses and deflections in a partially supported concrete slab when subjected to a 
moving load. Such partial support may be caused by temperature and moisture gradients 
or by the weakening and partial or complete loss of subgrade. 

FORMULATION OF PROBLEMS 

Considered first is the problem of a slab lying on a foundation while subjected to 
moving loads as well as to temperature (and/or moisture) gradients that would cause 
upward curling. (Upward curling is understood to exist when temperature gradients 
cause the ends of the slab to rise vertically.) Second, an investigation will be made of 
weaknesses in the subgrade caused by conditions where (a) water has infiltrated under 
the pavement from the side of the roadway, or (b) a joint has opened or a crack has oc
curred in a warped pavement to such an extent as to enable it to regain complete con
tact with the foundation. When such an opening exists, water may infiltrate through the 
surface of the pavement. Under both conditions, the infiltration may weaken the sub
grade and may eventually lead to pumping. The following assumptions are made for 
both problems in order to render them tractable: 

1. A highway pavement can be represented by an array of rectangular plates. 
2. The usual assumptions of plate theory hold; that is, the plate is homogeneous, 

is isotropic, and obeys Hooke's law; deflections are small in comparison to thickness; 
plane cross sections normal to the middle plane in the unstressed condition remain 
normal to this surface after bending; and the effects of rotatory inertia and shear de
formation can be neglected. 

3. The highway base material acts like a set of linear viscoelastic elements. The 
inertia of the material is neglected. 

4. External forces acting on the plate are those caused by a constant-velocity line 
load and gravity. 

5. The plates are subjected to changes in temperature (and/or moisture) that vary 
linearly with depth. The variation in temperature is constant on all planes parallel to 
the upper and lower plate surfaces and is independent of time. 

ZONE • 

I 
I 
I 
I 
I 

ZONE 2 ZONE 3 

R\ 
lbl •LlC 

Figure l. Section of warped slab. 
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PROBLEM OF PARTIAL SUPPORT CAUSED BY WARPING 

In addition to the foregoing assumptions, further assumptions regarding the interac
tion between slabs are required. For the case studied here, it is assumed that no bend
ing moment exists between slabs (this will be discussed later). However, some load 
transfer can be accounted for by specifying a shearing force between slabs equivalent to 
that existing in an infinite slab. 

In general, the governing differential equation describing the pavement section illus
trated in Figure 1 can be expressed as follows (31): 
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where 

D = flexural rigidity of the slab, 
w = midplane deflection of the slab (positive downward), 

xI' y
1 

=fixed coordinates, 
p = density of the slab, 
H = slab thickness, 
q = surface loading, 
p = foundation reaction, and 
t =time. 

Using assumption 3, the foundation reaction, p, may be expressed (Fig. lb) 

p(xn Y 11 t) = C ~7 + Kw 

(2) 

where C is the damping coefficient and K is the modulus of subgrade reaction. Apply
ing the loading conditions implied by assumption 4, and assuming that the deflection 
does not vary in the y 1 direction, Eq. 2, for a constant cross section of pavement, be
comes 

(3) 

in which q
0 

= unit weight of slab and P = the moving line load. 
Employing the transformation, x = (x 1 - vt), the equation reduces to a function of only 

the one variable, x. If in addition the moving load, P, is introduced with the boundary 
conditions, the following differential equations are obtained: 

For zones 1 and 4, d4w 2 d2w 
D dx4 + pHv dx2 = qo 

For zones 2 and 3, d4w 2 d2w dw D - + pHv - - Cv - + Kw = q
0 dx4 dx2 dx 

The boundary conditions for the indicated zones may be summarized as follows: 

M 1(-b) = 0 

v 1(-b) = \f(-b) 

w 1(-c) 0 

w
2
(-c) 0 

(4a) 

(4b) 

(5a) 

(5b) 

(5c) 

(5d) 



Solution of Problem 

w;(-c) = w;(-c) 

w;(-c) = w;(-c) 

w;"(-c) = w; '(-c) 

W2 (0) = W 3 (0) 

w;(o) = w;(o) 

w;(o) = w;(o) 

w; '(O) - w; '(O) = P/D 

W3 (d) = 0 

w 4 (d) = 0 

w; (d) = w: (d) 

w;(d) = w:(d) 

w; '(d) = w: '(d) 

M4 (a - b) = 0 

V 4 (a - b) = V (a - b) 
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(5e) 

(5f) 

(5g) 

(5h) 

(5i) 

(5j) 

(5k) 

(51) 

(5m) 

(5n) 

(5o) 

(5p) 

(5q) 

(5r) 

To obtain the solution for the case where the warped slab is as representd by Figure 
1, the value of /1Ji. (Eq. 1) is determined and Eqs. 4a and 4b are solved to obtain expres
sions for the deflections and stresses in the slab (29). The constants in the resulting 
set of nonlinear equations are then evaluated usingfue conditions listed in Eq. 5. In 
solving the set of nonlinear equations, an initial estimate of the solution was made using 
the fully supported slab. Then a method 
of functional iteration equivalent to an N -
dimensional Newton's method was used 
with an IBM 7090 computer. With the 
constants determined, the stresses and 
displacements were then obtained. Using 
this same procedure, the other deflection 
patterns resulting from the moving load 
were analyzed (Fig. 2). 

Results 

Because of the large number of vari
ables involved, it is impractical to pre
sent the results for all cases considered. 
Instead, numerical results are given for 
a few typical cases to illustrate general 
trends and for purposes of comparison 
with results previously obtained by others. 

Using the left edge of the slab as ori
gin, the moving load was considered at 
intervals of 4 ft and stresses and deflec
tions were determined for combinations 
of the following data: 

~ -v (b) 

. . .. - ..- • :;; .... -~;i•~· ;; ·; .t· •:; "<''• ; ·•~ ·ro; -~~, 
; ., >, h > s nn»n»)) ' "'' 

Figure 2. Typical deflection patterns. 
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µ. = o. 15 
E = 4x 106 psi 
a= 480 in. 
H = 8, 10, 12 in. 
K = 100, 200 pci 

Cr = 1.5, 2.0 
v = O, 20, 40, 60, 80 mph 
P = 125 lb/in. (the value of P was determined using an axle load of 18,000 lb over 

a pavement 12 ft wide) 
q0 = 150.9 pcf 
~ T = 20, 30, 40 F 

f3 = 6 x 10- 6 in. per in. per deg F 

Typical curves for deflections and stresses are shown in Figure 3; Figures 4 and 5 
show how maximum deflection and maximum stress vary with velocity when the differ
ence between slab surfaces is 20 and 40 F. A record of the movement experienced by 
the ends of the slab is shown in Figures 6 and 7 as a function of the load position. 

Discussion of Results 

In developing the theory for this part of the analysis, it was assumed that a pavement 
could be represented by an array of rectangular slabs. Furthermore, it was assumed 

p 

· t. o ( a ) 

• 1.0 

P. 

· 1.0 

·o • 

0 

z:; ., 0 .. 
·o • 

.,,., 
•o.O 

0 

(b) 

DISTANCE (FEET) 

' • io 12 14 ... 18 20 22 24 26 Zll 30 32 J4 ).I 31 40 

p 

p 

Figure 3, (a) Deflection vs position of moving load; (b) Tensile stress vs position of moving load; 
Ko= 100 pci, H = 8 in., Cr= 1.5, ~T = 30 F, v = 40 mph. 
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Figure 7. Deflection at ends of slab vs position of 
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that the bending movement between slabs could be neglected while a shearing force 
equivalent to that in an infinite slab could be used to provide shear transfer. This 
seemed justifiable because of the relatively short depth of dowel embedment, and be
cause the general nature of expansion and contraction joints is such as to permit the 
transfer of only very limited bending. For most highway work, dowel bars are only 
approximately 2 ft long, whereas the length of a slab averages about 40 ft; moreover, 
they are generally smooth and lubricated at one end to maintain freedom of horizontal 
movement between slabs. Under repetitive loading, these joints become looser and 
conceivably act more like a hinge, thus offering little or no moment transfer. On the 
other hand, substantial shear transfer could be experienced if the joint opening is small 
and the deflections are large enough to cause the development of a bearing pressure 
between dowel and concrete. 

In any case, it should be noted that the magnitude of the moment and shear is really 
only significant in the near vicinity of the load itself. As a result, the solution is seen 
to be influenced by the values used for moment and shear transfer only when the load 
approaches the edges of the slab. 

Figures 3, 4, and 5 demonstrate that for the case studied here, the damping ratio, 
Cr' does not greatly influence the values obtained for deflection and stress at low to 
moderate velocities; however, the higher value of Cr does result in a wider and less 
deflected trough (i.e., the depression under the load is wider but of smaller amplitude). 
In general, these figures tend to indicate that the pattern of the deflection and stress 
curves is mainly determined by temperature difference between slab surfaces and by 
the position of the moving load. 

