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The University of Illinois Pave111ent Test Track-A 

Tool for Evaluating Highway Pavements 
HAROLD L. AHLBERG and ERNEST J. BARENBERG, Respectively, Research Asso-

ciate and Research Assistant, Civil Engineering Department, University of Illinois 

The behavior and failure modes of highway pavements are 
being studied through the use of a newly developed research 
tool, the University of Illinois Pavement Test Track. The 
test track is used to study behavior of highway pavements 
and pavement materials under controlled conditions that ap-
proximate service conditions. A description of the facilities 
is presented; the capabilities and limitations of the facilities 
are discussed; and the testing techniques and procedures em-
ployed are outlined. Emphasis is placed on the use of the 
serviceability-performance concepts in evaluating the rate of 
pavement deterioration and as a failure criterion. Typical 
test results of a research program illustrate potential use of 
the facilities. 

• THE THICKNESS DESIGN of pavements is one of the most complex problems facing 
the engineering profession. The demand for new highways and the limited funds with 
which to construct them prohibits the inclusion of a large factor of safety in the design 
procedure. At the same time, highway pavements are subjected to a wide range of load
ing conditions and extreme exposure. To complicate the problem even further, pave
ments are constructed with a variety of paving materials ranging from cohesionless 
aggregates to high strength concrete over all types of subgrades. From all this the 
pavement designer must select the right materials in correct combination and thickness 
to give the maximum performance for the paving dollar. 

The AASHO Road Test findings have emphasized the need for a greater understand
ing of factors that influence pavement performance. Current standard laboratory tech
niques used to measure the strength of paving materials do not, in general, give a satis
factory indication of the performance potential of the material. Some materials which 
exhibit good results in laboratory tests perform poorly in the field, whereas other 
materials which react poorly in the laboratory give a satisfactory performance in the 
field. This leads directly to the important questions of what factors influence the per
formance of a pavement and to what extent each factor influences this performance. 

The ultimate answer to these questions will have to be found in a rigorous analysis 
of the pavement structure. This analysis must be based not on some assumed ideal 
properties of the paving materials but on the actual properties of the materials. It must 
be based on the observed behavior of these materials under realistic loading and climatic 
conditions. Unfortunately, the completion of the rigorous solution to this problem ap
pears to be years away. In the meantime, a multibillion dollar program of highway con
struction continues. 

Because a rigorous solution to the problem is not available, some procedure for de
termining the factors that influence pavement performance must be adopted. The pro
cedure adopted must be based on test procedures that simulate the service conditions 
of a pavement as closely as possible. This reasoning obviously leads to more test roads. 
However, test roads are expensive and must extend over a long period of time to gather 
enough data so that all the variables can be sorted out and evaluated. Furthermore, be
cause of the interaction between variables, it may not be possible to determine the extent 
of the influence of any one variable on pavement performance. 

Paper sponsored by Corrrrnittee on Flexible Pavement Design. 
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To facilitate the evaluation of many of the variables, test pavements constructed 
and tested under rigidly controlled conditions can be employed. For example, if these 
pavements are tested under simulated traffic loads with the climatic factors held con
stant the influence of load on behavior and performance of pavements can be evaluated. 
After the effect of loads on pavement performance has been determined, the next step 
of evaluating the effect of environment and climate can be properly undertaken. 

The University of Illinois pavement test track was developed to evaluate pavement 
performance and behavior under controlled conditions. It was designed to apply simu
lated traffic loads at a high frequency to the test pavements. 

The idea of a pavement test track is not a new idea. Through the years a number 
of test track facilities have been developed and some of them are currently in use (1, 
2, 3, 4). A survey of the literature during the design stages of the test track indicated 
that the descriptions presented in the literature were inadequate to evaluate the potential 
of these facilities. One of the primary objectives of this paper is to describe the facil
ities so that other engineers and investigators can evaluate its potential in their own 
terms. 

From what limited information is available in the literature, it appears that the test 
track is unique in several ways. The width of the test pavements is much greater than 
in any of the other test tracks described. Because of this greater width, the effect of 
the boundary conditions on the performance of the pavement are held to minimum. The 
depth of subgrade used is also greater than for other test tracks described in the litera
ture. Finally, it can be programed to distribute the load applications to give a desired 
load density histogram. This feature allows for more realistic loading than the single
path loading of other test track facilities. 

Because a large number of loads can be applied to the test pavements in a short in
terval of time, and because all but a few of the variables in the test pavement can be 
held constant, the effect of a particular variable on pavement performance can be de
termined in a relatively short period of time and at a reasonable cost. The test track 
facilities are located close to a fully equipped laboratory, so that a program in the test 
track can be complemented with a thorough laboratory evaluation program for maximum 
benefit. In this manner the factors influencing pavement performances can be deter
mined. 

The test track can also be used effectively to measure the relative performance of 
a paving material. With new paving materials being introduced it is important that 
there be a procedure or tool that can make a preliminary evaluation of the material 
quickly and inexpensively. The test track effectively serves this function. By compar
ing the performance of a proposed material with the known performance of a standard 
material, the relative performance of the proposed materials can be determined. 

SCOPE 

It is the purpose of this presentation to illustrate how a tool such as the University 
of Illinois pavement test track can be used for evaluating the factors that influence pave
ment performance and in developing highway materials. This presentation describes 
the test track in detail, explains the concepts and limitations of its use, and illustrates 
through typical results the information that can be gained by the use of this too. The 
results of the test program presented are typical results but do not include all of the 
data gathered. Furthermore, the results presented have not been discussed and inter
preted, as this is not the purpose of this paper. However, the results are typical and 
accurately reflect the type of information that can be obtained through the proper use 
of the facilities. 

TEST TRACK FACILITIES 

A quonset-type building with 2,400 sq ft of floor space was provided by the University 
of Illinois to house the test track. Figure 1 is a plan of the building showing the general 
layout of the testing facilities. Outside storage area has been provided for stockpiling 
the large quantities of materials required. Figures 2 and 3 show the test track and 
loading frame. 



3 

Physical Dimensions 

A detailed cross-section of the test track is shown in Figure 4. The test pavements 
are placed in the form of an annulus with an outside diameter of 25 ft and an inside di
ameter of 9 ft, leaving a pavement width of 8 ft. The test pavements rest on a prepared 
subgrade having a minimum thickness of 3 ft. The center of the wheelpath has a diam
eter of 16 ft, placing it 3. 5 ft from the inside edge and 4. 5 ft from the outside edge of 
the test pavements. 

The test track may be divided radially so that several test pavements may be eval
uated concurrently. The test pavements that are tested simultaneously are designated 
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Figure 1. Test track, general layout. 
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as a set. Adjacent edges of test pavements are merged by the use of transition zones. 
Because of dimensional limitations discussed later, the maximum number of test pave
ments considered practical in one test set is six. Additional test pavements may be 
included in a set by replacing underdesigned test pavements which fail after a few ap
plications of load with new test pavements. 

Figure 2. Test track. 

_._ - - __'..___i..L'.. -

Figure J. Test track loading frame. 
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Figure 4, Test track, sectional view . 
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The base and the walls of the test track pit will affect the behavior of the test pave
ments because of their influence on the pavement boundary conditions. The dimensions 
of the test track are such that the effects of these boundary conditions are held to a 
minimum. A quantitative discussion of the effects of the boundary conditions is not 
possible because of the many factors that influence them. A quantitative discussion 
of the boundary conditions that seem most significant is given next. 

The effect of boundary conditions on the behavior and performance of a pavement 
depends, among other factors, on the type of paving material and thickness of the pave
ment. For the purposes of this discussion the pavements are broken into two classifi
cations: (a) pavements that distribute the load over a large area because of the ability 
of the paving material to develop relatively large tensile stresses (rigid pavements); 
and (b) pavements composed principally of cohensionless aggregates (flexible pavements). 
The terminology is arbitrary and does not necessarily connote the physical behavior 
of the pavement. Because the effect of the boundary conditions on the two classes of 
pavements is so different, the effects on each class of pavements is discussed separately. 

The effects of the boundary conditions on the rigid pavements are dependent on the 
physical properties of the paving material as well as the pavement thickness. There
fore, it is convenient to discuss the significant dimensions of the test pavements in 
terms of a parameter that is a function of both material properties and pavement thick
ness. Such a parameter is Westergaard' s (5) radius of relative stiffness denoted by 
the symbol L. The parameter L is given by-

in which 

~ Eh3 

L -
12 (l-m2 )k 

E = modulus of elasticity of paving material; 
h = thickness of pavement; 
m = Poisson's ratio; 
k = modulus of subgrade reaction. 

The parameter L has a dimension of length and is usually given in inches. 
To reduce the effects of the boundary conditio:.o on pavement behavior, the load 

should be placed as far as possible from the edge, the distance being measured in 
terms of the relative stiffness L. The position of the load on the test pavements is 
controlled by the loading frame. Thus, to increase the effective distance of the load 
from the pavement edge, the L value for the pavement must be reduced. Conversely, 
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to obtain the maximum effect of the boundary conditions the load should be placed rela
tively nearer the edge. The relative distance of the load in a fixed position from the 
edge of the pavement is at a minimum when the L for the pavement is at a maximum. 
Thus, for maximum effect of the boundary conditions the pavement with the greatest 
L value should be considered. Because the L of the pavement increases with pavement 
thickness, the maximum effect of the boundary conditions will occur with the thickest 
pavements. 

Based on the AASHO Road Test findings and the maximum load used with the loading 
frame, the maximum anticipated thickness for a plain concrete test pavement is 4 in. 
With a subgrade having a modulus of subgrade reaction (k) of 100, the radius of relative 
stiffness for the 4-in. concrete pavement is approximately 21. 5 in. The center of the 
wheelpath is 42 and 54 in. from the inside and outside edges, respectively, of the test 
pavements. Thus, the minimum distance from the center of the wheelpath to the edge 
of the test pavements is approximately 2L. 

Meyerhof (6) in his analysis of the ultimate capacity of pavements has shown that the 
ultimate interfor load capacity of a plain concrete slab would be developed if the load is 
placed a minimum distance of 2L from the edge. In other words, 2L is the minimum 
distance a load must be placed from the edge to develop the maximum interior loading 
capacity of the slab. ::limilarly, to develop the ultimate capacity of an edge-loaded pave
ment, the load must be placed a minimum distance at 2L from an intersecting edge. 

Although the boundary conditions encountered in the test track may not influence the 
ultimate strength of the test pavements it would be premature to say that these same 
boundary conditions to not affect the stress in elastic slabs. That is, the stress in the 
slab before yielding may be influenced by the size of the slab even though the dimensions 
of the slab are great enough so that the ultimate strength is not influenced. The solu
tion of a finite elastic slab on an elastic foundation is extremely complex. The analysis 
for a slab with the boundary conditions as imposed by the test track is not currently 
available. 

The thickness of the elastic subgrade will affect the stress in the pavement. An 
analysis of 4-in. concrete pavement by means of the influence charts prepared by 
Pickett (7) et al., indicates that the stress in the pavement is reduced by less than 5 
percent when the subgrade thickness is reduced from infinite thickness to a thickness 
of 2L. The depth of the subgrade in the test track under a 4-in. pavement is between 
43 and 45 in. The L for the 4-in. concrete pavement with a relatively soft subgrade is 
between 21 and 25 in. Thus, the subgrade depth is approximately 2L, a depth that was 
shown to have an insignificant effect on pavement stress. Obviously, if the subgrade 
is assumed to be a dense liquid, the stress in the pavement is not a function of the sub
grade depth. 

The influence of the boundary conditions on the behavior and performance of flexible 
pavements is not known. This is mainly because the factors that influence the behavior 
and performance of the flexible pavements are not clearly established. There are some 
data, and theoretical justification, to support the theory that a cohesionless aggregate 
base will ,wt d.isfribute the load to any g1·eater e.11.lenl lhau predicted by ihe Boussinesq 
equation (8). If this is so, the Boussinesq equation can be used to estimate the influence 
of the testtrack pit on the behavior and performance of a flexible pavement. 

The performance of a flexible pavement has been correlated with the pavement de
flection under loads (9, 10, 11). Hence, a good indication of the effect of boundary con
ditions on behavior and performance of the test pavements would be the influence of the 
boundaries on the pavement deflection. 

To illustrate the influence of the test track pit on the pavement deflection the bulb of 
pressure concept can be used. The bulb of pressure is defined by Terzaghi (12) as "the 
space within which the vertical normal stress in the subgrade is greater than one-fourth 
of the normal pressure on the surface of load application. The value of one-fourth has 
been selected because the major portion of the settlement of a loaded plate resting on 
a fairly homogeneous subgrade is due to the compression and deformation of the soil 
located with the space defined by this value." 

In Figure 5, the bulbs of pressure for 12- and 30-in. plates are shown on a typical 
cross-section of the test track. The bulb of pressure for the 30-in. plate does not touch 



7 

the bottom of the test track pit and for the 12-in. plate it. reaches to less than the 
mid-depth of the pit. Also, the bulbs of pressure do not intersect the walls of the test 
track pit. The pressure bulbs shown are those as defined by Terzaghi and were calcu
lated from the Boussinesq equations. 

The test track pit is wide enough so that the log spiral failure plane proposed by 
McLeod (13) can form under all anticipated test conditions. 

On the basis of the arguments just presented it is apparent that neither rigid nor 
flexible pavements will be significantly affected by the walls and base of the test track 
pit. 

Water-Table Control Unit 

The testing facility is equipped with a water-control unit so that the water table can 
be controlled to any desired level. A graded granular filter is provided on the bottom 

30
11 
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Figure 5. Bulb of pressure under rigid plates . 
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and along each vertical wall of the test track. A water supply and drainage system is 
connected to the granular filter. An automatic float system controls the position of the 
water table. 

Controlled Environment Equipment 

Controlled environment equipment has been incorporated into the plans for the test 
track. At the present time, the equipment is limited to producing temperatures on the 
surface of the track up to 140 F with a lower limit of ambient conditions. The relative 
humidity can be controlled in the range of 30 to 100 percent. Plans include the addition 
of refrigeration units so that lower temperatures can be produced. If environment con
ditions other than ambient are desired, a hood is placed over the test track and air of 
the desired temperature and humidity is circulated over the surface of the pavements 
being tested. 

Loading Frame 

The loading frame with appurtenances weighs approximately 3,700 lb. Provisions 
have been made for adding ballast to bring the total load to 6, 500 lb. The total weight 
of the loading frame is carried by two wheels with the load evenly distributed between 
them. The loading frame is prevented from rotating about the wheel axles by a verti
cal guide which protrudes through the central portion of the loading frame. The frame 
is free to slide on the vertical guide and can rotate in a vertical plane about a horizontal 
axis perpendicular to the axles of the wheels, so that each wheel carries its proportion
ate share of the load at all times. 

One of the loading frame wheels acts as a drive wheel, the other is a floating wheel 
which operates the oscillating mechanism on the frame. Power is supplied to the frame 
by means of a three-phase electric motor. A pulley system transmits the power from 
the motor to a four-speed gear box, through a drive shaft to the wheel. With the pres
ent pulley system and the four-speed gear box the drive wheel speed can be adjusted 
between 3 and 15 mph. 

The oscillating mechanism controlled by the floating wheel causes the loading frame 
to oscillate radially as the frame rotates. The amplitude of the oscillation is controlled 
by a reversing mechanism. When the loading frame has moved to its most extreme po
sition in one direction, a lever system activates the reversing mechanism causing the 
frame to start in the opposite direction. The amplitude of the oscillations can be ad
justed by setting the stops which engage the lever on the reversing mechanism. The 
maximum amplitude of the loading frame is approximately 30 in. Approximately 100 
revolutions of the frame, or 1 mi of wheel travel, is required for a complete cycle 
across the 30-in. path. By setting the stops and controlling the running time for each 
amplitude of the oscillation, various traffic patterns in the form of load density histo
grams can be produced. An automatic counter records the number of revolutions of 
the loading frame. Skewed distribution patterns can be obtained as conveniently as the 
symmetricai patterns. 

Reference and Anchor Pins 

In the design of the test track, permanent reference pins were included for use in 
measuring changes in the surface profile. These reference pins provide a base for 
accurate and expedient measuring of changes in the surface profile of the test pavement 
caused by the applied loads. 

Anchors to which frames can be fastened were placed at various points in both con
crete walls. These allow static bearing tests to be performed at any location in the track. 

CONCEPTS AND LIMITATIONS 

The design and analysis of a pavement must include a study of the soils and paving 
materials, their behavior under load, and the destructive effects of traffic and exposure. 
Few structures are subjected to as severe conditions of loading and exposure as highway 
pavements. The effects of both the loading conditions and exposure have been observed 
in all layers of highway pavements as well as in the supporting subgrade. 
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The performance of a pavement is the end result of the effects of a number of inter
related variables. Some of the variables that influence the performance of a pavement 
are traffic density, magnitude of load, load distribution, paving materials, subgrade 
soil, climatic conditions, drainage, etc. The quantitative effect of any of these varia
bles on pavement performance has not been clearly established. This is mainly due to 
the difficulty in isolating the effect of any given variable under the fluctuating conditions 
to which a highway pavement is subjected. There is a danger of misinterpretating the 
results if one of a number of interrelated variables is isolated and studied independent 
of the others. If only one variable is studied and all others are suppressed, the results 
will not be the same as if all variables are acting. However, the variables that affect 
the pavement performance must be isolated and analyzed independently if the effects of 
each are to be put into proper perspective. Once the effects of the variables have been 
established, they can then be integrated into pavement design procedures. 

The test track can be used as a tool for evaluating the performance and behavior of 
pavements. Loads that simulate traffic loads can be applied at a high frequency to the 
test pavements. Because of the controlled climate, subgrade, and loading conditions 
it is possible to isolate many of the variables and to study their effect on pavement per
formance without the confusing influence of other variables. 

The test track can serve a useful purpose by spanning the gap between laboratory 
studies of material properties and field test roads. A logical and economical proce
dure for developing a design procedure for paving materials is as follows: 

1. Conducting laboratory studies on the basic properties of the materials to be in
corporated into the pavement. 

2. Rationalizing the behavior of the pavement under service conditions and predict
ing the performance of the pavement. 

3. Verifying and/ or modifying the theory of behavior and performance by use of re
sults from a test track. 

4. Conducting road tests and studying the pavement under service conditions. 
5. Observing the performance of the pavement over an extended period of time 

under actual service conditions. 

All five steps must be used if new paving materials and new concepts for the use of 
paving materials are to be developed in an orderly, economical manner. Too much 
emphasis cannot be placed on following the sequence proposed. The results of each 
step must be carefully and completely analyzed before going to the next if maximum 
benefit is to be derived from a research and development program. 

The need for a sound theory of pavement behavior and performance has long been 
recognized. This need becomes even greater as new materials are introduced. A 
rational theory is necessary for the orderly development of a testing program for pav
ing materials. Without some theoretical basis it will be impossible to vary test param
eters so as to obtain the maximum significance from the test results. 

The test track results can be used as the first step for verifying or modifying the 
theory as applied to the paving materials. The test track has a number of advantages 
over both static tests and test roads. With the test track, loads that simulate traffic 
loads can be applied at a high frequency. As a result of the rapid build-up of load ap
plications, the performance and behavior of the pavement under moving loads can be 
determined in a relatively short period of time. This reduces the time between initial 
testing of a material and its final incorporation into a highway pavement. The short 
period of time required for the load repetition build-up also reduces the cost of the test 
procedures. The total cost for testing a pavement in the test track is but a small frac
tion of the cost to test this same paving material in a test road. 

It is possible to control many variables in a test track that cannot be controlled in a 
test road. In a test track the subgrade conditions can be either held constant or varied 
as desired by the investigator. Climatic conditions can be held constant at the test 
track to eliminate the effects of exposure. It is possible to vary the magnitude, fre
quency, and distribution of the loads on the test pavements in the test track. 

The test track can be used to determine the relative performance of several highway 
pavements simultaneously. If the capabilities of one type of pavement are known from 
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experience, the performance of another pavement can be compared with it. In this 
manner, results from the test track can be used to complement the experience and 
judgment of the highway engineer. 

As withanytestingfacility, the test track has certain limitations. The results obtained 
from it are valid only for the conditions under which they were obtained. This holds 
true for all types of test results, including those from the test roads. The results from 
the test tack can be extrapolated to other conditions, but only on basis of sound engineer
ing judgment, experience, and theoretical considerations. 

The rapid accumulation of load applications listed as an advantage in testing a pave
ment can also be considered a limitation. It is not practical to consider the effects of 
time on pavement performance in the test track. This effect can best be studied in ac
tual pavements. 

At the present time it is not practical to study the effect of climate on the pavement 
performance in the test track. Facilities have been provided in the test track to install 
refrigeration equipment when desired. This, along with the heating and humidity con
trol equipment, already present with the facilities, would make it possible to simulate 
certain climatic conditions on the test pavements. However, it is felt that for the 
present time the test track can be used to greater advantage in testing the behavior of 
pavements under load, leaving the evaluation of the effects of climatic conditions for a 
later phase of development. 

It is the belief of all those who have had a close and knowledgeable association with 
test track that it, along with appropriate laboratory and theoretical studies, can provide 
useful information for the orderly evaluation of pavement materials. 

TEST PROGRAM AND TYPICAL RESULTS 

This section includes partial results from a research program currently in progress 
at the University of Illinois. The pavement test track is being employed as one of the 
tools for this study. The results included illustrate the type of data that may be obtained 
through the use of the test track. The authors have not presented a discussion or in
terpretation of the data as the sole purpose of including the data is to demonstrate the 
capabilities of the facility. 

Included in this section of the paper is a description of the construction techniques 
employed in handling and placing the materials, a description of the materials used and 
data on the behavior and performance of several types of pavements. Performance and 
serviceability data are presented from typical sections of each type of pavement tested 
in the test track. 

Materials and Construction Operations 

The materials selected for use in the test program were selected by the project staff 
with the approval of an advisory committee. The materials selected were considered 
to be representative of materials in widespread use throughout the country. 

Subgrade. -A total of 150 tons of selected subgrade material were taken from borrow 
pit No. 1 for the AASHO Road Test near ottawa, Ill. Routine classification tests were 
made in the laboratory on samples of the subgrade material, which is a yellow-brown 
soil with an AASHO classification of A-6. The physical characteristics of the subgrade 
soil are summarized in Table 1. Additional information on soil from the same source 
is available in Highway Research Board publications (6, 7) relating to the AASHO Road 
Test. - -

Before placing the subgrade soil, a granular filter was placed on the bottom of the 
test track pit. The filter material was a graded aggregate with a range from %-in. 
through minus No. 200 sieve. The granular filter was compacted with a pneumatic 
tamper. 

After the granular filter had been placed and compacted, the subgrade was placed 
over the filter material. Before placing the soil in the test track pit, vertical sheet 
metal separators were placed along both the interior and exterior walls of the test track 
pit so that the subgrade soil and the material for the vertical granular filter could be 
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kept separated. The soil and the filter material were maintained at approximately the 
same level during placing. The filter material and the subgrade soil were fir.st com
pacted around the vertical separators by hand. The vertical separators were removed 
before final compaction. 

The subgrade soil was placed in the track and pulverized with a rotary hoe. Water 
was added to the soil during the pulverization to bring the material to the desired water 
content. The material was compacted in layers with 3-in. compacted thickness. Sev
eral methods of soil compaction were investigated to determine which would give the 
most uniform results. After considerable experimentation, it was found that the pneu-

TABLE 1 

PHYSICAL CHARACTERISTICS OF SUBGRADE MATERIAL 

Characteristic 

AAS HO class. 
Opt. moist. cont. 
Max. dry dens. 
Liquid limit (%) 
Plastic limit (%) 
Plastic index (%) 
Grain-size distr. (% 

passing sieve): 
No. 4 
No. 10 
No. 40 
No. 100 
No. 200 
0.02 mm 
0.05 mm 
0. 002 mm 

AASHO Designation 

T99-57 
T99-57 
T89-54 
T90-54 
T91-54 

T88-57 

TABLE 2 

Value 

A-6 (8) 
13.0 

120 
25 
14 
11 

98 
96 
92 
85 
79 
61 
39 
27 

COMPACTED CHARACTERISTICS OF SUBGRADEa 

Characteristic Test Set A Test Set B Test Set C 

Dry density (pcf): 
At beginning of test 
At end of test 

Percent dry densityb: 
At beginning of test 
At end of test 

Water content (%): 
At beginning of test 
At end of test 

Modulus of subgrade reaction (k)C: 
At beginning of test 
At end of test 

118.0 
122. 0 

98.3 
101. 7 

13.2 
12.8 

164 
205 

~ach value is average of six or more test values. 
Of standard (ASSHO T-99). 

cAt 0.05-in. deflection. 

116.2 
119.8 

96.8 
99.8 

12.8 
12.1 

163 
178 

116.0 
118. 8 

96.7 
99.0 

14.3 
13.4 

58 
81 
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matic tampers gave the most uniform densities. Three to five passes of the tampers 
were required to bring the soil to the desired density. Alternate passes of the tamper 
were made in transverse directions to minimize directional densification of the sub
grade. 

During the process of subgrade placement, continuous testing was performed to 
control the moisture content and compacted density. After the soil was placed, plate 
bearing tests were made on the subgrade. The values of these tests are given in Table 
2. At the end of each testing program, the base materials were carefully removed so 
that field density and plate bearing tests could again be made on the subgrade. The 
profile of the subgrade was carefully measured before and after each testing program. 

At the completion of each test set, the subgrade material was removed to a depth 
of 1 ft or more. The removed soil was pulverized and replaced, as previously de
scribed, before placing the base courses for the next test set. 

TABLE 3 

PHYSICAL CHARACTERISTICS OF CRUSHED STONE BASE MATERIAL 

Characteristic AASHO Designation Test Set A Test Set C 

Opt. moist. cont. T99-57 
Max. dry dens. T99-57 
Grain -size dis tr. 

(% passing sieve): T88-57 
1-in. 
3/4-in. 
3/8-in. 
No. 4 
No. 10 
No. 40 
No. 200 

Compacted dens.: 
Pcf 
Percent of standard 

TABLE 4 

GRADATION OF GRAVEL FOR 
POZZOLANIC BASE 

Sieve Size 
Grain Size Distr. a 

3/4-in. b 
3/8-in. 
No. 4 
No. 10 
No. 40 
No. 200 
0.02 mm 
0.05 mm 
0. 002 mm 

(%) 

100 
87 
73 
52 
23 

8 
4 
2 
1 

:AASHO designation, T88-57. 
Material larger than 3/4 in. discarded. 

6.8 6.2 
139.0 144.6 

100 100 
96 94 
65 60 
42 55 
25 41 
13 20 

7 16 

143.5 147.7 
103.2 102.1 

TABLE 5 

PROPERTIES OF FLY ASH FOR 
POZZOLANIC BASE 

Property 

Major constituent (approx): 
Silicon dioxide 
Aluminum oxide 
Ferric oxide 
Calcium oxide 
Sulfur trioxide 

Loss on ignition 
Grain-size distr. 
(passing sieve): 
No. 10 
No. 40 
No. 200 
No. 325 

Value (%) 

41 
25 
21 

4 
1 

7.2 

100 
98 
87 
79 
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During the initial construction phase a special soil planer was developed and was 
used to bring the various pavement layers to the desired elevation and thickness. The 
soil planer is capable of trimming the compacted soil to a tolerance of ± 0. 03 in., 
and the compacted base materials to within 0.1 in. 

Crushed Stone Bases.-The crushed stone bases used in the test program were de
signed and constructed to represent those used in typical highway pavements. The 
crushed stone was a limestone provided by stone producers from materials designated 
for use in the Illinois Highway Construction Program. The characteristics of the 
crushed stone are given in Table 3. 

Before placing, the crushed stone was mixed on the job site in a concrete mixer, 
and water was added to bring the moisture content to the desired level. The materials 
were compacted with vibratory compactors and pneumatic tampers. The desired thick
ness was obtained by trimming the base with the soil planer. 

Pozzolanic Bases.--The pozzolanic bases were composed of 82 percent gravel, 14 
percent fly ash, and 4 percent lime. The gravel used for the pozzolanic bases came 
from a stockpile of subbase material used in the AASHO Road Test. It was the same 
material as was used for the cement treated and bituminous treated bases in the special 
base study at the AASHO Road Test. The grain-size distribution of the gravel is given 
in Table 4. The fly ash used in the pozzolanic base was obtained from the Public Service 
Electric and Gas Company, Sewarren, N. J. Properties of the fly ash are given in Table 
5. The lime used in the pozzolanic bases was a monohydrated dolomitic lime supplied 
by the Marblehead Lime Company, Chicago, Ill. Properties of the lime are shown in 
Table 6. 

An extensive laboratory investigation was conducted on pozzolanic base material be
fore the repeated wheel load test in the test track. The general characteristics of the 
pozzolanic base material are given in Table 7. Figure 6 shows the general relationship 
between strength and age for the pozzolanic base mixtures used. The relationships 
shown are for specimens cured under ambient conditions. Specimens cured in moist 
sand for 28 days had a compressive strength of 710 psi, and those cured for 7 days in 
a sealed container at 130 F had a compressive strength of 1,360 psi. The pozzolanic 
base material exhibited no weight loss during the freezing and thawing or wetting and 
drying durability tests. 

The fatigue characteristics of pozzolanic base material were measured and have 
been reported (16). The coefficient of thermal expansion was measured and found to 
be approximately 6 x 10 -o. The modulus of elasticity of cured material was found to 
vary between 1. 6 x 106 and 2. 6 x 10°, depending on the age of the material (Fig. 6). 

The pozzolanic base materials were proportioned and mixed at approximately opti
mum water content in a 1 %-cu ft pug mill mixer. The pozzolanic base was compacted 
with pneumatic tampers in the manner described for the subgrade material and the 
crushed stone. After compaction, the material was trimmed to the desired level with 
the soil planer. 

Surfacing.-Several types of wearing surfaces were used on the test pavements re
ported. On test set A {Table 8) the wearing surface for the crushed stone was a sand
asphalt slurry seal, approximately 1/a in. thick. The wearing surface for the pozzolanic 
bases in test set B (Table 8) was a troweled fly ash mortar mixture 1/io to 1/a in. thick. 
The wearing surface provided a smooth initial profile and an opportunity to study the 
crack patterns at an early age in their development. The test pavements in test set C 
were made up of crushed stone bases covered with 1 to 4 in. of asphaltic concrete 
(Table 9). The engineering properties of the asphaltic concrete used in test set C are 
given in Table 9. 

Experimental Test Pavements 

The test track is divided radially into six test sections for experimental purposes. 
Each test set was initially composed of six test pavements in which the pavement thick
ness and/ or materials were varied. Table 8 gives the pertinent test data for the test 
pavements. 
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Traffic Operations 

The wheel loads were applied to the 
test pavements by the loading frame pre
viously described. A wheel load of 3, 200 
lb was used for all tests. The load was 
applied to the pavements through 8. 25 x 
20 tires inflated to 75 psi. 

All tests were conducted with a wheel 
speed of approximately 13 mph, unless 
surface roughness dictated that a lesser 
speed be used. A speed of 13 mph will 
provide approximately 22, 000 load appli
cations for each 8 hr of operation. Load
ing operations were suspended at regular 
intervals for routine tests, measurements, 
and maintenance. 

The basic operation plan was to traverse 
the wheel across the loading path 1_1nder a 

TABLE 6 

PROPERTIES OF LIME FOR 
POZZOLANIC BASE 

Property Value (%) 

Major constituents (approx.): 4 
Calcium carbonate 59 
Calcium hydroxide 2 
Magnesium hydroxide 33 
Magnesium oxide 

Grain-size distr. (passing 
sieve): 

No. 30 100 
No. 100 97 
No. 200 90 
No. 325 85 

TABLE 7 

GENERAL CHARACTERISTICS OF POZZOLANIC BASE MATERIAL 

Characteristic 

Composition (% by wt): 
Lime 
Fly ash 
Gravel 

Max. dry den. 
Opt. moist. cont. 
Compacted dens: 

Pcf 
Percent of standard 

1,400 

I I I 
1,200 COMPOSITION OF MIXTURE ,-

82 z GRAVEL 
I: ~ f ~! t: AS

0
H 

1,000 

BOO 

AASHO Designation 

T99-49 
T99-49 

COMPRESSIVE 
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/ 

V 

:r 
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(!) 
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ct: 

>~ MODULUS OF ELASTICITY 
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V) 
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~~ FLUUR-1. 
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6 
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3 

2 

I 

Value 

4 
4 

14 
82 

135.4 
7.8 

132.2 
97.6 

Figure 6. Strength-age relationships for pozzolanic base material. 
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controlled pattern that approximated the normal distribution of highway traffic. This 
was accomplished by adjusting the amplitude of oscillation of the loading frame at 
specified intervals. The resulting histogram of load density approximated the traffic 
distribution pattern determined by a Bureau of Public Roads study (17). 

As testing progressed, it became apparent that the pozzolanic base was distributing 
load by slab action, and as such, should be considered as a rigid or semi-rigid base. 
A comparison of the fatigue characteristics of the pozzolanic base material (16) and 
the theoretical stresses produced during the build-up of a complete histogramof load 
applications showed that only 40 to 45 percent of the total applications would be effec
tive in producing fatigue failure in the slab. The relatively high cohesive strength of 
the material also prevented rutting of the base. Therefore, to accelerate the test, 
tests on pavements with pozzolanic bases were conducted without the use of the travers
ing mechanism. All test loads applied to pavements with crushed stone bases were per
formed with the traversing mechanism in operation. 

During loading operations, the surfaces of the test pavements were lubricated to 
reduce tire wear and to minimize horizontal forces created by a wheel moving in a 
circular path. Effectiveness of the surface lubrication in reducing the horizontal 
stresses is indicated by the tire wear. The 8. 25 x 20 tires which were used in the 
testing program have traveled more than 5,000 mi with only nominal wear. 

Whenever a test pavement failed, the section was declared out of test and pavement 
maintenance was conducted. The maintenance consisted of rebuilding the section with 
either asphaltic or portland cement concrete. 

TABLE 8 

TEST PAVEMENT DATA 

Test 
Test Base Base Surfacing Surface 

Pavement Thickness Thickness 
Set No. Material (in. ) 

Material (in. ) 

Aa 1 Crushed stone 8.0 Slurry seal Nominal (1/e) 
2 Crushed stone 6.0 Slurry seal Nominal ('le) 
3 Crushed stone 10.0 Slurry seal Nominal(%) 
4 Crushed stone 8.ob Slurry seal Nominal (le) 
5 Crushed stone 12.0 Slurry seal Nominal ({,a) 
6 Crushed stone 10. 0 Slurry seal Nominal ( /a) 

BC 1 Pozzolanic 4.3 Mortar Nominal ('/1e to 'la) 
2 Pozzolanic 4.8 Mortar Nominal ('lie to 1/e) 
3 Pozzolanic 5.3 Mortar Nominal ( '!1e to 'la) 
4 Pozzolanic 5.8 Mortar Nominal ( '!1e to 'le) 
5 Pozzolanic 4.8b Mortar Nominal ('/1e to '/e) 
6 Pozzolanic 5.3b Mortar Nominal ('/16 to 1/e) 

C 1d Crushed stone 6.0 Asph. cone. 1. 0 
2d Crushed stone 3.0 Asph. cone. 1. 0 
3d Crushed stone 3.0 Asph. cone. 2.0 
4 Crushed stone 3.0 Asph. cone. 3.0 
5 Crushed stone 6,0 Asph. cone. 3.0 
6 Crushed stone 6.0 Asph. cone. 2.0 
lAd Crushed stone 6.0 Asph. cone. 4.0 
2Ad Crushed stone 0.0 Asph. cone. 4.0 
3Ad Crushed stone 3.0 Asph. cone. 4.0 

~·/heel load, 3,200 lb ; tire pressure, 75 psi; for all test sets. 
Replica test pavement . 

01·e st s on pozzolanic bases began after 5 days during under ambient conditions. 
dSections 1, 2, and 3 were replaced after early failure with sections lA, 2A, and JA, 
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Load Distribution Behavior 

The principal function of the base 
course in a highway pavement is to dis
tribute the applied traffic loads to the 
under lying soil on which the pavement is 
built . 

The manner in which a base course 
distributed the applied loads was studied 
by measuring the deflection of the pave
ment under moving wheel loads. A 
limited program was conducted on this 
phase of the research program. 

The deflection of the pavement under 
the moving load was measured by means 
of linear variable differential transform
ers (LVDT) mounted in the pavement. 
The impulses from the L VDT' s were 
transmitted to a Sanborn rontir1.110us re
cording device. With this system, the 
deflection at a particular point could be 
measured continuously. As the wheels 
moved on the pavement surface, a com
plete pattern of pavement deformation at 
a point due to the wheel load was meas
ured. The LVDT' s were mounted as 

TABLE 9 

PROPERTIES OF ASPHALTIC 
CONCRETE SURFACE MATERIAL 

Property 

Marshall stability (lb) 
Marshall flow 
Marshall density (pcf) 
Marshall (% void) 
Gradation a (% passing sieve): 

1/ 2-in. 
3/8-in. 
No. 4 
No. 10 
No. 40 
No. 80 
No. 200 

Asphalt content (1, ) 
In-place density (pcf) 
Marshall density (%) 

a By extraction . 