In the case considered here, temperature differences cause the ends of the slab to 
curl upward and become unsupported, while points midway between the midpoint and the 
ends of the slab experience an increase in positive deflection. For the positions of 
load shown in Figure 3, there is an increase in positive deflection and a decrease in 
tensile stress in the near vicinity of the load. However, as Figures 6 and 7 indicate, 
the radius of influence (wavelength of deflected surface) is not only a function of load 
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position but also of velocity. At low velocities, the radius of influence is small, but as 
velocity increases, this radius increases significantly behind the moving load. This 
characteristic, which was also observed by Thompson (44), plays an important role in 
the explanation of Figures 4 and 5. -

For the case of an overdamped pavement (Cr > 1.0), it was initially anticipated that 
both the maximum deflection and stress would decrease with increasing velocity. How
ever, Figures 4 and 5 indicate that, if curling is in evidence, this may not be the case. 
As was stated earlier, the maximum positive deflection in an unloaded slab subjected to 
moisture and/or temperature gradients that cause upward curling at the ends occurs 
somewhere near the one-quarter and three-quarter points of the slab. When a moving 
load is introduced, a wave train is set up and the deflected trough that lags the load 
becomes wider as velocity increases. In other words, the influence of the deflected 
trough behind the moving load increases with increasing velocity. 

Therefore, if a slab that is initially curled upward at the ends is subjected to a mov
ing load, there will be a tendency for the portion of the slab behind the load to become 
flatter and more fully supported as velocity increases (Figs. 6 and 7). As this flatten
ing occurs, the maximum positive (downward) deflection behind the load increases until 
the velocity reaches a value that produces a reasonably flat, fully supported slab. Then 
a decrease in maximum positive deflection is experienced with further increases in 
velocity. Thus, in a slab that is curled upward at the ends, the maximum positive de
flection does not occur at zero velocity, as is the case for fully supported slabs not sub
jected to moisture and/or temperature gradients, but at some velocity greater than 
zero. 

As far as stresses are concerned, a line of reasoning similar to that used previously 
to explain the deflection pattern may be employed to account for the increase in maxi
mum stress with increasing velocity shown in Figures 4 and 5. Increased velocities 
result in a greater tendency to flatten the slab and this in turn causes an increase in the 
tensile stress at the top of the slab. 

As may be expected, the pattern as well as the magnitude of deflections and stresses 
obtained depends on the stiffness of the slab, the firmness of the subgrade material, and 
the temperature difference between slab 
surfaces. For the range of velocity 
studied, maximum positive deflection de
creased as the value of subgrade reac
tion increased, and increases were ex
perienced as pavement thickness and 
temperature gradients became greater. 
However, as Figures 4 and 5 show, the 
greater the resistance to flattening, the 
higher the velocity at which the curled 
surface becomes flat enough to result in 
a decrease in maximum positive deflec -
tion. In the case of stresses, the in
crease in temperature gradient from 20 
to 40 F produced almost a 50 percent in
crease in stress, whereas the variation 
in pavement thickness and subgrade re
actiondidnot appear to have much influ
ence. The influence of the higher value 
of Cr on deflection and stress is also 
small. However, the fact that it pro
duces a wider and less deflected trough 
is quite evident. 

EFFECT OF REDUCTION IN 
SUBGRADE SUPPORT 

In this part of the paper, the main ob
jective is to determine what effect a 
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Figure 8. Infinite slab over region of reduced 
subgrade reaction, 
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reduction of the subgrade reaction would have on the stresses and deflections in a pave 
ment subject to imposed vehicular loadings. For this case there is little loss in gener
ality by assuming a particular value of shear and moment transfer between slabs. The 
proceau_re to be followed can be adapted to any degree of transfer. Therefore, for the 
present purpose where there is primary concern only for the region evidencing subgrade 
reduction, it is expedient to consider primarily the case of an infinite slab. As a spe
cial case, the condition that 50 percent shear and no moment transfer exist between two 
semi-infinite slabs is also examined. 

The pavement section for the case of the infinite slab is shown in Figure 8. Here, 
the subgrade in its original form is represented by zones 1 and 3, whereas the area 
over which the reduction of subgrade reaction occurs is represented by zone 2. The 
differential equation describing the surface of the pavement is given by Eq. 4b. 

To introduce the equivalence of a moving load, another zone must be added to the 
pavement. For example, in Figure 8 zone 1 is seen to be divided into two zones, la and 
lb, and the force Pis accounted for in the boundary conditions. 

Solution 9f Problem 

For the case when the moving load is over zone 1 and approaching zone 2, Eq. 4b is 
applied to each of zones la, lb, 2 and 3, and solutions are obtained using the appropriate 
subgrade properties. The boundary conditions used in evaluating the constants are as 
follows: 

wla(-co) = q/Ko (6a) 

w:ia(-oo) = 0 (6b) 

wla(O) = w1b(O) (6c) 

w:ia(O) = wlb(O) (6d) 

w" (0) 
la 

= w" (0) 
lb 

(6e) 

w" '(O) -
lb 

w" '(O) 
la = P/D (6f) 

W lb (0) -= W2(L 1) (6g) 

w·lb (L 1 ) = w;(L
1

) (6h) 

wlb (L1) = w;(L 1) (6i) 

w" '(L) 
lb 1 = w; 1 (L 1) (6j) 

W2(L2) = W3(L2) (6k) 

w;(L2) = w;(L2) (61) 

w;(L2) = w;(L2) (6m) 

w;"(L2 ) = w;"(L2) (6n) 

w/oo) = q/Ko (60) 

w;(co) = 0 (6p) 

After evaluating the constants in the resulting set o.f linear equations (29) using 
Crout's method of reduction with an IBM 7090 computer, the deflections and str esses 
were determined. The complete solution to the problem was obtained by applying this 
same procedure with suitable modifications to the schemes shown in Figure 8. 
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TABLE 1 

DEFLECTION AND STRESS UNDER A STATIC LOAD 
(125 lb/in.) 

Ko = 100 pci K0 = 200 pcl 
H, In. 

W0 , in. Oo 1 psi w0 , in. 001 in. 

8 o. 019144 150. 607 0. 010722 126. 645 

10 o. 019017 113. 948 0.010481 95. 819 

12 0 . 019449 90.726 0.010573 76. 291 

Results 

To investigate the effect of a reduc -
tion in subgrade reaction, numerical re 
sults were obtained for combinations of 
the following data: 

µ = 0.15 
E = 4 x 106 psi 
"' = 24, 48, 96 in. 
H = 8, 10, 12 in. 

K 0 = 100, 200 pci 
K 1 = O, 25, 50, 75, 100, 150, 200 pci 
Cr= 1.5, 2.0 

v = O, 20, 40, 60, 80 mph 
P = 125 lb/in. 
q

0 
= 150.9 pcf 

Some typical curves (in nondimensional 
form) for displacements and stresses for 
three positions of the load are shown in 
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Figure 10" Maximum deflection and stress ampli
fication vs velocity (Ko= 200 pci, Cr= 2.0). 

Figure 9. Values for the deflection and stress under a static load, P, are given in 
Table 1. These values may be used in Figure 9, with appropriate amplification ratios, 
to obtain the magnitudes of deflection and stress at a point. 

Figure 10 shows the variation of maximum stress and deflection with velocity, whereas 
Figures 11 and 12 show the influence of the parameters t and H. Curves similar to 
those in Figure 9 are shown in Figure 13 for the special case where there is only 50 
percent load transfer and no moment transfer across a discontinuity in the pavement 
surface. 

Discussion of Results 

As shown in Figure 9, there is an increase in positive deflection amplification as the 
value of K/K0 decreases. For the load positions shown, the increase is greates t when 
the load is over the zone of reduced subgrade reaction and least when the load is past 
this zone. As may be expected, when the load is moving over a homogeneous subgrade 
material, the point of maximum positive deflection lags the position of the load. How
ever, if there is a zone of reduced subgrade reaction and the load is approaching this 
zone (as shown in Fig. 9a), the maximum deflection can lead the position of the load at 
low values of K/K0 • For the cases when the load is over the weakened region or has 
passed it, maximum positive deflection lags the load. This characteristic tends to in
crease as the load moves out of the weakened area. 

With regard to stresses, a reduction in the value of K does not appear to influence 
the maximum stress very much unless the load is within the area of reduced K. How
ever, as Figure 9 shows, it can affect significantly the shape of the curve at very l ow 
values of K/ Ko· 

For the three positions of load considered, the maximum stress, which always oc
curred under the moving load, reached its greatest value when the load was over the 
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Figure 11. {a) Maxi mum deflection amplification vs length of region of reduced subgrade reaction; 
(b) Maximum stress amplificat ion vs length of region of reduced subgrade reaction; Ko= 200 pci, 

Cr= 1.5. 
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weakened zone; here, stress increased as 
K/Ko decreased. In the case when the 
load is approaching the weakened zone, 
stress is again seen to increase with de
creasing K1/Ko. But after the load has 
passed this zone, the trend is reversed 
and the lower the value of KJKo, the 
lower the stress under the load. This 
means that if a slab is lying on a subgrade 
exhibiting a soft spot, the stress experi
enced in the slab is greater when the load 
is moving toward the center of this weak
ened zone than when the load is moving 
away. Consequently, if failure caused by 
overstressing does occur, the signs of 
distress should appear somewhere between 
the center and the ''back" edge of the soft 
zone. 

Figure 10 shows that, except for very 
low values of K/K0 , deflection and stress 
amplification decrease with increasing 
velocity; however, the decrease appears 
to be more pronounced for the smaller 
value of initial subgrade reaction, K0 • 

Here also the higher value of Cr yields 
the lower value of maximum deflection 
and stress. 

The influence of the length of the weak
ened region is shown in Figures Ha and 
11b. In these figures, both the maximum 
stress and deflection are seen to increase, 
for all values of Ki/Ko less than 1, as the 
region of reduced subgrade reaction be
comes larger. The stiffer the subgrade 
material is initially, the greater the in
crease in deflection and stress. However, 
in the case of stress, this is only discerni
ble at low values of K/K0 • 

In general, the influence of the thick-
ness of the pavement on stress and deflec

tion amplification was only significant at low ntios of K)K0 • As shown in Figures 12a 
and 12b, deflection amplification decreases as thickness increases when the value of 
KJK0 is approximately equal to 0.7 or less, whereas stress amplification remains rela
tively insensitive to variation in t hickness. Again, these plots show that for constant 
K/Ko ratios less than 1, the initially stiffer subgrade leads to the greater increase in 
stress and deflection. This suggests that, if the possibility of development of soft spots 
in the subgrade material exists, it may be better to avoid the use of stiff subgrades. 

In Figure 13, there is a clear indication of what may happen when, in addition to the 
reduction in subgrade reaction, 50 percent of load transfer is lost. Deflections are sub
stantially increased near the point of discontinuity, especially when the load is over the 
weakened region. For example, for K/K0 = 0.5 in Figure 13, the deflection amplifica
tion for a point under the moving load is 5.85, compared to 1.26 in Figure 9b. Another 
important aspect to note is the large relative movement that occurs between the edges 
of the slab (i.e., edges situated at the midpoint of the weakened region) . This movement 
not only causes bumpy driving, but may also lead to further pavement distress. 

As for stresses, Figure 13 shows that for the special case considered the maximum 
stress need not occur under the moving load. In fact, the maximum stress experienced 
in this case is not only behind the load, but is also correspondingly higher than that 
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obtained in Figure 9b. For the other two positions of the load, the use of no-moment
t r ansfer and 50 percent shear transfer did not greatly influence the values previously 
obtained in Figure 9 for maximum stress as long as the ratio of KJKo was high (ap
proximately = 0.8) . However, when the ratio of K/Ko was lowered to 0.25, significant 
reduction in stres s was experienced . Obviously, at high values of Ki/Ko , the load in 
this case has to be fairly close to the weakened region before conditions existing at the 
midpoint of the region become important. 

SUMMARY AND CONCLUSIONS 

In the first part of this study it is shown that, when a pavement is subjected to up
ward curling, it is possible to experience an increase in maximum positive deflection 
as velocity is increased, and then a decrease in maximum positive deflection with further 
increases of velocity. The velocity at which the decrease in maximum positive deflec
tion sets in seems to depend on several factors, including the thickness of the slab, the 
temperature difference between its surfaces, the stiffness of the foundation, and the de
gree of damping. In general, it appears that higher velocities are needed to effect a 
decrease in maximum positive deflection as slab thickness, stiffness of foundation, and 
temperature increase, and as the degree of damping decreases. 

In the case of stresses, maximum stress increased with increasing velocity. The 
thinner the pavement and the lower the value of subgrade reaction and damping coef
ficient, the higher the stress. However, there was not a great difference in the values 
of stress obtained. What seemed to matter most was the difference in temperature be
tween the surfaces of the slab. Increases in the temperature difference resulted in 
large increases in stress and maximum positive deflection for all values of velocity 
studied. This observation tends to indicate that temperature difference between slab 
surfaces is the overriding factor governing the magnitude of stress and deflection that 
may be obtained, whereas factors such as velocity, thickness of pavement, modulus of 
subgrade reaction, and degree of damping act more or less to exaggerate or minimize 
the pavement distress caused by temperature and/ or moisture gradients. 

In the second part of the study, where the influence of a reduction in subgrade reac
tion was studied, it was clearly shown that both maximum deflection and maximum stress 
increased as the region became weaker. The increase experienced was quitepronounced 
when the load was within the weakened region and moving toward its center. Thus, if a 
pavement is designed with a particular value of subgrade reaction and a weakened zone 
develops because of the softening of the ground (as may be the case during spring thaw), 
the stresses produced in the slab in the near vicinity of the weakened zone will very 
likely be higher than anticipated. 

If there is a significant reduction of subgrade support (even to within 75 percent of 
the original value of K0 ), maximum deflection and stress should still follow the well
known trend and decrease with increasing velocity. However, when there is complete 
loss of subgrade support, both the maximum stress and deflection can increase with in
creasing velocity. For the hypothetical case where pavements of equal thickness are 
built on different subgrade material, it appears that for a constant percentage loss of 
subgrade support, the pavement built on the stiffer subgrade material should experience 
a greater increase in stress and deflection. In the case where there is also a loss of 
load transfer, deflections as well as stresses may be substantially increased and large 
relative movement may be experienced near the points of discontinuity in the surface of 
the slab. 

In conclusion, we find that on the basis of the assumptions stated herein, this study 
indicates that (a) contrary to common opinion, an increase in velocity can pr oduce an 
increase in deflection and stress; (b) of all the var iables considered herein (temperature 
differences, velocities, thickness of pavement, moduli of subgrade reaction, and degrees 
of damping), the temperature difference between slab surfaces was shown to be the over
riding factor governing the magnitude of maximum stress and deflection; (c) there is 
reason to believe that any meaningful interpretation of the performance of pavements as 
determined by measured strains and/or deflections of the slab must give due regard to 
the effects of warping; and (d) stresses and deflections within a slab can be sensitive 
to localized reductions in subgrade support. 
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Prediction of Subjective Response to Road Roughness 
by Use of the Rapid Travel Profilometer 
L. F. HOLBROOK, Testing and Research Division, Michigan Department of State 

Highways 

•A PRIMARY PURPOSE in measuring road profiles (either elevation, slope, accelera
tion, or jerk) is to predict their effect on driver response. Studies of human response 
to motion have often been confi ned to purely laboratory investigations directly r elating 
known physical inputs (acceleration) to their physiological or psychological consequences. 
Experiments such as those conducted in the AASHO Road Test (1) have sought to em
pirically establish the relationships between physical road prope rties and subjective 
driver response. These experiments differ in two important ways from traditional re
search: 

1. The physical input (road profile) is not experienced by the subject (driver) di
rectly, but through the complex modifying machinery of the automobile. Thus, even if 
the road input were originally known, it would be substantially transformed by the in
terposition of a vehicle between road and driver. Depending on vehicle speed and reso
nance, the longer, gently rolling profile elevation differences (long wavelengths) would 
cause the driver to experience very low frequencies (in cycles per second), whereas 
the short, choppy differences would result in relatively high frequencies, most of which 
would be attenuated by the vehicle and human body itself. 

2. The human response to this band of frequencies is both physiological and psycho
logical. Although some research has been devoted to the physiological aspects (2 ), the 
AASHO-type studies and the present investigation seek to measure the psychological. 
The reason for this emphasis is that, regardless of the motions to which drivers are 
subjected, it is their subjective opinion or response that counts. As this report and 
others (3) show, measurement of subjective response has both limitations and pitfalls. 
Nevertheless, it is a goal of sufficient importance to warrant continued effort. 

In this study, the interposition of vehicle between subject and road will be acknowl
edged only to the extent that different vehicles are used. No vehicle characteristics are 
examined, because our purpose is to examine possible relationships between road pro
file per se and subjective response. The Michigan Rapid Travel Profilometer (RTP) is 
ideally suited to the measurement of road profiles for the r easons dis cussed by Darling
ton and Milliman (4). Some of the pertinent advantages are r eviewed here . 