Value 

2,110 
8 

144.1 
3.5 

100 
94 
71 
50 
30 

9 
" J 

5.3 
137.7 
95.6 

shown in Figure 7. 
The LVDT core was attached to a stainless steel (1/4-in. diameter) anchor rod 

which was anchored to a base plate in the bottom of the test track pit. The casing of 
the LVDT was bonded to the base material. As the wheel load caused the base to de
flect, the LVDT casing moved relative to the core and a change in potential was re
corded on the Sanborn recorder. Each LVDT was individually calibrated before use . 

The Sanborn-LVDT system provided a means of measuring the deflection of the 
pavement at a specific point, regardless of the position of the load. By observing the 
location and speed of the wheel, the deflection of the pavement at the LVDT was corre
lated with the wheel position. By the reciprocal theorem, the deflection at any point 

LEAD 
TO RECORDER 

ANCHOR 

PIN 

BASE PLATE 

LVDT CORE 
LVDT CASING 

(SURFACING 

BASE COURSE 

SUBGRADE 

Figure 7. Transi ent deflection measuring syst em . 



on the pavement as result of the wheel 
load over the LVDT can be obtained. 
Thus, the entire deflection pattern of the 
pavement due to a load at a specific point 
can be determined. 
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Figure 8 shows typical deflection pat
terns obtained with the pozzolanic and 
crushed stone base materials. Typical 
cross-sections of the deflection profiles 
are shown. The pozzolanic bases dis
tributed the load over a larger area than 
than did the crushed stone bases and had 
less total deflection. Thus, the pozzo
lanic bases provide significant bridging 
action reducing subgrade stresses. 

u.. 
Lal 0.03 STONE BASE 

Pavement Serviceability and Performance 

A major portion of the experimental 
study of pavement behavior involved a 

0 

0.04 

Figure 8. Typical base deflection pattern 
under moving load. 

study of the relative performance of the test pavements in which the pavement thickness 
and/or materials were varied. The serviceability-performance concepts developed for 
the AASHO Road Test were used in this research program. 

"The relative performance of various pavements is their relative ability to serve 
traffic over a period of time" (18). Present serviceability is defined as "the ability of 
the specific section of pavemenTio serve high-speed, high-volume, mixed (truck and 
auto) traffic in its existing condition" (18). The present serviceability index was de
veloped as a mathematical combinationo f values obtained from certain physical meas
urements and so formulated as to measure the present serviceability of a pavement. 
The present serviceability index (PSI) corresponds to the following ratings of a pave
ment's ability to serve traffic at any given time: 

4 - 5 Very good 
3 - 4 Good 
2 - 3 Fair 
1 - 2 Poor 
0 - 1 Very poor 

The relative performances of various pavements may then be evaluated by a record 
of the present serviceability against number of load applications. A complete discus
sion of the serviceability-performance concept is given elsewhere (18). 

The serviceability equations as presented in this reference are -

for rigid pavement: 
PSI 5. 41 - 1. 78 log (l+SV) - 0. 09 ...Jc+P 

for flexible pavement: 

PSI = 5. 03 - 1. 91 log (l+SV) - 1. 38 RD2 
- 0. 01...Jc+"P 

in which 

SV = variance of slope along wheelpath; 
RD = depth of rut in wheelpath under a 4-ft straight edge; 

C + P = major cracking and patching. 

The parameters required for determining the present serviceability index of the test 
pavements in the test track were measured using procedures similar to those used in 
developing the equations. 

The control reference pins made the measurement of the surface elevations for cal
culating slope variance a relatively simple task. A special frame was placed over the 
test pavements and rested on the reference pins. Dial indicators were used to measure 
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TABLE 10 

PAVEMENT PERFORMANCE DATA 

1'es t Base Surface Approx. Thousands of Appli-
Test Pave ment 

Base Thickness Surface 
Thickness cations Before Serviceability Subgrade 

Set No, 
Material (in.) Material 

(in.) Dropped to Conditions 
4.11 ~-=o 2.0 

A 1 Cr. stone 8. 0 Slurry seal Nominal l 3 6 Yd = 118.0pcf; 
2 Cr. stone 6. 0 Slurry seal Nominal 1 2 3 w = 13 . 2 % ; 
3 Cr . stone 10. 0 Slurry seal Nominal I 4 7 k = 164pci 
4 Cr . stone 8. 0 Slurry seal Nominal I 2 4 
5 Cr. stone 12. 0 Slurry seal Nominal 2 7 18 
6 Cr . stone 10. 0 Slurry seal Nominal l 4 8 

B 1 Pozzolanic 4. 3 Mortar Nominal 210 320 350 Yd = 116. 2 pc!; 
2 Pozzolanic 4. 8 Mortar Nominal a a a w = 12 . 8 %: 
3 Pozzolanic 5. 3 Mortar Nominal a a a k = 163pci 
4 Pozzolanic 5 . 8 Mortar Nominal a a __ a 
5b Pozzolanic 4.8 Mortar Nominal 12 30 48 
6 Pozzolanic 5. 3 Mortar Nominal a a __ a 

C 1 Cr . stone 6. 0 Asph. cone. 1. 0 C 1 1 Yd = 116. Opcf; 
2 Cr. stone 3.0 Asph. cone. 1. 0 C 

__ c __ c 
w = 14.3%; 

3 Cr. stone 3. 0 Asph. cone. 2. 0 C __ c 
1 k = 58pci 

4 Cr. stone 3.0 Asph. cone . 3. 0 1 3 5 
5 Cr. stone 6. 0 Asph . cone . 3. 0 5 10 a 

6 Cr. stone 6.0 Asph. cone . 2. 0 C 2 5 
lA Cr. stone 6. 0 Asph . cone. 4. 0 3 23 
"' VJ., ~l.UIII:;; V . V Asy:i,. eum; . 4.G 2 5 14 
3Ac Cr . stone 3. 0 Asph. cone 4. 0 __ c, d __ c, d __ c, d 

:servi~ability of teaL tl:a\'6ment dld uot drop to this level. 
Removal. of ba;.o after ranure shoiNJ-d material segregation on bottom of base, 

d~e ss t..han 500 oppli~at.\on,e. . 
Grushnd stono base inadvert.ently r:<sipacted to a density of 137 .8 pcf compared whh 1L7. 7 pcf for other bases in test set c. 

the surface elevation of the test pavements at 9-in. intervals both tangentially and radi
ally. The surface elevation data from the wheelpath were used to compute the slope 
variance of the test pavements. The rut depth was obtained from the radial measure
ments of the surface elevations. 

Surface irregularities will inevitably occur on any surface finished by normal con
struction procedures. These irregularities produce non-uniform values for the initial 
present serviceability indexes of the test pavements. These initial irregularities are 
not indicative of the performance of a given test pavement. Thus, to eliminate the ef
fects of any initial surface irregularities, the change in slope due to the applied loads 
was used rather than the actual slope for determining the slope variance. The service
ability equation developed for rigid pavements was used for evaluating the performance 
of the pozzolanic bases, and the equation for flexible pavements was used in conjunction 
with the pavements with crushed stone bases. The serviceability record for each test 
pavement was plotted using a three-point moving average as a smoothing technique. 

Table 10 summarizes the relative performance of the test pavements. The relation
ship between serviceability and the number of load applications for the 21 test pavements 
i:,; :,;huwn in i.he Appendix. 

CONCLUSIONS 

A description of the test track and concepts of its use have been presented along with 
typical results to illustrate how the facility can be used to evaluate paving materials. Any 
conclusion regarding the trends in the data would necessarily require a discussion and 
interpretation of the results. Because the test program is not complete and only a 
portion of the available data has been presented herein, it would be both premature and 
unwise to discuss and interpret the data presented. It is anticipated that the entire test
ing program will be presented, and the results interpreted and discussed at some future 
date. 

With respect to the test track proper, it has been shown that the facility was designed 
to keep the influence from the boundary conditions to a minimum while holding the volume 
of materials required to a reasonable amount. It was shown that the loading frame can 
apply a large number of loads distributed in a manner to simulate traffic loads in a 
relatively short period of time. 
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Typical test results were presented in this report. This should not be taken to mean 
that this is the only type of data that can be collected. On the contrary, data on many 
different phases of pavement behavior and performance can be gathered. The extent 
and type of data that can be obtained are limited only by the imagination of the person
nel conducting the research. 

The cost of evaluating a paving material with this facility will vary with the exten
siveness of the program undertaken but will always be but a small fraction of the cost 
to evaluate the material in a test road. 
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Appendix 

SERVICEABILITY/ LOAD APPLICATIONS FOR TEST PAVEMENTS 

LOAD APPLICATIONS IN t,ooo's 

TEST PAVOIENT NO ___.A.=-1._ ~ : O~ IOOI iol O )OOI 
4

00I OOOI 

::~~~~ c!
2
:~.~ ;i ;~\\--=:~=:--tt:~=:~=--f-f:~=:~=--1~~:~=:~=-+~--~=:~=:+-_ 

BASE THICKPCS BO IN ffi 0 '-'-''--'-- --.1..--...J-'---'-· --'-· 

SUWACE MA~ERIAL ~ iti Ol 
SURFACE THICt<NES9~ i rlt\--t-----+---t---t-- -t

i O.OU...--'----'----'-----'~--'-

LOAD APPLICATIONS IN 1,ooo's 

::::::• "°:i.w:·: ii ;o:=l +1001 =='::::::::001 =:::•010==•:::=001 =:::0001 
"""' v•n-......a...H.et!L- ~ ~ff.~--+-: - --+:---1:t--+: - -+-: 
t&St 'TKICl<,Qt f-9 'N.. § o~_ ...... _ _ ..._ _ _.,~_..._ __ ~ 

SLRFACE MATERIAL~ it Ol 
SURFACE THICKNESS~ ~ A ... --+-----+---t---if---l-

io •~-~--'--~-~-~ 

LOAD APPLICATIONS IN r,ooo's 

>- 0 100 zoo soo 400 500 
TEST PAVEMENT NO ~~ ~ • 'r-1- --="'1 "---=:;1c:..._ ;::;1;.::..- ..:..;.:I :__:::;:I 

:-=~~::.L :::~:! Ii ~:/1.====: ====: ==========: ===== BASE THICICt.£9'------1.Q~ in 0 1... __ ..._ _ _. _ _ ..._ __ ~_....._ 

SUWACE MATERIAL~~~ j!:i 0 

SURFACE THICKNESS~ !! ~ l---t-----t---f----l---1-
i u ~ ___ ..._ _ _. __ ...._ __ ~--

LOAD APPLICATION S IN l,000
1
S 

:::L:~~~: NO ·:J:":;_ Ii ~-i~:~--=~--~1-+00:1:--=~--~·:-+o,_o:~--=~-_·:·l-1:·~--=~--=·oo+-1:~--=~-_:-:l-r 
BASE THICKNESS 8 Q IN ffi 0~'----'-· ---'----..J·'---"·'----'-t 

SLRFACE MATERIALJW-..f~AL §Q OL I 
SURFACE TH ICMNESS~Q~L iiu~C:--~-:~~~~~~~~~::::~~::::.::: 

LOAD APPLICATIONS IN 1,ooo's 

TEST PAVtMENT NO ~ ~ : 01 ·

00
1 ;ool ·

00
1 ·

00

1 
000
1 ==~~:~L ~:o;,::, ~i ! l-~\~,;::~--=~-+~~--=~--=:+~--=~--=~-j:--=~--=~1~~--=~--=:t-

BASE THICKNESS 12.Q IN m 0 '-- ...L--...1...--'---'---.L. 
%-

M:tAitt WAU)~AL~ 1-f:1 Or----r---..---.--r----,-

SURFACE THICKNESS~ ~~O ! ~1-,--t---t----t----+---t-

LOAD APPLICATIONS IN 1,ooo's 

TEST PA~ENT NO. ~ ::. 'o,.._.....,_IOO;,:.._..:•a;;00a.........:•:;;00c=--•.,ooce-_OOO," 

:~.~::.L ::.:~ Ii ;H,\1-.::.::.::_-t .. ,:_-_~~+ll--~~~-:i+-l.::.::_-.::..t!.::.::.::.::_-+-,I-
BASE THICKNESS 10 0 IN rn O '-· ---'-· ---'--- -~---_. ___ _.___ 

.LR,.<:£ "-'TWol-~. ~ ~~ 0( 

...... ACE I HIClf.Hf~~.s,_ e~ rl-, ---t---l----t----1----1-
i 0-''---~~--~-~--'-- ~ 

LOAD APPLICATIONS IN 1,ooo's 

::lp::E_"'_"°~~-,:;' LB iii ( l-l-:::::::::: __ ,oot-1- - 2-+01~-5¥-~l"IOO""'<s-~-too~--'°"I-
BASE MATERIAL PQZZOt.~ ~i ~f--- - +-. ---+.-~--!- -"c~±---1-
BASE THICKfESS -,.J IN. en 0 .__....._ __ ..._ _ _. __ ..._ __ ._ 

%-
Sl.AFACE MATERIAL----.MQ~ - 1-f3 0~--~-~--~-~--~ 

SURFACE THICKNESS---1!'.Q.~Aj,_ !i f-l--t--- --+---1----1~--j
~ O! ~- --~-~--..._ _ _, _ _ _.__ 

LOAD APPLICATIONS IN 1,ooo's 

TEST PAVEMENT NO -----1l=L_ ~ : 01r:=:::·OO~==·+OO===·~OO==':iOO==-::i:. 

::L.~::.L :a.:~,: ~i ~;====ti ====~l====~l~===~l~====::I 
BASE THICKNESS 4.8 IN m O L. - - -'-· ---'·--..J·'---"·'---'-· 

SlRFACE MATERIAL~ ~~ 0 ,--- -,---,.---,---,,---r 

SURFACE TH1Ct<NESS....1!f2M!!ML._ !i ~--t----l----1----1--1--1-
i! OS L- __ ..._ _ _. __ ~ - ........ ~--'-

LOAD APPLICATIONS IN 1,ooo's 

TEST PAVEMENT NO.~~ :

0

, ....._ IOOI ·
00
1 a,ool ·

0

1° - I 

::'.~::.L ~::;:IC f i : ~I-=--==--=t .. =_ -==--=!+=--==--=~ .. =--==--=~__,;:,_ -==--==-::._ 
BASE THICK~! 5.~ IN "' 0'-- ---'-· ---'----~---~-'---'-· 

%-
SI.IWACE MATERIAL~ ii 0

1 
SURFACE THICKNESS~ ._~ f---1----1----t--...f..--1-

ioo ,.__....._ __ ..._ _ _. __ ..,__--'~ 

LOAD APPLICATIONS IN 1,ooo's 

TEST PAVEMENT NO, ~ ~ ~ or::= ::'.:IOOl'.'.:=='tOO::::::::'.l~OO==·~OO=="°:tO 

==~::., !;:::& Ii ;l~====~I ::::tl====~l====~l====~I~ 
BASE THICtO~!Hl~L__ "' O L, __ ...__.....,_ __ _,.__.....J_.__..,__ 

%-
SlRFACE MATERIAL___.MQ~ ii 0

1 
SURFACE TH1Ct<N£SS~ ._~ ,-. --+---t---,-.----,1---1-

io5 .._ _ _._ __ ~ --'--..0...---'~ 



LOAD APPLICATIONS IN 1,ooo's 

TEST PAVEMENT NO ____#.1__ ~. & O';---'l,;;OO,_-----'?OO:.;,,__=:>OO;;,s.--"400:,=--..:"°";= 

WHEEL LOAD ., 200 LB ,~ : ~ I '19l•·e::,i:n*t,= 
BASE MATERIAL POZZOLAN{C ~~ ~~f:':•::1.::::::1==1=:::::~====+=+t:::::::_ 
BASE THICKNESS 4 8 IN C/'I 0'----.,_ _ _. __ _._ __ ._ _ __._ 

SlfiFACE MATERIAL.. ....... MQfZIA{L_ Si 01 
SURFACE THICKNESS_&Q,WNAL.__ i!o..a, ~-====:====~====~~====~====~ 

LOAD APPLICATIONS IN 1,000'5 

TEST PAVEMENT NO. --11::.§.___ ~ : 

0

1 ~
00

1 !0° 
3

0° "
00

1 llDOI 
::'.~~:~., ~:::::c ii ;~'"=_ -==--=!+=--==--=::_.I=--==--==-1~ ... -==--==-t-t=_ -==--=::: .... 
BASE THICKNESS ,5 • .] IN. t11 0'----.1.·-- -'·--..L... __ ._ ___ ..__ 
SlfiFACE MATERIAL~ §m 0 

SURFACE THICKNESS NOMINAL j 1-1---+---+---+---t-----+
i o~ L.. -----'---'----'------''----'-

LOAD APPLICATIONS IN 1,ooo's 

> 0 100 100 300 400 ~ 

TEST PAVEMENT NO __f::L ___ ~ : I I I I I I 
WHEEL LOAD J 200 LB !~ :Ii 1-----+--4---'-----1--- +-

BASE MATE .. AL__ctLffQ!!L_ ill ~:::::::=t=:==t:=t::::::t 
BASE THICKNE9S_6.0 IN . • - II) OL. __ .._ ___ _. ___ _._.__ _ _,__ --"-

SlfiFACE MATERIAL~- CONC. ~i 0

1 
SURFACE THICKNESS~ ·!; I----+---+---t----1---+ 

i-O.O'----'---'----'------''---~ 

LOAD APPLICATIONS IN 1,ooo's 

:::::~::ENT NOJ ,::' :. ! e r .. ~ ... ;'----~ -~'~"°1:-;:.:.:.·~·1:.0:.:.:.->-iO ... lf-Q:.:.:.:.· ... oot-H:.:.:.:.""'~ 
BASE MATERIAL CR. STONE ~- l t-t- -+----+----l-f---+-~--f-
BASE THICKNESS 6.0 IN. 111 0 '-- ---'---'----'---'----'-

SU,FACE MATE~AL ASP. CO.VC. ,~ 0 ~ 

Q.l~AC'E ~li'f.ff~H- i:!o,,,~c=r====~====~=====~====~====~ 

LOAD APPLICATIONS IN 1,ooo's 

TEST PAVEMENT NO ~---- 5 : QI I QOI !
00

1 
30

1 ° •
00

1 -I 
;:.:~~~::., ::

0:ro~; Ji ;~ .. =--::_ -:1:t-:--::_ -::! .. :_ -::_ -:=:;-i~f--::_ -::_ ... ~=--::_ -:::t--
BASE THICKNESS~:..___ 111 OL. --""· --~---""·'----'-· --~

SUWACE MATERIAL ASP. CONC. ~a Or 

SURFACE THICKNESS~ Q~ l-,--+---+---t----1---+ 
~""o,•~ -~-~--~-~-~ 

LOAD APPLICATIONS IN 1,000'5 

TEST PAVEMENT NO C-2A ~ !SO IOO '!OO "
00 1111 00 

!500 

WHEEL LOAQ_;~ !e ;~, $ I I I I 
BASE MATERIAL NONE ;;- ~ __ $ _.___ . . . . 
BASE THICKNE9S O ffi Ot--=lc=--t---t---t---t-

Sl.RFACE MATERIAL ASP. CONC. §@ 0,~ 

SURFACE THICKNESS~ iicu ::==r=====:====:=====:====:===== 
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LOAD APPLICATIONS IN 1,000'5 

TEST PAVEMENT NO __£=.J.__ /:: • ·~,oo~~ool !00 •00 '""' 
~ ·~--+--~---1'-- ..... r--r WHEEL LOAD J 200 LB !'jl:j :!'---L---1---'---L--..._ 

BASE MATERIAL CR sroNE ~~ ~•--+--.::-~~~~-...... -~~~-.... ~~~~~I--
BASE THICKNESS J.Q JN. U> OL---------'·--""·'---L. --.I.... 

~FACE MATERIAL _A~P. CONC. t, 0

1 
Mtf'Att 'tt~s,....L.<l....l!t..__ ee ,__ ---+---+ __ _,_ __ ,..._ _ _,_ 

i~o.3'---'----'---''---'----'-

TEST PAVEMENT NO C-3A • ~ ~ 0.---'' 00:;::..-..:..=------':;::-...::.;:,::..._.=:..,.,:;.::. 

WHEEL LOAD 3-----;;;----:;- 1~ : r.---1----1--u..J=-:=.:t::=-J... 
BASE MATERIAL CR, STON€ ~i ~lt=::t==t=:::J~~~==t 
BASE THICKNESS .J.O IN. ffi 0'-'---'----'---'----'---.l... 

S~FACE MATERIAL~ ~ 0~ 

SURFACE THICKNESS~ ! l\f---+---t----"----1----1-l o.ou... _ _._ _ _._ __ .._ _ _._ _ _.._ 

LOAD APPLICATIONS IN 1,000
1
5 

TEST PAVEMENT NO ___f::_±___ ~ 6 0.---'1"°:;::'--'''r00:_-1•:c;D::,O _ _c
4
::;00:,::..._!COOO:;::, 

:,:'.~~:~AL :R2:~0~: ~i ~IL.~,--l'----L.1--.1.1---11---fl-
BASE THICKNESS 3.0 IN. ffi 0'--'-_._ ___ .1. ___ ...J ___ _._c._ _ _._t 

X-
S~FACE MATERIAL ASP. CONC. ~~ OK 

S,..W.U:C HJIQUi~~-L.D...lN- ~! l-'1--1---1----1----1~--+ 
a: OJ5'---'----'---'-----'----'-

LOAD APPLICATIONS IN 1,ooo's 

TEST PAVEMENT NO, ~ ~ 'o~ _ _,I00:;::.._...:•,.00=--':c:"°;::..-•:::oo;::.._.::'""':;.::. 

::::~~~:~AL ~:~,~ -- ii ;~Mf~===:====:l====~l=====l~====~I 
BASE TH1CKN£SS~M'-=----- vi OL---'----'-·---'·--""·'---'-· 

S~FACE MATERIAL ASP. CONC. ,~ 0

1 
SURFACE THICKNESS~ :t: f-. --"----1----1----if----1-

)~~ '---..L..---'---'----'---'-
LOAD APPLICATIONS IN 1,ooo's 

TEST PAVEMENT NO.~~ ,
0=----"'"°:.:....--''"'""'------''"'oa"--'"'00;.:..._.::; .. ;a.

0 

;:.:'.~~:~., 'c:o:r~, Ii ~~1--l-:::_-1 .. ~~----~,f--~~~~i.l:::::l::::_ .. +-,-
BASE THICKNESS 6.0 IN. (/) 0~'---'-· --.L·---'-·---'·'-

X-
S~FACE MATERIAL ASP. CONC. i~ OP=+ 

SURFACE THICKNESS~ I-~ ~'---'=~-.,_ _ _, __ ...,_ __ J.-

i051---'----'----'--...1...--~ 



Model Study of Stresses in a Layered System 
B. SUBBARAJU, Assistant Director (Roads), Central Road Research Institute, 

New Delhi, India 

This paper reports on a study of the variation of stresses in a 
layered system using thin metal plates of steel, copper, and 
aluminum, having different physical characteristics, arranged 
in stacks of different ways, using SR-4 strain gages of the ro
sette type, when loaded with a wheel load on a soil subgrade. 
The stacks of metal plates were loaded directly by means of a 
hard rubber wheel attached to the head of a universal testing 
machine. 

From the strain measurements, the principal stresses to
gether with the maximum shear· stresses were evaiuaied. The 
studies show that the applied load being the same, the stress 
conditions in upper pavement layers are materially affected by 
variation of modulus of elasticity of the various layers of the 
pavement, the condition of the interface of the layers, and the 
direction of loading. 

•THE IIlSTORY of development of highway transportation indicates the necessity for 
continuous highway improvements. To provide for the increasing volumes and the 
heavier wheel loads of highway traffic, in the most economical manner, the designer 
faces the following two essential problems: (a) correct assessment of the forces which 
the highway must resist, and (b) correct proportioning to resist those forces in the 
most effective and economical manner. 

As far as is known to the author, there is very little information concerning exper
imental studies of stresses in a layered system. 

The studies reported here were done primarily to establish the nature of stresses 
in the layered system of pavements. To accomplish this, the variation in stresses in 
thin metal plates of steel, copper, and aluminum were studied. The metal plates 
were used to study the change in stress due to four variables: 

1. Varying arrangements of metal plates in stacks with regard to stiffness or mod-
ulus of elasticity. 

2. Varying types of contact surfaces between the plates. 
3. Variation in edge support conditions. 
4, Variation in the direction of the applied load. 

PROCEDURE 

Model Studies 

The pavement stress studies were made using metal plates as model pavement lay
ers. Each plate was 23 in. wide, 25 in. long, and Ye in. thick. The research made 
comprises the following specific studies: 

1. The effect of changes in plate arrangement. Three materials (steel, copper, 
and aluminum) were used with the following stacking arrangements from top to bottom: 
(a) steel, copper, aluminum; and (b) aluminum, copper, steel. 

2. The effect of (a) polished, (b) oiled, and (c) roughened contact surfaces between 
the plates. 

3. The effect of changes in the edge support condition. Plates were loaded with no 
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edge restraint and with edge restraint provided on three sides at the rate of 200 lb per 
side. 

4. The effect of load applied vertically and in an inclined manner. 

Criteria for Choice of Metal Plates and Design of the Model 

The metal plates were selected, because the materials have uniform physical prop
erties and strain measurements can be made easily with the electric resistance gages. 
The system of metal plates studied does not satisfy the conditions of similitude. The 
length and width of the plates were fixed by the maximum size that could be accommo
dated in the testing machine. The thickness of 1/e in. for each plate was selected on 
the basis of obtaining reasonably high strains with relatively small loads in order not 
to overstress the subgrade. Results indicate that this decision on plate thickness was 
essentially correct. Not knowing the exact theoretical relations for stress and strain 
in the four pavement layers, it was not possible to set down the exact conditions that 
would be necessary for similar stresses and strains in model and prototype. 

The plate system used is geometrically similar to various types of pavement-con
struction. As a model of particular pavement, the plate system is undoubtedly highly 
distorted. The contact conditions between the plates are also not similar to those 
existing in actual pavements. In spite of these deviations, it is considered that the 
stress patterns obtained will be similar to those existing in actual pavements. 

Subgrade for Pavement Models 

The model s labs and stacks of metal plates were supported on a soil subgrade of' 
ML material (unified classification system) contained in a 25%- by 23%- by 23-in. 
wood~n box, reinforced with an angle iron frame. The physical properties of the soil 
used for the subgrade are given in Table 1. 

The top of the subgrade was covered with a layer of aluminum foil and the box was 
coated with bitumen inside to minimize moisture loss. A thin layer of less than% in. 
of sand was placed over the aluminum foil to obtain good bedding for the strain gages 
placed on the bottom of the model pavement. The average moisture in the subgrade 
during the period of testing was found to be between 8 to 9 percent. 

Manner of Applying Load 

The load was applied to the metal plates in various arrangements by means of a 
small hard rubber wheel 4 in. in diameter attached to the head of a universal testing 
machine. A piece of sponge rubber 2 by 2 by%in. wasusedundertheloadingwheel. In 
addition to the vertical loading, with a view to studying the effect of inclined loading on 
the distribution of surface stresses, the loading wheel attached to the head of the uni
versal testing machine was deflected 11%0 from the vertical by shims on one side of 
the seating plate of the loading wheel. Tests were run with the inclined wheel pointing 
towards the gage quadrant as well as 
pointing away from the gage quadrant both 
for free and restrained edge conditions. 
Figure 1 shows the subgrade box in the 
universal testing machine together with 
the loading arrangement. Figure 2 shows 
the relation of load to size of loaded area 
for the hard rubber wheel. 

Method of Measuring Strains 

Strains were measured in each case 
both at the top and bottom of the stack of 
metal plates by the use of SR-4 strain 
gages of the equiangular rosette type. 
The strain gages were mounted in one 
quadrant in each case. Figure 3 shows 

TABLE 1 

PHYSICAL PROPERTIES OF 
SUBGRADE SOIL 

Property 

Liquid limit (%) 
Plastic limit, (%) 
Plasticity index (1,) 
Optimum moisture a('.! ) 
Optimum density a (pcf) 
Califor nia bearing ratio b (%) 

Value 

25.0 
21. 8 
3.2 

13.6 
109.1 
40.0 

aStandard Proctor. bAt time of testing. 
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Figure 2. Relation of load to size of 
loaded area for hard rubber wheel. 

the steel and aluminum plates on either 
side with mounted gages together with the 
scored copper plate in the middle. 

Conversion of Strain Data to Unit Strain 
Figure 1. Subgrade box in universal test
ing machine together with loading wheel, The strain data were reduced to prin

cipal stresses and shear stresses by a 
graphical method described by Bossart and Brewer (!), 

MODEL PAVEMENTS WITH THEIR PROPERTIES 

The 25- by 23- by %-in. metal plates were cut from rolled sheets of steel, copper, 
and aluminum. The modulus of elasticity and Poisson's ratio of the material in the 
plates were determined on standard tension test specimens prepared in accordance 
with ASTM procedure E 8 - 52 T, "Tension Testing of Metallic Materials." The mod
ulus of elasticity, E, and Poisson's ratio, u, were calculated from measured longitu
dinal and lateral strains obtained with SR-4 electrical resistance strain gages during 
the tension tests. The values of modulus of elasticity and Poisson's ratio obtained 
from the various metal plates are given in Table 2. Figure 4 shows the specimens 
used for determining the modulus of elas-
ticity and Poisson's ratio. 

All the contact faces of the plates were 

Figure 3. Steel and aluminum plates on 
either side with mounted gages; scored 

copper plate in middle. 

TABLE 2 

VALUES OF MODULUS OF ELASTICITY 
AND POISSON'S RATIO OBTAINED 

FOR THE VARIOUS METAL PLATES 

Type of 
Plate 

Aluminum 
Copper 
Steel 

Modulus of 
Elasticity E 

(psi) 

10. 3 X 106 

15.9 X 106 

28.3 Xl06 

Poisson's 
Ratio 

0. 34 
0.28 
0. 23 



Figure 4. 
t e rmining 

Metal specimens used for de
modulus of elast i city and 

Poisson's ratio. 
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Figure 5. Location of SR-4 gages on alu
minum plate. 

polished to a high degree of surface 
smoothness for the initial tests, using 
emery cloth. For later tests with rough
ened surfaces, the contact surfaces of the 
plates were scored in two perpendicular 
directions, using a hard, pointed steel 

file. Figure 2. shows the scored copper plate in the middle. 

APPLICATION OF SR-4 STRAIN ROSETTES 

In this study, SR-4 equiangular rosettes of AR4-1 type were used for all strain 
studies on model pavements. In all the tests, the gages were located in one quadrant 

of the plates under test. The gages were 
; 

t--~~~~~~~- z, 

; 
Z5 

Figure 6. Location of SR-4 gages on steel 
plate. 

Figure 7, Model pavement in subgrade box 
with edge s restrained on three sides, 
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placed along lines at the edges and along the diagonal of the quadrant. Typical loca
tions of gages are shown in Figures 5 and 6. For the tests on the various stacks of 
metal plates, a central rosette was used only on the bottom plate, and it was necessary 
to install and remove this gage as the stacking arrangement was varied. For the re -
mainder of the gage locations, the rosette gages as mounted at the beginning were used 
again and again for the different stacking arrangements tested. 

The SR-4 gages were mounted on the metal plates adhering to the recommended 
procedure by the manufacturers for mounting the gages. The gages were waterproofed 
by applying hot petrocene wax over them. The steel and aluminum plates with gages 
mounted and ready for test are shown in Figure 2. 

TEST PROCEDURE 

The model pavement comprising the metal plates with mounted gages was carefully 
seated over the prepared subgrade and, at the same time, the leads of the gages on the 
bottom face were drawn through holes provided in the side. 

For the restrained edge condition, precalibrated springs were used for restraining 
the edges on three sides of the model pavements. The edges were restrained by pro
viding the required defiection in the calibrated springs by screwing down the nuts on 
the angle iron frame set over the springs. Figure 7 shows a model pavement in the 
subgrade box with edges restrained on three sides to simulate edge condition of a road 
pavement. The subgrade box was then loaded into the universal testing machine and 
carefully centered. 

The following series of eight tests were conducted: 

1. Aluminum plate on top and steel plate at bottom with copper plate in between, 
polished surfaces, vertical loading, tested once with free and once with restrained 
edges. 

2. Steel plate on top and aluminum plate at bottom with copper in between, polished 
surfaces, vertical loading, tested once with free and once with restrained edges. 

3. Steel plate on top and aluminum plate at bottom with copper plate in between, 
oiled surfaces, vertical loading, tested once with free and once with restrained edges. 

4. Aluminum plate on top and steel plate at bottom, with copper plate in between, 
oiled surfaces, vertical loading, tested once with free and once with restrained edges. 

5. Aluminum plate on top and steel plate at bottom, with copper plate in between, 
roughened surfaces, vertical loading, tested once with free and once with restrained 
edges. 

6. Steel plate on top and aluminum plate at bottom, with copper plate in between, 
roughened surfaces, vertical loading, tested once with free and once with restrained 
edges. 

7. Steel plate on top and aluminum plate at bottom with copper plate in between, 
roughened surfaces, tested with inclined load at 11%0 to vertical (pointing away from 
gage quadrant), once with free and once with restrained edges. 

8. Steel plate on top and aluminum plate at bottom with copper plate in between, 
roughened surfaces, tested with inclined load at 11 % 0 to vertical (pointing towards the 
gage quadrant), once with free and once with restrained edges. 

The model pavement slabs were loaded directly by means of a hard rubber wheel 
attached to the head of a universal testing machine. 

The strain measurements were made from the SR-4 gages of equiangular rosette 
type with an SR-4 strain indicator. The active gage is mounted on the stressed model 
and the compensating gage is mounted on unstressed piece of the same material. The 
active and compensating gages are located close together so that both are subjected to 
the same temperature and the strains undergone by the various gages are obtained 
directly from the strain indicator. 

RESULTS 

The principal stresses and the maximum shear stresses for all the strains meas
ured were calculated and plots for 750-lb load with a loaded area of 1. 8 sq in. for the 
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Figure ll, Test l: stress contours (psi) on bottom steel plate with restrained edges. 
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Figure 18, Test 3: stress contours (ps i) on top steel plate with restrained edges. 
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maximum principal stress, minimum principal stress, and maximum shear stress for 
tests 1 to 8 are shown in Figures 8 to 39 for the condition of loading as detailed in the 
respective figures. Cross-hatching was used to show the restrained edge condition. 
The location of the gages mounted in each test is indicated in the small square on 
the right hand side for Figures 8 to 31. 

The stresses measured in the center of the bottom plate can be directly compared 
to establish the fundamental relationships. Theoretically, for a circular loaded area, 
the maximum and minimum principal stresses at this point should be equal and the 
shear stress should be zero. The stress values in Figures 8 to 31 show material dif
ferences in the principal stresses at the center of the bottom plate. This indicates 
that the bending of the bottom plate is not symmetrical. 

If the maximum principal stress at the center of the bottom plate is taken as the 
most significant stress then the general relationship between the applied load and this 
stress can be expressed by 

in which 

Sb == maximum principal stress at center of bottom plate (psi); 
C == a constant; 
P == applied load (lb); 

Eb, Et == moduli of elasticity of top and bottom plate, respectively; 
n = exponential constant. 

(1) 

Fo= -the vertical loading condition, the three variations in roughness of contact sur
face, and the free and restrained edge conditions, the stress relations (computed for 
the 750-lb load) are found to be as follows: 

1. Smooth Contact Surfaces 

,Eb)1.oe 
Free edges Sb == 14. 7 P ~Et 

(
Eb)o.10 

Restrained edges Sb = 15. 6 P Et 
2. Oiled Contact Surfaces 

Free edges 

Restrained edges 

3. Scored Contact Surfaces 

Free edges 

Restrained edges 

Irrespective of the stacking arrangement of the metal plates, Figures 9, 11, 13, 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

15, 17, 19, 21, 23, 25, 27, 29, 31, 34, and 38 show that both the maximum and mini
mum principal stresses at the center of the bottom face of the bottom plate are tension 
for both vertical and inclined loading. Proceeding from the center to the edge, the 
maximum principal stress changes from tension to compression and then back to ten
sion. At 2% in. distance from the center, the maximum stress is tension in most of 
the cases; at 5 in. distance from the center, the maximum principal stress is com
pression. This indicates that the point of contraflexure on the bottom plate lies be
tween 2% and 5 in. from the center. 