A serious probiem with moving-straightedge profilometers is that they introduce 
distortions into the measured profile. Put another way, these instruments do not have 
"flat" frequency (cycles per foot) response characteristics. The RTP frequency re
sponse is flat for a much larger range than required by roughness research. 

Many of the problems discussed in the roughness literature center around the question 
of which profile frequencies are relevant to road roughness (5, 6). Clearly, those low 
frequencies induced by the long, "hill-valley" profile wavelengths, while passed by the 
vehicle and experienced by the driver, are not responsible for what we call "roughness". 
Similarly the very short, "choppy" wavelengths induce such high frequencies that they 
are largely damped or filtered out by the vehicle-human body system. There is, then, 
a middle range of profile wavelength, whose amplitude best relates to roughness. At
tempts to filter profiles have usually been aimed at eliminating the long waves (detrend
ing) and have required arbitrary decisions on method and degree. Moreover, these methods 
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often color the resulting profile, thereby compromising its value. The RTP can be pre
set to recover from the total profile only those frequencies thought relevant to roughness. 

The resulting filtered profile is then analyzed by examining elevation deviations from 
an average elevation base line. It is mathematically convenient to square these devi
ations, sum them, and divide by the profile length. The resulting quantity (parameter) 
is called mean square deviation or variance. However, the total variance is composed 
of contributions from each wavelength found in the filtered profile. By a suitable tech
nique called power spectral density (PSD) analysis the contributions to total variance 
made by the various wavelength regions can be estimated. The value of PSD analysis 
is that these variance contributions can be independently examined for their relevance 
to subjective response. Once the desired range of frequencies is determined, RTP 
equipment can be adjusted accordingly, thereby producing a profile specifically of inter
est to ride research. 

Even if roughness can be satisfactorily obtained from profiles, there remains the 
question of how to measure subjective response. Highway and automotive researchers 
have generally used category scales. These scales require the subject to pick a cate
gory in a manner consistent with the degree of subjectively experienced roughness 
(some studies ask for judgments on "serviceability"). A special case of the category 
scale, the graphic rating scale, has achieved considerable popularity in road service-:: 
ability and automobile ride studies, following the lead of the AASHO Road Test (7, 8, 9, 
10). Briefly, the subject is required to mark on a line his response to highway rough-: 
ness or serviceability. 

An entirely different approach to the problem of psychological measurement-often 
used in psychophysics-is found in the magnitude estimation methods. These require 
the subject to compare several objects or experiences and report their subjective ratio. 
Often one experience is held constant and called the standard, although this is not neces
sary. Unfortunately, the category and magnitude methods do not always produce the 
same scales. If only a ranking of psychological responses is desired, choice of scal~g 
techniques makes little difference; i.e., both methods should generate the same rela
tive subjective order. If, however, we wish to manipulate the scale mathematically, we 
must be able to measure psychological ratios or at least differences. Under these con
ditions, choice of scaling methods could affect the mathematical relationship between 
subjective response and road roughness, whether measured by roughometer or profi
lometer. If, in turn, we expect to relate subjective response in terms of either rough
ness or serviceability, which are closely related (9) to design and construction variables, as 
in the AASHO Road Test, these relationships could also be affected. The implication is 
that for this type of experiment, the relative importance of the various design factors 
may depend on the scaling method used in measuring human judgments. 

In order to explore these problems, two field experiments were conducted (Fig. 1). 
The first consisted of 96 observers rating 16 roads and was designed to (a) examine 
differences among types of category rating scales, (b) examine the difference between 
subjective responses under normal driving conditions and under conditions of restricted 
sight and sound (blindfolds and earphones), and (c) examine the effects on subjective re
sponse of different passenger car sizes. The category scales selected (Fig. 2) were 
(a) a graphic rating scale used with 32 observers rating each of 16 roads, (b) a series 
of photometrically evenly spaced gray papers arranged as sectors of a circle repre
senting nine categories of ride roughness from "excellent" to "unbearable", and (c) a 
sequence of eleven words pre-ranked by a rating panel to represent the ride continuum, 
again from" excellent" to "unbearable". In addition the three scales were cross-classified 
with eight different passenger cars (spanning the range of automobile weight found 
on American roads today). As a check on visual and aural "halo" effects-contamina
tion of subjective response caused by stimuli other than those under measure (3, 11)
half of the 96 subjects were blindfolded and half were provided with sound-insulating 
earphones. The 96 subjects were able to use the three category scales with equal ef
fectiveness; the agreement among subjects, as measured by the coefficient of concor
dance, was about the same (W = 0.85) for all scales. Also, the three category scales 
agreed very closely on the ranking of the 16 roads. Consequently, no evidence was 
found to suggest that the type of category scale selected has any bearing on either 
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subjective road rating agreement or position. Differences on the same scale caused by 
blindfolds and earphones were not measurable. Differences caused by cars were mea
surable but not of sufficient magnitude to significantly affect the main issue of this 
report. 

In the light of these findings, it seemed reasonable to combine the data from the three 
category scales into a common scale based on 96 subjects. The three scales cannot be 
combined directly into an overall scale because category sizes and meanings are not 
comparable. However, there is a technique whereby information from each of the three 
scales can be merged into a common scale. The method, first developed by Thurstone 
(11, 12, 13), is generally lmown as "pair comparison" scaling and is developed from the 
fOiiowinglormula of basic statistics: 

S , 2 2 2 
1. - SJ· = z1· J. ,.. • + ,.. · ,.. · ,.. r v 1 u] - u 1 u j ij 

where 

Si = subjective r esponse to stimulus (road) I, 
Sj = subjective response to stimulus {road) J, 
cri2 = var iance of s ubjective response Si to stimulus (road) I, 
a{· = variance of subjective r esponse Sj to stimulus (road) J, 
rij = correlation between subjective response Si and subjective response Sj, and 

(1) 

Zij = standardized normal deviate representing with a normal curve of unit variance 
the proportion of times Si is greater than Sj· 

Thus, by knowing only the proportion of s ubjects stating that Si is greater {rougher) 
than Sj we can generate the distance on the subjective scale between Si and Sj. 1 This is 
true only if the other variables in Eq. 1 are known, or if they can be assumed constant 
or zero. The correlation term in Eq. 1 is generally assumed to be zero or constant. 
To test this assumption, the linear scale responses for 32 subjects were intercorrelated 
for all 120 road combination pairs in Test Series I. It is recognized that these intercor
relations are produced by means of a scaling procedure at issue in this report. However, 
comparison of scaling procedures using and excluding the correlation term in Eq. 1 in
dicates that it is of minor importance. Consequently, the approximate correlation values 
obtained by virtue of the linear scale should be adequate . 

The existence of road intercorrelation can be explained by the well-known fact that 
subjects tend to impress personality and experience on the response scale. For ex
ample, if some subjects generally rate roads rough, and others tend to rate roads 
smooth, this will show up as positive correlation among the road ratings. Figure 3 
shows the relationship between all possible S intercorrelations and the ratio of the cor
responding roughness values, R greater/R lesser. Apparently, for roads comparable 
in roughness, subjective responses tend to correlate positively, whereas roads having 
great roughness differences are not subject to intercorrelation at all. For this study, 
the correlation coefficient in Eq. 1 is computed from the following equation determined 
by least squares from the data shown in Figure 3: 

r = -0.56 log {R0 /RL) + 0.59 (2) 

1The scale developed from Eq. 1 does not follow the conventional procedure expounded by Thurstone. 
The matrix of all possible proportions P was converted to the z matrix as usual. This matrix was then 

multiplied by the~ cri2 +crj2 - 2ai crj rij matrix. This provided 16 road scales each based on relation

ships to a given road. The 16 scales were then regressed on each other providing revised estimates of 
road separations. This process was iterated several times unti I the correlation matrix converged to an 
average value of 1.0. 
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Figure 4 shows that the conventional linear scale (Fig. 2), as used in the AASHO 
study, can be reproduced by Eq. 1 when the variance terms cri2

, cr/ are held constant 
and equal. Equation 1 then becomes 

Because i"2C is a factor in all scale separations (Si - Sj), it is omitted and Eq. 1 
becomes 

(3) 

The units in Figure 4 are unimportant because these are interval subjective scales, 
and have no meaningful zero point. Consequently, · the slope and intercept are irrelevant. 
What is important, however, is the degree of fit exhibited by the two scaling methods. 
Figure 4 shows excellent agreement (correlation of 0.99) between these two methods. 
Therefore, it is evident that the linear scale is a special case of the pair comparison 
scale when the variances of subjective response are assumed constant throughout the 
full roughness range. 

We are now in a position to examine the effects of roughness level on response vari
ance, and consequently, the subjective scale itself. Attempts by others to assess response 
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variability have been made by directly taking 
the individual linear scale responses for a 
given road and directly forming their vari
ance. Plots of a2 vs mean panel rating tend 
to showthata2 is greatest in the midrange of 
roughness . Yoder and Milhous (9) suggest 
that panel rating variation is a mTuimum for 
very rough and very smooth pavements. For 
the data of Test Series lthe linear scale re
sponses were first standardized to eliminate 
individual idiosyncracies, and a common 
measure of variability (the inner-quartile 
range) was plotted against median responses 
(Fig. 5 ). This procedure shows the same 
contraction of dispersion at the scale end 
points as suggested by Yoder and Milhous (9 ). 
The question arises as to whether these -
results are inherently characteristic of 
human response to road roughness, or are 
merely due to the distortion introduced by 
an inadequate scaling procedure. 

Intuitively, it would seem that subjective 
response dispersion should not increase, 
reach a maximum, and then decrease as 
indicated by Figure 5. Rather, judgment 
difficulty, and hence response dispersion, 
should increase with roughness, the maxi
mum occurring at the rough end of the 
scale. ("Dispersion" and "variability" are 
general terms referring to the spread of 
data; variance and inner-quartile range 
are each mathematical measures of it.) 
Moreover, there is a wealth of psycho
physical experience that conflicts with the 
curve of Figure 5. (Weber's law states 
that the "just noticeable difference" be
tween two stimuli increases in proportion 
to the stimulus magnitude; i.e., ~M =KM. 
Weber's law and its variations are reputed 
to be applicable over a very large range 
of psychophysical phenomena.) Thus, we 
have good reason to doubt the uniform 
variance assumption of Eq. 3, and hence 
the validity of the linear scale itself. These 
comments notwithstanding, the scale pro
duced by Eq. 3 is plotted against the rough
ness level in Figure 6. Notice that the re
lationship is of the form 

S = A log R (4) 

Equation 4 is predictable (14) and is 
generally found when categoryscaling is 
plotted against physical input (15 ). For 
example, the log of slope variance was 
selected as the best predictor of "service
ability" in the AASHO Road Test (_!). 
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The second test series of this 
study was designed to contrast the 
scale produced by magnitude esti
mation techniques with that of the 
category methods discussed pre
viously. In this series, 37 test sec
tions were evaluated by 40 observ
ers by requiring them to report the 
ratio of the riding quality of each 
section to the preceding one ; 20 
subjects rated "roughness" and 20 
rated "smoothness" in order to re
move possible bias associated with 
the direction of ratio estimation. 
Because the responses are ratios, 
they must be multiplied sequentially 
(the first road is defined as 1.0 on 
the subjective scale) to generate 
scale values (10, 17). This pro
cedure, although yielding magnitude 
estimates, is subject to consider
able error in view of the number of 
multiplications necessary (37 for the 
last ratio in Test Series Il). Ran
domization of test roads would dis
tribute these errors; however, it 
was found administratively neces
sary to present the roads in the 
same order to each subject. It 
would not be possible to present 
all combinations of roads directly 
without contaminating the ratio 
judgments with irrelevant inter-
vening roadway. Nevertheless, a 
large variety of roughness ratios 
were available from the 37 roads. 

It has been found (15, 18, 19, 20) that magnitude estimates of subjective response ratios 
are related to physical input \rOughness) ratios by the power law: 

(5) 

or in general 

S =KR¢ (6) 

where K is a scale factor and ¢ is an exponent related to the type of physical input. 
Equation 6 can be used for both estimates of r oughness and smoothness ratios. 

Figure 7 s hows the distribution of 36 estimates each of ¢s and ¢R· Median ¢R for " r ough
ness" is 1.10 and median ¢s for ttsmoothness" is - 1.10. It appears that ther e is little, 
if any, difference in "rouglmess" rating as opposed to "smoothness" r a ting, a nd that the 
two values can be averaged to provide an overall estimate of 1.10 for roughness. This 
means that subjective response is directly related to roughness: 

S = KR1 .io 

S~R (7) 
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This result is contra.ry to that obtained with linear or category scaUng (compare 
Eq. 4). Although not discussed here, it can be shown that Eq. 1 can reproduce Eq. 7 
when the subjective response standard deviations are set equal to the roughness values, 
i.e., 

(8) 

Thus, when i·oughness figures are substituted in Eq. 1, the resulting scale turns out to 
be of the form S = R (rather than S = log R) as found by ratio scaling. The correlation 
of this subjective response scale with roughness is shown in Figure 8 and should be com
pared to the correlation with log roughness shown in Figure 6. 

Analog processing of RTP data provided sufficiently filtered profiles to permit com
putation of power spectral density plots (amplitude variance spectrum). Spectra for 
each wheel-track profile and its first three derivatives were computed from automati
cally digitized RTP data. Generally, the two wheel tracks for each road were similar, 
with the high-frequency amplilude va1·iance always somewhat greater for the outside 
wheel track, 

Wheel-track spectra were averaged and plotted with wavelength (>..)on log-log coordi
nates as shown in Figure 9. As is generally known, these plots are well approximated 
by a straight line; hence, 

AVD = cxx (9) 

where AVD is amplitude variance density (power), and C is a constant reflecting the 
general variance density level (probably the best overall parametric correlate of sub
jective response). Correlations of AVD parameters with subjective response a.re C = 
-0.88, x = 0.54, and multiple of C and x = 0.89. The exponent x, ranging from about 1.5 
to 2. 5, is essentially unrelated to subjective 
response. Linear correlations of log AVD 
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and log X ave1·aged 0.98 for the 16 roads of Test Series I. Total amplitude variance 
(within the limits of measurement) of the profile or its derivatives is often used as a 
ride indicator (1, 5, 9). However, this method ignores the unequal variance contributions 
of wavelength intervals to subjective response and is therefore an imperfect indicator. 
Because roughometer measurements correlate well with subjective response (r = 0.98), 
this instrument can be used to select the wavelengths best relating to ride. 

Correlations between roughometer measurements and AVD were poor for low: fre
quencies (1 to 5 cps) and improved to a maximum (r =0.99) for the 18 to 36 cps range. 
Because this frequency range (for the vehicle speeds used, 25 to 60 mph) results from 
a very narrow band of road wavelengths, it was possible to simplify the analysis by re
lating subjective response directly to the profile. 

Figure 10 shows the correlations of the variance contributions of the 3-ft wavelengths 
for the profile and its first three derivatives with roughometer figures. The lines are 
parallel and separated roughly by a multiplier of four. Successive differentiation of 
(sin wtf indicates that they should be in tJ1e ratio 1: 3: 9: 27 because X = 3. Moreover, 
the slopes show the general equation relating amplitude variance to roughness (in./mi) 
to be 

R = K (AVD) 0
"
395 (10) 

where K depends on the derivative order. The exponent of 0.395 compares with 0.365 
given elsewhere {21). At X = 3, correlations are all high, but this is not true for the 
g1·eater wavelengths. Figure 11 shows that the fall-off of correlation with subjective 
response is greatest for the third derivative and least for the first derivative. As far 
as total variance is concerned, it appears that the slope profile is best suited for ride 
predictions. However, the best correlations are obtained with the very short wavelengths 
for all derivatives. There seems to be little point in measuring variance contributions 
from wavelengths much above approximately 5 ft as far as ride research is concerned. 

If graphic or category rating scales are used to measure subjective response, we 
find (Fig. 12) by substituting Eq. 10 in Eq. 4 that 

90 

1-

15 
:i 80 

"' .. 
N 

.:. 70 

"' <) 
z 
< 
ii 
~ 60 

0 

"' z 
< 
i. 50 
)( .., 
z 
" 

40 

TEST SERIES I 
NUMBER OF SUBJECTS ; 98 

S = K log (AVD) 

PROF ILE WAVELENGTH ~ / F'T 
90 100 

Figure 11. Relationship between profile wavelength and predictability of subjective response. 

(11) 



222 

,... .. 
0: 

"' 0. 

"' _J 10·4 

~ 
0: 

"' .. .. 
t 
,. 
!:: 

"' ~ 
"' u z .. 
~ >()' ) -
"' c 
:> .... 
~ 
~ 

TEST SERIES I 

NUMBER OF SUB.ECTS : 96 
r • .97 
)..• 3' 

• • 

• • 

• 

• 

• 
• 

• 

SUBJECTIVE RESPONSE, CATEGORY SCALE USING EQUATION 3 . 

Figure 12. Relationship between profile variance and category scale subjective response. 

1-.. 
0: 

I!:' ... 
g 
~ 
1: 
,: 
.... 
iii 
z ... 
0 ... 
u z .. 