Because the gages were not operative when placed directly under the load, no stress 
measurements were made at the center of the top plate. Theoretically, both principal 
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Figure 20. Test 4: stress contours (psi) on top aluminum plate with free edges. 
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Figure 22. Test 4: stress contours (psi) on top aluminum plate with restrained edges. 
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Figure 24. Test 5: stress contours (psi) on top aluminum plate with free edges . 
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Figure 27. Test 5: stress contours (psi) on bottom steel plate with restrained edges. 
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Figure 32. Tests 7 and 8: principal stress contours (psi) on top steel plate with free 
edges. 

stresses in the top plate at the center 
will be compression and observation of 
plate deformations indicated that this was 
the stress condition existing. Figures 8, 
10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 
30, 32 and 36 show that, regardless of 
the nature of contact surfaces and edge 
conditions, the maximum principal stress 
at 2% in. from the center was tension in 
most cases. At a distance of 5 in. from 
the center, the maximum principal stress 
in the top plate was tension in all case~
This indicates that the point of contra
flexure in the top plate was in most cases 
less than 2% in. from the center. The 
point of contraflexure on the top plate is 
thus closer to the center than the point of 

Test 7 Test 8 

Figure 33. Te sts 7 and 8 : maximum shear 
stress contours (psi) on top s t ee l plate 

wi th free e dges. 

contraflexure on the bottom plate. This is in agreement with theory because the radius 
of curvature of the bottom plate will be greater than that of the top plate . 

Figures 8 to 38 show that tensile stresses may occur extensively throughout con
tinuous pavement layers near the surface. This fact is of considerable importance in 
the design of the upper pavement layers because the paving materials normally used 
have very low resistance to tensile stresses. 

The maximum shear stress is found to increase in the metal plates from the edge 
towards the center in all cases. It is possible, however, that shear stresses in ex
cess of those measured may occur between the center and the gage 2'/2 in. from the 
center. Because gages could not be mounted closer together , it was not possible to 
measure the shear stresses in this area . 
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Figure 34. Tests 7 and 8: principal stress contours (psi) on bottom aluminum plate with 
free edges. 



Effect of Edge Restraint 

The restrained edge condition repre
sents the condition existing in continuous 
pavement layers. Examination of Eqs. 3, 
5, and 7 indicates that for the plates used 
and the restrained edge condition, the 
maximum principal stress at the center 
of the bottom plate is given very closely 
by 

(
Eb'\ o,66 

Sb= CP Et) (8) 

for all three types of contact surfaces. 
The exponents for the restrained edge 
condition vary between O. 60 and O. 70 and 
for the normal range of values of modu-
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Test 7 Test 8 

300 

Figure 35. Tests 7 and 8: maximwn shear 
stress contours (psi) on bottom alwninwn 

plate with free edges. 

lus of elasticity ratio, the use of the average value of 0. 66 will not materially affect 
the stress values obtained. The constant, C, is variable with the contact surface. 
The restrained edge condition apparently insures a definite deformation pattern and a 
nearly fixed variation in stresses with changes in stiffness. This assumes that the ef
fect of the center copper plate and the effect of the subgrade is the same for all load
ing conditions. The change in contact surfaces produces a material variation in the 
maximum bottom principal stress since, C, changes from 15. 6 for smooth surfaces 
to 5. 0 for scored surfaces. 

Examination of Eqs. 2, 4, and 6 shows that for the plates used and the free edge 
condition, both variation in stiffness and variation in contact surface have variable ef
fects on the maximum principal stress at the center of the bottom plate. 

The maximum shear stresses at the various gages do not show any consistent vari
ation with edge restraint except that near the edges of the plate, the shear stresses 
are smaller for the restrained edge condition. 

The pattern of principal stresses near the edges of the plate is different for re
strained and free edges as would be expected. Corresponding values are decreased in 
magnitude or change in sign for the restrained edge condition. 

Effect of Variation in Contact Surfaces 

Eqs. 2 through 7 show that the stress conditions in upper pavement layers are ma
terially affected by variation in contact surface condition. The ability of the layer 
system to transmit stress across the contact surfaces between the layers is an impor
tant factor in fixing stress magnitude. Considering the fixed edge condition and a 
given ratio of modulus of elasticity, Eqs. 3, 5, and 7 show that for smooth, oiled, and 
scored surfaces the maximum principal tensile stress on the center of the bottom 

Maximum 
4' Minimum 

8 

Test 7 Test 7 Test 8 

0 ... 
I 

6+ 6. 9• 9-i, 6. 34 3~ 6 ... 9~ 

Figure 36. Tests 7 and 8: principal stress contours (psi) on top steel plate with re-
strained edges. 
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layer will vary in the order 15. 6, 8. 2, 
and 5. 0, respectively. Hence, for con
tinuous pavement layers, the conditions 
existing on the contact surfaces are very 
important in fixing the critical stresses 
in the layers. 

The maximum shear stresses for both 
free and restrained edge conditions with 
smooth contact surfaces are consistently 
higherthanfor eitheroiledor scored con
tact surfaces. For the oiled contact sur
faces and the scored contact surfaces both 
free and restrained edge conditions, there 
are no significant differences in maxi
mum shear stresses except at central 
gages and gages 27'2 in. from the center. 

Test 7 

Figure 37. Tests 7 and 8: maximum shear 
stress contours (psi) on top steel plate 

with restrained edges. 

Oiled contact surfaces showed higher maximum shear stresses at these gages near the 
center for both edge conditions. This indicates that surface contact conditions have an 
important effect on maximum shear stresses, particularly at the locations close to the 
load. 

Effect of Variations in Stiffness 

Figures 8 to 31 show that the plate with the highest modulus of elasticity, which is 
the stiffer plate, has the highest significant stresses regardless of the arrangement of 
the plates. This is true for all contact surfaces and both free and restrained edges. 
Stiffness is therefore of fundamental importance as would be anticipated from theo
retical calculations. For free edge conditions, Eqs. 2, 4, and 6 show that the effect 
of stiffness varies as the contact surface conditions change whereas Eqs. 3, 5, and 7 
show that the effect is nearly independent of the contact surfaces for the restrained 
edge condition. 

Effect of Inclined Loading 

Figures 32 to 39 inclusive show the stress patterns obtained with the inclined load
ing condition. Figures 28 to 31 inclusive show the stress patterns for the same plate 
arrangement for vertical load only. The vertical load in each case is 750 lb. The in
clined loading condition also imposes a horizontal load equal to O. 2 of the vertical load 
or 150 lb. 

When Figures 32 to 39 are compared with Figures 28 to 31, the major effect of the 
inclined loading shows an increase in the maximum principal stresses in areas near 

'IO 
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Test 7 ,, Test 8 Test 7 Test 8 6 

0 0 
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Figure 38. Tests 7 and 8: principal stress contours (psi) on bottom aluminum plate with 
restrained edges, 
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• 9 
the load for both the free edge and re
strained edge condition. The increase in 
the principal tensile stress at the center 
of the bottom plate is about 50 percent for Test 7 
the free edge condition and 100 percent 

Test 8 

for the restrained edge condition. 
The maximum principal stresses for 

areas near the load on top of the top plate 
are increased in magnitude (greater ten
sion) whereas the minimum principal 
stresses are decreased in magnitude 
(smaller compression) for the inclined 
load condition and both free and restrained 
edges. On the other hand, for the bottom 
of the bottom plate both maximum and 
minimum principal stresses increase in 
magnitude for the inclined load condition 

Figure 39. Tests 7 and 8: maximum shear 
stress contours (psi) on bottom aluminwn 

plate with restrained edges. 

with both free and restrained edges. The stress patterns for maximum and minimum 
principal stresses are about the same for vertical and inclined loading. 

The maximum shear stresses in the top plate are about the same in magnitude for 
both vertical and inclined loading and for free and restrained edges. The shear stress 
patterns for the top plate and the inclined loading condition bulge in the direction of the 
horizontal component. The maximum shear stresses on the bottom plate are increased 
in the direction of the horizontal component for both free and restrained edges. 

The increased tensile and shear stresses due to inclined loading on actual pavement 
layers are a probable cause of excessive pavement deformation at locations such as 
street intersections, where much braking of vehicles occurs. 

CONCLUSIONS 

The studies indicate the following conclusions: 

1. The general relationship between the applied load and the maximum principal 
stress at the center of the bottom layer in a layered system, with no variation in 
thickness of layers, can be expressed by 

in which 

Eb n 
Sb= CP(E) 

t 

Sb = maximum principal stress at center of bottom plate (psi); 
C = constant, which is a variable with contact surface and other factors; 
P = applied load; 

Eb, Et = moduli of elasticity of bottom and top plate, respectively (psi); 
n = variable exponential constant. 

2. The stress conditions in upper pavement layers are materially affected by vari
ation in contact surface condition. The maximum stresses in the upper layers are 
higher for smooth contact surfaces than for rough contact surfaces for the same load. 

3. In general increased tensile and shear stresses are noticed in the case of in
clined loading when compared to the vertical loading, the total load being the same in 
both the cases. 
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Discussion 

R. G. AHLVIN, Special Assistant, Soils Division, U. S. Army Engineer Waterways 
Experiment Station, Vicksburg, Miss. - Mr. Subbaraju has an interesting approach to 
the study of pavement behavior and one that should shed light on certain of the effects 
of relative stiffness of upper pavement layers and on lateral tractions betvv"ccn these 
layers. 

The author mentions a paucity of information relative to studies of stresses in lay
ered systems. Though this is true, the Corps of Engineers has for quite a number of 
years been conducting research on the action and use of metal mats as expedient pave
ment elements. Certain of the information accumulated during these studies, and par
ticularly some of the theoretical studies conducted in 1955, should be applicable to the 
study reported. Various references are included in the bibliography hereto, but par
ticular reference is made to Waterways Experiment Station Technical Memorandum 
3-418, "Theoretical Landing Mat Studies," October 1955. This report summarizes 
several separate research efforts directed toward gaining knowledge of the action of 
metal landing mats on soil subgrades. The report treats work by Gerald Pickett (7, 
8, 9) on analytical developments involving thin layers on both elastic and Westergaard 
subgrades. In includes results of small-scale model tests of thin steel plates on a 
rubber subgrade (1, 2) which were carried out at the Corps of Engineers' Ohio River 
Division Laboratories. Also, this report presents results of plate load tests on instI"u
mented metal landing mat on a heavy clay subgrade which were conducted at the Corps 
of Engineers' Waterways Experiment Station. 

The analytical developments by Pickett might well be used to provide theoretical 
stresses for comparison with those measured by Mr. Subbaraju. The tests on steel 
plates on a rubber subgrade and on instrumented steel landing mats on a clay subgrade 
provide some directly comparable information. Some of this information is presented 
herein. 

Figures 40 and 41 show strain in the top and bottom of a circular steel plate 0. 018 
in . thick and 12 L11 . in diameter O!'l a rubber s11bgrade 12 in, thick loaderl with 1-tn. 
diameter circular loads, The data shown are to a degree directly comparable with 
those presented in the author's paper in Figures 8 and 9, 12 and 13, 16 and 17, 20 and 
21, 24 and 25, and 28 and 29. The most direct comparisons possible are those with 
respect to the author's major principal stresses in both top and bottom of his stacked 
plates. These compare with the strains shown in Figures 40 and 41. The plots show 
tension in the bottom fiber to be about twice that in the top. The author's paper shows 
ratios between top and bottom fiber stresses other than 2 to 1, but differences are ap
parently due to differential stiffness in top and bottom plates as well as to variations 
in frictional restraints between plates. 

Instrumented landing mats are shown in Figure 42, and some of the results of load 
testing are shown in Figures 43 and 44. Again, patterns here are in reasonable agree
ment with those developed by the author in regard to his major principal stresses. In 
this case, as in the author's case, bending is not symmetrical with respect to the 
mats or plates being loaded. The landing mat is geometrically irregular, whereas 
the author's stacked plates are, collectively, nonhomogeneous. 
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Figure 43. Mat strain and deflection data (mat in loose state). 
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It is not meant to infer in this discussion that there is a need to modify the author's 
analysis, but it is hoped that the author will find the data and references of value in 
his research. 

REFERENCES 

1. "Report of Model Tests for Study of Rigidities of Landing Mats." Corps of Engi
neers, Ohio River Div. Labs., Cincinnati (Sept. 1953). 

2. "Report of the First Series of Model Tests for Landing Mats." Corp of Engineers, 
Ohio River Div. Labs., Cincinnati (April 1953). 

3. "Airplane Landing Mat Investigation, Engineering Tests on Steel, Pierced Type, 
MB, and Aluminum, Pierced Type, M9." Corps of Engineers, Waterways Ex
periment Station, Technical Memorandum 3-324, Vicksburg, Miss. (May 1951). 

4. "Development of Tentative CBR Design Curves for Landing Mats." Corps of Engi
neers, Waterways Experiment Station, Miscellaneous Paper 4-29, Vicksburg, 
Miss. (Dec. 1952). 

5. "Rolling Resistance Tests on Landing Mat." Corps of Engineers, Waterways Ex
periment Station, Miscellaneous Paper 4-51, Vicksburg, Miss. (Oct. 1953). 

6. "Traffic Tests on Metal and Vinyl Membranes." Corps of Engineers, Waterways 
Experiment Station, Miscellaneous Paper 4-54, Vicksburg, Miss. (Oct. 1953). 

7. Pickett, G., "Deflections, Moments and Reactive Pressures for Concrete Pave
ments." Kansas State College, Bull. 65 (Oct. 1951). 

8. Pickett, G., "Analytical Studies of Landing Mats for Forward Airfields." Kansas 
State College (Dec. 1951). 

9. Pickett, G., "Analytical Studies of Orthotropic Landing Mats for Forward Air
fields." Kansas State College (Sept. 1953). 



Deflections as an Indicator of 
Flexible P avement P erformance 
F. P. NICHOLS, Jr., Highway Resear<;h Engineer, Virginia Council of Highway 

Investigation and Research, Charlottesville 

•DEFLECTION MEASUREMENTS by means of the Benkelman beam have become in
creasingly importantin evaluating the strength and load-carrying capacity of flexible 
pavements. The following report summarizes the results of tests performed in the 
spring of 1962 on 45 pavements in service in Virginia and of tests on 8 other pavements 
performed a year or two earlier. All but one of the 53 pavements reported were 
tested during the spring season, the period when subgrades are considered to be weak
est. Also the paper presents a critical analysis of the effectiveness of certain commonly 
<>mplnyen pa1r<>m1>nt nl>Qign f<><>hlrP,a in prPVPnting py('p,a,aiVP nPflPf'tinn <>nn in imprmring 
performance. 

An 18, 000-lb single-axle load is employed in the measurement of deflections in 
Virginia. In the procedure now used, the rebound, or recovery from deflection, is 
measured rather than the deflection itself. At the start of the test, "the probe" (the 
tip of the lever arm) is inserted between the tires to a point exactly 2 ft ahead of the 
loaded wheel. The truck then moves forward slowly so that the maximum extensometer 
dial reading may be recorded as the load passes the point of measurement. Additional 
dial readings are made at intermediate points when the load is 2, 4, 6, and 9 ft beyond 
the probe. A final dial reading is taken after the test load has moved completely out 
of range of any possible effect on the measuring device. Figures 1 and 2 show the 
measurement procedure. 

The value of total rebound deflection or recovery from deflection thus becomes the 
difference between the maximum dial reading and the final dial reading (multiplied by 
2 to account for the mechanical advantage of the lever arm). The other values re
corded are the differences between the dial readings when the load is at the various 
intermediate points, and the final dial reading when the load is out of range (again 
multiplied by 2). These values serve to define the approximate diameter of the "basin" 
deflected by the load, and indicate, in a qualitative sense at least, the degree to which 
the load is distributed to the underlying layers. 

Using the preceding procedure, it is possible to make measurements in both wheel
paths at a great many sites in a single day. Test sites usually are spaced 50 ft apart 
in groups of five, thus covering a 200-ft length of highway per group. These groups 
are spaced at variable intervals, generally at least 1,000 ft apart; the number and 
spacing of groups on a given project are governed largely by the length of the project, 
by sight distances available to oncoming traffic, and by the frequency of superelevated 
curves. From 10 to 14 groups of test sites are established on a typical project and 
their locations are marked at the pavement edge with spray paint. Subsequent meas
urements on the same project are made at the exact same locations, insofar as it is 
possible to relocate the sites. 

The familiar term, "deflection, " still used frequently in the text, in all cases refers 
to the rebound value or recovery from deflection, determined in the manner just de-
scribed. · 

DEFLECTION TEST RESULTS 

The data obtained from both the 1962 measurement program and those of prior 
years are summarized in tabular form in terms of total project averages and ranges 
in group averages. These tables also show structural thicknesses, construction costs, 

Paper sponsored by Committee on Flexible Pavement Design. 
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Figure 1. Test truck in initial position; points of measurement exactly 2 ft ahead of 
load wheels as indicated by clamps on besms. 

the year the project was opened to traffic, and general remarks. The cost figures are 
discussed later. 

Appendix A includes cross-section details for each project tested. Identification is 
provided by the code number corresponding to that shown in the first column of the 
tables. 

In the "remarks" column is found first the average daily volume of trailer trucks 
and busses (TT & B) using the pavement in both directions, as reported in the Traffic 
and Planning Division's 1960-61 summary. Next is shown the soil area number, as 
defined in Appendix B. In general, these broad areas were numbered in the approxi
mate order of suitability of the predominant soil types for highway subgrades, as 
seemed evident from analysis of condition survey data taken after the spring break up 
of 1948. Finally under "remarks" are found brief comments describing the perfor
mance of the pavement to date, including mention of average rebound deflection values 
which may have been determined in prior years. 

Projects have been grouped for tabulation purposes in accordance with certain 
characteristics of their pavement designs such as the presence or absence of "black 
bases" or of lime or cement stabilization in either the subgrade or one of the structural 
components. Appendix C describes typical Virginia paving materials including the 
very popular black base mixes. 

The first group of projects is distinguished by the inclusion in their designs of 
black bases, without any cement or lime stabilization in underlying layers. All the 
designs in this group include more than 6 in. total thickness of hot-mixed asphaltic 
concrete or sand asphalt. The essential data are summarized in Table 1. 

The second group consists of pavements with untreated aggregate or water bound 
macadam bases and, again, no stabilization within the structure or in the subgrade. 
Though some of these have up to 3 in. of the H-3 (1) mix normally considered as ''black 
base," the total thickness of asphaltic concrete is never as great as 6 in. The data 
for this group are summarized in Table 2. 
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• J. 

Figure 2. Truck moving ahead and stopping with load wheels several feet ahead of point 
of measurement. 

The third group consists of projects falling into the ''black base" category (6 in. or 
greater total thickness of asphaltic concrete), but distinguished from those in the first 
group by the presence of a cement or lime stabilization of the subgrade. Data for this 
third group are given in Table 3. Total structural thicknesses include the stabilized 
subgrade layer, usually 6 in. thick. Only on project III-6 in this group was lime used. 

n'",...;on+ t"\'UO.Ylt'"irt'O. Mo.flon+; ............. CI ; ...... rr,,.,.hlo ~ f"'t.'1'10 "',....4-;,.,...nhl .. T ln,..,.n, ..... 4-'hn ...... '""""" ..... ,, .... ,..." .... h ....... ,..,-,. .: ....... 
.L .&.VJ.._..._. ... l.4o1''-'.&.1.4oE:,'-' ,.,.,.._.&..._ .... .._,,..,.LVJ..LU .I.J..L .LM..,..,,.._.._, V 1.4,,,L'-' .L.LV\..&.'-'VU,-J,L:J .&.VYYV.I. L..lJ.U.I.L .1..1..LVOI.. V.L L..l.LVO~ .1..1..l 

Tables 1 and 2. Also the percent of deflection remaining as the load moves away is 
generally higher, indicating reduced bending of the surface layers and more favorable 
distribution of the load to the roadbed soil. 

A fourth group is similar to the second in that the asphaltic concrete is less than 6 
in. thick; it is similar to the third group in that the use of cement or lime stabilization 
of either subgrade or base is incorporated. Data for this group of projects may be 
found in Table 4. Even though some of these pavements were relatively inexpensive to 
construct, the effect of the cement or lime stabilization is indicated by the low deflec
tions and good load distribution. 

Still another listing is offered in Table 5 to summarize deflection data from the two 
experimental projects, one on Route 58 in Halifax County and the other on Route 360 in 
Charlotte and Prince Edward Counties. The variables on the first project have been 
described in other reports (1, 2) and are detailed again in the Appendix; essentially they 
are related to the thickness o f a sphaltic concrete in designs of the same total thickness, 
and no stabilization of subgrade or base is included. In the second project, comparisons 



TABLE 1 

FLEXIBLE PAVEMENT DEFLECTION SUMMARIES• 

Rebound Deflection % Defl . Remaining 

(thOu.sandths· In. ) at Indicated Strucb.J.ral Construction y.,.,. 
Soil 

WMn Temp. owp/ iwpb Distance Thickness Coets Opened 
TT& B Area Remarks 

Project Code Proj. No. District Date Tested ~;r Averageb (in.) ($/Jin ft) 10 

Tesli!d 'Proj. Traffic 
Avg. Range 2 Ft 6 Ft 9 Ft A. C. Total Actual Adjusted 

In I-1 0081-011 May 55-60 13/13 11-17/ 11-16 31/23 6/0 0/ 0 9. 5 24. 5 16.09 16. 31 1960 828 Deflections measured in 1961 averaged 18/15, 
1962 -001 no defects noted. 

I-2 0029-071 May 48-51 36/ 31 21-46/ 20-43 42/ 39 8/ 10 3/3 8. 0 13. 5 10 . 38 9. 47 1955 269 11 Cracking and rutting became pronowiced until 1 %" 
-014-015 resurfacing applied in 1959; few cracks noted since . 

I-3 0029-071 s May 79-83 37/ 41 28-44/27-57 32/ 39 5/ 2 3/ 0 7. 0 15. 0 10.45 1958 234 11 No defects not.ed. 
-022 

I-4 0029-071 s May 72-76 32/ 30 26-46/ 21-44 31/ 30 6/ 7 0/ 3 7.0 15. 0 10. 45 1958 234 11 No defects noted. 
-023-024 

I-5 0058-041 March 76-79 49/38 32-65/ 25-54 39/34 2/3 0/ 0 7. 0 13. 0 10. 51 10.04 1958 986 Delloctlons mn~surod In 1958 avenl!"d 72{81. 
-028-032 -37. 0 -12.10 -16. 01 Crocking and rutliAlf bee= llronouoood until 11/," 

resurfacing applied in 1959. Few minor cracks 
again evident. 

I-6 0360-073 3 April 64-68 25 / 20 14-39/ 12-27 56/ 45 4/5 0/0 9. 0 15.0 9. 55 11. 89 1956 l, 263 A few odd cracks, apparently not caused by tralfic. 
-002 

l-7 0360-073 April 58-60 70/ 66 20-173/ 23- 51/44 14/12 0/ 2 9. 0 17.0 14. 35 13.83 1958 I, 263 6 Badly cracked in places. Part resurfaced 1962. 
-009-010 148 

l-8 0060-020 4 April 65-68 24/ 24 13-38/ 14-42 25/ 29 4/ 4 0/ 0 8. 0 14. 0 6. 60 10. 48 1956 190 Edges cracked; OK otherwise. 
-007 

I-9 0095-074 4 April 83-85 20/17 17-24/ 14-19 30/35 0/0 0/ 0 9. 5 21. 5 15. 03 19. 09 1961 1, 328 No defects noted. 
-001 

l-10 0301-074 4 April 63-65 20/13 8-36/7-18 40/46 5/0 0/ 0 7.0 13.0 5. 23 9. 38 1956 1,328 Slippage cracks on original surface followed by general 
-004 transverse cracki~ necessitated two complete re-

surfacings by 1960, total 3". Transverse cracking 
still evident. 

I-11 0360-020 4 May 85-88 62/ 58 27-124/30-98 21/ 34 2/ 4 0/ 2 9. 0 15.0 8.44 10. 91 1954 1,036 Pronounced cracking general except where resurfaced 
-013 in 1961. 

1-12 0360-020 4 April 83-85 42/ 38 26-67/ 21-60 26/ 26 5/ 5 0/ 0 9.0 15.0 10. 39 11. 38 1956 1,123 Occasional pronounced cracking noted. 
-019-027 

1-13 0017-030 May 92-96 46/39 24-60/ 26-63 22/26 0/ 3 0/0 7.0 16 . 0 11. 86 12. 82 1957 122 6 Cracking and rutting became pronounced until 1 %11 

-010 -22. 0 n,aurfaclll8 applli!d in 1961. 
1-14 0029-023 May 83-87 62/52 40-81/30-71 16/19 2/2 0/0 7.0 13. 0 11. 62 10. 21 1959 319 11 Cracktng CUld :rutting became pronounced until 11/a" 

-005 resurfacing applied in 1961. Minor cracks again noted. 
1-15 0029-030 May 73-76 40/ 35 29-48/ 25-40 30/ 34 2/3 0/0 9. 0 12. 0 9. 54 10. 62 1955 435 11 Part resurfaced in 1961. Balance generally cracked, some 

-002 pronounced. Little effect on deflections noted from 
resurfacing. 

Before 1-16 0081-077 Oct.60 65-83 19/ 19 11-26/ 12-25 28/28 4/3 0/ 0 9. 5 24. 5 16. 68 21. 53 1960 1, 119 7 No defects noted. 
1962 -001 

1-17 0081-077 Oct.60 65-83 24/ 22 19-30/ 16-31 24/ 25 4/ 2 0/ 1 9. 5 24. 5 19 . 86 21. 53 1960 1,119 No defects noted. 
-008 

I-18 0301-048 6 March 50-58 9/10 5-13/ 6-13 73/60 15/10 3/ 1 8. 5 16. 5 5. 52 8.00 1951 984 Remarkable performancej practically no defects after 
-002 1961 -16. 5 -6. 29 11 winters. 

l-19 0081-082 Apr. 60 63-75 13/12 6-19/7-18 42/- 4/- 0/ - 9. 5 27. 5 16. 67 21.11 1960 907 No defects noted. 
-021 

I-20 0081-082 Apr . 60 63-75 22/ 22 17-22/ 11-25 37/ - 4/ - 0/ - 9. 5 27. 5 17 . 88 21.11 1960 956 No defects noted. 
-017 

aBlack bases-no stabilization in subgrade or subbase. bFigures to left of slash for outer wbeelpath, to right for inner. 

""' co 



TABLE 2 CTI 
0 

FLEXIBLE PAVEMENT DEFLECTION SUMMARIEsa 

Rebound Deflection % De!l. Remaining Structural Construction 
Y1~ar Temp. (thousandths in.) at Indicated Distance Thickness Costs Op,ned Soil 

Code Project No. District Date Tested Range OWP/ JWpb Averageb (in.) ($/ !in It) TT& B Remarks 
(' :F) l:O Area 

Proj.Avg. Range 2 Ft 6 Ft 9 Ft A.C. Total Actual Adjusted 
Traffic 

II-1 0460-035 2 May 1962 60-63 24/ 25 14-38/ 16-35 25/ 24 4/ 4 0/ 0 1.0 13. 0 5. 52 6. 21 1956 29 7 Deflections measured in August 
-012 (M.I.P.) 1959 averaged 25/21; in May 

1960, 26/ 30. General sur-
face deterioration until 1%" 
resurfacing applied in 1960. 
No defects since. 

II-2 0058-041 April 1962 46-5! 52/ 42 20-78/ 16-63 37/ 26 4/2 0/ 0 2. 0 37. 0 8. BB 9. 84 1956 986 Deflections measured in 1957 
-014 averaged 37/35; In 1958, 

56/ 47. General pronounced 
cracking in both lanes. Has 
been resurfaced since 1962 
tests made. 

Il-3 0058-041 March 1962 45-81) 48/ 37 16-69/ 14-62 35/ 35 4/ 5 0/ 0 2. 5 14. 5 9. OB 9. 72 :.957 986 Deflections measured in 1957 
-015 -30. 5 -9. 75 -11.96 averaged 65/62; in 1958, 

52/ 49. Pronounced alligator 
cracking over most of pro-
ject soon after completion; 
l 1/2" resurfacing applied in 
1957. Considerable cracking 
has reappeared but riding 
quality not impaired appreciably. 

Il-4 0017-030 May 1962 60-6f1 60/ 61 32-111/ 24-92 17/ 24 2/ 2 0/ 0 4. 5 23. 5 11. 58 11. 57 ] 958 122 General minor alligator 
-015 -29. 5 -12. 55 -13.03 cracking, occasionally 

pronounced. Some 
rutting. 

II-5 0020-068 May 1962 68-7(• 35/ 33 27-50/25-48 31/33 6/6 3/3 1. 0 13. 0 6. 52 5. 31 ]957 60 General pronounced sur-
-010-013 (M.I.P.) face distress after first 

winter. 1 % " resurfacing 
applied In 1958. Many 
patches and areas of pro-
nounced cracking again evident. 

Il-6 0020-068 7 May 1962 84-87 38/ 35 21-76/14-68 45/ 40 5/ 6 3/3 4. 0 12. 0 10. 61 1962 60 New project. No de-
-101, C-501 -+ fects. 

II-7 0029-056 7 May 1962 90-92 53/ 47 31-68/ 28-66 23/ 23 4/4 2/ 2 4. 5 24. 5 8.92 8. 73 1961 352 Deflections measured 
-102, C-1 -48. 5 -10. 26 -17. O'i in 1961 averaged 44/ 41. 

General minor alligator 
cracking, some surface 
ravellingj spotty texture. 

II-8 0017-030 May 1962 88-91 44/44 24-64/22-65 32/32 5/ 2 2/0 2. 0 11. 0 7.18 6. 85 ll52 271 Surface cracking became 
-002 -27.0 - 8. 59 -8. 29 pronounced until 1%" 

resurfacing applied in 
1958. Cracks reappeared 
until seal applied in 1961. 

ll-9 0029-076 May 1962 67-70 26/20 21-31/15-32 19/ 25 4/ 5 0/ 0 3. 0 13. 0 8. 47 8. 21 !!l53 435 11 Original M. I. P. surface 
-007;-030- (Pen. -27. 0 -9. 57 -10. 93 developed minor crack-
001 Mac. ) i~ and raveling until 

11
2" resurfacing applied 

in 1958. Few defects since. 

:untreated aggregate or water-bound mn.c.i.cb.m bases; no stabilization in subgrade or subbases. 
Figures to left of slash for outer wbeelpUh, to 1·ight for inner. 



TABLE 3 

FLEXIBLE PAVEMENT DEFLECTION SUMMARIESa 

Rebound Deflection i nen. Remaining Structural Construction 
Year 

(thousandths in.) at Indicated Thickness Costs Opened Soil When Temp. (in. l ($/!in ft) Project Code Proj. District Date Tested lbnge 
OWP/ IWPb Dlst:lnct to TT & B Area Remarks 

Tested No. <•r) Proj . 
Average Traffic 

Avg. 
Range 2 Ft 6 Ft 9 Ft A.C. Total Actual Adjusted 

In 1962 m-1 0015-019 April 40-43 16/ 13 12-19/ 11-14 50/38 6/ 0 0/ 0 7.0 19. 0 13. 73 12.92 1960 1,211 Deflections measured in 1961 averaged 16/ 18. 
-101, C-2 No defects noted. 
(Heavy) 

m-2 0017-030 May 72-74 26/ 24 18-34/ 15-32 54/42 8/ 4 4/ 0 7.0 21. 0 16. 21 15. 89 1962 271 11 No defects. 
-003, C-501 

m-3 0017-030 7 May 65-68 20/ 18 15-25/ 15-21 50/ 44 10/ 6 0/ 0 7. 0 21. 0 18. 91 15. 89 Incomp. 271 11 No defects; portion of project not open t.o 
-003, C-502 traffic. 

m-4 0017-030 May 80-82 18/ 15 7-30/ 8-24 50/47 11/ 13 6/ 4 7.0 21. 0 15. 56 16. 02 1959 271 11,6 Deflections measured in 1961 averaged 16/ 14. 
-008 No defects noted. 

m-5 0066-029 May 85-88 22/ 19 16-30/ 12-25 27/ 26 5/ 5 0/ 0 9. 5 21. 5 16. 77 21. 35 1962 367 11 No defects. 
-101;-076-
101 

m-6 0050-034 June 65-70 18/21 15-21/17-24 27/25 3/ 3 0/0 7. 0 17. 0 10.69 11.82 1962 229 7,4 Deflections reduced only slightly by addition of lime 
-101, C-501 -23. 0 -12. 21 -14. 09 treatment to subgrade on parts of project. 

Before !Il-7 0220-044 April 35/ 32 20-51/22-44 58/ - 28/ - 12/ - 7.0 23. 0 14.40 13. 75 1959 797 8 No defects noted. 1962 -030 1960 
m-8 0123-029 March 

-012 1961 
52-55 33/23 23-42/ 17-30 56/ 5614/18 4/ 9 7.0 21. 0 14. 75 14.40 1960 123 No defects noted. 

m-9 0236-029 March 58-61 15/ 14 10-18/ 10-16 55/ 54 13/ 15 3/ 3 
-007 1961 

7. 0 21. 0 13. 90 15. 30 1960 647 6 No defects noted. 

~Blllck base with st:lbl!iz•Uon in subgnde. 
F igures lo left of s l.2$h for outer wheelpath, to right for inner . 



TABLE 4 

FLEXIBLE PAVEMENT DEFLECTION SUMMARmsa 

Code 

IV-1 

IV-2 

IV-3 

IV-4 

IV-5 

IV-6 

IV-7 

Project 
No. 

0460-035 
-101, C-1, 
C-2 
0117-080 
-002, C-1 
0017-080 
-002, C-502 

0015-019 
-101, C-2 
(Light) 
0015-058 

Dis
trict 

2 

2 

2 

3 

4 
-101, C-501 
0058-071 3 
-020 
0060-746 3 
HS-1, IS-1 

Date 
Tested 

May 62 

May 62 

May 62 

April 62 

April 62 

April 62 

April 62 

Temp. 
Range 
("F) 

60-63 

70-73 

74-77 

40-43 

52-58 

72-75 

51-55 

Rebound Deflection 
(thousandths in.) 

OWP/ IWPb 

Proj . 
Avg. 

14/17 

19/ 18 

19/17 

20/14 

20/ 13 

23/22 

18/17 

Range 

10-20/ 14-22 

13-34/ 14-27 

13-28/ 10-28 

13-28/ 6-19 

15-24/ 9-15 

19-32/16-32 

10-42/6-31 

1, Def!. Remaining 
at Indicated 
Distance 
Averageb 

Structural 
Thickness 

(in.) 

Construction 
Costs 

($ / !in ft) 

Ad-
2 Ft 6 Ft 9 Ft A. C. ToW Actual justed 

29/ 24 7/ 0 0/ 0 4 . 0c 20.od 8 . 99 9 .. 94 

42/ 39 5/ 5 0/ 0 5.5 15. 5e 12. 53 13.09 

46/ 47 5/ 8 0/ 2 5. 5 15. 5f 13. 67 13.09 

50/ 43 10/ 7 0/ 0 4.5 16. 5 11. 22 10. 80 

30/ 31 5/ 8 0/ 0 4. 5 16. 5 14.05 13.40 

35/ 45 9/ 14 4/5 4.0 19.0 9.42 10.25 

67/ 65 17/24 6/ 6 2.5 14.5g 6.42 7.63 

~he:- tha.."1 black base; t61l';en or llme :;t.al)ill:ati,n ln subgrade or subbase . 
• '-S"'"CS t.o laft of slash .!or outer ><llulpath, to !"'ight for i nner. 

?e!le~ra~i.on maoa:!m,. 
clincludu 6 - in . ~abU!.nt.1.on o! .9Ubgr~ -.d.th l.!m~. 
~oludos , - in . CTB. 
·1neltl.du S"- n . Cl'B, except. on speci al 2, 000- f t somo~ where 10-in. l ean concrete base was substituted. 
"fyo 6- !.n . leyers or ""1.1-ec~•nt . 

Year 
Opened 

to 
Traffic TT & B 

1961 29 

1961 161 

Jncomp. 178 

1960 55 

1962 55 

1961 245 

1948 182 

Soil 
Area 

7 

7 

7 

9 

9 

6, 11 

6 

Remarks 

No defects noted . 

No defects noted. 

No defects . No appreciable di(-
ference between deflections on 
regular and special design sections. 
No defects noted . 

No defects noted . 

No defects noted 

Only noticeable defect has been 
general transverse shrinkage 
cracking, becoming pronounced 
after some years. Pavement sealed 
in 1949, given 1 Y2" resurfacing in 
1959 . 



TABLE 5 

FLEXIBLE PAVEMENT DEFLECTION SUMMARIESa 

% Defl. Remaining 
Rebowid Deflection at Indicated Structural Construction Year Soil 

District Date Tested Temp. (thousandths In.) Distance Thickness Coots Opened TT&B Area Remarks Code Pro). No. 