TEST SERIES I 

SUBJECTS : 96 

io·l 90· 1·.--------~ 

Az/O' A•25' 

10"'4 

i ~·~ 
~ 
... 
c 
:> ,... 
::; .. 
:I 
< 

r=.97 r= .95 r=.67 

10· · ~-~_..~~~.o·• rO...,.__~_.._.._ ............. .., 
SUBJECTIVE RESPONSE, CATEGORY SCALE Wl'rH 

VARIANCE PROPORTIONAL TO ROUCHNF55 

Figure 13. Relationship between amplitude variance and subjective response as measured by magnitude 
estimation methods. 



223 

The log transform of slope variance (of unpublished wavelength composition) appears 
in the PSI equations and can be expected to appear in any ride or serviceability experi
ment where category scaling is used. Serviceability is properly introduced into this 
discussion because it is so highly correlated with roughness (9 ). When magnitude scal
ing is used (or category scaling is accomplished with Eq. 1 utilizing the dispersion re
lationship c = R ), the results agree with Eq. 7 (i.e., S = R) because R = K (AVDP' and 
S = K (AVD)x (Fig. 13). 

At this point the possible reasons for the different functional forms obtained by the 
two scaling methods will be discussed. Suppose that subjects find it easy to discrimi
nate small roughness differences at the smooth end of the scale and difficult at the rough 
end. The effect on the category scale will be as follows. At the smooth end where dis
crimination is best, a large portion of the scale will be used to reflect small but per
ceivable differences in roughness, whereas at the rough end where discrimination is 
poorest, the same small roughness differences are less easily detected and will tend 
to be lumped into a single category or confined to a small scale range. For example, 
the difference between 100 and 200 in. per mile is easily detected and would, therefore, 
show up as a sizable scale separation consistently reported. However, the difference 
between 600 and 700 in. per mile, although arithmetically the same, is more difficult to 
detect and consequently will show up as a small scale difference not consistently re
ported (Fig. 14). In addition, if many subjects are used and their judgments combined 
into a single average for each road, disagreement and hence variance differences may 
result from differential sensitivity to frequency. For example, subjects might respond 
similarly to low-frequency vibrations, but differently to high frequencies. The result 
would be good agreement at one end of the scale and poor agreement at the other. If 
one of these conditions exists, the resulting category scale will probably not be a linear 
transform of a scale based on direct estimates of psychological magnitude utilizing 
ratios. This is because the magnitude methods produce scales whose mathematical 
properties are free of the effects of subjective response variance. 

Because the level of inter- atid intra-subjective response agreement determines the 
disparity between the magnitude and category scales, one can theoretically produce an 
infinity of category scale transforms by merely controlling the background factors that 
affect subjective response agreement. For example because one person is usually more 
consistent than several, a category scale produced from replicated judgments of a single 
individual would probably not be linearly related to a scale produced from the combined 
judgments of a group. Consequently, the exact mathematical form of the relationship 
between subjective response as measured on category scales and physical input may 
depend on experimental conditions and technology. Should changes in experimental con
ditions or improvements in technology alter the functional relationship between response 
agreement and input level, laws depending on the affected variables would have to be 
updated accordingly. This defines the first disadvantage of measuring subjective re
sponse to roughness with category scaling methods. 

The second disadvantage of category scales is that measurements based on them will 
not confirm laws utilizing magnitude scales. The problem is especially acute for laws 
derived from intuitive formulations. These formulations generally involve variables 

that are traditionally measured on magni
tude scales. To be sure, a logically co
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Figure 14. Hypothetical relationship between sub
jective response variability and response level. 

herent system of laws based on either 
scaling system could be evolved; however, 
those based on category scale measure
ments would not benefit from intuitions 
growing out of everyday experience with 
the magnitude scales. 

A third disadvantage could occur if, 
with the use of a group of subjects in a 
ride experiment, several proved more 
tolerant of increased amplitudes at all 
frequencies. This might be due to the ride 
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experience the subject brings with 
him to the experiment. Thus, if a 
subject is familiar with only very 
smooth Interstate roads, he will 
tend to "down-rate" the rougher 
roads more than a subject who 
has encountered the latter in his 
daily experience. On the other 
band, a subject habitually adapted 
to very rough gravel or secondary 
roads will necessarily view all 
primary and Interstate Highways 
as superior. The full range of test 
responses for this subject would 
show a bias toward the high or 
smooth end of the scale. In addi
tion, experience wilh the test 
sc'!ries of the experiment itself 
probably affects the distribution 
of subjective responses as well as 
their general location bias or 
"adaptation level" (22, 23, 24, 25, 
26, 27, 28). . - - - -
- Adaptation level ts defined as a 
neutral point from which psycho
logical judgments are made, and 
is defined as the midpoint of the 
category scale. It has been sug
gested that as far as a test series 

is concerned, tbis point corresponds to the geomeb.ic average on the physical scale of 
all the rated or judged objects in the experiment. Accordingly, the psychological neutral 
point will follow the mean of the serie·s, which, of course, is a function of the roads se
lected for test. In ride research one prefers that the psychological neutral point that is 
marked by the difference between, say, "acceptable" and "unacceptable" be independent 
of the experimenter's choice of test roads (Fig. 15}. It has been argued that the cate
gory scaling methods are particularly sensitive to these adaptation level problems. 

In the writer's opinion, some magnitude estimation methods are relatively free of 
adaptation level effects, for it is reasonable to assume that a subject can decide on the 
ratio of riding quality of two roads Without bias caused by other roads in the series. 

CONCLUSIONS 

1. When measurements of human subjective response to ride were made on category 
scales (with subjects choosing from categories provided), very little difference was de
tected between category scale types, automobiles, or perceptual conditions produced by 
various degrees of sight and hearing restrictions . Not only did subjects rank the test 
roads about the same for each test condition, but they closely agreed among themselves 
within each condition. These results are probably due to adaptation level problems often 
found with category scaling methods. 

2. When human subjective response to ride is measured by means of category rating 
scales, the relationship between subjective response and profile parameters is of the 
form (Subjective Response) = log (Physical Input). Physical input can be measured by 
roughometer roughness or the amplitude variance density of any of the commonly used 
profile derivatives. 

3. When human subjective response to ride is measured by means of magnitude 
estimation methods (subjects reporting ride ratios), the relationship between subjective 
response and rougllometer roughness is of the form (Subjective Res_Ponse) = (Roughness ). 
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For profile amplitude variance densities, the relationship becomes (Subjective Re
sponse) =K (Amplitude Variance Density}" where K depends on profile derivative order, 
and x is about 0.4. Slightly better correlation with subjective response is obtained when 
a small variance band is used rather than the density ordinate at a specific wavelength. 

4. The equations predicting ride from physical input by means of magnitude esti
mation scaling are to be preferred because (a) they give results that are independent of 
subjective disagreement or error variance; (b) theoretical formulations are generally 
based on variables measured on magnitude scales; and (c) there is reason to think that 
magnitude estimation procedures can be administered without adaptation level problems. 

5. Profile derivatives (slopes, acceleration, jerk) do not appear to offer any ad
vantage in predicting subjective response over the profile itself. Variance contributions 
of higher order derivatives tend to become unstable and correlate poorly with subjective 
response as profile wavelength increases. 

6. The best correlations of subjective response with profile variance is obtained for 
the profile wavelength region under about 5 ft. Little, if any, improvement is obtained 
from the inclusion of wavelengths greater than this figure. 

7. Prediction of subjective response was not significantly improved by utilizing ve
hicle speed data in a time-frequency analysis. Good results can be obtained from an 
examination of the road profile alone provided the test vehicle speed range is not large. 
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A Comparison of Four Roughness 
Measuring Systems 
M. B. PHILLIPS and GILBERT SWIFT, Texas Transportation Institute, 

Texas A&M University 

•FOUR different measuring devices for use in evaluating highway surface roughness 
were investigated in this study. Two, the CHLOE profilometer (1) and the Bureau of Pub
lic Roads roughometer (2) with mechanical integrator (newer BPR roughometers are 
equipped with an electronic integrator), are well known and have been compared previ
ously (3). The others, the Portland Cement Association roadmeter (4) and the Mays Road 
Meter \Patent applied for by Ivan K. Mays), are recent developmentS that warrant some 
description, especially the latter, because no description has previously appeared in the 
literature. 

The aims of our study of these instruments were (a) to examine the field-worthiness 
of the several systems; (b) to determine the validity of their respective measurements; 
and (c) to determine the effects on their results of such variables as operating speed, 
driver characteristics, operating temperatures, and other factors. 

In conducting the tests and interpreting the results, we have adopted a viewpoint 
that should be explained. We regard all of these instruments as expedient tools that 
measure, possibly quite imperfectly, one or another aspect of the interaction between 
a complex, irregular surface and an incompletely specified vehicle that traverses it. 
However, as imperfect as all may be, each may be employed usefully within its rec
ognized limitations. It is our intent to provide comparative information within this 
framework whereby, through a better understanding of the various instruments, a user 
or potential user may be aided in selecting the one best suited to his needs. 

The following abbreviations will be used in this report: 

1. MAYS 40-Mays Road Meter roughness index (inches per mile) determined at 
40 mph. 

2. MAYS 50-Mays Road Meter roughness index (inches per mile) determined at 
50 mph. 

3. PCA 40-Portland Cement Association roadmeter roughness index determined 
at 40 mph. 

4. PCA 50-Portland Cement Association roadmeter roughness index determined 
at 50 mph. 

5. BPR-Bureau of Public Roads roughometer roughness index (inches per mile) 
determined at 20 mph. 

6. CHLOE-Slope variance determined by the CHLOE profilometer at 3 mph. 

EXPERIMENT 

The road sections used in this evaluation were located in the Texas Highway De
partment's District 12. This district is located geographically on the east central 
Gulf Coast. The sections were divided into two groups; 24 sections that comprised 
the main experiment on which all four instruments were run, and 21 additional sec
tions on which only the Mays Road Meter and the Portland Cement Association road
meter were run. The sections had an average length of 0.155 miles. The sections 
in the main experiment were representative of the types of pavement surface found in 
Texas; there were 14 flexible pavement sections (8 asphaltic concrete and 6 with sur-

Paper sponsored by Committee on Surface Properties-Vehicle Interactions. 
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Figure l. The Mays Road Meter installed in trunk compartment of automobile. Note the three cables 
leading to the left. The top cable is connected to the differential housing; the center cable leads to 
the front seat and is the on-off control; and the lower cable, which also leads to the front seat, is the 

event marker contro I. 

face treatment), 7 concrete sections, and 3 concrete sections that had been overlaid 
with asphaltic concrete. The additional 21-section group had a similar distribution be
tween concrete and flexible surfaces. 

The data were taken during the summer of 1968. Replicate measurements were 
made a.pproximately one week apart. The CHLOE profilometer and the BPR roughom
eter were operated independently of the Mays Road Meter and the PCA roadmeter. 
The Mays Road Meter (Fig. 1) and the PCA roadmeter (Fig. 2) were installed in the 
same vehicle, a 1967 Ford sedan with 20,000 miles of use. It is recommended that 
only vehicles with coil springs in the rear be used. The controls of the two instruments 
were situated so that it was possible to operate then simultaneously. Time limitations 
did not permit investigation of the effect of different vehicles on these instruments. 

A 14-member panel, comprised of Texas Highway Department engineers, personnel 
from the Center for Highway Research, University of Texas, and nontechnical person
nel rated the 24 sections in accordance with established procedures. The average of 
their ratings for each section was used in this report. Their examination of the sec
tions was conducted during July 1968. 

The effect of different operators and the effect of varying operating speeds on the 
Mays Road Meter measurements were also investigated. Three sections near College 
Station, Texas, each 1 mile in length, were run at speeds of 30, 40, 50, 60, and 70 
mph with two operators, each making two runs through the section at each speed. Data 
taken on these tests indicated that there was negligible effect from changing operators, 
but that the higher operating speeds (60 and 70 mph) led to increased replication errors, 
whereas 30 mph was too slow for operation in freeway traffic. Therefore, the two 
speeds used in the remaining tests were 40 and 50 mph. The slower speed (40 mph) 
was found to offer more precision with the Mays Meter, but the degree of impairment 
(as indicated in Table 1) does not prohibit use of this instrument at the higher speed 
(50 mph). 

Early morning and late afternoon runs were made on successive days on a single 
flexible section for a period of 5 days using the Mays Road Meter and the PCA road
meter with the object of determining the extent to which temperature influenced these 
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Figure 2. View of the front seat of on automobile showing both the counters and indicator-light 
panel of the PCA roadmeter and the two controls of the Mays Rood Meter (two levers at center of 

photograph). 

instruments. The average temperatures for these runs were 70 Fin the morning and 
89 Fin the afternoon. The effect on the Mays Road Meter appeared to lie within the 
normal replication error associated with this instrument, whereas the effect on the 
PCA roadmeter was an unexplained 15 percent increase in its roughness index with the 
19 F increase in temperature. 

Six sections on a smooth textured road near Llano, Texas, were used to determine 
how much the Mays Road Meter output was influenced by the texture of the road sur
face. Four runs were made on each of these sections just prior to resurfacing with a 
surface treatment, and four runs were again made on each of these sections one week 
after the new surface was completed. The aggregate used in the treabnent had a maxi
mum size of% in. and a mean size of % in. On the average, it was found that this 
surface change increased the Mays Road Meter readings by 10 percent. We believe 
the increase results from the texture rather than from any decrease in overall smooth
ness of these sections. 

MAYS ROAD METER AND PORTLAND CEMENT ASSOCIATION 
ROADMETER DESCRIPTION 

Both the Portland Cement Association roadmeter and Mays Road Meter systems 
have been developed with the objective of providing a simple, low-cost instrument for 
installation in a passenger vehicle and capable of producing a reading acceptably rep
resentative of the surface roughness encountered while traversing highway sections 
at normal vehicle speeds. In one respect these two systems are alike. They both 
employ the vehicle chassis as their "reference plane", and respond to the variations 
of vertical distance between the chassis and the rear axle (differential housing) of the 
car. Because the Mays Road Meter is basically more similar to the familiar Bureau 
of Public Roads roughometer, it will be described first. A flexible wire cable attached 
to the differential housing extends vertically upward through a small hole made in the 
floor of the trunk compartment. Passing over a fixed pulley, this cable is brought 
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2.02 // 

Figure 3. Typical chart produced by the Mays Road Meter on a 0.2-mi le section of flexible pavement. 
The distance between beginning mark and end mark, 2.02 in., when multiplied by 8 and divided by 

section length, gives a roughness index of 80.8 in. per mi le. 

horizontally to the instrument where it wraps around a 7 .5-in. diameter wheel and con
tinues to an anchored tension spring. Accordingly, relative vertical motion between 
chassis a.nd axle produces proportional rotation of this wheel; in one direction for up
ward axle movement, in the other direction for downward movement. The resulting 
reciprocating motion is linked mechanically to a pen that produces a continuous record 
on adding machine tape. The same motion, put applied through a nonreversing clutch, 
is employed to advance the tape. The result is a graphic record on which the magni
tude of the individual vertical excursions of the axle relative to the chassis are depicted 
as proportional excursions of the trace, whereas the length of the record represents 
the sum of all the upward movements of the axle that have occurred. A marking de
vice controlled by the operator permits the beginning and end of each section to be in
dicated on the record. Figure 3 shows a typical example of the Mays Road Meter 
presentation. 

The indicated roughness is obtained by measuring the length of the Mays Road Meter 
record in inches and multiplying by an appropriate constant. This constant is a func 
tion simply of the paper drive mechanism and the length of the section. The resulting 
roughness index is expressed in units of inches per mile, representing the total of the 
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Figure 4. Correlation between square root of CHLOE output and BPR roughometer output. 
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Figure 6. Correlation between Mays Road Meter and 
PCA roadmeter, both run at 40 mph. 
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upward excursions (which is nec
essarily almost exactly half of 
all the vertical excursions) divided 
by the distance traveled. The 
basic similarity of this system to 
the BPR roughometer will be ap
parent. However, the additional 
feature of a pen trace that depicts 
the magnitude of the separate ex
cursions, coupled with the simplic
ity of adding only a small record
ing device inside the car, instead 
of a trailer, makes it an attractive 
alternative system. 

Likewise, the PCA roadmeter 
comprises a simple set of compo
nents added to a passenger vehicle. 
Its cable from the rear axle is at
tached to a switch or commutator 
so arranged that each successive 
%-in. departure from a prese
lected "zero" or midposition re
sults in energizing a different con
tact of the switch. A series of 
electromagnetic counters registers 
the number of times that the mov
ing arm encounters each particular 
contact. Thus, in the course of 
driving over a given section, con
tacts near the midposition will 
generally be reached frequently 
and those farther away will be 
seldom encountered, because there 
are ordinarily many small surface 
irregularities and only a few large 
ones. Accordingly, at the end of 
any traverse, the several counters 
indicate the number of times their 
respective contacts have been en
ergized. The indication of surface 
roughness is obtained by multiply
ing the readings of the individual 
counters each by an appropriate 
constant, then summing the result
ing numbers. It has been demon
strated (4) that this procedure, 
which gives greater weight to the 
larger excursions in proportion 
to their magnitudes, has a "square 
law" effect that renders the mea
surement closely akin to slope 
variance, the quantity derived by 
the CHLOE profilometer. The 
summed PCA roadmeter count 
(divided by 64 times the section 
length) represents a measure of 
roughness in inches-squared per 
mile of section traversed. 
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Figure 7. Correlation between Mays Road Meter run at 40 mph and panel ratings. 