~ 
OWP(WIPb Avera.gea (in.) ($ / lln ft) to 

Proj. Avg. Range 2 Ft 6 Ft 9 Ft A.C. Total Actual Adjusted Traffic 

V-lA 0058-041 March 62 59-82 81/ 72 TL 55-155/ 47-94 30/ 26 1/ 3 0/ 0 9. 0 25. 0 12. 87 14. 89 1959 986 From previous defiection measurements in 1959, 
-012-033 44/48 PL 37-48/ 34-60 36/48 2/2 0/ 0 1960, and 1961 it was noted that deflections in the 
Design A traffic lane In Design A have been consistently higher 

V-lB Design B 3 March 62 59-82 42/39 TL 39-48/28-49 26/ 26 0/0 0/0 7.0 25.0 11. 89 13 . 67 than in other designs, except 1n the first series of 
34/36 PL 26-42/22-50 29/ 39 0/0 0/0 measurements ma.de soon after the project was 

V-lC Design C March 62 59-82 53/57 TL 39-73/40-68 23/25 2/0 0/0 5.0 25.0 10.90 12. 46 opened to traffic In 1959. (See Progress Reports 1 and 
50/52 PL 44-60/45-56 26/29 2/4 0/0 2, ''Experimental Flexible Pavements. '') Alligator 

V-lD Design D 3 March 62 59-82 52/47 TL 36-82/26-76 23/19 0/ 0 0/0 4.0 25.0 10.50 11. 82 cracking and rutting now evident in traffic lane in all 
44/44 PL 31-61/31-52 23/32 2/ 2 0/0 designs, but moot notably In Design A. 

V-2A 0360-019 3 April 82 40-60 39/31 TL 31-50/24-42 33/29 3/ 6 0/0 7.0 23. 0 12. 47 13. 66 Jncomp. 1,136 New project, partly open to traffic, lacked final eur-
-002; -073- 39/42 PL 32-48/34-46 23/26 5/ 2 0/0 face course when tested. Following items common to 
008 all 4 designs: 6" treatment of the native soil subgrade 
Design A with 1oi cement; 6" layer of local select borrow from 

V-2B Design B 3 April 62 40-60 19/ 11 TL 16-22/8-12 63/64 11/9 0/ 0 4. 5 23.oc 13.11 13. 77 same pit used in earlier projects Code 1-6 and 1-7, 
22/ 16 PL 18-28/ 14-20 50/63 5/ 6 0/ 0 

23.od 
Deflections in Designs A and D of this project are high-

V-2C Design C 3 April 62 40-60 29/ 14 TL 18-38/ 12-17 45/ 50 7/ 14 0/ 0 3.0 12. 28 12. 38 est of any measured,wbere cement-treated subgrade 
26/ 16 PL 18-37/12-20 38/ 56 v'6 0/ 0 used. 

V-2D Design D 3 April 62 40-60 60/ 42 TL 36-82/ 25-59 18/ 17 2/2 0/ 0 4.5 23. 0 11.60 12. 25 
46/ 48 PL 28-50/ 26-62 20/ 21 4/4 0/ 0 

~clal expo rllm>nl:11 projects. C 
~eludes 6-in. CTB. 

Figures to !ell ol sla.&b for outer wbeelpath, to right for inner. eludes 4-in. CTB. 
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are made between asphaltic concrete and crushed aggregates , both treated and untreated, 
as base types on a cement-treated subgrade. 

This second project was not complete when the deflections were measured, which may 
at least partially account for the relatively high deflections recorded for Designs A and 
D. A subsequent series of tests made in December 1962, produced substantially lower 
values, particularly in the outer wheelpaths, but part of the reduction may have been 
due to the different season of the year. Still further tests are planned for spring 1963. 

SUMMARY OF RESULTS 

The data tabulated here tend to confirm what has seemed evident throughout the seven 
years of deflection testing in Virginia: that pavements built in certain soil areas are 
much more likely to exhibit high deflections than pavements built in other soil areas. 
The poorest soils areas from a deflection standpoint are in the Piedmont section, in 
the Culpeper, Lynchburg, and Richmond Districts. 

Piedmont Virgina soils tend to be quite heterogeneous, ranging in BPR classification 
from A-2-4 (0) to A-7-6 (20). The types most frequently found are A-4, A-5, and A-7-5, 
and the one characteristic most commonly associated with these soils is the presence of 
substantial percentages of mica. -

In this report, 13 projects are listed that are not located in the Piedmont; none of 
these produced deflections higher than 0. 025 in., regardless of pavement type or thick
ness. Of these 13 projects, 3 (Codes I-9, I-10, and I-18) are in the Coastal Plains 
and 10 (Codes I-1, I-16, I-17, I-19, I-20, II-1, ill-6, IV-1, IV-2, and IV-3) are in the 
Valley and Ridge Province . Soils in the Coastal Plains (Area 1) usually contain high 
percentages of sand, whereas the Valley soils (Areas 4 and 7) most commonly are heavy 
clays or shales. In these areas, the magnitude of deflection apparently has little to do 
with the problems of pavement behavior. 

It is in consideration of the data from the forty projects in the Piedmont that the maxi
mum value can be obtained from these deflection studies. Accordingly, Table 6 sum
marizes the data from these projects only. In this table , the data from the experimental 
sections of the projects on Routes 58 and 360 from Table 5 have been worked into the 
summary in the proper pavement category described previously in connection with Tables 
1, 2, 3, and 4. 

It is recognized that the significance of some of the differences between corresponding 
figures in Table 6 may be debatable. Simple averages and ranges of values are often in
fluenced to a major extent by extreme values for individual projects. Though all measure
ments were made as soon as possible after the frost was known to be out of the ground, 
obviously there were differences in temperature and natural ground moisture between 
projects tested early in the program and those tested later . These differences could 
have had an appreciable effect on readings. No positive conclusions can be advanced, 
therefore, regarding the relative merits of black base pavements and non-black base 
pavements under similar subgrade conditions. 

There does seem, however, to be a marked difference between the figures for pave
ments that include no stabilization (Types I and II) and those that do include cement 

TABLE 6 

SUMMARY FOR PAVEMENTS IN PIEDMONT SE CTION ONLY 

Lime Rebound De!lectiona 1, Deflection Remaining at lndl -
Type No . of Black or (thousandths in.) cated Distancesa (grand avg.) 
Code Projects Base Cement 

Sblbil!zation Grand Avg Range 2 Ft 6 Ft 9 Ft 

14 Yes No 46. 2/41. 6 13-173/ 12-148 31. 9/34. 6 3. 9/4. 6 o. 5/ 0 . 7 

II 10 No No 46.1/42. 3 16-111/14-92 28.6/27.8 3.6/3.2 1. 0/ 0 . 8 

ill 9 Yes Yes 24. 2/21. 0 7- 51/8 -44 44. 6/41.9 8.1/9.8 2. 0/ 2. 4 

IV 7 No Yes 27 . 0/19.0 10- 82/6 -59 44. 0/45. 0 8. 7/11.1 1.4/ 1. 5 

By1gures to left of slash fo r outer wheelpath, to right for inner. 
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stabilization in either the subgrade or the base or both (Types m and IV). (In con
sidering only the projects in the Piedmont, no lime stabilization is included. The only 
two projects with lime stabilization (III-6 and IV-1) are located in the Valley and Ridge 
Province.) These differences are consistent across the board, so to speak, in that 
the averages, the minimum single group values, and the maximum single group values 
for Types m and IV are seldom much more than one-half the corresponding values for 
Types I and II. Furthermore, the distribution of the loads to the subgrade seems to 
be noticeably better, generally, on projects of Types III and IV; this observation is 
based on the higher average values of percentage of deflection remaining after the test 
load has moved certain specified distances away from the point of measurement. 

The use of cement-treated subgrades thus seems to be providing a most effective 
solution to the problem of fatigue failures caused by high deflections in the Piedmont 
soil areas. 

Deflection vs Performance 

In further summary, the 53 separate pavements in this report have been classified 
with respect to (a) traffic volume and (b) average rebound deflection value in an attempt 
to learn what maximum deflection can be withstood under various conditions. Traffic 
volumes are classified as light (less than 200 TT & B daily), medium (200-699 TT & B 
daily), and heavy (700 or more TT & B daily). The following remarks summarize the 
findings: 

1. Pavements exhibiting very low average deflections (less than 0. 020 in.). Many 
of the 18 pavements in this group are new or nearly so. Among the older ones, only 
two have required appreciable upkeep expenditure. Both of these relatively inexpen
sive pavements (I-10 with local sand asphalt base and IV-7 with a soil cement base) 
have required resurfacing on account of transverse cracks which seem unrelated to 
deflection. Five pavements (I-1, I-16, 1-18, I-19, and III-1) have carried heavy traf
fic without distress for some time now, one for a period of 11 years. 

2. Pavements exhibiting low average deflections (0. 020 to 0. 030 in.). Four of these 
10 pavements are less than two years old. One of the older ones (11-1) developed num
erous areas of distress in the original mixed-in-place surface, but has performed well 
since being resurfaced. None of the others have required appreciable maintenance, 
although three carry traffic classified as heavy. 

3. Pavements exhibiting medium average deflections (0. 030 to 0. 040 in). Most of 
the 10 pavements in this group are from 2 to 6 years old. Three carry heavy traffic: 
one of these has developed occasional pronounced alligator cracking (V-lB); another 
(III-7) shows no defects yet, but the deflections are well distributed; the third is new 
(V-2A). Four carry medium traffic: the two older ones (I-2 and I-15) have both re
quired resurfacing due to development of pronounced cracking and rutting; the two newer 
ones show no defects after four winters. Three carry light traffic: the oldest of these 
(II-5) has been resurfaced once and is in distress again for reasons that are not clear 
in view of the light traffic; no defects have appeared on the other two. 

4. Pavements exhibiting high average deflections (0. 040 in. and higher). Fifteen 
pavements make up this group which would naturally be expected to display considerable 
distress. As expected, nearly all have developed pronounced distress, including two 
that carry only light traffic (I-13 and 11-4). On seven, the distress has been severe 
enough to warrant at least partial resurfacing with asphaltic concrete. On two (I-12 ancl 
Il-7), the distress seems to be developing surely but perhaps more slowly than might 
be expected. One pavement was not yet open to traffic when tested (V-2D). 

In view of the foregoing, it is felt that the observations made previously (1, p. 21) 
are still justified. Briefly, it was stated that flexible pavements whose average de
flections under an 18, 000-lb axle load exceed 0. 036 in. and which are subjected to 
heavy or medium heavy traffic may be expected to develop early distress in the form 
of alligator cracking and rutting. 
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General Observations 

Data from a number of specific projects, if singled out and subjected to scrutiny, 
may be found of considerable interest. On such a basis, the following observations 
are offered: 

1. The use of soil cement or cement-treated aggregates for base courses seems to 
be quite effective in lowering deflections. (IV-2, IV-3, IV-7, V-2B, and V-2C). There 
are drawbacks, however: 

(a) These more rigid bases may not be able to stand as high deflections 
as can more flexible bases, especially if such deflections occur 
with considerable frequency. 

(b) The presence of higher percentages of cement immediately beneath 
the surface often leads to shrinkage cracks which are reflected 
through the surface and produce something of a maintenance problem. 
Close observation of the performance of the cement-treated aggre
gate bases on Route 117 (IV-2 and -3) and Route 360 (V-2 designs B 
and C) may show how much of a cracking problem can develop from 
this type of construction. 

2. Relatively high deflections, in comparison with other projects whose designs 
include subgrade stabilization, are recorded for projects m-7 and m-8 (Route 220, 
Henry County; and Route 123, Fairfax) and for experimental designs V-2A and V-2D 
(Route 360, Charlotte and Prince Edward). A noticeable difference exists, however, 
in that deflections on m-7 and m-8 are better distributed, indicating that the entire 
structure is behaving like a slab and deflecting on a resilient layer beneath the sta
bilized subgrade. On pavements V-2A and V-2D, the distribution is poorer, indicating 
perhaps that much of the deflection originates within the structure itself, probably 
above the stabilized subgrade layer. 

3. Referring further to the experimental project on Route 360 (V-2), every design 
includesalayerof crushed stone (either treated or untreated) and a layer of local se
lect material. In designs B and C the crushed stone is treated with cement which has 
tended to minimize the deflections. It has been suspected that resilience in the local 
material may have caused the high deflections measured in designs A and D. However, 
a nearby pavement (I-6), which includes local material from the same pit but no crushed 
stone, has performed well and shows moderately low deflections. At the same time, 
still another nearby pavement (I-7), built more recently and including both the crushed 
stone (untreated) and the same local material, exhibits very high deflections and has 
performed very poorly. There is reason therefore to suspect that the crushed stone 
rather than the local material may be to blame. 

There is an urgent need in Virginia for a laboratory method of measuring the poten
tial resilience of materials proposed for use in pavements or their subgrades, so that 
the disastrous effects of high deflections on expensive pavements may be avoided. The 
CBR test falls far short of answering this need. 

4. The addition of overlays of the usual thickness of 11/2 in. has had an uncertain 
effect on deflections. One pavement (I-14) is observed to be deflecting more since be
ing overlaid than before; another, partly resurfaced when tested (I-15), deflected no 
less where resurfaced than where the original cracked surface remained. Still other 
projects seem to have been greatly improved by overlays (I-2, 1-5, and 11-3). 

PAVEMENT COST ANALYSIS 

It has been noted that two columns in the tabulations are included to indicate "actual" 
and "adjusted" construction costs per linear foot per roadway. These costs include all 
operations performed after completion of what is classed as "regular excavation," and 
includes materials imported to build shoulders. "Actual" costs were computed from 
actual contract unit prices; "adjusted" costs were determined by substituting the same 
typical assumed unit costs into the computation for each pavement. The unit costs used 
for this purpose were the following: 
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1. $7. 00 per ton for asphaltic concrete binder or surface course materials. 
2. $6, 00 per tone for H-3 (1) asphaltic concrete base course material. Where 

actual bid prices were on a square yard basis, a figure of 130 lb per sq yd per in. of 
depth was used for the necessary conversion. 

3. $5. 50 per ton for hot-mixed black base materials with aggregates obtained from 
local pits. 

4. $ 5. 50 per cu yd for aggregate base materials of all types produced by commer
cial quarries. (Cubic yard units usually measured as finally compacted in place; no 
allowance made for thickness in excess of that shown on plans.) 

5. $4. 70 per cu yd for aggregate subbase materials of all types produced by com
mercial quarries. 

6, $3. 00 per cu yd for select material Type I, CBR 20 or higher, produced by com
mercial quarries or traveling crushers. 

7. $ 2. 75 per cu yd for aggregate base or subbase materials available from local 
pits. 

8. $2. 00 per cu yd for select material or select borrow, CBR 20 or higher, avail
able from local pits. 

9. $1. 50 per cu yd for any borrow blanket material available on the job or within 
very close haul. 

10, $ 5. 00 per bbl for cement used in stabilization. 
11. $25. 00 per ton for hydrated lime used in stabilization. 
12. $0. 35 per sq yd for manipulation involved in road-mix stabilization operations. 

These unit costs were selected after study of statewide averages from all construc
tion bids, prepared by the Traffic and Planning Division, and study of typical Interstate 
job prices. They may be low, if applied to secondary or small primary projects, or 
somewhat high if applied to very large Interstate projects. The one estimated price 
most often higher than the corresponding actual bid price is for the item of borrow 
available within close haul; the $1. 50 price makes the adjusted cost of pavements on 
some projects or parts of projects seem unreasonably high. All in all, however, the 
adjusted cost approach makes cost comparisons between different pavements much 
more reasonable. 

These cost computations were included to permit careful study of the relative cost 
of various pavements built for similar conditions of traffic, soil, and climate. They 
will admit some insight into the benefits in relation to the costs involved, of such costly 
features of many recent pavement designs as the following, for example: 

1. "Black base" construction. 
2. Full roadway width construction of commercial aggregate base, subbase, and 

select borrow materials. 
3. Stabilization of subgrades and bases with cement and lime. 

Black bases cost from two to more than four times as much per inch of thickness as 
untreated aggregate bases. But at the AASHO Road Test it was found that the asphaltic 
concrete used in that installation had over three times the load supporting power of the 
crushed stone base material and four times that of the gravel subbase material (3, p. 
89) . If this relationship were universally true, then the greatest economy should 
result from designs that would include nothing but asphaltic concrete. 

The superiority of black bases over aggregate bases was rather generally proclaimed 
at the International Conference on the Structural Design of Asphalt Pavements at Ann 
Arbor, Mich., in August 1962 (4, 5). The ratios of superiority or equivalent factors, 
varied markedly, and even when computed from the same data from the AASHO Road 
Test, the factors ranged from 2. 6 to 6. 7, depending on the method of analysis used. 

In view of the preceding, it is surprising to note in the "remarks" column of Table 
1 that seven black base projects built between 1954 and 1959 have developed serious 
distress necessitating at least partial resurfacing (I-2, 1-5, I-7, 1-11, I-13, 1-14, and 
1-15). In addition, pavement V-lA of the experimental project on US 58, the design 
which included 9 in. total asphaltic concrete thickness, has not performed as well as 
pavement V-1D, which included only 4 in. in the same total structural thickness. Al-
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though the advantages of a moderately thick bituminous mat in providing cohesion and 
resistance to surface shear stresses are well recognized, it is felt that Virginia's ex
periences tend to minimize these advantages and should be reported. 

The second costly feature of many recent pavement designs, ditch-to-ditch con
struction with densely-graded aggregate subbase materials, is more difficult to evaluate. 
Barber (6) has pointed out that the densely-graded bases often have permeabilities less 
than thaCof the surface. Particularly, when a subbase is densely graded and is also 
covered by a penetrating prime treatment, it tends to pond water in the more open
graded black base above. The whole subject of structural section drainage is a complex 
one and is not within the scope of this report. 

There is evidence, however, that a properly stabilized subgrade that cannot be softened 
by free water from above combined with a system of properly compacted granular ma
terials of good quality can produce good performance without extensive efforts at sub
drainage. An example of this is furnished by project 1-18, built over 10 years ago by 
the then-standard trench design. On the day the deflection measurements were made 
on this project, the shoulder material was so saturated it would not support a passenger 
automobile. Other examples are afforded by projects 1-3 and 111-1; on both of these 
projects excavation at the edge of the pavement on the day after a heavy rain resulted 
in a lively flow of free water from the saturated "black base," and yet performance 
has been good on these projects through four and two winters, respectively. 

The effect of the adoption of both black base and full width subbase construction as 
the standard for Interstate designs has been quite marked. Costs of this type of con
struction, using the "adjusted" unit price scale, have exceeded $21. 00 per linear 
foot, and in view of the most recent bid prices on Select Material Type I, estimated 
costs probably should be higher yet. Performance of the few projects of this type now 
open to traffic (I-1, 1-16, 1-17, 1-19, 1-20) has been good, but none of these projects 
is located in the Piedmont; therefore, none is subjected to high deflections. 

There is evidence that performance comparable to that afforded by present Inter
state designs can be obtained at substantially less cost. The pavement design of project 
m-1, for example, has a subbase only 26 ft wide, has 2% in. less asphaltic concrete 
than the Interstate designs, but does include a cement-treated subgrade. The total 
actual cost of construction was only $13. 73 per linear foot. Substitution of a surface
treated soil cement shoulder pavement for the untreated crushed aggregate shoulder 
surfacing should not add more than $1. 25 per linear foot, resulting in a total cost still 
less than $15. 00. Facts that should not be overlooked in considering the wisdom of 
using such designs are (a) that the saving involved would more than defray the cost of 
the first three 150-lb per sq yd resurfacings, and (b) that at least one such resurfacing 
can be programed initially to be financed as a final stage in two stage construction. 

Deflection and performance studies to date have indicated that the use of subgrade 
stabilization has been well worth the modest cost involved. The benefits received 
from the other two features are still open to question. 

CONCLUSIONS AND RECOMMENDATIONS 

An obvious conclusion from study of the tabulated deflection data and the foregoing 
summaries is· that fatigue failures resulting from repeated high deflections are a major 
cause of flexible pavement distress in Virginia, especially in the Piedmont section. 

A further conclusion might be copied from a paper prepared earlier by the author 
for presentation at the International Conference on Structural Design of Asphalt Pave
ments. This paper, prepared to meet a publication deadline of February 1, 1962, in
cluded none of this year's deflection data. Nevertheless, the following conclusion was 
expressed. 

Flexible pavement performance is affected to a 
greater extent by the degree of support offered 
by the underlying layers than by the thickness 
of asphaltic concrete in the upper portion of 
the structure; strength and resistance to deflec
tio~ can be improved appreciably through better 



control over base and subbase compaction, but 
more significantly through stabilization of the 
subgrade with lime or cement. 

This conclusion seems even further justified now. 
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A third conclusion, relating to the technique of deflection measurement with the Benkelman 
beam, is that the procedure described hereinproduces accurate data in adequate detail at a 
maximum rate of accomplishment. The fact that on most pavements an appreciable 
percentage of the deflection still remains when the test load has advanced a distance of 
6 ft indicates clearly that the old WASHO method of attempting to measure deflection 
was often in error because both the point of measurement and the forward supports 
were within the area influenced by the load when the initial reading was taken (each 
being only 4112 ft away). The process of measuring deflection by backing the truck over 
the point of measurement and pulling forward again is tedious and time consuming, 
and graphical recording of the data by means of the Helmer apparatus is considered to 
produce greater than necessary detail. 

The final, but by no means the least significant, conclusion is that many relatively 
low cost pavements resist deflection as well, or practically as well, as many others 
that carry a very high price tag. 

In view of the foregoing, the following recommendations are made: 

1. Laboratory tests used in the design of flexible pavements should include some 
measure of the potential resilience of roadbed soils. (Various test methods are being 
considered, and pilot studies to evaluate at least two such methods on Virginia soils 
are scheduled to get under way soon.) 

2. Efforts should be made to develop workable procedures for "proof testing" sub
grades and bases to discover and correct areas of high deflection during construction 
before application of the more expensive black base and surfacing elements. It is 
believed that the Benkelman beam can be used effectively for this purpose ancj. that the 
tests can be made rapidly enough to avoid unnecessary delays in construction schedules. 

3. Stage construction should be programed more often for flexible pavements, with 
a considerable portion of the more expensive asphaltic concrete applied from one to 
several years after the initial stage has been opened to traffic. 

The stage construction concept advanced in the last recommendation points out one 
of the principal advantages offered by flexible pavement designs over rigid designs. 
It is the author's considered opinion that it is a mistake to attempt to construct in a 
single paving contract any type of pavement that would be expected to last indefinitely, 
or even for as long as ten years, without some likelihood of its needing a renewal of 
the surface course. A far more economical approach involving a minimum of risk is 
one in which a design such as m-1, mentioned earlier, or even IV-6, still less expen
sive, would be programed as the initial stage of what would ultimately become a two
stage construction project. A few years later, then, after any weak spots have shown 
up and been corrected, after the apparently inevitable settlements around drainage 
structures have occurred, and after the entire road structure has become comfortable 
in its environment, a new asphaltic concrete riding surface would be placed to iron out 
all irregularities. The total cost of such two-stage construction, even including cement 
stabilization and surface treatment on the shoulders if desired, would still be substan
tially below that of most rigid pavement designs and many flexible designs commonly 
used for single-stage construction in Virginia. 
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Appendix A 

PRINCIPAL PAVEMENT SECTIONS-PROJECTS IN TABLE 1 

Surface J" F-1 (Mo<l) 
Dlnile1 1" 11-2 
Uaisc 7~" ll-3 {1) 
SulJbM1c 6'' Cr. Aggr. 
1:1'~ .. , .. ?fell•'O. 

Surface I ! l-3 
Base 51'' M-3 (1) 

Subbase 8" Cr, Aggr. 

Surface 
Base 
Subbase 
Subbase 

Re9urrace: 

~~ 
Cosl/lin, {L , 

Actual $ 16,09 
Adjusted 18. 31 

~ 
--,=,c~~;'.tlli -.., \ 

Coal/lin. ft, 
ActWl.l 
AdJusled $10,45 

$10,51 - 12.10 
AclJwll trd U), 01 - \G .Q J 

Surface: .... 
Subbo11c: 

Subbase: 

1-j,"F"-lMod. ~ l 

!t ~;: ~;gr. -
4" & Va,·. Subgrade. Tr, -

(Local Agg1•, ) Cosl/lln , fl , 

Surfoce: 
Base 
Subbasc, 
Subbase: 

2" F-1 Mod, 
7!' ll - 3(1) 

6" Ct , Aggr. 
6" Select D. 

CBA 30 

Actual $1 .. . 35 
Adjusted 13. 83 

Cosl/lin. ft. 
Actual :U:i, 03 
Adjusted 19.09 

=~,i!ii!.~., ~~ 
CO'MJ II•, ti. 
Actual $8, 44 
Adjusted 10,91 

Su.-face ii·• 1-l 
Base 7~" H-3 fl) 
Subllase 3" Cr. Aggr. ~ • • ·~o::/!io, fl, 

Surra,;e 1/Z" 
Bind11r l l/Z" 
.Dase 7 J/2" H-1(1) 
:kllt,iM•• • " S01I Aggr, 
$.Jb,hlH , .. C l!IR ]O 

Aclual s~.J4 
Adjusted 10 , 62 

Coa l/ Un. ft, 
Aoluol $1!1,116 
Adju11ted 21. 53 

Cot1t/ lin. !l. 
AclueJ $16.67 
Adjusted 21.11 

:iurfacel"l- :J 
Binder l~" 11-2 
llose:i!"JI-J(l) 
Subbas c ., .. Cr, Agg r , 
flesurfacel! " l-3 

~ 
.ill.::.'.:::~~{~~ \ 

Co11t/lin. rt. 
Aclual $10.38 
AdjusLed ::1 , 47 

Surface; l!" 1-J 
Base S!" ll-3 (1) 
Subbaae: II" Cr. Agg-r. 

Actual 
Adjusled $10,45 

Surface: l !°' F-1 
Base 7}" H-J (l) 
Subbase: 6" Subgr. Tr. 

(Locol Aggr.) ~f~ 
Cosl/lin. fl. 
Actual $ 9 , 55 
Adjueted 11 , 89 

Surfac e: l" F-1 
Base :7'' li-3(1) - I-fl 
Subbue:6" &Var.SeleclB. ~ =:~ : 

C81128 ---- ' ~ 

Cost/Jin. fl , 
Acluol $6 , GO 
Adjusted 10,48 

Surtacel~"F-1 ~ 
Ba11e 7!"H-J(l) ~ ~ Ht 

Subba,o 6" (L~~~r;:;c'.;· ;/);:;!bJ:.h·.··,•,o~ 

Cost/ lin, ft , 
Actual $10,39 
Adjusted 11.:JII 

Su1face1~ · 1-J ~

14 

:~::a~:"r;·1•1tr'.1~;;gr, 
Re surface l~" 1-J June 19Gl 

11-2 Leveling 

. . 

Surra.cc 
li1ndc r 
Da.11c 
Sub-base 
Sub -baec 

Aetuol S Ii. Ga 
AdJuslctt l0,21 

1-16 :'~;; .. ~:~ ••• ,,.4-.... ,.:!!1 
~::':~~ zJ~!.11) ~~.;: .. ,~·~·=~i~~:~~:t~~·:::: 

Cosl/ lln , n. 
Acl11al $16 . 68 

Adj119l.cd 21.53 

Surface : 2t" F - 1 
I-111 

Bas e : 6" Loe. Agg. 

Sllb-base: ;:t~ ~~:cl.ocal ~,f..:-"'---- - ......:J 

Cost/ Un. ft. 
Aclual $5,52 
Adjueted 8.00 • 8.29 

1-20 

~~:~:ere/~~~ .. ~--~ Al.0¥~4?lQ~J~ ..... j,;~~····~::::~,·., .- . 
Baae?l/Z"H-1(1) Q'§C' ' 0

'"•11' : :.=..:.:,••,'•:•~ :--~ -
Sub-b,ue 6" Soil Atar , ~J ,.} • . .'·\,:..,,-,• ..: ,. 11', ~' ' '• ·; , 
Sub-baac IZ" Select D, (C Dlt ' ., -

Cru1bed Slone Coet/ lln, fl , 

Actual ' 
Adjueted 21.11 
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PRINCIPAL PAVEMENT SECTIONS-PROJECTS IN TABLE 2 

Surface l"M.l,P, 
Bue 12" Cr. Aggr. 
Reaurface l!" J- 3 1960 

SurfaCP l" M. l. P. 

COIi/ Jin, ft, 
Acll&&l ,~.52 
AdJu,l.ed 8.21 

11-3 

CQl!IVllll. rt. 
Acl\l&l $9. 08 - 9. ?~ 
AdJU!lled 9. 72 - ll . 96 

:::.:;:.~~~·Tr. :.: ... ,-.·i~::.~-;·.~::·:::;:,;!9;~~~:;f(:: 
Re1url;u:e 1!" 1-3 1958 

Sur!acel}"l-3 
Binde r J" H-3 (1) 
Base 8" Cr, Aggr. 
Subbue 12" Select n. 

t)fl/Un .. n, 
Aclual $6.52 
AdjWlted S.31 

co,c/ hri, n. 
Aclual $8. 92 
Adjust«! 8.13 

Surlacel"SudaceTr. ~ I •> 
u.1iwte, r 1u1~ 1~nt,. 
Dase6"Mace.dam 
Su.bbue 4" Cr. Aggr. 
Subba 11e 0", 14", 35" ~jo,e 

Resurface 1!" 1-3 !958 Col:ll/ lln , rt, 
Aclual $8.47 - 9.57 
AdjUllled 8,21- 10,93 

Surface: 2" H-2 
Baae: 11" Graded Agr, 
Subbue:24" Select B, 

Coat/ Un. rt. 
Actual JB ,88 
Adjuated !t.&4 

Surface 2" F-1 
11.aM" lff- W. !'. MAc.,.ijJIOI 
Subbe..ee 3" Subgr. Tr. 
Subbase 0'',4", 13'',16'' Select e. 
ll¥111tfM• I'' 1•3 lt~ 
Resurface Seel 1961 ~ 

Actual ,$'1.18- 6.59 
Adjusted 6 . 85 - 8, 29 

PRINCIPAL PAVEMENT SECTIONS-PROJECTS lN TABLE 3 AND 4 

Surlace ti" I-3 
B&lle sl" H-3 (lJ 
Subt:l&ae 6 " Cr, Aggr, 
Subbue t5" " Cement Tr. 

Surface lli" F-1 
BueSj"H-3 (I) 
Subbaae 6" Cr. Ag:gl". 
Subb&lle 6" Select B with Cement Tr. 

Surls..ce !" F-1 
Blnd«lr l~" H-2 
Bue '1i"H-3(1) 
Sllbha&e 611 Cr. Aggr. 
Subbase 6" Select B with cemeot Tr, 

CiJal/ Un, ft. 
Actual $13.13 
AdJwitoo JZ. 92 

Jll-:t 

UI-5 

Coat/ Un. ft. 
Actual SUl . 7'1 
AdJuted 21.35 

ru-1 
Sur(ace I 1 / Z" 1-J 
Bue S l /2 " H-1 {I) 
Sub-ba,e 6" Soi l Agg r. 
Sub.b a. se 8" Cemelll Stah, 

·:M:iir™l!ll!nrm!mirrr-iili-mr--mir~~B:t~ 
CO•t/ 1111. It. 
Actual su .,o 
AdJuted lS.75 

~ ~ !::::~~3~1;·B~.aq-~(SM ,l.ijiSF~.;~ 
Prtmo , ';;';'; {1mrrimffi"UJIIJil1Illi1ll::::::-~,mr\\\\'-f§~ 
Sub-bue: 8" Bubgrade Tl". illlliJJillJU 

Me.ti. Coro 
lkD-bua: 8" Cement Tr. eo.t/ 1111. ft. 

Actual t1a.so 
A4Justed 15, 30 

- JU-2 

:::::1·~~~:!,~ .. ,. tfiliiirfuBfoM~ 
Subbruie 6'' Selecl B with Cemenl T r , 

COBt/ lln. Ct, 
Acl.u&I $16.21 
Adjusted 15. 69 

g m-, 
~:r.~;,.~t~-:,, ~ 
Subballe 6" Cr. Aggr. 
Subb119e 8" Select B. w1lb Ce ro1nl Tr. 

Coetrlin. It. 

Suriace i" F-4 
Binder Ii" H-2 
Bue6f' H-3(1) 
&ibbue 10'' 5tll!d .IJ . 
Subbaee 6" Llme Tr. 

Surface l" M.I.P. 
:,•l'l'!tllr, M1&.04t.m 
HWJe 10" er. Aggr. 
Subba&t! 6" Lime Tr. 

Actual $15.56 
Adjusted HI. 02 

Co11t/ Un. ll, 
Actual $12 , 69 - 12, 21 
AdjUBted 11.82 • 14 , 09 

Coat/ lln. It. 
Actual $14.'15 
AdJuated H.40 

~ Caet/llu, rt, 
Actual $9.99 
AdjUBted 9. 9' 



PRINCIPAL PAVEMENT SECTIONS-PROJECTS IN TABLE 3 AND 4 (Continued) 

Surface i'' F-( 
Binder l!" H-2 
Blnder4" H-3 (2) 
B1.11e 5" Cement Tr. 

Cr. Aggr. 
tJ~H ~,, C,.. Aat. 

Surface: l~" 1-3 
Bi.oder: 3" H.-3 (1) 
Baae 6" pr. Aggr. 

~ 
~ Coet/ Un. n , 

Actual ,12.53 
Adjllllted 13.09 

Subba.ee: 6'' Cetne11t Tr. 

Surface Ii" 1-J 
Binder 2i" H-2 
Bue 9" Cr, Aggr. 
S~e 6" Csrient Tr, 

. 
Co11t/ Un, Ct. 
Actlllll $11.22 
AdJlltlled 10,80 

~ 
Actual $9,42' 
Adjuated 10.25 

Surlace !" F-1 
Blnder lj" H-2 
81ncler4" H-3 (2) 
Baee 5" Cement Tr, 

Cr. AQrr. 
Subb&.ee 5" Cr. Aggr. 

Act11al 

Adjusted 
$13,67 

13.09 

Burlace: 
Blnder : 
Bm 
Subbaae: 

T~;~f~. l@.-·ii;;ir?:s 
(6"SclectMaL'ICementTr.) -~ 

CMil/ lln. ft, 

Sqrfacit I 
Bhld•r 
ea-, 

l" F-1 
I!" H-2 
6" Select Material 

Cement Tr. 
6" Cement Tr. 
ll" 1-3, Oct, 1959 

Actual $14,0S 
AdJueted 13,40 

Coet/lln, Ft. 
Actual $6.42 
Adjuated 7,63 

PRINCIPAL PAVEMENT SECTIONS-PROJECTS IN TABLE 5 

V-IA 

:::::::L~\~;,. ~ .QJUilf:~ 
Subhase 12'' Select 0, (CDR 12) • • • " ,; \ 

Surface 
Binder 
Ba11c 
Subbase 

S11rfa~ .... 
Swbb.nc, 

Subba11c
Subba&41 

Surf&e-1t 
Blndar .... 
Si.dlil'*~"' 
Subba.ee 

-~ ··- ... . 
····~ 

Coal/ \In, (I, "' '• 

Act.al 912.87 
AdJuat.ed H.119 

:i:: :;~, (l) !§f.EJ,,, .. ~ ..... ,\.r;:\_ 
:;,.c;;,:,~·~·(CBR 12)~=~~:/. )'\ . 

Co.ti l_t,a. fl. 
AcilN.-1 llt , tO 
Ad,J\IJlkM ., ••• ..... 

:::::~~3(1) 9&%!$~?S 
4"Cr, Age:r. ~11'rffn_! ... '°'{ '•...,;'!\ ;~ 
6"" Sol«l M. iiiiJlltiiiiini· • <' 
6" Cemenl Tr, 

Coel/ lln. h , 
Aclu.11 112.n 
AdJuat.ed IJ. 66 

V-tC 

C~t /b11, rL 
Actual $12.28 
Ad\uete,1 12.Je 

Suriat1t .... 
SwbhAM 
Subb•M 

Cost/ lin. Il. 
Actual $11, 89 
Adjueted 13, 67 

Surface l&" 1-J 
Binder 2}" H-2 
8aM 8" Cr, Aggr. 
°8i.JlJIWIM-U"&clectD 

(CBR l'l) ~ Cost/ lin, (l, 

Surface 
Binder --........ 

Actual $10,50 
Adju,,tPd 11.82 

tm:.~~ 
e.:i" Blllecl M. 
8" CellM!DlT,_ 

l .!" 1-J 
3" H-3111 
I " Cr. Agr • 

• - ~· Be.Leet N. 
l"Ce-lTr. 