RESULTS 

The correlations shown in Figures 4, 5, and 6 demonstrate that each of the four in
struments responds to much the same properties of the surface. As we expected, lin
ear correlations were obtained among the measurements of all the instruments when 
comparing the square root of the indicated sl ope variance against the direct readings 
of the ''linear" instruments. Figure 4 indicates that a fixed offset of 52 units per mile 
exists in the data from the BPR roughometer. This we ascribe to tire or axle eccen
tricity in the particular inst rument we used that introduced an effective motion of the 
order of 0.07 in. at each revolution of its wheel. A similar effect, on the order of 0.02 
in., may exist in the vehicle in which we installed the PCA and Mays devices. 

Because all the instruments appear to measure substantially the same thing, the 
question naturally arises as to which instrument does the best job. If panel ratings 
could be accepted as being perfect , the most precise instrument would be the one l:lX

hibiting the greatest corr elation with these ratings. More realistically, however, the 
panel r atings must be Sl.lbj ect to variation, and thus the best corr elation may merely 

TABLE 1 

ANALYSES OF VARIANCE AND CORRELATION COEFFICIENTS 

F-Ratio Correlation 

Instrument Variable Analyzed Coefficient With 
24 45 Panel Ratings, 

Sections Sections 24 Sections 

CHLOE profilometer (3 mph) Square root of slope 
variance 416.7 0.80 

Maye Road Meter (40 mph) Roughness Index 192. 2 172. 2 0.85 
Mays Road Mete1· (50 mph) Roughness Index 82. 4 100.0 0.82 
PCA roadmeter (40 mph) Roughnes s index 61. 1 52. 5 0. 80 
BPR roughometer (20 mph) Roughness index 59.0 0.77 
PCA r oadmoter (50 mph) Roughness index 27. 5 28 . 9 0. 71 
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indicate which particular instrument exhibits variations most similar to those of the 
panel. Accordingly, an independent check on instrument precision is very desirable. 

A method (5) that can be used to rank each of the instruments in the order of its rel
ative precision consists of comparing the variability of its measurements between sets 
with the variability of its measurements within sets. Here we use the word "set" to 
mean a pair of measurements one week apart on the same road section. If the vari
ability between sets is large compared with the variability within sets, it can be said 
that the instrument is sensitive and precise, and the greater the ratio of these vari
abilities the greater its relative precision. The ratio of the between-set to the within
set variability is known as the F-ratio. 

Because the F-ratio depends on the variabilities between and within sets-which, in 
turn, depend principally on the physical differences between sections, and principally 
on the instrument-operator-procedure within sections-it follows that a group of instru
ments can be ranked with complete fairness by their F-ratios, provided all instru
ments were used on the same group of sections and all were operated in a consistent 
manner at nearly the same time of day, and, further, provided linear correlations 
exist between the data-sets representing each of the instruments. It can be seen from 
Table 1 and Figures 4, 5, and 6 that these criteria of fairness are satisfied for the 
four instrum ents. From the fact that the CHLOE profilbmeter exhibits the largest F
rati.a, whereas the Mays Road Meter (Table 1 and Fig. 7) exhibits the largest correla
tion coefficient with respect to panel ratings, we conclude that the precision of the 
CHLOE profilometer is greatest among the four instruments, but that the Mays Road 
Meter has characteristics that systematically follow departures of the panel from 
agreement with the CHLOE profilometer. From the reported standard deviations as
sociated with the panel ratings, which averaged 0.66 PSR units, we also conclude that 
the panel ratings do not constitute a superior set of roughness measurements. In fact, 
they may, quite possibly, be inferior in this respect to the measurements provided by 
several of the instruments. However, it is recognized that panel ratings do not depend 
exclusively on surface roughness . Hence their validity and general utility are not nec
essarily lessened by failure to correlate with a precise roughness instrument. 

To confirm the relative ranking of the Mays Road Meter and PCA roadmeter, their 
respective F-ratios were determined from a larger number of tests comprising 45 
sections. As shown in Table 1, the ranking was unchanged from that derived from the 
24 section tests. 

CONCLUSIONS 

Although the CHLOE profilometer is best with respect to F-ratio, it is not neces
sarily the optimum choice for all applications . It is desirable in making a choice 
among instruments to consider numerous additional factors. These include initial 
cost, operating and maintenance costs, convenience and speed of operation, plus other 
less tangible factors such as the output data format and its compatability with the user's 
mental or physical data reduction scheme. Accordingly, each instrument, but most 
particularly the second most precise one, the Mays Road Meter, warrants careful 
consideration. 

The Mays Road Meter offers several attractive advantages that for many users 
may more than offset its slightly diminished precision. Specifically, it can be obtained 
and installed for less than $750. It utilizes an ordinary sedan without trailer. Simple 
in operation, low in maintenance, it measures while traveling at 40 or 50 mph. In 
comparison, the CHLOE profilometer may be characterized as precise, but complex, 
costly, very slow, and, in the experience of these writers, difficult to maintain in op
erating condition. The BPR roughometer requires a trailer, is somewhat costly, and 
operates at intermediate speed. The PCA roadmeter matches the Mays Road Meter 
closely in several basic respects and would provide an attractive alternative if its 
precision were improved. 

It should be understood that different makes and models of cars have different dy
namic characteristics. This, coupled with the fact that there may be constructional 
differences among several Mays Meters and among several PCA roadmeters, presently 
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TABLE 2 

COMPARISON OF ROAD ROUGHNESS DEVICES 

Description CHLOE Profilometer BPR Roughomeler PCA Roadmeter Mays Road Meter 

l. Apparatus Trailer and car Trailer and car Car only Car only 
2. Basic response Slope Height Height Height 
3. Proportionality Square-law Linear Square-law Linear 
4. Accepted designation Slope-variance Roughness :r; (D2 

), sum of road- Roughness index 
of measurement car deviations 

squared 
5. Speed while mea- 3 to 5 mph 20 mph 40 or 50 mph 40 or 50 mph 

suring 
6. Speed while travel- Legal limit Legal limit Legal limit Legal limit 

Ing to and from 
sections 

7. In-field set-up time 15 minutes 5 minutes 1 minute None 
8. In-field set-up Unload CHLOE from Lower wheel; hook Stop vehicle to set None 

requirements transport trailer, up roughness in- to zero 
hook up cables, tegrator and 
calibrate counters 

9. Maximum section Less than 0.5 mile Limited only by Limited only by Unlimited 
length roughness ex- roughness ex -

ceeding counter ceeding counter 
capacity capacity 

10. Minimum section Not recommended Not recommended Not recommended Nol recum11a~11t.lt:!U 
length for less than 0.1 for less than 0 .1 for less than 0.1 for less than 0.1 

mile mile mile mile 
11. Data presentation Number of 6-in. Single numerical Plurality of numer- Length of chart 

form units traversed, counter ical counters record 
counts and counts 
squared 

12. Location of presen- Adjacent to driver Adjacent to driver Adjacent to driver Adjacent to driver 
tatlon nr in trunk 

13. Determination of Counter Counter Car odometer or Car odometer or 
section length roadside marker roadside marker 

14. In-field data require- Record three read- One reading at end Eight counter read- Merely keep track 
ments (when mea- ings of each section ings at end of each of the sequence in 
suring sections of section and reset which the sections 
known lengths counters are traversed 

15. In-field adjustments None required Frequent check of Frequent zero ad- None required 
dash pot fluid justment recom-
level mended-requires 

vehicle halt 

16. At-home data pro- Calculating fSfi Tabulating (may be Summing and tabulat- Measuring chart 
cessing to deter- from three read- done in-field) ing lengths and tabu-
mine roughness ings lating 

17. Additional data ob- None None Frequency distribu- Approximate loca-
tainable from tion of roughness tion and heights of 
record heights roughness within 

sections 
18. Maintenance require- Frequent malfunction Frequent servicing Frequent polishing of Minimal 

ments requiring repairs of grease fittings commutator to 
and dash pots ensure contact 

necessitates that each unit (vehicle with its Mays Road Meters and/or PCA roadmeter) 
be correlated with a known unit on a group of sections that have been rated by a panel. 
Further study may reveal that these differences among units are not of significant 
magnitude to require extensive correlation effort. 

In Table 2 we have endeavored to provide a means for choosing among these four in
struments. The potential user may give weight to the various factors in the chart in 
accordance with his specific needs. Thus different users may arrive at different 
choices, but we consider the CHLOE profilometer applicable where precision is para
mount and the Mays Road Meter most appropriate for general field use. 
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