Co11l/lln, H, 
Actual $13, 11 
Ad\u~ted 13, 77 

Coal/ lln, rt. 
Aclual $11. GO 
,._djueted 12., 25 

63 



64 

Appendix B 

GENERAL SOIL AREAS OF VIRGINIA 

Figure 3 shows a map of Virginia divided into twelve general soil areas. This map 
was originally published in a paper by Stevens, Maner, and Shelburne, "Pavement 
Performance Correlated with Soil Areas" in the Highway Research Board Proceedings 
of 1949. General soil areas were selected on the basis of geological formations and 
past experience , and were numbered in the approximate order of suitability of the pre
dominant soil types as highway subgrades, as seemed evident to the authors from their 
analysis of condition survey data from the spring break-up of 1948. 

COMMONWEAL lll OF VIRGINIA 
VIRGINIA couNc1LOF HIGt4WAY 
INVESTIGATION AND RES£ARCH 

GENERAL SOIL AREAS 
IIU.PSC.ALIE IH M .. ES 

T(HNt: 9 9EE 

II IHI: f" C A II O LI It A 

. . 

Figure 3. Map of Virginia showing general s oil areas. 

Appendix C 

SPECIFICATIONS AND PROPERTIES OF TYPICAL VIRGINIA PAVING MATERIALS 

Asphaltic Concretes 

'T',mo 
Gradation Tolerance (%passing) /J.anh,..lf. 

.......... t' .............. -.,r-
1%-In. (avg. %) 1-In. %-In. No. 4 No. 10 No. 40 No. 200 

F-1 surface 100 75-90 60-80 15-35 2-10 7.0 
F-4 surface 100 95-100 40-95 2-8 9.0 
I-3 surface 100 50-70 35-50 10-25 2-10 6.2 
H-2 binder 100 40-60 30-40 5.5 
H-3 (1) base 90-100 30-45 20-35 0-5 4.5 
F-2 base (local) 100 85-100 75-100 60-95 20-50 0-10 4.5 

Compaction Requirements. - Compaction of completed pavements generally required 
to produce density not less than 90 percent of the calculated density of voidless mixture 
composed of same materials in like proportions. Exceptions made for local sand 
mixes of types F-2 and F-3; density requirements less rigid. 
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Aggregate Base and Subbase Materials 

Material Gradation Tolerance (% passing) 

2-In. 1-In. %-In. No. 10 No. 40 No. 200 

Base grading A 100 50-80 30-65 15-40 10-20 4-10 
Base grading B 100 65-90 50-75 25-45 12-30 4-15 
Base grading C 100 90-100 50-85 25-50 12-30 5-15 
Base grading D 100 60-100 30-65 20-40 5-15 
Base grading E 100 40-100 20-50 6-20 
Base grading F 100 55-100 30-70 8-25 
Subbase grading 1 100 80-100 50-90 30-70 10-40 4-15 
Subbase grading 2 100 40-100 25-75 0-25 

Type I Base Material. -Crushed stone, slag, or gravel, maximum liquid limit 25, 
maximum P. I. 3, grading A, B, C, or D. 

Type II Base Material. -Maximum liquid limit 25, maximum P. I. 6, grading C, D, 
E, or F. 

Type m Base Material (Graded Aggregate). -Crushed stone, slag, or gravel pre
mixed with soil mortar fraction in pug mill or other approved plant. Grading B only, 
otherwise same as Type I. 

Subbase Materials. -Maximum liquid limit 25, maximum P. I. 3. 
Los Angeles abrasion loss on plus No. 10 fraction. -45 percent maximum, all base 

types. 
Compaction Requirements. -Compaction of completed base or subbase required to 

produce density not less than 100 percent of the maximum theoretical density "D" 
calculated as described in paper "Suggested Compaction Standards for Crushed Aggre
gate Materials Based on Experimental Field Rolling," by F. P. Nichols, Jr., and 
H. D. James, HRB Bull. 325 (1962). Modified standards suggested in above paper not 
applicable to any of the pavements in this report. 

Select Materials 

Required properties variable from job to job, specified in Special Provisions 
attached to individual contracts . Typical requirements: 

Maximum aggregate size-3 in. 
Maximum passing the No. 200 sieve-25-40 percent. 
Maximum liquid limit-25-40. 
Maximum laboratory CBR-10-30. 
Compaction requirements same as for bases and subbases. 

Stabilized Subgrades or Subbases 

Granular materials or friable soils generally stabilized with cement; percentages 
5 to 12 percent by volume. Heavy clays stabilized with hydrated lime, usually 5 to 
6 percent. Layer thicknesses usually 6 in. compacted, maximum 8 in. in friable soil. 
Compaction of completed stabilized layer required to produce density of 100 percent 
of the density of the same material when tested in accordance with AASHO Method 
T-134, with tolerance of 5 pcf. 



Some Notes on Pavement Structural Design 
NORMAN W. McLEOD, Asphalt Consultant, Imperial Oil Limited, Toronto, Ontario, Canada 

The design equation, T = K log (PI S), resulting from the Ca-
nadian Department of Transport' s investigation of airport run-
ways in Canada by means of plate bearing tests, is briefly re-
viewed, is shown to be an elastic equation, and is found to be 
related mathematically to the elastic equations developed by 
Burmister for his layered system approach to pavement de-
sign. The pavement factor K is shown to be equal to T/ -log 
Fw, where Fw is Burmister's deflection factor. 

Analysis of the Hybla Valley plate bearing test data indi
cates that the value of the pavement factor K goes through a 
minimum for each size of·bearing plate when K is plotted ver
sus pavement thickness T. It is shown that when K is evalu
ated for any bearing plate size by means of the Burmister 
theoretical equations for a two-layer elastic system, the 
values of K determined on this purely theoretical basis also 
go through a minimum when plotted against T. 

Design charts presented enable different combinations of 
pavement elastic modulus E1 and pavement thickness T to be 
selected, all of which are equally capable of carrying a spec
ified wheel load and traffic volume over a given subgrade. 

Analysis of the Hybla Valley load test data. indicates that for 
each bearing plate size employed there is an optimum thickness 
of granular base {pavement material) at which the load support
ing value per inch thickness of granular base reaches a maxi
mum, and that this optimum thickness is roughly equal to the 
diameter of the loaded area. From strictly theoretical calcu
lations based on the equation T = K log (PIS), and on the Bur
mister equations for a two-layer elastic system, it is shown that 
for pavement materials ordinarily employed for flexible pave
ment structures there is an optimum thickness for each pave
ment material at which the load supporting value per inch thick
ness of pavement attains a maximum. Furthermore, for ordi
nary flexible pavement design these calculations indicate that 
this optimum thickness of pavement ranges from approximately 
1. 5 times the radius of the loaded area for pavements on strong 
subgrades, to approximately 2. 0 times the radius of the loaded 
area for pavements on weak subgrades. 

The current conventional approach to flexible pavement de
sign ordinarily calls for additional depth of granular material 
when load carrying capacity must be increased. The findings 
presented in this paper question the technical utility of this solu
tion to the problem of achieving greater bearing capacity. It is 
shown that the added thickness is often well down on the curve 
of diminishing returns with regard to strength increase, and that 
the supporting value per inch of thickness of the added depth of 
granular material may be relatively low. 

There is need to conserve the gradually diminishing deposits 
of good natural aggregates and to upgrade the qualitv of inferior 

Paper sponsored by Committee on Fl exible Pavement Des ign. 
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granular materials. This could be·achieved by treatment of the 
entire depth of pavement material above the subgrade to increase 
its elastic modulus, so that a pavement structure of much 
smaller thickness (a two-layer elastic pavement system) would 
have the necessary overall strength required for the wheel load 
and traffic volume to be carried. 

Increasing the elastic modulus of the pavement component 
requires upgrading the strength characteristics of granular or 
soil materials by the application of what are usually called sta
bilization processes, and particularly by the incorporation of 
bituminous binders. 

To measure the degree of improvement achieved by upgrad
ing the ela stic strength characteristics of pavement materials 
requires the development or perfection of simple, reliable, 
precise methods for measuring the elastic moduli of these ma
terials. This also applies to subgrade soils. 
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• AT THE 26th (1946) Annual Meeting of the Highway Research Board the author pre
sented the results of an investigation of existing airport runways in Canada by the 
Canadian Department of Transport (1). The investigation included strength measure
ments made on the subgrade, the bas e course, and the pavement surface by means of 
load tests on bearing plates that were usually 12, 18, 24 and 30 in. in diameter. From 
analysis of many load test data, the following equation was developed for thickness 
requirements for flexible pavements (Fig. 1) : 

T = K log (P/ S) (1) 

in which 

T = required thickness, in inches; 
P = wheel load to be carried (single tire); 
S = subgrade support measured for the same loaded area and deflection that per

tain to P; and 
K = pavement factor, an inverse or reciprocal measure of the increase in 

strength provided by the first unit of thickness of pavement placed on the 
subgrade. 

For the first part of this paper, it is necessary to examine the background and 
significance of the pavement factor Kin some detail. All symbols are defined where 
they first appear, and for ease of reference are also listed in the Appendix. 

Figure 2 illustrates one of the principal findings of the Canadian Department of 
Transport's investigation (1); namely, the increase in load supporting value provided 
by any specified thickness T of base course material varies directly with the strength 
of the subgrade on which it is placed. It follows that when successive layers of a 
given base course are of equal thickness (Fig. 3) the second layer of base provides a 
greater increase in load supporting value 
than the first layer of base, and so on, 
because the second layer of base rests on 
a stronger "subgrade" (the subgrade plus 
the first layer of base course) than the 
first layer of base, which rests on the 
subgrade. 

Figure 4 shows how this finding is de
veloped into the des ign equation (Eq. 1). 
From the geometry of Figure 4, as de
scribed in detail in an earlier paper (1), 
the following relationship can be estab
lished, 

T = [1/ log (Pi./S)] log (P/S) (2) 

p 

:~ : ____ ]. 
s 

• ' s:4US:Qll h5Ctb,x:« 

SUBGRADE 

Figure 1. Layout of load tests for Cana
dian Department of Transport's investiga

tion of airport runways. 
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Figure 2. Typical graph of Canadian Department of Transport load test data. 

SUBGRADE 

Figure 3 , Sketch of applied loads on successive base course layers of uniform thickness. 
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FROM GEOMETRY 
OF DIAGRAM 

p•s(f)" 

p = APPLIED PRESSURE IN P.S.I. AT DEFLECTION 
"D" ON SURFACE OF nth LAYER OF PAVEMENT. 

s = SUBGRADE SUPPORT IN P.S.I. AT DEFLECTION"D" 
- - - 1 P. = APPLIED PRESSURE IN P.SJ. AT DEFLECTION "D" ON TOP 

' 
1 OF I INCH THICKNESS OF PAVEMENT. 

n • NUMBER OF LAYERS OF PAVEMENT OF UNIT THICKNESS . 
t• THICKNESS OF UNIT LAYER OF PAVEMENT• I INCH 

- ---,- T11 REQUIRED OVERALL THICKNESS OF PAVEMENT IN INCHES. 
: : K = ~AVEMENT FACTOR • ~ 
!o s, S2 S3 loo s 

% ~ ~ ~ ~ ~ oo ro ~ 
SUBGRADE SUPPORT 11S11 IN P.S.I. AT DEFLECTION 11011 IN INCHES 

Figure 4. Development of the desi gn equation, T = K log (P/ S). 

in which T, P, and S are as previously defined and P1 is the load supported on the sur
face of the first 1-in. thickness of the pavement material on the subgrade for the same 
deflection and loaded area that pertain to P and S. 

For any given type of pavement material (for example, crusher run gravel) and for 
any specified loaded area, the load test data indicated that for the range of flexible 

pavement thicknesses ordinarily employed the expression log (Pi!S) was substantially 

constant in value; that is, 
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1 - K 
log (P/S) - (3) 

in which K is the pavement factor already described and assumed to be a constant for 
any given pavement material and size of loaded area. 

Consequently, for ordinary design purposes Eq. 2 can be rewritten as Eq. 1. 
The pavement factor K was evaluated by means of load test data. The best em

pirical values that could be determined for Kare indicated by Figure 5, which shows 
that the value of K varies with size of loaded area. 

Figure 6 shows that Eq. 1 and Figure 5 can be utilized to provide a flexible pave
ment thickness design chart. The general shape of the curves, and the thicknesses 
indicated, approximate those provided by other approaches to the problem of flexible 
pavement thickness requirements. 

Although it may not be apparent as a first impression, it must be emphasized that 
Eq. 1 belongs to the elastic theory category of approaches to pavement design. Both 
P and Sin Eq. 1 are measured for the same loaded area and at the same deflection. 
Consequently, the ratio PI S in Eq. 1 is actually the ratio of a secant modulus of 
elasticity of the pavement structure as a whole, to a secant modulus of elasticity of 
the subgrade. 

Inasmuch as the load on the pavement and the load on the subgrade are measured 
for the same loaded area and at the same deflection, it should be clear that the ratio 
P/ S is equal to the ratio p i s, where Pis the total load (pounds or kips) and p is the 
unit pressure (psi) on the pavement, and Sis the total load (pounds or kips) and s is 
the unit pressure (psi) on the subgrade. Consequently, Eq. 1 can be written either 

90 

80 
_.,....-

• 70 
:II: 
• 
~ 60 
;! 
(/) 

~ 50 
0 

~ 40 
VI - -
a:: 
::::, 

8 30 

LI.I 
(/) 20 
C[ 
m 

10 

5 

~ 
~ 

/ 
~ 

/ 
V 

/ 
----/ 

10 15 
BEARING 

20 25 30 35 40 45 
PLATE; DIAMET;R IN INCHES 

50 

Figure 5. Influence of bearing plate diamet er on value of Kin flexible pavement de sign 
equation, T = K log (P/S). 
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ANGLE OF INT ERNAL FRICTION "¢" 
Q5 10 1!5 20 25 30 32-5 35 37·5 40 4~·5 

FIELD C.8 .R. 
2 4 6 8 10 12 14 16 18 20 

HOUSEL PENETROMETER - NO. OF BLOWS FOR 6-INCH PENETRATION 
5 10 15 20 25 30 35 40 4!, 

CONE BEARING P.SI. 
100 200 300 400 500 sqo 700 800 

- -SUBGRADE SUPPORT IN KIPS AT O 2 INCH DEFLECTION 12 INCH DIAM. PLATE 10 REPETITIONS 
3 3 ·5 4 4·5 !Ml 6 6·5 7 7·5 8 B·5 9 9·5 10 2 

ot---1---1----t---1----t---1----1---,.1----1---1--~-,.---,...---t--=-ot-- --t---1 

Figure 6. 

THICKNESS CURVES ARE DERIVED FROM THE 
FOLLOWING DESIGN EQUATION BASED UPON 
LOAD TESTS (AT 10 REPETITIONS OF LOAD! 

T • K LOG (P/S) 

WJ:!ill 
T • REQUIRED TlllCKNESS OF GRANULAR BASE IN INCHES 
K • BASE COURSE CONSTANT HAVING THE VALUE INDICATED FOR 

EACH WHEEL LOAD 
P • APPLIED LOAD IN KIPS AT 0·2 INCH DEFLECTION 
S • SUBGRADE SUPPORT IN KIPS AT 0 ·2 INCH DEFLECTION FOR 

SAME CONTACT AREA AS 'p" 

NOTE- IN GENERAL, THE VALUES OF CONE BEARING, HOUSEL PENETROMETER, FIELD 
C.B.R. AND ANGLE OF INTERNAL FRICTION INDICATED, APPI.Y TO FINE TEXTURED 
COHESIVE SOILS AND REPRESENT THE AVERAGE RATING FOR THE TOP 18 

ll'ICIIES OF THE SUBGRAOE 

Flexible pavement thickness requirements for highways carrying maximum traf
fic volume (full load on single tire). 

in the form previously given or as 

T = K log (p/s) (la) 

without change in significance, as long as the proper units of load are used for P, p, 
S, ands. 

VARIATION OF K WITH PAVEMENT THICKNESS 

It should be emphasized that although Eq. 3 shows that the value of K depends 
specifically on the logarithm of the ratio of the load P1 supported on the first inch of 
pavement (base course) directly on the subgrade, to the load S carried by the subgrade 
for the s ame loaded area and at the same deflection, in actual practice K is evaluated 
on the basis of the load P supported on a nor mal thickness of pavement (base course), 
and by substituting measured values for P, S, and Tin Eq. 1. 

Analysis of the data from hundreds of plate bearing tests on paved runways, using 
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bearing plates ranging in dia meter from 12 to 42 in., indicated that the pavement 
factor Kin Eq. 1 varies with plat e diameter (Fig. 5). 

This finding, that for any given pavement material K is a constant which varies 
only with size of loaded area (Fig. 5), appears to be reasonably satisfactory for the 
range of flexible pavement thicknesses ordinarily required for highway and airport 
wheel loadings. 

Neverth eless , eve n when the size of the loaded area is kept constant, it was recog
nized from the beginning (1) that above some thickness of flexible pavement the value 
of K must increase with Uiickness. Othe rwise, use of Eq. 1 with the K-values of 
Figure 5 would indicate that large thicknesses of flexible pavement could support loads 
in excess of the crushing strength of the aggregate particles. 

Because the thickness of flexible pavement on the runways at any given airport was 
usually more or less constant, the necessary load test data were not available to 
establish with the necessary degree of precision how the value of K varies with flex
ible pavement thickness. However, the Hybla Valley project near Washington, D. C., 
provides reliable data for this purpose (2). The subgrade soil was processed and 
compacted to a depth of 5 ft to obtain a homogeneous uniform subgrade. Depths of 6, 
12, 18, and 24 in. of uniform and well-compacted granular base course were laid on the 
s ubl,;'xade and s urfaced with 3 , 6, and 9 in. oI asphaltic concrete. The strengths of the 
subgr ade , th e dtfierent thicknesses of granula r base, and the fini she d pavement, were 
measured by means of plate bearing tests e mploying r igid steel plates 12, 18, 24, and 
30in . in dia meter. 

Eq. 1 can be rearranged as 

T 
K = log (PIS) (4) 

From the Hybla Valley pr oject, measured values are available for S, P, a nd T , 
from load tests on the subgrade , and on granular base cours e thicknesses of 6, 12, 18, 
a nd 24 in., and for bearing pla te diameters of 12, 18, 24 a nd 30 in. When these 
measured values are substituted in Eq. 4, values for the pavement factor K can be 
calculated for these various base course thicknesses and bearing plate diameters. 

Figure 7, resulting from Hybla Valley data for load tests at 0. 2-in. deflection, 
plots K versus thickness of granular base for each of four bearing plate diameters. It 
indicates that the value of K varies with base course thickness as well as with the 
diameter of the bearing plate. Furthermore, for each bearing plate diameter the 
value of K goes through a minimum, which occurs at a thickness that seems to lie 
somewhere between the radius and the diameter of the loaded area. 

Eq. 3 indicates that for any given subgrade and pavement mater ial, the value of K 
depends on the magnitude of P1, the load supporting value of the first inch of pavement 
material in contact with the subgrade (Fig. 8). Consequently, Figure 7 implies, as 
indicated by the curved arrow in Figure 8, that P1 increases to a maximum and then 
decreases in value as the pavement thickness gradually increases from very small to 
very large. Correspondingly, as iudica.ted by Eq. 3 a.-u:l shown by Figure 7, the vaiue 
of K decreases to a minimum and then increases as the pavement thickness increases 
from approximately zero to a great depth. In effect, for any given pavement material 
P 1 changes with thickness in such a way that the geometric arrangement of Figure 4 
(which led to the derivation of Eq. 1) is able to duplicate the measured value of P 
associated with each different pavement thickness. 

RELATIONSHIP BETWEEN EQ. 1 AND THE BURMISTER 
EQUATIONS FOR A LAYERED SYSTEM 

In 1943, Burmister (3) published the results of a purely theoretical investigation of 
pavement design, basedon the assumption that a pavement consists of layers of 
materials with strictly elastic properties. 

Figure 9 illustrates a two-layer elastic system studied by Burmister, for which the 
elastic modulus of the pavement is E1 and the elastic modulus of the subgrade is E2, 
Perfect continuity is assumed to exist across the interface between the pavement and 
the subgrade. 
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Figm"e 7. Influence of pavement thickness and bearing plate diameter on pavement fac
tor K (Hybla Valley). 

For a rigid plate bearing test on the subgrade (Fig. 9) the Boussinesq equation is 

w _1.I8sr 
8 - E2 

and for a load test made with a rigid bearing plate on the surface of the pavement 
layer (Fig. 9) Burmister has developed the equation 

(5) 
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Figure 8. Reason for variable values for pavement factor K. 

w = 1.18 pr F 
P E2 w 

in which 

ws = deflection at the surface of the subgrade; 
wp = deflection at the surface of the pavement; 

s - applied loud, in psi, on a i"igid bearing plate on the subg1~acte; 
p = applied load, in psi, on a rigid bearing plate on the pavement; 
r = radius of bearing plate; 

E2 = elastic modulus of the subgrade; 
and 

Fw = deflection factor which varies 
with T, r, and Ei/E2 (Fig. 10). 

When utilizing the Burmister method, 
load test data are obtained for a given 
bearing plate diameter, and for a speci
fied deflection, by means of plate bearing 
tests on both pavement and subgrade. 

When Ws = wp, Eqs. 5 and 6 can be 
equated to give 

p 

r ... 

PAVEMENT E 

E2 SUBGRADE 

(6) 

Fw s/p (7) 
Figure 9. Burmister's layered system elas

tic theory approach to pavement design. 
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Figure 10 . Relationship between deflection factor, pavement thickness, and E:i. /E.a ratio, 
for a two-layer elastic system. 

Rearrangement of Eq. 7 and substitution in Eq. 4 gives 

K= T 
- log Fw 

(8) 

which provides a mathematical bridge between Eq. 1, developed empirically from load 
test data measured on airport runways by the Canadian Department of Transport, and 
Eqs. 5 and 6, derived by Bur mister from purely theoretical considerations based on the 
elastic properties of a layered system. 

Burmiste r (3) has published a chart (Fig. 10) showing the relationship between 
values of Fw, T;- r, and E.i/E; . By utilizing Eq. 8 and Figure 10, the theoretical relation
ship between the pavement constant K (from Eq. 1) and pavement thickness T can be 
established (Fig. 11). 

An example of the calculations required for Figure 11 is given in Table 1, using 
Ei/E2 = 10. In keeping with common usage in soil mechanics, both Kand Tare ex
pressed as multiples of the radius r of the loaded area. 

The resemblance of Figure 11, resulting from this purely theoretical approach, to 
Figure 7, based entirely on load test measurements made at Hybla Valley, is striking. 
In both Figures 7 and 11, the value of K goes through a minimum when K is plotted 
versus pavement thickness. Figure 11 indicates that the pavement thickness at which 
the minimum value of K occurs, varies with the ratio E1 I E2. 

SOME MISCELLANEOUS RELATIONSHIPS 

Because they are required for some of the developments presented later, several 
useful miscellaneous relationships resulting from studies of the Canadian Department 
of Transport's load test and other data are summarized in this section. 

Analysis of the large number of plate bearing tests made by the Canadian Depart
ment of Transport has r esulted in Figure 12, the best average curve for load versus 
deflection for both subgrades and pavements. 

Figure 13 shows the results of another analysis of a large number of load tests 
made on subgrades at Canadian airports with bearing plates of different diameters. It 
is based on a pressure of one unit per square inch on a 30-in. bearing plate at 0. 2-in. 
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TABLE 1 

DATA FOR ESTABLISHING RELATIONSHIP BETWEEN 
PAVEMENT FACTOR KAND PAVEMENT THICKNESS T; E/E2 = 10 

Pavement Deflection 
Thickness, Factor, -log F K = 

T Fw 
w 

0.25r 0.900 0.0458 
0.5r 0.760 0.1192 
1. Or 0.492 0.3080 
1. 5r 0.373 0.4283 
2.0r 0.308 o. 5114 
2.5r 0.269 0.5686 
3. Or 0.242 0.6144 
4.0r 0.208 0. 6819 
5 . 0r 0.183 0.7376 
6.0r 0.173 0.7620 

T 
-log F 

w 

5.46r 
4.00r 
3.27r 
3. 50r 
3.91r 
4.40r 
4.88r 
5.87r 
6.82r 
7.85r 

deflection for 10 repetitions of load. If the supporting value of the subgrade has been 
measured at one deflection for one size of bearing plate, the load supported on the 
same or any other size of bearing plate at any deflection from O to O. 7 in. can be 
quickly determined. Consequently, Figure 13 makes it possible to obtain a maximum 
of load test information from a minimum of load testing effort. 

Figure 14 is similar to Figure 13, but is based on a pressure of one unit per square 
inch on a 12-in. diameter bearing plate at 0. 2-in. deflection for 10 repetitions of load . 
Because it is concerned with larger loaded areas, Figure 13 can be employed for air
port pavement thickness design, whereas Figure 14 is more useful for thickness de
sign for highway pavements. 

Throughout the world, the CBR test is the most commonly used method for rating 
and expressing subgrade strengths. A relationship between plate bearing and CBR 
values is therefore desirable. During the Canadian Department of Transport' s invest
igation of airport runways, in-place CBR and plate bearing tests were made on the sub
grade at a large number of test locations. Figure 15 indicates the best average rela
tionship that could be established between these in-place CBR ratings and load test 
values for 30-in. and 12-in. diameter bearing plates for each of six plate bearing de
flection values. 

Figures 12, 13, 14 and 15 provide useful relationships that have resulted from the 
analyses of hundreds of plate bearing tests made on existing airport runways hy thP 
Canadian Department of Transport. These relationships were developed because they 
enable a maximum of useful information to be obtained from a minimum of load test or 
similar measurements . It should be emphasized, however, that these relationships 
apply specifically to Canadian conditions and may require modification for use 
elsewhere. 

CRITICAL PAVEMENT DEFLECTIONS 

Pavements appear to fail, at least in part, by fatigue. Evidence of this is provided 
by the results of many Benkelman beam studies on actual highways (and airports) in 
recent years, which have shown that the critical deflection employed for the structural 
design of a pavement must be reduced as traffic volumes in terms of a given wheel 
load or its equivalent increase. For example, Benkelman beam studies made by the 
Committee on Pavement Design and Evaluation of the Canadian Good Roads Associa
tion (4) have shown that when designing for heavy highway traffic, 98 percent of the 
Benkelman beam measurements made with an 18, 000-lb axle load (9,000 lb on dual 
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Figure 11. Theoretical relationship between pavement factor Kand pavement thickness T. 

tires) on a section of flexible pavement should show a rebound deflection less than 
1 O. 05 in. On the other hand, similar Benkelman beam studies have shown that lighter 
highway traffic can be carried on flexible pavements with rebound deflections of 0.1 in. 
or more. 

Further evidence that pavements can fail primarily by fatigue when the pavement 
deflection that is critical for any particular combination of wheel load and traffic 
volume is exceeded, is provided by the WASHO Road Test report (5), which states: 
"Failures on the WASHO test were primarily due to bending and flexing of the pave
ment over a resilient soil and not attributable to plastic deformation resulting in dis
placement of the soil. " 

Because of the part played by fatigue in pavement failure as traffic volumes in 
terms of a given wheel load or its equivalent increase, the critical deflection employed 
for the structural design of the pavement must be decreased (Fig. 16). This reduces 
the amplitude of vertical movement at the surface of the pavement as vehicles pass 
over it, and thereby decreases the tendency for fatigue failure under the traffic volume 
expected. 

In Figure 16, which pertains to pavements on a weak subgrade for which the cor
responding CBRratingwould be 3, all the doad-deflection curves are based on Figure 12. 
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Figure 12. Average relationship between load and deflection for rigid bearing plates. 

Figure 16 shows the influence that the deflection which is selected as being critical 
can have on pavement structural design. It will be observed from the subgrade curve 
that as the critical deflection is reduced, the corresponding subgrade supporting 
value may be decreased quite drastically; for example, from 4, 640 lb on a 12-in. bear
ing plate at 0. 5-in. deflection, to only 460 lb on the same bearing plate at O. 02-in. 
deflection. Consequently, if the design wheel load remains constant (for example, 
9,000 lb) as the critical deflection is decreased from 0. 5 in. to O. 02 in., either the 
pavement thickness or the elastic modulus of the pavement material, or both, must be 
increased (Fig. 9). 

Incidentally, as a first impression Figure 16 might appear to indicate that a pave
ment designed on the basis of a certain traffic volume of 9, 000-lb wheel loads or 
equivalent and a deflection of 0.1 in., could support traffic by a wheel load of about 
14, 000 lb at 0. 2-in. deflection, or a wheel load of 22,000 lb at 0. 5-in. deflection. 
However, if 0.1-in. deflection is a critical criterion for pavement design for the 
anticipated traffic volume of 9, 000-lb wheel loads or equivalent, the pavement would 
obviously be expected to fail under the same traffic volume of 14, 000 lb associated 
with 0. 2-in. deflection or 22,000 lb associated with 0. 5-in. deflection. 

Figure 16 indicates that for a 9, 000-lb wheel load, if 0.1-in. deflection is critical 
for a high traffic volume, O. 2-in. deflection would be satisfactory for a much smaller 
traffic volume. Figure 16 might also seem to suggest that a pavement capable of sup
porting a high volume of traffic of 9, 000-lb wheel loads or equivalent at 0.1-in. de
flection would also support a 14, 000-lb wheel load at the much smaller traffic volume 
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Figure 13. Ratio of subgrade support at deflection D for bearing plates of any diam
eter over subgrade support at 0.2-in. deflection on 30-in, diameter plate versus 

perimeter-area ratio. 

associated with 9, 000-lb wheel loads at O. 2-in. deflection. However, this requires 
substantiation. Nevertheless, experience has shown that a pavement designed for a 
given wheel load and traffic volume can support a limited volume of heavier wheel 
loads. 

In addition to the effect of traffic volume for a given wheel load, the critical pave
ment deflection can be expected to be influenced by substantial differences in the size 
of the loaded area; for example, the larger contact areas of airport versus highway 
wheel loads, and probably in some cases at least by the radius of curvature. 

EVALUATING THE ELASTIC MODULI E1 AND Ea 

Before Burmister's equations for a two-layer system (Eqs. 5 and 6) can be em
ployed for pavement design, it is necessary to evaluate the pavement elastic modulus 
E1 and the subgrade elastic modulus Ea for each of the various pavement and subgrade 
materials available at any given project. 

Each of the several test methods currently available for measuring values of E1 and 
Ea appear to be subject to serious criticisms. In part, this is due to the fact that for 
many subgrade and pavement materials the values of E1 and Ea obtained by static or 
very slow rates of loading are much lower than when the same materials are loaded 
dynamically at a high rate of loading. On the other hand, this does not seem to apply 
to purely granular materials. Figure 17 is a Mohr diagram for a purely granular 
material which possesses angle of internal friction but no cohesion (no intercept on the 
ordinate axis). Soil mechanics teaches that the Mohr envelope (and angle of internal 
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friction) of such a purely granular material is substantially unaffected by the rate of 
loading. Consequently, for any purely granular material the static and dynamic values 
for the elastic modulus are assumed to be approximately equal. 

Figure 18 is a Mohr diagram for a material that possesses both cohesion and angle 
of internal friction, such as an asphalt paving mixture. Many investigators have 
shown that although the angle of internal friction of this material is not noticeably in
fluenced by the rate of loading, the cohesion is greatly affected. Figure 18 demon
strates that the cohesion is much greater for dynamic or a fast rate of loading than 
for static or a slow loading rate. The location of the Mohr envelope is also affected by 
the rate of loading. Therefore, as indicated by Figure 18, if under static loading the 
bearing capacity developed by the material is P1, then under dynamic loading the bear
ing capacity developed will be the much higher value P2. The difference between P 1 

and P2 can range from small to very large, depending on whether the dynamic loading 
rate is relatively slow or very fast, and on the material itself. The corresponding 
value for the elastic modulus of the material can also vary over a wide range, depend
ing on the rate of loading. 

When designing pavements for parking or other areas where vehicles will be sta
tionary for a time, the values of E1 and E2 for static loading conditions are required. 
On the other hand, for the main pavements for highways and streets, and for airport 
runways except at the ends, values of E1 and E2 for dynamic conditions of loading 
should be used. Consequently, the same subgrade and pavement materials could have 
different values of E2 and E 1 , respectively, assigned to them for design purposes, 
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depending on whether the pavement is expected to support stationary or moving wheel 
loads. 

In spite of much excellent work by a number of investigators (6, 7, 8, 9), there does 
not yet appear to be an entirely satisfactory method for measuring the dynamic mod
ulus of elasticity of subgrade and pavement materials. Some of the criticisms of the 
various test methods tried are as follows: the inability of the test method to simulate 
the conditions of stress within the pavement structure that occur under normal moving 
traffic; the frequency of vibration employed results in a higher rate of loading than 
that of a vehicle traveling at ordinary high speed on a pavement, which leads in turn 
to measured moduli of elasticity that are too high; the complications introduced in the 
case of asphalt pavements by temperature variations, nature and quantity of the asphalt 
binder, paving mixture composition, method and degree of compaction, etc.; and the 
inability of the test method to pinpoint the value of the dynamic modulus of elasticity, 
so that only approximate values with a wide margin of uncertainty are provided. 

Hybla Valley plate bearing tests (2) provide a great deal of useful information con
cerning values of what are usually referred to as "static" moduli of elasticity. As 
previously pointed out, the Hybla Valley load test data are particularly useful for this 
purpose because of the care taken to obtain uniformity of subgrade, base course, and 
asphalt pavement materials, and to achieve uniformity of construction, and because of 
the wide range of base cow·se thicknesses employed (6, 12, 18, and 24 in.) and the 
substantial range of bearing plate diameters (12, 18, 24, and 30 in.) used for the load 
tests. It should be noted that all of the load test values in Figures 19, 20, 21, 22 and 
23, are for a deflection of 0. 2 in. 

Figure 19 plots unit load versus size of bearing plate for load tests made at the 
surface of 6, 12, 18 and 24 in. of granular base course from which 3 in. of asphalt 
concrete surface course were removed just prior to each test. Each plate size is ex
pressed in terms of its perimeter-area (P/ A) ratio, which is numerically equal to 2/r, 
where r is the radius of the bearing plate. Figure 19 shows that for all four thicknesses 
of granular base a straightline relationship occurs, a relationship clearly established 
for plate load tests many years ago by Housel (10) and confirmed by analyses of many 
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Figure 16. Influence of critical pavement deflect ion on pavement design . 

hundreds of plate bearing tests made on airport runways by the Canadian Department 
of Transport. 

Figure 20 plots unit load versus size of bearing plate for load tests made on the 
HJbla Valley subgrade after overlying thicknesses of 6, 12, 18 and 24 in. of granular 
base plus 3 in. of asphalt concrete surface course were removed just prior to each 
test. Figure 20 indicates that possibly as a result of the compaction of the superim
posed base course and asphalt surface during construction, a somewhat stronger sub
grade appeared to have been developed under the thicker than under the thinner depths 
of overlying base and surface material. 



Analysis of the data has shown that 
more plate bearing tests on the subgrade 
during the Hybla Valley project would 
have been desirable. However, although 
this would have increased the precision 
of the findings based on these data, it 
would not have changed the general con
clusions presented in this section of the 
paper. 

Figure 21, taken from Figur es 19 and 
20, illustrates unit load versus the p/ A 
ratios for four bearing plate sizes for 
load tests made on the surface of 12 in. 
of granular base, and on the surface of 
the under lying subgrade. Similar graphs 
can be prepared from the load test data 
contained in Figures 19 and 20 for the 
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other combinations of granular base course thickness and corresponding underlying 
subgrade s upport illustrated. 

The Hybla Valley load test data (Figs. 19, 20, and 21) can be analyzed by Bur
mister's layered sys tem theory (Eqs. 5 and 6) to provide values for the elastic modulus 
E1 of the granular base course material (Table 2), and for the elastic modulus E2 of 
the sub grade (Table 3). 

Table 2 shows that in spite of the great care taken to obtain a uniform granular base, 
and the unusual precautions and precision employed when making the load tests, the 
value of E1 for the granular base course may not be a constant independent of thickness 
of base and size of loaded area, as is usually assumed when applying the Bur mister 
layered system theory. Table 2 shows that E1 may vary with bearing plate diameter 
when thickness is held constant (for example, from 7,390 psi for a 30-in . plate to 
13,590 psi for an 18-in. diameter plate when the thickness of granular base was 12 in.) 
The data also seem to indicate that E1 may vary somewhat with thickness of granular 
base when the bearing plate diameter is kept constant. On the other hand, the largest 
variation in E1 with bearing plate size occurs for the 6-in. base course thickness, 
whereas the E1 values are almost constant regardless of bearing plate diameter for 
the base course thickness of 24 in. In view of the inevitable scatter of data associated 
with plate bearing tests , it is not possible to decide on the basis of Table 2 whether 
the variation in E1 values is real, or is due to normal experimental error. This 
factor requires further investigation. 

Table 3 demonstrates that the elastic modulus of the subgrade E2 can vary over a 
considerable range depending on the diameter of the bearing plate, and on the thick
ness of the overlying base course and surfacing materials. For example, E2 increased 
from 1,580 psi for the 12-in. plate to 2,290 psi for the 30-in. plate when the overlying 
thickness of granular base removed was 
24 in. Also, when measured with the 18-
in. bearing plate, E2 increased from 
1,350 psi when the removed overlying 
thickness of granular base was 6 in. to 
1,820 psi when the overlying base thick
ness removed was 24 in. In the latter 
case, part of the increase in Ez might be 
explained as an increase in subgrade 
strength resulting from the compaction 
employed for the greater depth of over
lying base. 

In Figure 22, the solid lines (1) and 
(2) represent load test data for the Hybla 
Valley subgrade measured with several 
bearing plate sizes. The broken lines 

t 

NORMAL STRESS -+ 

Figure 18. Mohr diagram for material with 
cohesion and angle of' internal f'riction. 
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Figure 19. Influence of bearing plate diameter and thickness of granular base on load 
supporting values. 

represent supporting values for the same bearing plate sizes, as calculated by means 
of th.e BoussL'!esq elastic equation (Eq. 5) employed in t.he Bwmiste:r n1ethod of desigu. 

Solid line (1) in Figure 22 represents subgrade supporting values measured with 
four rigid plates (12-, 18- , 24-, and 30-in. diameter) on the subgrade underlying 
12 in. of granular bas e (Fig. 21). Solid line (2) represents subgrade supporting values 
measured at another location on the Hybla Valley project with seven rigid plates (12-, 
18-, 24-, 30-, 42-, 60-, and 84-in. diameter) on subgrade underlying 8 in. of gran
ular base. 

The broken lines radiating from the origin in Figure 22 provide subgrade load sup
porting values for different sizes of bearing plates, and represent different values for 
the subgrade elastic modulus E2 given by Eq. 5 after rearranging to 

WsE2 WsE2 2 WsE2 p 
s= I:18r= 2.36Xr = 2.36XA (5a) 

in which P is the perimeter of the loaded area, A is the area of the loaded area, and 
the other symbols are as already defined. 
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In Figure 22, the solid lines representing values of subgrade support measured 
with different sizes of bearing plates on the Hybla Valley subgrade have a flatter slope 
than the broken lines representing subgrade supporting values calculated by means of 
the Boussinesq equation for the same bearing plate sizes and for different values of E2. 
Furthermore, although the latter lines go through the origin, extensions of the former 
toward the left would make positive intercepts with the ordinate axis. 

Figure 23 compares typical Canadian Department of Transport subgrade load test 
values for different bearing plate sizes with those provided by the Boussinesq equation. 

Figures 22 and 23 demonstrate that actual load test data obtained with different 
bearing plate sizes on these subgrades do not agree with those given by the Boussinesq 
equation. Because the lines representing measured subgrade supporting values inter-
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Figure 2l. Unit load ve rsus bearing plate diameter f or subgrade and 12-in. thickness of 
granular base course . 

sect those provided by the Houssinesq equation, each of these actuai subgrades has not 
one value of E2, but a different value of E2 for each size of bearing plate employed. 

The Hybla Valley load test data (2) enable the influence of deflection on the values of 
E1 and E2 to be investigated. Figure 24 shows load-deflection curves for the Hybla 
Valley subgrade and base course obtained by plotting the published data for a 30-in. 
diameter bearing plate. Figure 25 provides similar information based on data from 
12-in. diameter plate bearing tests. For both Figures 24 and 25, the base course 
load tests were made on the surface of 18 in. of granular base immediately after re
moving 3 in. of asphalt concrete; the subgrade load tests were performed on the sub
grade immediately after removing the overlying 18 in. of base course plus 3 in. of 
asphalt concrete. 

From Figures 24 and 25 it is evident that the shape of the load-deflection curves for 
both subgrade and base course is concave downward. This is typical. The subgrade 
elastic modulus E2 determined for any given deflection from the subgrade load test 
curves in Figures 24 and 25 is a secant modulus. Consequently, because the slope of 
the secant becomes steeper E2 becomes increasingly greater as the deflection for 
which it is calculated becomes smaller . For any given size of bearing plate, there-



Plate 
Diam. 
(in.) 

12 
18 
24 
30 

Plate 
Diam. 
(In.) 

12 
18 
24 
30 

TABLE 2 

INFLUENCE OF THICKNESS OF GRANULAR BASE 
AND OF BEARING PLATE DIAMETER ON THE VALUE 
OF THE ELASTIC MODULUS E1 OF THE GRANULAR 

BASE COURSE MATERIAL (HYBLA VALLEY) 

E1 

6-In. 12-In. 18-In. 
Base Base Base 

7,490 10,380 11,670 
10,900 13,590 12,930 
12,890 10,870 12,000 
6,790 7,390 8,580 

TABLE 3 

INFLUENCE OF BEARING PLATE DIAMETER AND 
THICKNESS OF OVERLYING GRANULAR BASE 
COURSE ON THE VALUE OF THE SUBGRADE 

ELASTIC MODULUS E2 (HYBLA VALLEY) 

Value of E2 

6-In. 12-In. 18-In. 
Base Base Base 

1,170 1,310 1,440 
1,350 1,500 1,660 
1,520 1,700 1,880 
1,700 1,900 2,090 
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24-In. 
Base 

11,200 
12,160 
12,310 
10,760 

24-In. 
Base 

1,580 
1,820 
2,050 
2,290 

fore, the value of E2 for each subgrade depends on the subgrade deflection selected for 
its evaluation. 

On the basis of the load-deflection curves for the Hybla Valley subgrade and base 
course obtained with a 30-in. bearing plate (Fig. 24), values for E2 and E1 have been 
calculated (Table 4) by means of the Boussinesq and Burmister equations (Eqs. 5 and 
6) and Figure 10. Similar information based on a 12-in. bearing plate and Figure 25 
are given in Table 5. 

It is clear from Tables 4 and 5 that, as expected from the increasing slope of the 
secant, for any given bearing plate size E2 increases as the deflection for which it is 
calculated decreases. In Table 4, for example, E2 increases from 1,660 psi to 3,520 
psi as the deflection decreases from 0. 5 to 0. 02 in. It is also apparent from Tables 4 
and 5 that, for any given subgrade deflection, the value of E2 increases as the size of 
the bearing plate employed for its determination is increased. For a deflection of 0.1 
in. for example, Table 4 indicates that E2 = 3, 100 psi when determined with a 30-in. 
bearing plate, whereas Table 5 shows that E2 = 1,800 psi when obtained from a load 
test made with a 12-in. plate. 
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Figure 22. Comparison of subgrade supporting values calculate d from Boussinesq equation 
with actual values measured for the Hybla Valley subgrade. 

Tables 4 and 5 tend to indicate that the value of the pavement elastic modulus E1 may 
become gradually smaller as the deflection used for its determination is decreased. 
With the 30-in. bearing plate (Table 4), E1 decreases from 11, 600 psi to 4,925 psi as 
the deflection is decreased from 0. 5 in. to O. 02 in. However, Table 5 shows that the 
reduction in values of E1 for the same decrease in deflection is much less for a 12-in. 
plate. For each of the larger deflections (0. 4 and 0. 5 in.) Tables 4 and 5 indicate that 
the value of E1 tends to be almost the same when determined with either the 12-in. or 
30-in. bearing plates. For the smaller deflections, on the other hand, the value of E1 

provided by the 30-in. bearing plate is much smaller than that given by the 12-in. plate . 
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Figure 23. Comparison of subgrade supporting values calculated from Boussinesq equation 
with actual values measured by the Department of Transport. 

At 0.1-in. deflection, for example, Table 4 shows that E1 is 5,580 psi when obtained 
by means of a 30-in. diameter plate, whereas Table 5 indicates that E1 is 10, 350 psi 
when determined by means of a 12-in. diameter plate. 

When considering the differences between E1 values in Tables 4 and 5, it is again 
necessary to keep in mind the considerable scatter of data ordinarily associated with 
the most carefully conducted load tests. Consequently, additional investigation is re
quired to establish how much of the reduction in E1 values with corresponding decrease 
in deflection indicated by Table 4, for example, actually occurred, and how much, if 
any, is due to normal experimental error. 
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modulus Er and the subgrade elastic modulus E2, the difference between values pro
vided by static and dynamic methods of testing is recognized. A simple, rapid, pre
cise method (or methods) for determining representative values of Er and E2 for the 
most critical condition to which the pavement and subgrade materials will be subjected 
in service, still remains to be developed. 

Plate bearing tests can be employed to establish static elastic modulus values for 
E1 and E2. Depending on the nature of the subgrade and pavement materials, these 
static values could be much too conservative for moving load conditions. Plate bear
ing test data indicate that the static value of E2 for any given subgrade can vary over a 
wide range, depending on the bearing plate size and the deflection employed for its 
determination. The static value of Er for any given pavement material, as determined 
by means of plate bearing tests, may also vary with bearing plate size and with de
flection. In addition, depending on the characteristics of the pavement materials, the 
value of Er may change with temperature, moisture content, degree of compaction, etc. 

When using plate bearing tests to evaluate E1 and E2, therefore, the measurements 



500 

400 

<ri 
Cl: 
~ 300 

0 
<X 
0 
..J 

0 
II.I 
:] 200 
Q. 
Q. 
<X 

100 

91 

/ 

/ 
~/ 

N~ 

~ ~ 

t'f 
~ 
~ 

o'5/ 

~Y ~7 ~ HYBLA VALLEY 
I 

I 
LOAD TEST DATA 

12" DIAM. PLATE 

I 
I cou~SE REMOVED) 

~oEr•' 
C +\e• BASE 
~ 

p-

O·I 0 ·2 0·3 0·4 0·5 0·6 0·7 0·8 
DEFLECTION IN INCHES 

Figure 25. Load-deflection curves for Hybla Valley subgrade and base course (12-in. 
bearing plate) • 

should be made at the deflection specified or selected for pavement design, with the 
pavement and subgrade materials in the condition likely to be most critical in service, 
and with a bearing plate equal in size to the contact area of the design wheel load. 

To obtain more realistic working values for the static moduli of elasticity E1 and E2, 
it is recommended that the plate bearing test employed be of the repetitive type (for 
example, ASTM Method D1195, and The Asphalt lnstitute's "Soils Manual," 
Chapter 9). 

PLATE LOADING VERSUS WHEEL LOADING 

The usefulness of plate bearing tests for pavement design and evaluation is some
times questioned. The usual criticism implied is that a pavement is stressed differ
ently by a bearing plate than by a wheel load on a pneumatic tire. 

Some recent measurements made by the Canadian Department of Transport on air
port runway pavements (Fig. 26) seem to provide an answer to this criticism. 
Sebastyan (11) conducted Benkelman beam measurements with a wheel load of 9,000 lb 
and load tests with a 30-in. diameter bearing plate at the same locations on pavement 
surfaces at a number of airport runways. Twelve Benkelman beam measurements 
were made and averaged at each plate bearing test location. The flexible pavement 
thicknesses at the test locations ranged from 6 to 50 in., the pavement deflections pro
vided by the Benkelman beam measurements varied from about 0.01 to about 0.4 in . , 
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Deflection 
(in.) 

0. 02 
0 . 05 
0.1 
0. 2 
0 . 3 
0 . 4 
0. 5 

Deflection 
(in.) 

0.02 
0.05 
0.1 
0.2 
0.3 
0.4 
0.5 

(/) 

TABLE 4 

INFLUENCE OF DEFLECTION OF LOADED 30-IN. BEARING 
PLATE ONE, AND E, VALUES; HYBLA VALLEY LOAD TEST DATA 

(

Base course thickness, 18 in.) 

'.!'.=~=12 
r 15 • 

Surface Subgrade Deflection 
Load, Load, Factor, Ei/E2 p s 

Fw = SIP (psi) (psi) 

4 .6 ( .0 0. 87 L. 4 
11. l 9. 5 0.86 1. 5 
21. 7 17. 5 0. 81 1. 8 
41. U 28. 9 0. 69 3. 0 
61. 2 36. 1 0. 59 4. 2 
79 , 0 ~2.0 0. 53 s. 5 
94 .2 •16 .9 o. 50 7. 0 

TABLE 5 

INFLUENCE OF DEFLECTION OF LOADED 12-IN. BEARING 
PLATE ON E1AND E2 VALUES; HYBLA VALLEY LOAD TEST DATA 

(Base course thickness, 18 in') 

f =¥-=3.0 

Surface Subgrade Deflection 
Load, Load, Factor, E,/E2 p s 

Fw = S/P (psi) (psi) 

17 6.5 0.38 4. 3 
40 15. 0 0.37 4.6 
78 26. 5 0.34 5. 5 

153 42.0 0. 27 8.0 
225 56.0 0.25 9.5 
291 73.0 0.25 9.5 
350 87 .o 0.25 9. 5 

E, E, 
(psi) (psi) 

3,520 4,925 
3,360 5,040 
3, 100 5,580 
2,560 7,780 
2,130 8,950 
I, 860 10,200 
1,660 11,600 

E, E, 
(psi) (psi) 

2,300 9,900 
2,110 9,700 
I, 880 IO, 350 
1,490 11,900 
1,320 12,500 
I, 290 12,250 
I, 230 11,700 
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DEFLECTION OF BENKELMAN BEAM IN INCHES 
UNDER 9,000-LB WHEEL LOAD 

Figure 26. Relationship between Benkelman beam deflection for 9,000-lb wheel load and 
load on 30-in. diameter bearing plate at 0.5-in. deflection for 10 repetitions of load. 
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BENKELMAN BEAM MODULUS FOR 9,000 LB. WHEEL LOAD - LBS/IN. 

Figure 27 . Relationship between Benkelman beam modulus f or 9,000-lb wheel load and 30-
in. diameter bearing ple.te modulus f or load at the corre sponding Benke lman beam 

defl ection. 

and the load on the 30-in. bearing plate for 0. 5-jn. deflection (10 repetitions of load) 
r a nged from 10,000 to 100,000 lb (Fig. 26). 

The general shape of the cw·ve of Figure 26 s uggested that a relationship might 
exist between secant moduli for the plate bearing data and the corresponding secant 
moduli provided by the deflections from the Benkelman beam measurements. For 
each point in Figure 26, by means of Figure 12 the load on the 30-in. bearing plate at 
0. 5-in. deflection was converted to its corresponding 30-in. plate bearing load at the 
Benkelman beam deflection indicated by the same plotted point. The secant modulus 
for the load on the 30-in. plate at this deflection was expressed as total load in pounds 
per 1-in. deflection. Similarly, for the same point, the corresponding Benkelman 
beam secant modulus was obtained by dividing the wheel load of 9,000 lb by the 
Benkelman beam deflection, and was expressed as total load in pounds per 1-in. de
flection. Analysis of the data of Figure 26 yielded Figure 27, in which the line of best 
fit was established by the method of least squares. A linear relationship appears to 
exist between corresponding secant moduli for plate bearing and Benkelman beam rat
ings for the various test locations. 

Transfer of the straightline relationship of Figure 27 back to Figure 26 results in 
the curved line, which represents the plotted data quite accurately. 

Figures 26 and 27 indicate a close correlation between Benkelman beam and plate 
bearing measurements. Furthermore, the linear relationship in Figure 27 between 
the secant moduli for corresponding plate bearing and Benkelman beam ratings seems 
to imply that a flexible pavement structure reacts in the same way insofar as its stress
strain characteristics are concerned, whether the load is applied by dual pneumatic 
tires (Benkelman beam), or by a steel bearing plate. 
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Figure 28. Influence of pavement modulus E:i. and subgrade modulus Ek on flexible pave

ment design for a 9,000-lb wheel load (critical deflection 0.1 in.). 
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TABLE 6 

CORRESPONDING VALUES FORE,, E,, AND T FOR PAVEMENT DESIGN' 

Single Subgrade 
Subgrade 

Values of E1IE2 for Pavement Thickness of Wheel Elastic Dellection 
Load, Support, Modulus, Factor, 

p s E, Fw = SIP 0. 5r I. Or I. 5r 2.0r 3. Or 4.04 5.0r 6 . Or 
(lb) 

(lb) {psi) 

9,000 500 310 0.055 6,600 2, 250 950 350 170 103 77 
9,000 1,000 630 0.111 6,300 950 280 135 70 37 24 19. 5 
9,000 2,000 1,250 0. 222 900 115 42 21 11. 8 8. 7 7. 2 6. 8 
9,000 3,000 1,880 0 . 333 240 37 13.5 8.6 5. 5 4. 5 4.0 3.85 
9,000 4,000 2,500 0 . 444 92 14 6.6 4.5 3.4 3.02 2.8 2. 65 
9,000 5,000 3, 130 0. 555 37 7 3. 75 2 . 85 2. 35 2. 25 2.15 2.00 
9,000 6, 000 3,760 0.666 17 . 5 3.8 2.4 2.0 1. 75 I. 70 I. 65 1. 60 
9,000 7,000 4,380 0. 777 8.2 2.4 1. 7 1. 52 
9,000 8,000 5,010 0. 888 3.1 1.48 
9,000 8,500 5,320 0.944 1. 6 

I 

Single wheel load = 9,000 lb 
Tire inflation pressure = 80 psi 
Traffic volume = heavy 
Tire contact area = equiv. to 12-in . diam. bearing plate 
Radius of contact area = 6 in. 
Critical pavement dell. = 0.1 \n. 

FLEXIBLE PAVEMENT STRUCTURAL DESIGN 

Figure 28 shows one way in which either Eq. 1, derived empirically from Canadjan 
Department of Transport load test data, or Eqs. 5 and 6, resulting from the Burmister 
elastic theory approach based on a layered system (Eq. 8 provides a direct mathe
matical connection between these two methods), can be employed to design a flexible 
pavement for heavy traffic consisting of single-wheel loads of 9,000 lb or equivalent. 
The tire inflation pressure is 80 psi and the tire contact area is assumed to be equal 
to that of a 12-in. diameter bearing plate. The flexible pavement structure is assumed 
to be a two-layer elastic system (Fig. 9) consisting of a layer of homogeneous pave
ment of thickness T and elastic modulus E1 resting on a homogeneous subgrade of 
semi-infinite depth and elastic modulus Ez. It is also assumed that the two layers are 

FIELD C.B.R. 
2 ~ ';l ~ 8 19 15 20 

S.G.SUPPORT-KIPS AT O·l 11 DEFL.-1211 DIA.PL.-IO REP. 
1) I 2 3 4 5 6 

0 
9,000* WHEEL LOAD .. 
SOP.SJ. INFL. PRESS. ---~ 

~ 
V 

I LEGEND 

-- ASPHALT INSTITUTE 

X ELASTIC LAYER THEORY 
( E1 • 16,000 P. 5.1.) 

40 

Figure 29 . Comparison of Asphalt Institute and elastic layer theory thickness require
ments for a 9,000-lb wheel load. 
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in continuous contact at all points and that the interface between them is perfectly 
rough. Representative data on which Figure 28 is based are given in Table 6. 
The relationship between in-place or field CBR values and subgrade support on a 12-in. 
bearing plate was obtained from Figure 15. 

It should be noted that the relationships between in-place CBR, plate bearing, and E2 
values shown at the top of Figure 28, and in all later diagrams, assume that E2 repre
sents the static modulus of elasticity. For many subgrade soils, if the same elastic 
modulus scale were employed for dynamic elastic modulus values of E2, the corres
ponding scales for in-place CBR and plate bearing values would have to be shifted to 
the right. 

Figure 28 indicates the minimum value of E1 required for any given combination of 
pavement thickness and E2 when designing a pavement for heavy traffic by a single 
wheel load of 9,000 lb or equivalent, and a tire inflation pressure of 80 psi. For ex
ample, when the subgrade elastic modulus E2 is 1,000 psi for a deflection of 0.1 in. 
(CBR = 2), and the pavement thickness is 18 in., Figure 28 indicates that the minimum 
required E1 is 21, 000 psi. 

The broken-line curve near the top of Figure 28 represents a value of 35 for the 
pavement factor K (Eq~ 1 and Fig. 5). The points on this curve were obtained by sub
stituting the given values for T, P, and Kin Eq. 1 and solving for S. 

Over the range of flexible pavement thickness between T = 2r = 12 in. and 
T = 5r = 30 in. (corresponding subgrade CBR ratings from about 16 to 2) currently 
employed for flexible pavements for heavy traffic of 9, 000-lb wheel loads, it will be 
noted from Figure 28 that a value of 35 for the pavement factor K corresponds to an 
almost constant value of the pavement elastic modulus E1, the actual range in E1 values 
being only from 11,000 to 12, 500 psi. (This is a narrower range of E1 values than the 
reproducibility of any available current method for evaluating E1.) This illustrates 
why in the application of Eq. 1 the use of a constant value of K for each size of loaded 
area (Fig. 5) provides flexible pavement (granular base) thickness requirements that 
conform to those in actual use (Fig. 6) and that are very close to those indicated by 

T= 6r=36" 

T = 5r=30" 
E1 = 9,000 T=4r=24'' 

E1= 9,600 

E1 = 12,500 

WHEEL LOAD 9,000 LBS. 
80 P.S.I. INFLATION PRESSURE 
CONTACT AREA 12 11 DIAM. CIRCLE 

T= 3r= 18" 

E1 = 18,200 T=r=6" 
E1 = 32,500 

E1 =185,000 

SUBGRADE MODULUS E2 = 1,100 P.S.I. 
SUBGRADE C.B.R. = 3 

0·1 11 DEFLECTION 

Figure 30. Various combinations of Ei and T r e quir ed to s upport a wheel load of 9 ,000 
lb on a pavement over a CBR 3 subgr a de. 
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other empirical approaches to flexible pavement design. However, Figure 28 also 
shows that for very large and quite small thickness requirements of a given pavement 
material, the use of a constant value for K would result in inadequate pavement thick
nesses, and the value of K for these conditions would have to be increased. 

Figure 29 indicates flexible pavement thickness requirements over subgrades with 
a wide range of CBR values, as currently recommended by The Asphalt Institute (12) 
for very heavy traffic consisting of wheel loads of 9,000 lb (single-axle load 18, 0001b). 
The points represent pavement thicknesses of 6, 12, 18, and 24 in. (thicknesses equal 
tor, 2r, 3r, and 4r), taken from Figure 28 for corresponding subgrade strength 
values measured with a 12-in. bearing plate at 0.1-in. deflection for 10 repetitions of 
load and for a pavement material having E1 = 16, 000 psi. It is apparent from Figure 
29 that for a pavement elastic modulus E1 of 16,000 psi the pavement thickness re
quirements for a 9, 000-lb wheel load given by Figure 28, based on the elastic proper
ties of a two-layer system, are almost identical with those specified by The Asphalt 
Institute for the same wheel load and subgrade strengths. (The Institute' s curve is 
similar to that obtained by the Corps of Engineers on the basis of the CBR test.) 
Similar good agreement can be shown with Asphalt Institute thickness requirements for 
lighter traffic volumes, for which combinations of subgrade strengths measured by a 
12-in. plate at deflections greater than 0.1 in. (larger critical pavement deflections) 
with pavement materials having elastic moduli E1 less than 16,000 psi can be utilized. 

Figure 30, obtained directly from Figure 28, shows six widely different combina
tions of pavement thickness T and corresponding minimum values of pavement elastic 
modulus E1, all of which are capable of carrying heavy traffic by a single wheel load of 
9, 000 lb or equivalent at 8Q-psi tire inflation pressure, over a weak subgrade having a 
CBR rating of 3, and a related elastic modulus E2 of 1,130 psi (0.1-in. deflection). 
These combinations range from 36 in. of pavement with E1 = 9,000 psi, to 6 in. of pave
ment having E1 = 185,000 psi. 

Having the wide variety of choice for combinations of pavement thickness T and cor
responding minimum pavement elastic modulus E1 for heavy traffic by a 9, 000-lb wheel 
load (Fig. 28 for each of a broad range of subgrade strengths, and Fig. 30 for a CBR 3 
subgrade), one can select the best combination of T and corresponding E1 for the tech
nical and economic conditions associated with each project. 

Figures 29 and 30 are both based on Figure 28; for all three figures the traffic 
criteria are heavy traffic by a 9, 000-lb wheel load or equivalent, and a tire inflation 
pressure of 80 psi. For Figure 30, the subgrade elastic modulus E2 was held constant 
at 1, 130 psi (CBR of 3), and the influence of change in the pavement elastic modulus 
E1 on the required minimum pavement thickness Twas investigated. For Figure 29, 
on the other hand, the pavement elastic modulus E1 was held constant at 16, 000 psi and 
the crosses illustrate the influence of changing subgrade strength (change in subgrade 
elastic modulus E2 or in CBR value) on the required minimum pavement thickness T. 

Figure 29 shows a typical result of the currently employed empirical methods for 
determining flexible pavement thickness requirements. Even though they make no 
reference to the elastic moduli of pavement or subgrade materials, these empirical 
methods tend to be based on accumulated experience with average granular materials 
for which some more or less average value for the pavement elastic modulus E1 would 
probably be representative. 

Figure 28, which provides precise information on flexible pavement design in terms 
of corresponding requirements for E1, E2, and T for heavy traffic of 9, 000-lb wheel 
loads or equivalent, is based on a critical deflection of 0.1 in. for a load of 9,000 lb on 
a 12-in. bearing plate. Earlier, and as illustrated by Figure 16, it was pointed out that 
the permissible critical pavement deflection must be reduced as the traffic volume of a 
given wheel load or equivalent is increased. 

Not enough information is available to establish precisely the relationship between 
critical pavement deflection measured with a steel bearing plate and volume of traffic. 
This is undoubtedly influenced by the composition of the pavement and other factors, as 
well as by traffic volume. However, it would appear that a critical deflection of O. 1 in. 
for a load of 9,000 lb on a 12-in. diameter bearing plate is not in serious error as a 
basis of design for heavy traffic of 9, 000-lb wheel loads or equivalent when using 
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Figure 32. Influence of pavement modulus Ei_ and subgrade modulus Ek on flexible pave
ment design for a 9,000-lb wheel load (critical defle ction 0.05 in.). 
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Figure 33. Relationship between critical pavement deflection and pavement modulus Ei 
when the pavement thickness required for a 9,000-lb wheel load is kept constant. 

current pavement materials. For light to medium traffic, a critical deflection of O. 2 
in. wo1_1ld hP in thP right direction. 8imil~rly, for very hP,wy tr~.ffic of 9, 000-lb wheel 
loads or equivalent, consisting of capacity traffic containing a high percentage of heavy 
trucks, the critical pavement deflection would be less than O. 1 in., but probably never 
less than 0. 05 in. for properly designed pavement materials. One of the advantages of 
this method of design is that it is not tied to a single deflection. A wide range of per -
missible deflections is available, from which the particular deflection that is consid
ered to be critical for any given combination of pavement material and traffic volume 
to be carried can be selected. 

Figure 31 is similar to Figure 28, but is based on a critical deflection of 0.2 in., 
whid, is considered to be adequate for light to medium traffic volume of 9, 000-lb wheel 
loads or equivalent. Figure 32, for which the critical pavement deflection is 0. 05 in., 
is also similar to Figure 28. However, Figure 32 would be employed for pavement 
design only for capacity traffic containing a very high percentage of heavily loaded 
trucks, and therefore an unusually high traffic count of 9, 000-lb wheel loads or 
equivalent. 

Figure 33, based in part on Figures 28, 31, 32, and 37, demonstrates the great 
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Figure 35. Influence of pavement modulus Ei_ and subgrade modulus Ek on flexible pave 
ment de sign for a 60,000-lb wheel load (critical deflection 0. 5 in., tire inflation 

pres sure 100 psi). 
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Figure 36 . Influence of paveme nt modulus Ei and subgrade modulus Ek on flexible pave
ment design for a 60,000-lb wheel load (critical deflection 0.5 in., tire inflation 

pressure 200 psi). 

influence that the critical pavement deflection exerts on pavement design requirements 
for a 9, 000-lb wheel load or equivalent. In all cases, the pavement thickness is held 
constant at T = 2r = 12 in. For a CBR 3 subgrade, for example, it can be seen from 
Figure 33 that for critical pavement deflections of 0. 05, 0.1, 0. 2, and O. 5 in. the cor
responding minimum requirements for pavement elastic modulus E1 are 160, 000, 
32,500, 9,000, and 2,000 psi, respectively. Consequently, when all other factors are 
equal, pavement design requirements are greatly affected by the critical pavement de
flection specified or selected. 
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Figure 33 also demonstrates the important advantages that would be achieved if it 
were possible to design pavements of much greater flexibility that could withstand 
larger deflections even when carrying capacity traffic. A worthwhile research pro
gram could be undertaken to determine the requirements for pavement design, the 
characteristics of binder materials that are either in current use or that should be de
veloped, etc., that would provide this greater pavement flexibility. At the same time, 
it must always be remembered that properties of pavement materials other than the 
elastic modulus E1, such as durability and resistance to deformation and to cracking, 
are also vitally important to good pavement performance. 

Figures 34, 35, and 36 are similar to Figure 28, but illustrate airport pavement 
design in te rms of T, E1, and E2 for a two-layer elastic system for aircraft with a 
single wh eel load of 60,000 lb or equivalent. Figures 34 and 35 demonstrate the in
fluence of the critical pavement deflection on pavement design requirements. Figures 
3 5 and 3 6 provide similar information on the influence of differences in tire inflation 
pressure. 

Figures 34 and 35 are based on critical pavement deflections of 0. 35 and 0. 5 in., 
which are assumed to be adequate, respectively, for taxiway and for runway airplane 
traffic of 60, 000-lb wheel load or equivalent. The tire inflation pressure is kept con
stant at 100 psi. It will be noted that the paVf~ment r equire ments are greatly in 
fluenced by the critical deflection. For example, when the pavement thickness is 
maintained constant at T = 2r = 27. 6 in. over a CBR 3 subgrade, a pavement elastic 
modulus E1 of 33,000 psi is required when the critical pa ve ment deflection is 0. 35 in. 
(Fig. 34, taxiways), whereas a minimum E1 value of 18,000 ps i is adequate when the 
critical deflection is 0. 5 in. (Fig. 35, runways) . 

Figures 35 and 36 show the large effect of increasing the tire inflation pressure 
from 100 to 200 psi on pavement design requirements for runways when the critical 
pavement deflection of 0. 5 in. and the airplane single wheel load of 60,000 lb are kept 
constant. For example, if the pavement thickness remains constant at T = 2r = 27. 6 in. 
over a CBR 3 subgrade, a pavement elastic modulus E1 of 18,000 psi is required for a 
tire inflation pressure of 100 psi (Fig. 35), but when the tire inflation pressure is 
doubled to 200 psi (Fig. 36) a minimum pavement elastic modulus E1 of 25,000 psi is 
i ndica ted (T =27.6/ 9.77 =2.83r). 

In Figure 34, curve K = 62. 5 (taken from Fig. 5) indicates the design requirements 
for a single wheel load of 60,000 lb at 100-psi tire pressure as given by Eq. 1. For 
the range of thickness between T = r = 13. 8 in. and T = 4r = 55. 2 in. (corresponding 
subgrade CBR values from about 20 to 2) normally specified for flexible pavements on 
airports for a single wheel load of 60,000 lb at 100-psi tire pressure, Figure 34 indi
cates that a value of K = 62. 5 for Eq. 1 corresponds to a relatively constant value of 
the pavement elastic modulus Ei, the actual range of E1 values being from 12, 000 to 
16,000 psi. Consequently, as already pointed out in connection with Figure 28, the 
use of a constant value for K for each size of loaded area (Fig. 5) when applying Eq. 1 
in the past has resulted in flexible pavement thickness requirements that are in accord
ance with those indicated by field experience and by other commonly employed em
pirical methods of design. Nevertheless, to achieve more accurate design require
ments the values of K provided by Figure 11 are recommended when Eq. 1 is employed 
for pavement structural design. 

For rigid pavements built in North America, typical values for the pavement 
elastic modulus E1 are within the range of 3,000,000 to 4,000, 000 psi (3, 13). Further
more, on poor subgrade soils it is not uncommon to specify a rigid pavement thickness 
of 9 in. for highways carrying heavy traffic. 

Figure 37, like Figure 28, pertains to pavement design for high-volume highway 
traffic by a single wheel load of 9, 000 lb or equivalent. In this figure, however, the 
critical pavement deflection is assumed to be 0. 02 in. for IO repetitions of load. 
Westergaard's subgrade modulus k, as determined by a 30-in. diameter bearing plate 
at 0. 05-in. deflection, also is shown. 

Of parti culal' interest is point A, Which is located at the intersection of curve (3), 
representing a pave ment th ickness of 9 in . (1. 5r ), with the in-place subgrade CBR rat
ing 3, and a con ·esponding Wes tergaard s ubgrade modulus k of 90 (Fig. 15). Point A 
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Figure 37. Influence of pavement modulus E;_ and subgrade modulus Ek on flexible pave
ment design for a 9,000- lb wheel load (critical deflection 0.02 in.). 
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demonstrates that for a pavement thickness of 9 in. on this weak subgrade the re
quired minimum pavement elastic modulus E1 is 3,500,000 psi. A critical deflection 
of O. 02 in. would appear to be not unreasonable for rigid pavement design for high
volume highway traffic. Consequently, point A of Figure 37 represents common cur
rent rigid pavement design requirements for capacity highway traffic of a 9, 000-lb 
wheel load or equivalent, consisting of 9 in. of good quality portland cement concrete 
over a subgrade for which Westergaard' s subgrade modulus k is approximately 100, 
and the corresponding in-place or field subgrade CBR is 3. 

To illustrate the important influence that the critical pavement deflection exerts on 
pavement design requirements, point A has been marked on Figures 28, 31, and 32, 
as well as on Figure 37. In each case, point A is for a pavement thickness of 9 in. 
(1.5r) and a subgrade CBR of 3. Figures 37, 32, 28 and 31, in that order, demonstrate 
that for the same subgrade strength (in terms of CBR value), and for the same pave
ment thickness (9 in.), the required minimum value of the pavement elastic modulus 
E1 decreases from 3,500,000, to 320,000, to 65,000, and to 14,000 psi, as the per
missible critical pavement deflection increases from 0. 02, to 0. 05, to 0.1, and to 0. 2 
in., respectively. This means, for example, that when placed on the same properly 
constructed CBR 3 subgrade, a 9-in. flexible pavement with ~1 = 65,000 psi, which at 
a critical deflection of 0.1 in. can support an unlimited number of vehicles of 9, 000-lb 
wheel load, is just as capable of carrying capacity highway traffic of this wheel load or 
equivalent as a 9-in. rigid pavement with E 1 = 3,500,000 psi for which the critical 
pavement deflection is O. 02 in. 

It is apparent from Figures 37, 32, 28, and 31, that for a given wheel load and 
traffic volume, the thickness of flexible pavement (having the necessary flexibility 
characteristics) needed for adequate design could be even less than the required thick
ness of rigid pavement. 

This illustrates the need for research in the design of paving mixtures containing 
asphalt or specially developed flexible binders, and in flexible pavement design in 
general, to discover the factors that would contribute to greater pavement flexibility 
for any given moderately high value of the pavement elastic modulus E1, thereby 
enabling employment of a higher critical pavement deflection for pavement design 
for any specified traffic volume from light to capacity or unlimited. However, it 
would be unwise to become so enthusiastic about designing asphalt paving mixtures 
with high E1 values that the factors that contribute to pavement durability and to free
dom from cracking and distortion are neglected. This would merely repeat in another 
form the serious mistake that has so often been made in the past, when high stability 
has been considered the most important asphalt pavement design requirement, and the 
other factors that contribute to good pavement service performance have been dis
regarded. 

An explanation for the well-recognized effectiveness of asphalt concrete overlays on 
old rigid pavements is provided by the influence of pavement critical deflection on 
pa1.,ement design requirements illustrated by Figures 37, 32, 28, and 31. \Vhen cracks 
occur in a rigid pavement, it is understood that the load supporting capacity of the 
pavement becomes dependent on interlock between the faces of the fractured concrete on 
opposite sides of each crack. However, if 0.02 in. is the critical deflection for an un
cracked rigid pavement for capacity highway traffic (Fig. 37), it is apparent that an 
appreciably greater pavement deflection, which is dependent on the amount and nature 
of the cracking and in many cases probably approaches or exceeds O. I in., is required 
to provide enough vertical movement to develop the full pavement strength by inter
facial interlock across the cracks. 

If the critical pavement deflection for uncracked rigid pavement is 0. 02 in. (Fig. 37), 
it is clear that a portland cement concrete overlay is going to develop only a small 
portion of the strength of an underlying cracked pavement at 0. 02-in. deflection, if a 
deflection of 0.1 in., for example, is required to mobilize the full bearing capacity of 
the old cracked pavement. Consequently, the rigid pavement overlay itself must be 
designed to carry most of the applied traffic load. On the other hand, if the critical 
deflection of well-designed asphalt concrete is 0.1 in., an overlay of asphalt concrete 
is very effective because it develops the full load carrying capacity that the underlying 
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cracked rigid pavement can provide at any deflection up to 0.1 in. plus the additional 
subgrade strength that is mobilized at the higher deflection. For this reason, most of 
the applied traffic load is still carried by the underlying old rigid pavement and the sub
grade on which it rests, and the asphalt concrete overlay itself needs to be designed to 
provide only a fraction of the load supporting capacity required. This appears to be in 
agreement with the observed performance of asphalt concrete and portland cement con
crete overlays on old rigid pavements. 

In connection with the elastic layered system approach to pavement design, it must 
be recognized that there is some value of the pavement elastic modulus E1 below which 
failure of the pavement material in shear would occur, because the wheel load would 
exceed the pavement's ultimate strength. Consequently, for design charts such as 
those of Figures 28, 31, 32, 34, 35, 36, and 37, minimum permissible values of the 
pavement elastic modulus Er should be indicated as soon as they have been determined 
by further investigation. 

For dual-wheel and multi-wheel arrangements on trucks and aircraft, determination 
of the radius r of the equivalent circular loaded area for use with the pavement design 
charts of Figures 28, 31, 32, 34, 35, and 36, may present some difficulty. On the 
other hand, the equivalent single wheel load concept worked out by the Corps of 
Engineers may provide an acceptable solution to this problem. 

INCREASE IN LOAD SUPPORT PROVIDED BY 
PAVEMENT LAYER THICKNESS 

For its report entitled "Highway Research in the United States," a committee of the 
Highway Research Board selected 19 highway problems on which research is most 
urgently needed, and recommended that $34 million be expended for this research over 
a period of 4 to 5 years (14). Of this total, it was recommended that $10 million be 
spent on research on justone of these problems, improvement of knowledge of aggre
gates and soils, which includes conservation of aggregates and upgrading the quality of 
poor aggregates. 

When using current conventional methods of flexible pavement design, the required 
thicknesses of pavement materials, and particularly the required thicknesses of gran
ular bases, can vary over a wide range depending on subgrade strength, wheel load to 
be carried, etc. (Fig. 6). Consequently, it is worthwhile to investigate the average 
increase in load supporting value provided by the pavement layer per inch of thickness 
as the pavement thickness, size of loaded area, pavement material, etc., are varied. 

From Figure 1 or Figure 9, for a given size of loaded area and a given deflection, 
it is clear that the increase in load supporting value provided by the pavement layer is 
P - S, and the average per inch of thickness is (P -S)/T. This leads to either 

or 

I = p - S (9) 
T 

i = p - s 
T 

(10) 

in which 

I = average increase in pavement load supporting value per inch of thickness, in lb 
per in. of pavement thickness; 

P = load,in lb, supported at surface of pavement on a given loadedareaandatagiven 
deflection; 

S = load, in lb, supported by the subgrade for the same loaded area and same de
flection as pertain to P; 

T = thickness of pavement layer, in in.; 
i = average increase in pavement load supporting value per inch of thickness, in psi 

per in. of pavement thickness; 
p = load, in psi, supported at surface of pavement on a given loaded area and at a 

given deflection; and 
s = load, psi, supported by the subgrade for the same loaded area and same deflec

tion as pertain to p. 
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Figure 38. Influence of granular base course thickness and bearing plate diameter on 
average load supporting value pe r inch of thickness. 

Load test data from the Hybla Valley project (2) are useful for investigating the 
average increase in load supporting value provided by the pavement layer per inch of 
thickness, uecause uI lhe uniformity of the subgrade and pavement materials, the sub
stantial differences in thickness of granular base (6, 12, 18, and 24 in.), and the wide 
range of bearing plate diameters (12, 18, 24, and 30 in.) employed. For example, 
Figure 21 shows the results of load tests made at the surface of 12 in. of granular 
base and on the underlying subgrade with bearing plates 12, 18, 24, and 30 in. in 
diameter, for a deflection of 0. 2 in. For each bearing plate size, by substituting 
corresponding values for sand p (from Fig. 21), and for T (12 in.), in Eq. 10, a value 
is obtained for i, the average increase in supporting value (psi), provided by the gran
ular base per inch of thickness. This calculation can also be ,applied to the Hybla 
Valley load test data (Figs. 19 and 20) for the other thicknesses of granular base (6, 
18, and 24 in.) employed for that project, and for the underlying subgrade. The re
sults are summarized in Figure 38. 

Although the granular base at Hybla Valley was very uniform, Figure 38 shows that 
when appropriate data for T, p, ands, from Figures 19, 20, and 21, are substituted 
in Eq. 10 the average increase in load supporting value provided by the granular base 



TABLE 7 

EXAMPLE OF INFLUENCE OF PAV EMENT THICKNESS ON AVEllAG~ INCREASE 
IN SUPPORTING VALUE PER lNCH TITTCKNESS OF PAVEMENT AND 

ON PAVEMENT SUPPORTING VALUE2
'

3 

Pavement 
Thickness, T Pavement T T s 

Factor 1 toK IOK-1 'r' 
(mult. K 

of 1, 810 
radius) (in.) T 

O. 5r 3.0 4.00r I. 316 0. 316 603 
1. Or 8. 0 3. 27r 2. 033 1. 033 302 
1. 5r D.O 3 .50r 2.68 1 1. 681 201 
2 . Or 12 . 0 3. 914 3.247 2. 247 151 
2.5r 15.0 4.40r 3. 704 2. 704 121 
3.0r 18.0 4.88r 4 . 115 3.115 JOI 
4 . Or 24 . 0 5 . 87r 1.808 3.808 75 
5 . Or 30.0 6.824 5 .464 4.464 60 
6. Or 36.0 7 . 85r 5. 780 4. 780 50 

1Eq. 12 
2 Eq . 11 
'Ei/E, = JO 
Radius of bearing plate = 6 in. 
Critic3.1 pavement deflection = 0.1 in. 
Subgrade supporting value, S = 1,810 lb (CBR = 3). 
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1 2 

I p 
(lb/in.) (lb) 

191 2,380 
312 3,680 
338 4,850 
335 5,880 
326 6,730 
313 7,480 
287 8,700 
269 9,890 
240 10,460 

course (pavement) per inch of thickness, i, varies considerably, depending on the size 
of the loaded area and the thickness of the granular material. For any thickness of 
granular base from 6 to 24 in., the value of i is much greater for a 12-in. than for a 
30-in. diameter bearing plate. Also, when measured with any given size of bearing 
plate the value of i is seen to vary with the thickness of granular base. Furthermore, 
at some critical base course thickness roughly equal to the diameter of the loaded 
area, the value of i reaches a maximum, and it falls off for base thicknesses that are 
either less or greater than this critical depth. Consequently, Figure 38 indicates that, 
for Hybla Valley conditions at least, for each size of loaded area there was a critical 
or optimum thickness of granular base at which the use of this particular base course 
material would be most effective in terms of i, the average increase in load supporting 
value provided by the base course per inch of thickness. 

It is worth pursuing this matter further, and to endeavor to learn if an optimum 
thickness at which the average increase in load supporting value per inch thickness of 
pavement (i or I) is a maximum, is a basic characteristic of pavement materials in 
general. It will be shown that it is for the materials ordinarily employed in flexible 
pavement structures. 

Eq. 1 can be rearranged as 

p 10(T/K) S 

Substitution of Eq. 11 in Eq. 9 gives 

10T/K S - S 
I = T 

and substitution of Eq. 8 in Eq. 12 gives 

= S(10T/K -1) 
T 

I = ¥ ( 10 -log Fw - 1) 
Similarly, 

(11) 

(12) 

(13) 

(14) 
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Eqs. 13 and 14 are derived primarily from Eq. 1, but equivalent forms can also be 
derived from the Boussinesq and Bur mister equations (Eqs. 5 and 6). 

It was shown previously that Eqs. 5 and 6 lead to Eq. 7, from which 

p = s/Fw (15) 

and 

P = S/Fw 

Substituting Eq. 15 in Eq. 10 gives 

(15a) 

i=~ (;w-s) =;(~w -1) (16) 

Similarly, 

I= ~ (.!.. -1) T Fw 
(17) 

Table 7 gives data calculated by means of Eq. 12 that are required to provide the 
relationship between I and T when the ratio of the elastic moduli for pavement and sub
grade Ei/E2 = 10, the loaded area is a 12-in. diameter bearing plate, and the deflec
tion is 0.1 in. for 10 repetitions of load. Table 8 demonstrates that for identical con
ditions the same relationship between I and T is provided by calculations based on 
Eq. 17. Similar tables have been prepared for additional values of E1/ E2, with all 
other factors remaining constant. 

Figure 39 shows relationships between I and T for E1/ E2 values of 1. 5, 2. O, and 
5. 0. Figure 40 provides similar information for Ei/ E2 values of 10 (Tables 7 and 8), 
50, and 100, and Figure 41 for E i/E2 values of 500 and 1,000. For Figures 39, 40, 
and 41, the loaded area is a 12-in. diameter bearing plate (9,000-lb wheel load at 
BO-psi tire inflation pressure), the pavement deflection is O. 1 in. for 10 repetitions of 
load, and the subgrade elastic modulus E2 is 1, 130 psi, which is equivalent to a field or 
in -place subgrade CBR rating of 3. 

The ratios of Ei/E2 from 1. 5 to 1,000 selected for Figures 39, 40, and 41 are rep
resentative of the range of pavement materials ordinarily employed for flexible pave
ment construction. As can be seen from Figure 41, there is some irregularity about 
the location of the points on the curves for E1/E2 ratios of 500 and 1,000, because of 

TABLE 8 

EXAMPLE OF INFLUENCE OF PAVEMENT TIITCKNESS ON AVERAG!>, INCREASE 
IN SUPPORTING VALUE PER INCH TIITCKNESS OF PAVEMENT AND 

ON PAVEMENT SUPPORTING VALUE p1•' 

Pave ment 
Thickness, T s Deflection 

Factor, 1 1 -1 'r' 
(mutt, F Fw Fw 

of (in.) w 1,810 
radius) -T-

0. 5r 3 . 0 o. 76 1.316 0. 316 603 
I. Or 6 . 0 0. 492 2. 033 l. 033 302 
1. 5r 9 . 0 0. 373 2. 681 1.681 201 
2.0r 12.0 0. 308 3.247 2. 247 151 
2. 5r 15 . 0 0. 269 3 . 704 2. 704 121 
3. Or 18 . 0 0. 242 4.115 3 . 115 101 
1 . or 24 . 0 0 .208 4.808 3.808 75 
5 .0r 30 . 0 0 .183 5.464 4 . 464 60 
6 . Or 36 . 0 0 .173 5. 780 4. 780 50 

'Eq. 17. 
2 Eq . !5(a ). 
'E, I E, = 10 
Radius of bearing plate = 6 in. 
Critical pavement deflection = 0.1 in. 
Subgrade supporting value, S = I, 810 lb (CBR = 3) . 

S 1 
I=T(Fw-1) 

s 
P=Fw 

(lb/in.) (lb) 

191 2,380 
312 3,680 
338 4,850 
335 5,880 
326 6,730 
313 7,480 
287 8,700 
269 9,890 
240 10,460 
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the uncertainty of interpolation in the upper left corner of Figure 10. To a lesser ex
tent this also applies to Figures 39 and 40 because of the limitations of accuracy of 
Figure 10. Thls de monstrates th e need for recalculating the data required for Figure 
10 to a high degree of a curacy by means of an electronic computer, redrafting Figure 
10 with a maximum of precision, and enla r ging the upper left corner of the chart to 
mal<:e more accurate interpolation possible. 

From the curve for each value of the ratio Ei/ E2 illustrated in Figures 39 and 40 
( a nd possibly 41), it is apparent that there is an optimum or critical pavement thick
ness T (peak of the curve), at which I is a maximum. Consequently, Figures 39 and 
40 demonstrate that Eqs. 5 and 6, based on the elastic properties of a two-layer pave
ment system, are capable of duplica ting, on a purely theoretical basis, the empirical 
findings shown in Figure 38. Both the theoretical equations and the analysis of actual 
load tests have shown that there is an optimum pavement thickness at which the pave
ment material provides a maximum average increase in load supporting value per 
inch thickness of pave ment. For the balance of this pape r, this optimum pavement 
thickness (peak of the curv e) is designated T0 and the maximum average increase in 
load supporting value per inch thickness of pavement (peak of the curve) is designated 
Im or im· 

Values for T 0 taken from the peaks of the E1/ E2 curves of Figures 39, 40, and 41, 
have been plotted versus E1 / E2 in Figure 42. The optimum pavement thickness is seen 
to increase gradually from about 1. 25r for E / E2 = 1. 5 to slightly more than 2r for 
E / E2 = 1,000. The irregularity of some of the plotted points in Figure 42 illustrates 
again the uncertainty of interpolation in Figure 10, which was previously referred to. 

Figure 43, based on either Table 7 or Table 8, illustrates the change in I as the 
pavement thickness is varied from 6 to 36 in. (r to 6r ), when the pavement and sub
grade materials remain unchanged throughout. The subgrade support is kept constant 
at 1,810 lb on a 12-in. bearing plate at 0.1-in. deflection (corresponding E2 = 1,130 psi, 
and CBR = 3), and E/ E2 = 10. Consequently, the elastic modulus E1 of the pavement 
material is 11, 300 psi. Figure 43 shows that under these conditions, Im for this pave
ment material is 340 lb per inch of thickness and T 0 is about 10. 5 in. or approximately 
1. 75r. 

Figure 43 also shows the load P (12-in. diameter bearing plate at 0. 1-in. deflection) 
that can be supported at the surface of each thickness of pavement. The values of P 
are taken from Tables 7 and 8. This curve shows that for T0 = 10. 5 in., P = 5,350 lb. 
Also, T = 25 in. is required for P = 9,000 lb, and T = 36 in. is needed for P = 10,500 
lb. 

Figure 43 shows that I decreases substantially for pavement thicknesses either less 
than or more than the optimum thickness, T0 = 10. 5 in. ; for example, from 340 lb per 
inch at T = 10. 5 in. to only 250 lb pe r inch at T = 34 in. Table 9 shows that the load 
supporting effectiveness of successive increments of pavement thickness above the opti
mum thickness To is even less than Figure 43 seems to indicate. Also that the aver
age increase in load supporting value per inch of pavement thickness for each of several 
successive 5-in. increments of pavement thickness above the optimum thickness de
creases rapidly with increasing thickness. For example, the average increase in load 
s uppor ting value for the 5-in. increment between 25 and 30 in. of pavement is only 160 
lb p er inch of thickness, which is less than one-half of Im (340 lb per inch of pavement 
U1ickness) . For the next 5-in. increment, between 30 and 35 in., the average increase 
in load supporting value is only 120 lb per inch of thickness, which is about one-third 
of Im. Pavement thicknesses between 25 and 35 in., consisting largely of granular 
subbase and base course material, are well within the range of flexible pavement thick
nesses currently required for high-volume highway truck traffic over weak subgrades. 
However, Figure 43 and Table 9 indicate that these great thicknesses represent very 
inefficient use of pavement materials. 

Figure 44 shows the change in I for a wide range of thicknesses of a given pavement 
material on subgrades varying from weak to strong. The thickness of pavement on 
each subgrade is just capable of supporting 9, 000 lb on a 12-in. diameter plate at 
0 . 1-in. deflection. The pavement material has an elastic modulus E1 = 10,000 psi; the 
subgrade elastic moduli E2 vary from about I, 000 to 5,000 psi, with corresponding 
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in-place CBR values of about 2 to nearly 30. The pavement thicknesses range from 3 
to 36 in. (0. 5r to 6r). The basic data for Figure 44 are provided by the horizontal 
line representing a pavement elastic modulus E1 = 10, 000 psi in Figure 28. 

Figure 44 s hows that the maximum average increase in supporting value (about 380 
lb per inch of pave ment) occurs at a pavement thickness of about 10 in. (slightly 
greater than 1. 5r) . Ten inches of this particular pavement material (E1 = 10,000 psi) 
is just adequate to support 9,000 lb on a 12-in. bearing plate at 0.1-in. deflection 
when placed on a subgrade with E2 = 3,250 psi (corresponding in-place CBR rating of 
about 16). Figure 44 demonstrates that for the conditions on which it was based, 
thicknesses of pavement substantially greater or less than 10 in. because they have 
been placed on weaker or stronger subgrades, respectively, provide much smaller 
values for I. For example, for a pavement thickness of 30 in. on a CBR 3 subgrade, 
the value for I is only about 240 lb per inch thickness of pavement. This is about 140 
lb per inch of pavement thickness less than the value for Im (380 lb per inch of pave
ment thickness) for the optimum thickness, T0 , of about 10 in. Consequently, Figure 
44, like Fi.gure 43, indicates that great thickness requirements represent an ineffi
cient use of pavement materials. 

Figure 44 results from a purely theoretical investigation of the pavement design 
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problem on the basis of the elastic properties of a two-layer system. Nevertheless, 
its implications can be verified by a simple analysis of currently used empirically de
rived thickness design charts like Figure 45, which shows the flexible pavement de
sign requirements of the Corps of Engineers for airport pavements (15). This verifi
cation is provided by Tables 10 and 11, and Figure 46. To Figure 45, which is based 
exclusively on CBR subgrade ratings, the corresponding subgrade supporting values in 
tP.rms of lo::id on a 30-in. diameter bearing plate at 0. 35-in. deflection have been added . 
Figure 15 was employed for this correlation. 

Table 10 is based on the curve for the single wheel load of 70, 000 lb in Figure 45. 
Any of the other curves would have served equally well. The resemblance of Figure 46, 
based on empirically obtained data, to Figure 44, which resulted from a purely theo
retical approach to pavement design, is striking. Figure 46 shows that the maximum 
average increase in load supporting value per inch thickness of pavement occurs at an 
optimum pavement thickness of about 19 in . 

A single wheel load of 70,000 lb at a tire inflation pressure of 100 psi is usually 
assumed to have a tire contact area of 700 sq in., which is nearly equal to the area of 
a 30-in. diameter bearing plate (707 sq in.). Consequently, the optimum pavement 
thickness T0 = 19 in. given by Figure 46 corresponds to about 1.3r. 

Figure 46 and Table 10 show that the maximum average increase in load supporting 
value per inch thickness of pavement (1,960 lb) which occurs at optimum pavement 
thickness T 0 = 19 inches over a CBR 16 subgrade, is 76 percent higher than the aver
age increase (1,120 lb per inch thickness) provided by a pavement thickness of 52 in. 
over a CBR 3 subgrade. Although the 52 in. of pavement thickness required for a 
70, 000-lb wheel load over a CBR 3 subgrade (Fig. 45) is ordinarily constructed of 



TABLE 9 

EXAMPLE OF INCREMENTAL AVERAGE INCREASES IN 
SUPPORTING VALUE PER INCH THICKNESS OF 

PAVEMENT VERSUS INCREMENTAL 
INCREASES IN PAVEMENT THICKNESSES1 

Load Supporting Value 
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Increments 
of 

Pavement 
Thickness 

(in.) 

Increment 
(lb) 

Average Increase 
(lb/ in.) 

0 - 5 
5 - 10 
(0-10.5) 
10 - 15 
15 - 20 
20 - 25 
25 - 30 
30 - 35 

lE1 / E2 10 

3,220 - 1,810 = 1,410 
5,210 - 3,220 = 1,990 

(5,380 - 1,810 = 3,570) 
6,720 - 5,210 = 1,510 
7,920 - 6,720 = 1,200 
9 , 000 - 7,920 = 1,080 
9,800 - 9,000 800 

10,400 - 9,800 = 600 

Radius of bearing plate = 6 i n , 
Critical pavement deflection 0 .1 i n . 
Subgrade supporting value, S = 1, 810 lb (CBR 3) 

2 10.5 in. 

TABLE 10 

AVERAGE SUPPORTING VALUE PER INCH THICKNESS OF PAVEMENT, AND 
PAVl::MEN'l' ELASTIC ~ODULUS, DERIVED FROM CORPS OF 

ENGlNf.ERS DESIGN CURVE FOR FLEXIBLE PAV!e:MENT
1 

Pavement Subgrade 
Supporting Supporting 

Subgrade 
CBR 

Value, Value, 
p s 

(lb) (lb) 

3 70,000 11,800 
5 70,000 15,200 
7 70,000 18, 500 
9 70,000 21,900 

11 70,000 25,200 
13 70,000 28,500 
15 70,000 31,900 
17 70,000 35,200 
19 70,000 38,600 
21 70,000 41,900 

1 Airplane single wheel load = 70,000 lb 
Tire inflation pressure = 100 psi 
Contact area = 700 sq in . 

P-S 
(lb) 

58,200 
54,800 
51,500 
48,100 
44,800 
41,500 
38, 100 
34,800 
31,400 
28,100 

Radius of equiv circular contact area = 15 in . 
Critical pavement deflection = 0. 35 in. 

Pavement P-S 
Th!c;iess, I = T F = S T 

w p r 
Un.) (lb/ In.) 

52 1, 120 0.169 3 . 47 
39 1,410 0. 217 2 . 6 
32 1,610 0.264 2.13 
28 1,720 0. 313 1. 87 
24 1,870 0.36 1. 60 
21. 5 1,930 0.407 1.43 
19. 5 I, 950 0.456 1. 30 
18. 0 1,930 0 . 503 1.20 
16. 5 1,900 0. 551 1.10 
15. 0 1,870 0.599 1.00 

E, 
(psi) 

843 
1,090 
1,320 
1,560 
1,800 
2,040 
2,280 
2,520 
2,760 
3,000 

282 
398 

(340)2 

302 
240 
216 
160 
120 

EJE, 

18.0 
15. 5 
13.5 
11. 0 
9. 9 
9.0 
8.0 
7.0 
6.0 
5.1 

E, 
(psi) 

15,200 
16,900 
17, 800 
17,200 
17,800 
18,360 
18,240 
17,640 
16,560 
15,300 
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Figure 46. Relationship between I and T for the CBR design curve (Corps of Engineers) 
for an airplane single wheel load of 70,000 lb. 
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TABLE 11 

AVERAGE SUPPORTING VALUE PER INCH THICKNESS OF PAVEMENT, AND 
PAV BMEN'I' ELASTIC MODU LUS, DERIVED FROM CORPS OF 

ENGINEERS' DESIGN CURVE FOR FLEXIBLE PAVEMrsNT' 

Pavement Subgrade 
Supporting Supporting Subgrade 

CBR Value, Value, 
p s 

(lb) (lb) 

3 20,000 4,760 
5 20,000 6, 100 
7 20,000 7,440 
9 20,000 8,780 

11 20,000 10, 120 
13 20,000 11,460 
15 20,000 12,800 
17 20,000 14,140 
19 20,000 15,580 

1 Airplane single wheel load = 20,000 lb 
Tire inflation pressure = 100 psi 
Contact area = 200 sq in. 

P-S 
(lb) 

15,340 
13,900 
12,560 
11,220 
9,880 
8,540 
7,200 
5,860 
4,420 

Radius of equiv . circular contact area = 7. 98 in. 
Critical pavement deflection= 0 . 35 in. 

Pav ement 
Thickness , l'·S s 1:. l • z 

T Fw = p 
(lb/In.) r 

(in.) 

27. 5 5,580 0.238 3.46 
21. 0 6,690 0.305 2. 64 
17. 0 7,400 0.372 2.14 
14. 5 7 ,750 0.439 1. 82 
12 . 5 7,900 o. 506 1. 57 
11. 0 7,760 0.573 1.38 
10. 0 7,200 0.640 1. 25 
9.0 6,510 0.707 1.13 
8. 5 5,200 0. 779 I. 07 

E, 
(psi) 

641 
823 

1,000 
1, 180 
1,366 
1,547 
1,730 
1,910 
2,100 
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E/E, 
E, 

(psi) 

9 .0 5,760 
7. 5 6,160 
6. l 6,100 
5.2 6,140 
4.5 6,150 
3. 9 6,030 
3. 3 5,700 
2.9 5,540 
2.2 4,620 

layers of successively stronger materials, the Corps of Engineers specifies that no 
reduction in pavement thickness will be permitted even if high quality granular material 
must be used throughout the full depth (16). After analyzing the results of traffic tests 
conducted by the Corps of Engineers, Turnbull (17) has indicated that this requirement 
for high quality materials for full pavement depthappears to be justified, and that the 
pavement thickness may have to be increased if lower quality materials are substi-
tuted for the lower part of the pavement. This is essentially the equivalent of prefer
ring uniform pavement material of adequately high elastic modulus throughout the full 
depth, and of requiring that the pavement thickness be increased by way of compensa
tion, if material of smaller elastic modulus is selected for the lower layers of the 
pavement. 

To demonstrate that Table 10 and Figure 46, which are based on the 70, 000-lb 
wheel load curve of Figure 45, are by no means unique, Table 11 presents information 
provided by the 20, 000-lb wheel load curve of Figure 45. Table 11 also shows that 
ther e is an optimum thickness (T0 = 12. 5 in., or slightly more than 1. 5r) at whic.h I is 
a maximum (7, 900 lb) on a CBR 11 subgrade. It also shows that Im = 7, 900 lb is 41 
percent higher than the average increase in load supporting value per inch thickness of 
pavement (I = 5, 580 lb) that is associated with a required pavement thickness of 27. 5 
in. over a CBR 3 subgrade. 

It appears reasonable to assume that the design curves for the different wheel loads 
(Fig. 45) are based on the use of similar pavement (granular) materials. Employing 
this assumption, calculated values of E1 for the different pavement thicknesses for the 
70, 000-lb wheel load are given in Table 10, and for the 20, 000-lb wheel load in Table 
11. It is apparent that in both cases the values of E1 are fairly constant. However, 
the E1 values for the 70, 000-lb wheel load average roughly 2-% times those for the 
20, 000-lb wheel load. This seems to indicate that the value of E1 for any given pave
ment material is influenced consistently and very substantially by the size of the loaded 
area. The effect of the size of the loaded area on the value of E1 for any given pave
ment material appears to be very much greater on the basis of Tables 10 and 11 than 
was previously indicated by Tables 2, 4, and 5 based on a similar analysis of Hybla 
Valley load test data. 

Figures 39, 40, and 41 include a wide range of values for E1/E2, but are limited to 
a 12-in. diameter bearing plate at 0.1-in. deflection and a CBR 3 subgrade. Because 
both I and T are expressed in terms of the radius of the loaded area, Figure 47 is 
unive rsally applicable to any particular combination of E2, bearing plate diameter, 
Ei/E2, and T. Consequently, Figure 47 enables particular relationships between I and 
T, such as those of Figures 39, 40, and 41, to be determined for specified combinations 
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of subgrade elastic modulus pavement thickness, Ei/E2, and size of loaded area. 
Tables 7 to 11, and Figures 39, 40, 43, 44, and 46, demonstrate that the current 

standard approach to flexible pavement thickness design, which merely calls for 
greater thicknesses of pavement as wheel loads, traffic volumes, etc., increase, is in 
serious conflict with the need for the conservation and more effective use of both low 
quality and high quality aggregates emphasized by the Highway Research Board report 
already referred to (14). Table 9, for example, shows that pavement thicknesses of 
4r, 5r, and 6r (24, 30, and 36 in., respectively) for a single wheel load of 9,000 lbs 
at 80 psi tire inflation pressure are far down on the curve of diminishing returns inso
far as concerns the increase in load supporting value per inch of thickness that flexible 
pavement materials can provide. For the conditions of Table 9, the incremental aver
age increase in load supporting value per inch thickness of pavement over the thick
ness range of 30 to 35 in. (5r to 6r) is about one-third that of the same pavement 
material when used at its optimum thickness of 10. 5 in. 

Figure 30 shows that many combinations of T and E1 are capable of carrying a 
specified wheel load and traffic volume over a given subgrade. Furthermore, that 
within this range of suitable combinations as E1 is increased the pavement thickness 
can be reduced. Figure 30 makes it evident, therefore, that one way in which both low 
quality and high quality aggregates could be conserved and used more effectively would 
be to upgrade their load carrying capacities by increasing their E1 values. This would 
enable the design wheel load to be adequately supported by pavement thicknesses 
approaching the optimum thickness, or even somewhat less. 

Methods employing additives to increase the load carrying capacity or to otherwise 
improve the quality of inferior aggregates and soils are ordinarily referred to as soil 
stabilization. The soil stabilization processes most widely used at present involve the 
incorporation of either bituminous materials or portland cement. 

The effectiveness of these binders for upgrading the quality of inferior aggregates 
has been dramatized by the results of the special base investigations at the AASHO 
Road Test (18). The sandy gravel subbase material used on this project was mixed 
with 85/lOOpenetration asphalt cement as one stabilization treatment, and with port
land cement as another. These stabilized mixtures were laid as base course materials, 
and were compared with each other and with crushed stone and gravel bases by subject
ing them to the test traffic. 

On the basis of their performance under all AASHO Road Test traffic, it was estab
lished that 1 in. of the asphalt-stabilized sandy gravel base had the same traffic carry
ing capacity as 1. 3 in. of the portland cement-treated sandy gravel base, 3 in. of high
quality crushed stone base, and 4 in. of the untreated sandy gravel subbase. Conse
quently, incorporation of either asphalt binders or portland cement is an effective 
means for upgrading the quality and load· supporting capacity of inferior aggregates. 

For the range of E1 values normally required for flexible pavement design, bitum
inous materials seem to have a number of desirable characteristics as binders for in
creasing the E1 values of aggregates and soils. By incorporating a bituminous binder 
into an aggregate, the resulting mixture has been waterproofed. Thoroughly compacted 
dense-graded bituminous mixtures are impervious to water and do not have to be 
drained. They are unaffected by frost action. They are not attacked by salts that are 
present in high concentration in the soil and groundwater in some areas or that are 
applied to the paved surface for snow and ice control. They develop a high elastic 
modulus E1 under rapidly moving loads. Because they are cold they have very high 
load supporting value during spring breakup, and this tends to compensate for loss of 
subgrade support during this period. Because the binder itself is flexible, a well
designed asphalt-treated aggregate can adjust itself substantially within limits to the 
strains imposed by load and environment without cracking. 

By how much the E1 value of an aggregate material should be increased by incorpor
ating a suitable binder, will be determined partly by technical and partly by economic 
considerations. As is well-illustrated by Figure 30, for a given wheel load the higher 
the E1 value achieved the smaller is the pavement thickness required. Consequently, 
there will be an optimum combination of improved E1 value attained by processing the 
aggregate with a binder, associated with a corresponding reduced thickness requirement, 



TABLE 12 

RELATIONSHIP BETWEEN PAVEMENT ELASTIC 
MODULUS AND PAVEMENT THICKNESS PROVIDED BY 

THE SOLUTION TO AN ELASTIC 2-LAYER FLEXIBLE 
PAVEMENT DESIGN PROBLEM1 

Pavement 
Thickness, Pavement 

T Elastic 
Modulus, 

(mult. E1 
of (in.) (psi) 

radius) 

1. Or 6.0 105,000 
1. 5r 9.0 38,000 
2.0r 12.0 21,000 
3.0r 18.0 12,000 
4.0r 24.0 9,500 
5.0r 30. 0 8,400 
6.0r 36.0 7,800 

1 
Wheel load ; 9,000 lb 
Tire inflation pressure; 80 psi 
Radius of equiv. circular contact area = 6 in. 
Critical pavement deflection= 0.1 in. 
Subgrade elastic modulus, E2 ; 1,500 psi (CBR = 5,5) 

Subgrade 
Elastic 

Modulus, 
E2 

(psi) 

1,500 
1,500 
1,500 
1,500 
1,500 
1,500 
1,500 
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70.0 
25.3 
14.0 
8.0 
6.3 
5.6 
5.2 

that will result in the lowest pavement cost. Where aggregate materials of satis
factory quality but lower E1 values are available in almost unlimited quantities, 
economy may indicate the use of a greater thickness of the untreated aggregate. On 
the other hand, in areas where aggregates are scarce and costly, or require upgrading 
because of their inferior quality, an economic study may show that treatment of the 
aggregate for the full depth above the subgrade with sufficient bituminous or other 
binder to provide a high E1 value along with the correspondingly smaller thickness 
would be the most economical solution to the flexible pavement design problem. 

The steps required to design a flexible pavement in accordance with the approach 
just described are as follows: 

Step 1. -Prepare a design chart like that of Figure 28, or Figure 34, for the par
ticular combination of wheel load, tire inflation pressure, and critical pavement de
flection involved. For example, suppose that for the anticipated traffic volume of a 
single wheel load of 9,000 lb or equivalent at 80-psi tire inflation pressure, the criti
cal pavement deflection is 0.1 in (Fig. 28) (corresponding circular bearing plate 
diameter = 12 in.). 

Step 2. -Measure or otherwise determine the value of the elastic modulus E2 of the 
subgrade on which the pavement is to be placed. For example, suppose E2 = 1,500 psi 
(CBR = 5. 5). 

Step 3. - Using Figure 42 as a model, make a semi-logarithmic plot of E1/E2 versus 
T0 for the 12-in. diameter bearing plate at 0.1-in. deflection (curve 1, Fig. 48). 

Step 4. -Enter Figure 28 at E2 = 1, 500 psi, and read off the E1 values for pavement 
thicknesses T = 6r, 5r, 4r, 3r, 2r, 1. 5r, and r, and plot the corresponding calculated 
values for Ei/E2 (Table 12) and T (Fig. 48). 

Step 5. -Draw a smooth curve through the points representing the corresponding 
values for E1IE2 and T (curve 2, Fig. 48). 
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Step 6. -The intersection of the two curves in Figure 48 gives the ratio of Ei/E2 
corresponding to the optimum pavement thickness T0 , which is the pavement thickness 
at which the average increase in load supporting value per inch thickness of pavement 
is a maximum, Im· From Figure 48, optimum thickness T0 =l.8r =10.8 in.; Ei/E2 
at optimum thickness = 17. O; E2 = 1, 500 psi. Therefore, E1 at optimum thickness = 
1,500 X 17 = 25,500 psi. 

Step 7. -For each of the aggregates available in the vicinity of the project, de
termine the cost of the binder material and processing to upgrade it to various values 
of E1 indicated by Table 12 and curve 2 of Figure 48. 

Step 8. -Determine from curve 2 of Figure 48 which combination of pavement 
elastic modulus E1 and pavement thickness will provide the required pavement at low
est cost, while being adequate in other respects. 

When the entire thickness of pavement material above the subgrade has been treated 
with sufficient binder to approach the characteristics of a typical paving mixture, the 
E1 value will usually tend to be high, and the corresponding pavement thickness re
quired will be relatively low. In this case, only the top 1. 5 to 2. 0 in. of the pavement 
would consist of a standard asphalt concrete surface course mixture. 

On the other hand, where considerations of technical adequacy and economy indicate 
that a greater thickness of pavement of lower E1 value should be placed on the subgrade, 
the pavement material may be treated with a smaller quantity of binder, or may be un
treated. In this case, the usual minimum requirements for a sufficient thickness of 
high quality material for the top of the pavement would govern and the standard mini
mum thickness of asphalt concrete base and surface course would be specified. 

That there appears to be an optimum pavement thickness, within the approximate 
limits of one to two times the radius of the loaded area, at which a pavement material 
develops its maximum average increase in load supporting capacity per inch thickness 
of pavement, is a basic principle that could be usefully applied to certain foundation 
and other problems encountered in general soil mechanics. 

In concluding this section, it is reasonable to ask why there should be an optimum 
pavement thickness for flexible pavement materials. A quantitative mathematical 
explanation will probably be forthcoming. Qualitatively, it appears that for thick
nesses up to the optimum pavement thickness, the differences in strength character
istics between the subgrade and pavement materials are important. However, for in
creasing thicknesses above the optimum pavement thickness, the strength performance 
of the pavement structure gradually approaches what would be expected by placing 
additional pavement layers on the surface of a semi-infinite depth of the pavement 
material itself. Expressed somewhat differently, for thicknesses of pavement up to the 
optimum the pavement layers are being placed on a subgrade material that can differ 
substantially from the pavement material in strength characteristics. Above the opti
mum thickness successive layers of pavement are being placed on a structure that is 
becoming more and more like the pavement material itself. 

PAVEMENT TRENCH CROSS-SECTION 

This paper is primarily concerned with the case of a two-layer pavement system 
consisting of a pavement layer placed directly on the subgrade. By increasing the 
elastic modulus E1 of the pavement material, the design wheel load can be supported by 
quite modest thicknesses of pavement, as shown by Figures 28, 30, 34, etc. 

The usual approach to flexible pavement design at the present time calls for sub
stantial thicknesses of granular subbase and base course materials, particularly over 
weaker subgrade soils. In areas subject to deep frost penetration, the use of frost 
blankets, consisting of granular material several feet thick, is frequently specified. 
Because these thick layers of granular material must be drained, it has become com
mon practice to extend them from ditch slope to ditch slope in order that they will be 
self-draining. This added width has the serious disadvantage of adding greatly to the 
cost of flexible pavements, particularly in the case of multilane highways. In addition, 
experience has shown that many of these granular subbases and bases are not self
draining as supposed, and they actually become water reservoirs beneath the pavement. 
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Figure 49. Suggested asphaJ.t pavement cross-section. 

By using the much smaller thicknesses of flexible pavement of higher E1 values as 
described in this paper, combined with better management of the subgrade soil, the 
more economical pavement width trench cross-section can be adopted for flexible pave
ments (Fig. 49). By treating the aggregate with a bituminous binder to provide these 
high E1 values, the pavement material is waterproofed. This waterproofed material 
can be successfully laid as a trench cross-section in most locations without any provi
sion for subdrainage, because no water requiring drainage will accumulate in the 
pavement. 

The cost of the greatly increased quantities of untreated base course and subbase 
aggregates required for ditch slope to ditch slope as compared with pavement width 
trench cross-section, or the cost of the special drainage measures needed when these 
untreated granular materials are used for trench cross-section, can be substantial. 
These added costs should be credited as savings when considering the expense of pro
cessing aggregates for the full depth above the subgrade with bituminous binders to in
crease their E1 values, in order to utilize the much thinner pavement and the trench 
type of cross-section that this treatment makes possible. 

LAYER EQUIVALENCIES 

One of the most valuable findings of the AASHO Road Test (19) concerned the rela
tive capabilities of equal thicknesses of the various base courseand pavement mate
rials employed to provide load carrying capacity. This is usually referred to as 
"layer equivalency." 

The test data from the AASHO Road Test, including those from the special base 
sections, indicated that for the particular materials employed for this project, 1 in. of 
hot-mix asphalt-treated base was equivalent in load carrying capacity to 1. 3 in. of 
portland cement-treated base, 3 in. of high quality crushed stone base, and 4 in. of 
sandy gravel subbase. However, similar materials incorporated in road or airport 
pavement structures elsewhere could show quite different layer equivalencies, depend
ing on their gradation, particle size and shape, composition, nature of the asphalt 
binder, relative degrees of compaction, etc. 

It is usually assumed that, as at the AASHO Road Test, carefully constructed test 
sections and controlled or uniform test traffic are required to obtain representative 
values for layer equivalencies for the many types and compositions of subbase, base 
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course, and wearing course materials in common use, and for the various conditions 
to which they are subjected in service. Although this can be a reliable method when 
properly employed, it is costly and time-consuming. 

Figures 28 and 30 demonstrate that the layered system elastic theory approach to 
pav e ment design is capable of providing values for layer equivalencies. For example, 
when the subgrade elas tic modulus E2 is 1, 130 psi (CBR 3 subgrade), it is clear from 
Figure 28 that a 9-in. thickness of pavement material with an elastic modulus E1 of 
65,000 psi is just as capable of supporting heavy traffic by a 9, 000-lb wheel l oad or 
equivalent, as 36 in. of a pavement material with an e las tic modulus E1 of 9, 000 psi. 
For this example, the layer equivalency of the former is 36/ 9 = 4 in terms of the latter 
pavement material. Also, Figure 30, taken from Figure 28, shows that when placed 
on the same CBR 3 subgrade (E2 = 1,130 psi), 12 in. of pavement material with an 
elastic modulus E1 of 32, 500 psi has the same 9, 000-lb wheel load carrying capacity as 
30 in. of a pavement mater ial with an elas tic modulus E1 of 9, 600 psi. In this case, 
the layer equivalency of the first pave me nt material is 30/12 = 2. 5 when expressed in 
terms of the second ; that is, 1 in. of the fir st pavement material is equivalent in load 
carrying capacity to 2. 5 in. of the second. 

It is apparent, therefore, that if representative values for the elastic moduli E1 for 
the different pavement materials are available, and if the corresponding pavement thick
ness requirement can be determined for the conditions associated with each particular 
paving project (for example, Fig. 30), the layer equivalencies between these various 
pavement materials can be easily and quickly established. 

INFLUENCE OF ENVIRONMENT ON PAVEMENT DESIGN 

The characteristic of a highway that the average motorist probably values above all 
others is smoothness of ride. Consequently, the ultimate objective of pavement design 
and construction should be the attainment of pavements that are initially smooth and 
that remain smooth riding throughout their service life. The AASHO Road Test staff 
made a major contribution to highway engineering by focusing attention on this object
ive when they adopted loss of smoothness of ride (present serviceability rating or 
present serviceability index) as the basis for measuring the amount and rate of deter
ioration of the test sections at the Road Test (20). 

Highway engineering, like most other technological activities, progresses by stages 
from one plateau of achievement to the next. Since the greatest era of road building in 
history began about 35 years ago on the North American continent, the introduction and 
gradual improvement of strength concepts of pavement design and construction has 
occupied one of these plateaus of development in highway engineering. Only recently 
have highway engineers acquired sufficient knowledge and experience to build pave
ments of approximately adequate strength which avoids serious over- or under-design, 
and there is still much to learn. This is indicated by the fact that it was one of the 
objectives of the recently completed AASHO Road Test to provide information that 
would increase the precision of pavement strength desi gn. Tt is rP::1so11;1.hll:' to c1_sk , 
therefore, what the next stage or plateau of development in pavement design and con
struction will be. 

Figures 50 and 51 show the results of extensive road roughness investigations 
directed by Housel (21, 22) on a large mileage of both rigid and flexible pavements in 
Michigan over a period of years. In spite of the fact that these pavements were de
signed to have adequate load carrying capacity, Figures 50 and 51 demonstrate that 
both the rigid and flexible pavements have lost smoothness of ride at an average rate 
of about 4. 5 in. per mile per year in terms of the road roughness scale employed. The 
road roughness index is the sum of the vertical heights of all the bumps large and small 
that occur in a mile of highway, and is expressed as inches per mile. When the accum
ulated roughness reaches 150 in. per mile (equivalent to a present serviceability rating 
of 2. 5), the pavement is no longer safe for high volume high-speed traffic and should 
be resurfaced. Because the pavements represented by Figures 50 and 51 are con
sidered to be structurally adequate, Housel points out that the average increase of 4. 5 
in. of roughness index per mile per year must be due to environmental factors. 

Figure 52 represents somewhat similar results from Benkelman beam studies on 
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Figure 50. Roughness index versus years in service, rigid pavement s in Michigan. 

flexible pavements in Canada, reported by the Committee on Pavement Design and 
Evaluation of the Canadian Good Roads Association (4). The broken lines refer to low 
traffic volume, and the solid lines to relatively high traffic volume. Three degrees of 
pavement strength are represented-weak, medium, and strong-having correspond
ing Benkelman beam deflections of 0. 075, 0. 05, and 0. 025 in., respectively. The 
ordinate scale shows present serviceability ratings from O to 5 as employed for the 
AASHO Road Test. Comparison of the lowest pair of broken and solid lines (light and 
heavy traffic, 0. 075-in. deflection by Benkelman beam), which diverge noticeably, 
shows that when the pavement is weak it loses smoothness of ride with age faster under 
heavy traffic than under low traffic volume. On the other hand, the top pair of broken 
and solid lines (light and heavy traffic, 0. 025-in. deflection by Benkelman beam), are 
close together and indicate that for pavements of adequate strength the rate of increase 
of pavement roughness with age is approximately the same for either low or high 
traffic volume. Like Housel, the Canadian Good Roads Association's Committee on 
Pavement Design and Evaluation interprets this latter observation as evidence of the 
strong influence of environmental factors on the rate of deterioration of pavement 
smoothness with time. 

It was pointed out earlier that progress in technical fields usually occurs by stages, 
and that during the past 30 years or so , highway engineers have been primarily con
cerned with learning how to build pavements of adequate load carrying capacity. How
ever, just as this objective appears to be within reach, the concept of the present 
serviceability rating introduced by the AASHO Road Test staff, and the data on rate of 
deterioration of pavement smoothness with age provided by measurements made on 
thousands of miles of in-service highways by Housel and the CGRA Committee on Pave -
ment Design and Evaluation, indicates that building pavements of adequate strength is 
not enough. The contributions of these organizations have made it evident that the 
next stage of development in the pavement field must be learning how to design and 
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Figure 5l. Roughness index versus years in service, flexible pavements in Michigan. 

construct pavements that not only will have adequate load carrying capacity, but also 
will at the same time remain smooth riding throughout their service life in spite of the 
forces of the environments in which they are located. 

An example of what the highway engineer faces in this respect can be taken from the 
field of structural engineering. Like the highway engineer, the structural engineer has 
been plagued with the problems of environment throughout history. On the basis of the 
knowledge of the strength of materials, and of the principles of stress analysis that 
have been developed during the past 100 years or so, it is not difficult for a structural 
engineer to design and construct a multi-storied building that will ordinarily be quite 
safe for any specified floor loading. Nevertheless, many of these structures have dis
integr8_ted when subjected to ?..n eartl1quake, a pc1.11erful environmental force. 

In the case of the Imperial Hotel in Toky_o it has been demonstrated that by applying 
special principles of design which took the local environment into account, a building 
could be constructed to withstand the destructive forces of even severe earthquakes, 
as witnessed by the fact that the Imperial Hotel is still in service in spite of disastrous 
earthquakes that have leveled other large buildings in its vicinity during the 40-odd 
years since its completion. 

Highway engineers may claim that through the use of drainage measures, frost 
blankets of granular materials, elevated grade lines, moisture control, compaction, 
etc., they have for many years been taking the environment into account in pavement 
design and construction. In general, however, theprincipal purpose of these measures 
in the past has been to achieve and to maintain adequate pavement strength. The in
vestigations of Housel and of the CGRA Committee on Pavement Design and Evaluation 
have shown that although design and construction procedures adopted in the past with 
respect to the influence of environmental forces may have been able to preserve pave
ment strength, they have been unable to maintain surface smoothness. Consequently, 
considerable modification of current design and construction procedures, and probably 
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Figure 52 . Influence of pavement strength and traffic volume on the service performance 
of weak, medium, and strong pavements in Ontario, Canada. 

some completely new approaches, are required if the environmental forces which 
detrimentally influence pavement strengt)) and pavement smoothness are to be elimi
nated or adequately controlled. 

At present, the various environmental influences, and the mechanisms through 
which they operate to the detriment of pavement strength and pavement smoothness, are 
not all known or understood. However, some of the more obvious environmental 
factors are subgrade soils with their variable texture, structure, density and general 
lack of homogeneity; local drainage characteristics, including depth to water table; 
topography, with its influence on grade line in cuts and fills; rainfall; climate; exist
ence or absence of frost; and prevalence or scarcity of granular materials suitable {or 
construction. 

In colder climates, three major destructive environmental factors are nonuniform 
soil, poor drainage, and frost. With respect to frost action, it is generally recognized 
that frost heaving requires a combination of three basic conditions-a frost-susceptible 
soil, a readily available source of groundwater, and prolonged freezing weather. The 
freezing weather must be accepted; but the availability of groundwater can be controlled 
by adequate drainage, which may often be simplified by raising the grade line. Because 
the frost-susceptible soil frequently occurs in cuts or at the junction of cut and fill in the 
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form of pockets or layers of silt or fine sand, its frost susceptibility can often be 
practically eliminated by excavating the complete soil, mixing it to obtain uniformity, 
and recompacting it into place. 

Figure 49 represents an attempt to provide a more favorable pavement environment, 
primarily by obtaining a homogeneous and adequately compacted subgrade on both cut 
and fill sections. This involves the complete removal of soil from the top 2 ft of cut 
sections, mixing it thoroughly to obtain a uniform texture, and recompacting it into 
place. With modern earthmoving equipment, adequate mixing of the soil is usually 
achieved by excavating it in thin layers to the depth specified, followed by replacement 
and compaction in thin lifts. If in spite of the homogeneity obtained, the subgrade soil 
still tends to be frost-susceptible due to availability of groundwater, the grade line can 
be elevated to provide more positive drainage. On most projects soil is the cheapest 
construction material available and considerable manipulation, together with any addi
tional volume of soil needed for a higher grade line, can usually be provided at less 
cost than the greater depth of granular base materials otherwise required. Although 
Figure 49 indicates that a 2-ft depth of cut is to be handled in this manner to obtain 
homogeneity, the actual depth to be treated will vary with soil type and local conditions 
of climate and drainage, and could range from about 1. 5 to about 3. 0 ft. 

In many areas granular materials are becoming scarce and more costly. Conse
quently, granular subbases and base courses, and the use of considerable depths of 
granular materials as frost blankets over the subgrade, have also been eliminated 
from the pavement cross-section of Figure 49. 

It is customary in highway engineering to specify granular subbases and base courses 
to obtain load carrying capacity for flexible pavements and to require considerable 
thicknesses of granular materials as frost blankets over subgrades of so-called frost
susceptible soils in cold climates. These frost blankets are applied partly with the 
intention of controlling differential frost heaving, and partly to provide added load sup
porting capacity when the subgrade is weakened during the spring breakup period. The 
use of various depths of granular materials has become conventional, partly because 
they have usually been reasonably plentiful, and partly because they have provided a 
relatively inexpensive means of obtaining the necessary load supporting capacity. 
Consequently, because it has eliminated granular subbases and base courses, the pave
ment cross-section of Figure 49 represents a break with traditional methods employed 
for flexible pavement construction. However, the pavement cross-section of Figure 49 
appears to be justified by the performance of asphalt-treated bases at the AASHO Road 
Test and elsewhere, and its advantages have already been described. 

It should be noted that frost blankets as such were not specified for either the 
AASHO or the WASHO Road Tests, although both projects were located in areas where 
the subgrade is frozen for several months. The subgrade soil at the AASHO Road Test 
was an A-6 clay soil, and was a highly frost-susceptible A-4 silt loam at the WASHO 
Road Test. Furthermore, some highway departments in cold climates do not employ 
frost blankets, usually in areas where granular materials are scarce and too costly to 
use in this way. Experience ot these highway departments, along with that at the 
WASHO and AASHO Road Tests, has shown that pavements of adequate strength to 
carry full traffic even during the spring breakup period can be built without the need 
for several feet of granular material as frost blankets. 

Investigations by the Frost Effects Laboratory of the U. S. Army Corps of Engineers 
have demonstrated that granular materials are poor insulators against frost penetra
tion into the subgrade, and that the amount of loss of subgrade strength during the 
spring breakup or thaw period appears to be independent of the depth of subgrade frost 
penetration. 

Observation has also shown that granular subbases and bases thought to be free
draining are not always capable of acting in this way. In some cases, these saturated 
or partly saturated bases actually contribute to the frost action they are intended to 
prevent. 

As long ago as 1930, following a survey of frost action in highways in Michigan, 
Burton and Benkelman (23) reported that 80 percent of the frost heaves studied occurred 
in cuts, 18 percent at thetransition from cut to fill, and only 2 percent on fills. 
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Experience elsewhere has usually been somewhat similar. 
The soils in the fills studied by Burton and Benkelman in most cases came wholly or 

in at least in part from the cuts that showed a high percentage of frost heaves. This 
high percentage of frost heaves in cuts is usually due to lack of soil uniformity, and 
to the presence of pockets or layers of soil of frost heave texture, particularly silts 
and fine sands. The transportation and handling procedures required to place these 
soils in fills would result in reasonable homogeneity. In addition, fills tend to be 
better drained than cuts. 

One important inference from these findings of more than 30 years ago is that the 
soil in cuts should be completely excavated, manipulated to attain uniformity, and then 
thoroughly recompacted into place (Fig. 49). As previously indicated, the depth of cut 
to be treated in this way varies with soil type and local conditions of climate and drain
age, and could range from about 1. 5 to about 3. 0 ft. 

Housel's (21) pavement roughness survey showed that the most variable pavement 
performance in Michigan occurred in pavements placed over subgrades consisting of 
well-drained sands and gravels. These natural granular subgrades were assumed to 
be homogeneous at the time the pavements were built, and the subgrade soil in cuts was 
not disturbed. The variable pavement performance over these undisturbed soils gives 
further emphasis to the commonly observed fact that soils in nature are seldom uniform. 

As a result of these findings, the Michigan State Highway Department was reported 
to be planning to excavate soils in cuts to a depth of 18 in., then mix and recompact 
them into place. This was intended to eliminate the differences in texture, structure, 
and density of the natural soil that are considered responsible for the wide variations 
in the rate of loss of pavement smoothness demonstrated by the pavement roughness 
survey. 

It is recognized that, initially at least, the pavement cross-section of Figure 49 may 
not always result in the desired degree of improvement in retention of pavement 
smoothness. However, experience can be a skillful if not always efficient teacher. 
Furthermore, in some areas and under certain conditions some other pavement cross
section may provide better overall pavement performance. In general, this is due to 
the fact that there is still much to be learned about environmental forces and how they act. 

r=6"~ r 
T1 = 411 ASPHALT CONCRETE E1 =40,000 P.S.I. 

T2 = 1411 GRANULAR BASE E2 =10,000 P.S.I. 

E2 3 =3,570 P.S.I. 

SUBGRADE E3 = 1,000 P.S.I. 

Figure 53. Example of design of an elastic three-layer pavement for a 9,000-lb wheel 
load at 0.1-in. deflection when the elastic moduli Ei, Ek, and Ea are given. 
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fi' =9,600 LBS. 

lj = 4 11 ASPHALT CONCRETE E1 
l ~ = 6,300 LBS. 

____________ ___J_ ... __ 

J, Ps =3,600 LBS. 

----------------+-_ ... __ 
T2 = 611 GRANULAR BASE 

T3=7" GRANULAR SUBBASE E3 
j, ~ = 1,760 LBS. 

SUB GRADE E4 

Figure 54. Example of the use of plate bearing test data to evaluate the elastic moduli 
Ei_ , Ea , Ea , and Et, of an elastic four-layer pavement. 

lj =4·511 ASPHALT CONCRETE OVERLAY E1=35,000P.SJ. 
fi =5,400 LBS. 

ASPHALT CONCRETE 

GRANULAR BASE 

SUBGRADE 

Figure 55. Example of the design of an asphalt concrete overlay for an existing pave
ment on the basis of the elastic modulus Ei_ of the overlay material. 
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In view of current incomplete knowledge concerning the nature of the various en
vironmental forces and of the mechanisms through which they operate to influence 
pavement performance, a program of planned stage construction has much to recom
mend it. Construction of a new road upsets whatever equilibrium nature has gradually 
achieved over thousands of years within the landscape it crosses. Experience has 
shown that it requires time to reach a new equilibrium under the additional forces in
troduced by the presence of the road. In spite of the adoption of the most advanced 
currently known design and construction procedures, differential movements within the 
subgrade and pavement are inevitable while the adjustments required to establish the 
new equilibrium are taking place. These adjustments usually tend to occur rapidly at 
first, but decrease in both rate and magnitude with time. Consequently, if a program 
of planned stage construction were adopted, the subgrade would be properly built 
initially, but only sufficient pavement would be laid to provide adequate load carrying 
capacity for the traffic anticipated during, say, the first five years. Within this period, 
the major adjustments required to attain the new equilibrium will ordinarily have taken 
place. By placing the balance of the pavement at the end of this time, the subsequent 
rate of loss of pavement smoothness will be much slower, and its useful service life 
will be substantially increased. Consequently, for the same total capital expenditure, 
a program of planned stage construction should provide longer pavement life and more 
satisfactory pavement performance. 

DESIGN AND EVALUATION OF MULTI-LAYER 
ELASTIC PAVEMENT SYSTEMS 

This paper is concerned primarily with two-layer elastic pavement systems for 
several reasons. From a purely technical point of view, thinner two-layer pavements 
of adequate strength, having optimum thicknesses within the range of 1. 5 to 2r (Fig. 42), 
represent a much more efficient use of aggregate materials than the much greater 
thicknesses required by traditional flexible pavement design. They make the economies 
of trench construction possible (Fig. 49). They have the other advantages described 
earlier. Nevertheless, in regions where suitable granular materials are plentiful and 
inexpensive, conventional flexible pavement cross-sections consisting of granular sub
base, granular base, and asphalt surface course, can be economically attractive. 

This section, therefore, considers the design and evaluation of multi-layer elastic 
pavement systems, such as those shown by Figures 53, 54, and 55. The approximate 
method employed, which in effect converts a multi-layer elastic pavement step by 
step to an equivalent two-layer pavement, is illustrated by three sample calculations 
involving a three-layer pavement (Fig. 53), a four-layer pavement (Fig. 54), and the 
design of an asphalt concrete overlay to strengthen an existing flexible pavement (Fig. 55). 

It should be noted that in each of these cases the values shown for pavement and sub
grade elastic moduli are provided by or related to plate bearing tests. Consequently, 
they are the conservative static elastic moduli. 

Case 1-A Three-Layer Pavement (Fig. 53) 
Given: E1 = 40,000 psi, E2 = 10,000 psi, fa = 1,000 psi, T1 = 4 in., T2 = 14 in., 

and critical pavement deflection = 0.1 in. 
Problem: Will this pavement support heavy traffic consisting of a wheel load of 

9, 000 lb or equivalent at a tire inflation pressure of 80 psi? 
Solution: r = Radius of equivalent circular contact area = 6 in., E2/E3 = 10, 000/1, 000 

= 10, T2/r = 14/6 = 2. 333 and, from Figure 10, Fw = 0. 28. Eq. 5 can be rewritten in 
terms of total load S, rather than unit pressure s, as 

E 
_ 1.18 s r 

2 - w 
o. 376 S (18) 

wr 

Therefore, S = E2 w r/0. 376 = (1,000 x 0.1 x 6)/0. 376 = 1,600 lb and, from Eq. 15a, 
P2 = S/Fw = 1, 600/0. 38 = 5,710 lb. 

Consequently, a two-layer system consisting of 14 in. of granular base of E1 = 
10,000 psi on this subgrade will support a load to 5,710 lb on a 12-in. bearing plate 
at O. 1-in. deflection. 
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The assumption is now made that an equivalent homogeneous soil of elastic modulus 
E23 will also support a load P2 = 5,710 lb at 0.1-in. deflection, from which, employing 
Eq. 18, E23 = (0. 376 P2)/(w r) = (0. 376 X 5, 710)/(0.1 X 6) = 3, 580 psi. Then E1/E 23 = 
40,000/3, 580 = 11.2, T1/r = 4/6 = 0.667, and, from Figure 10, Fw = 0.63. Also, 
from Eq. 15a, P1 = P2/Fw = 5, 710/0. 63 = 9,070 lb. 

Therefore, the pavement in Figure 53 will support heavy traffic by a wheel load of 
9, 000 lb or equivalent. 

Layer Equivalency. -The thickness of the granular base material in Figure 53 that 
would be required to provide the same load supporting value can be obtained as follows: 
Fw =S/P1 = l,600/9,070 = 0.177, E2/Es = 10,000/1,000 = 10, from Figure 10 T/r = 
5.6, and T = 5. 6r = (5.6 x 6) = 33.6 in. 

Therefore, the layer equivalency of the asphalt concrete in terms of the granular 
base material is (33.6 - 14)/4 = 19.6/4 = 4.9; that is, each inch of asphalt concrete 
has the supporting value of 4. 9 in. of the granular base material. 

Case 2-A Four-Layer Pavement (Fig. 54) 
Given: S = 1,760 lb, Ps = 3,600 lb, P2 = 6,300 lb, P1 = 9,600 lb, Ts = 7 in., T2 = 

6 in., T1 = 4 in., r = radius of loaded area = 6 in., and critical pavement deflection 
t'\ 1 ~ -= v. J. 111. 

Problem: To evaluate the elastic moduli E4, E3 , E2, and E1. 
Solution: From Eq. 18, E4 = (0. 376 S)/(w r) = (0. 376 x 1, 7_60)/(0. 1 x 6) = 

1, 100 psi, Ts/r = 7/6 = 1. 167; from Eq. 15a, Fw = S/Ps = 1, 760/3, 600 = 0. 489; and 
from Figure 10, Es/E4 = 7. 8. Therefore, Es= 7. 8 x 1, 100 = 8,600 psi. From Eq. 
18, Es4 = (0. 376 Ps)/(w r) = (0. 375 x 3, 600)/(0. 1 x 6) = 2,250 psi; from Eq. 15a, 
Fw = Ps/P2 = 3, 600/6, 300 = 0. 57 and T2/r = 6/6 = 1; and from Figure 10, E2/Es4 = 
6. Therefore, E2 = 2,250 x 6 = 13,500 psi. From Eq. 18, E234 = (0. 376 P 2)/(w r) = 
(0. 376 x 6, 300)/(0. 1 x 6) = 3, 940 psi and T 1/r = 4/6 = 0. 677; from Eq. 15a, Fw = 
P2/P1 = 6, 300/9, 600 = 0. 66; and from Figure 10, E1/E2s4 = 9. Therefore, E1 = 
9 X 3, 940 = 35,460 psi. 

Case 3-Asphalt Concrete Overlay (Fig. 55) 
Figure 55 illustrates an existing pavement that was originally constructed for a 

9, 000-lb wheel load, but for only light to medium traffic volume. It must now be 
strengthened to carry a high traffic volume of 9, 000-lb wheel loads or equivalent. 

Given: r = Radius of loaded area = 6 in:, critical pavement deflection = 0.1 in., 
P2 = load supported by existing pavement = 5,400 lb, elastic modulus of asphalt con
crete overlay E1 = 35,000 psi, and T1 = thickness of overlay= 4.5 in. 

Problem: Will this overlay increase the load supporting value of the pavement to 
9,000 lb? 

Solution: From Eq. 18, E234 = (0.376 P2)/(wr) =(0.376 x 5,400)/(0.1 x 6 =3,380 
psi, E1/E234 = 35, 000/3, 380 = 10. 4, and Ti/r = 4. 5/6 = O. 75; from Figure 10, Fw = 
0. 59; and from Eq. 15a, P1 = P2/Fw = 5, 400/0. 59 = 9,150 lb. Therefore, the existing 
pavement plus the overlay will support high volume traffic consisting of a wheel load 
of 9,000 lb or equivalent, at a tire inflation pressure of 80 psi. 

The solutions to the problems of Cases 1, 2, and 3 were obtained by means of Eqs. 
18 and 6 and Figure 10. Solutions to these problems could also have been obtained by 
employing Eqs. 18 and 1 and Figure 11. This can be illustrated by applying them, for 
example, to the first step of Case 1, and to the final step of Case 3. 

Case 1, First Step 
E21Es = 10,000/1,000 = 10; T2/r = 14/6 = 2.333; from Figure 11, K/r =4.2 and 

K = 4.2 x 6 = 25.2; and from Eq. 18, S = (E2 w r)/0.376 =(l, 000 x 0.1 x 6)/0.376 = 
1, 600 lb. Substituting in Eq. 1 gives 14 = 25. 2 log P2/1, 600, from which, P2 = 
5, 740 lb. 

Within the accuracy of interpolation in Figures 10 and 11, this value of P2 is in close 
agreement with the 5,710 lb previously obtained. 

Case 3, Final Step 
From Eq. 18, E234 = (0. 376 P2)/(w r) = (0. 376 x 6, 300)/(0.1 x 6) = 3,940 psi and 

T1/r = 4/6 = O. 667; from Eq. 1, 4 = K log 9, 600/6, 300, or K = 21. 88 and K/r = 
21.88/6 = 3.647. From Figure 11, E1/E234 = 9; therefore, E1 = 9 E234 = 9 x 3,940 = 
35,460 psi, which is identical with the previous result. 
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NEEDED RESEARCH ON THE ELASTIC LAYERED SYSTEM 
APPROACH TO PAVEMENT STRUCTURAL DESIGN 

Some of the problems concerning the elastic layered system approach to pavement 
structural design on which research is urgently needed are as follows: 

1. A computer analysis to calculate F w values with greater precision, followed by 
redrafting of Figure 10 to a maximum of accuracy and including more lines for E1/ E2 
values. In addition, a greatly enlarged accurate diagram of the upper left corner of 
Figure 10 is needed, to enable required values in this region to be read more precisely. 

2. The development of a rapid, simple, precise laboratory method or methods for 
measuring both the static and dynamic elastic moduli of various pavement and subgrade 
materials, that will provide values for elastic moduli equal to those developed by the 
same subgrade and pavement materials under actual traffic loads on highways, streets, 
and airports. 

3. An investigation to establish the influence of deflection, size of loaded area, 
traffic speed, pavement thickness, temperature, degree of compaction, moisture con
tent, paving mixture composition, etc., on the value of the elastic modulus E1 of dif
ferent pavement materials, and also the influence of many of these factors on the 
elastic modulus E2 of subgrade soils. 

4. If for any given wheel load and traffic volume a constant pavement thickness is 
specified, then the larger the permissible pavement deflection (critical pavement de
flection) the smaller is the value of the pavement elastic modulus E1 required. Conse
quently, how can flexible pavements be made more flexible to enable higher critical 
pavement deflections to be specified, and thereby take advantage of the lower pavement 
elastic modulus E1 values that could then be employed? 

5. What minimum permissible values of the pavement elastic modulus E1 should be 
specified for various combinations of wheel load and traffic volume to avoid pavement 
failure by shear or plastic flow? 

6. Identification of the environmental factors and of the various mechanisms through 
which they operate to influence pavement strength and loss of pavement smoothness 
with age, and the development of practical methods to control, completely eliminate, 
or minimize the detrimental effects of these environmental forces. 

SUMMARY AND CONCLUSIONS 

1. The empirically derived equation T = K log (P /ey, resulting from the analysis of 
load test data obtained by the Canadian Department of Transport on airport pavements 
in Canada, is reviewed and is shown to belong to the elastic theory category of pave -
ment design methods. 

2. It is shown that the pavement factor K in this empirically derived equation is 
equal to T/- log F w, in which F w is the deflection factor from Bur mister's theoretical 
elastic layered system approach to pavement design. Consequently, this entirely 
empirical equation for flexible pavement design, and Burmister' s purely theoretical 
equations, are mathematically related. 

3. Analysis of the Hybla Valley load test data shows that for any given size of 
loaded area, the pavement factor K varies with pavement thickness and has a minimum 
value at some thickness roughly between the radius and the diameter of the loaded area. 

4. Calculations and a diagram based on Bur mister's theoretical equations are pre
sented which demonstrate that these equations could have been used to predict that the 
pavement factor K would vary with pavement thickness, and that the value of K would 
go through a minimum. 

5. Evidence indicating that for any given wheel load the permissible pavement de
flection must be reduced as the traffic volume is increased, is reviewed. 

6. On the basis of Hybla Valley load test data, the influence of variables such as 
size of loaded area, pavement thickness, and deflection, on values of the pavement 
elastic modulus and the subgrade elastic modulus is investigated, and the need for a 
rapid, simple, precise method for evaluating E1 and E2 for both dynamic and static 
loading conditions is emphasized. 
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7. Evidence is presented that a flexible pavement structure appears to react in the 
same way insofar as its stress-strain characteristics are concerned, whether load is 

- , applied by a pneumatic tire or by a steel bearing plate. 
8. Pavement design charts for a 9, 000-lb highway wheel load have been prepared on 

the basis of an elastic two-layer pavement system, showing acceptable corresponding 
relationships between subgrade elastic modulus, pavement thickness t, and pavement 
elastic modulus. These charts demonstrate that for any specified wheel load, traffic 
volume, and subgrade supporting value, there are many combinations of corresponding 
values for pavement thickness and pavement elastic modulus that are equally capable 
of providing the load carrying capacity required. This enables the best selection to be 
made from the pavement materials available, on the basis of both technical and eco
nomic considerations. 

9. Similar design charts for a 60, 000-lb airplane wheel load are included. These 
provide useful information; for example, when wheel load, traffic volume, subgrade 
support, and pavement thickness are kept constant, these charts demonstrate the in
crease in pavement elastic modulus required for a tire inflation pressure of 200 psi, 
when compared with that needed for a tire inflation pressure of 100 psi. 

10. Data from the Hybla Valley project are particularly useful for study because of 
the great care taken to ensure uniformity of materials and construction procedures. 
It is significant, therefore, that analysis of the Hybla Valley load test data shows that 
for a given loaded area the average increase in load supporting value per inch thickness 
of granular base course varies with base course thickness. Furthermore, the average 
increase in load supporting value per inch thickness of base course reaches a maximum 
at a base course thickness roughly equal to the diameter of the loaded area. 

11. Tables and diagrams based on either Eq. 1, or Burmister's theoretical equa
tions for an elastic two-layer system are included. They show that this elastic theory 
approach to pavement design could have predicted that for each pavement material (at 
least among those normally used for flexible pavements) the average increase in load 
supporting value per inch thickness of pavement varies with pavement thickness. In 
addition, these equations indicate that there is an optimum pavement thickness, usually 
within the range of 1. 5 to 2. 0 times the radius of the loaded area, at which the pave -
ment material develops its maximum average increase in load supporting value per 
inch thickness of pavement. 

12. Consequently, both the empirical load test data from Hybla Valley and the theo
retical equations based on an elastic two-layer pavement system indicate that there is 
a critical or optimum pavement thickness at which a given pavement material provides 
the highest average increase in load supporting capacity per inch thickness of pavement 
of which it is capable. For thicknesses either greater or smaller than this optimum 
thickness the pavement material is less efficient with respect to load supporting value 
and provides a gradually decreasing average increase in supporting value per inch 
thickness of pavement. 

13. A table is provided to demonstrate the serious loss of efficiency in supporting 
value per im;h lhickl1e:;:; of pavemenL Lhal can occur with increasing pavement thickness 
above the critical or optimum thickness. For a CBR 3 subgrade, a uniform pavement 
material with an elastic modulus E1 = 11, 300 psi, a 12-in. diameter loaded area, and 
a critical pavement deflection of 0.1 in., it is shown that at the optimum pavement 
thickness of 10. 5 in. the average increase in supporting value per inch thickness of 
pavement is 340 lb. On the other hand, the 5-in. increment of pavement thickness be
tween 30 and 35 in. increases the overall load supporting value of the pavement struc
ture by only 120 lb per inch thickness of pavement. 

14. It is generally recognized that there is need to conserve the remaining deposits 
of good natural aggregates in many regions. There is also need to upgrade the quality 
of inferior aggregate materials by soil stabilization processes, among which the incor
poration of asphalt binders was shown by the AASHO Road Test to be particularly 
effective. 

Data presented in this paper suggest that the conventional method of flexible pave
ment design, which calls for great thicknesses of granular subbase and base course 
materials over poorer soils, tends to be wasteful of the diminishing aggregate resources 
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because of the inefficiency, in terms of load supporting capacity, of pavement thick
nesses well above the optimum. 

On the other hand, from a purely technical point of view one of the most effectiv e 
methods of conserving aggregate materials would be to upgrade their quality (increase 
their load carrying capacity) by the incorporation of asphalt binders , or by other 
means, until at the optimum pavement thickness or even less they would have adequate 
supporting capacity for the design wheel load and traffic volume to be carried. How
ever, economic considerations will usually establish the permissible degree of upgrad
ing of quality, with its corresponding reduction in pavement thickness, in comparison 
with the cost of the much greater thickness of untreated granular material required. 

15. When all of the material above the subgrade is asphalt treated, the pavement 
thicknesses required are relatively small and the advantages and economies of trench 
construction become possible. 

16. It is shown that the elastic theory layered system approach to pavement design 
provides a simple method for establishing layer equivalencies between different pave
ment materials. 

17. It is pointed out that, up to the present, highway engineers have been gradually 
learning how to build pavements of adequate strength. Data presented indicate that the 
next stage of development in pavement design and construction will involve learning how 
to build pavements that not only are of adequate strength, but which will remain smooth
riding for many years. To achieve this objective, highway engineers must learn how 
to eliminate or adequately control the environmental forces that detrimentally influence 
both pavement strength and pavement smoothness. It is shown that planned stage con
struction can be usefully employed to attain this objective. 

18. In many areas, conventional flexible pavement design, consisting of a granular 
subbase, granular base course, and asphalt wearing surface, will continue to be eco
nomically attractive. Consequently, an approximate method for the design and evalu
ation of elastic multi-layered pavement systems is reviewed and illustrated. 

19. A list of some of the problems concerning the elastic layered system approach 
to pavement structural design on which research is urgently needed, is included . . 
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Appendix 

GLOSSARY OF SYMBOLS 

= elastic modulus of the pavement material er cf the subgradc; 
Bur mister's deflection factor; 
average increase in load supporting value per inch thickness of pavement, psi; 
maximum average increase in load supporting value per inch thickness of 
pavement, in psi (occurs at T0 ); 

= average increase in load supporting value per inch thickness of pavement in lb; 
maximum average increase in load supporting value per inch thickness of 
pavement, in lb (occurs at T0 ); 

= pavement factor; 
unit load applied to the pavement, in psi; 
total load applied to the pavement, in lb; 
perimeter/area ratio of the loaded area; 

= radius of loaded area; 
unit load supported by the subgrade for the same loaded area and deflection 
that pertain to p, in psi; 
total load supported by the subgrade for the same loaded area and deflection 
that pertain to P, in lb; 
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T = pavement thickness; 
T0 = optimum pavement thickness; and 
w = deflection under load, in in . 



Thickness of Flexible Pavements by the 
California Formula Compared to 
AASHO Road Test Data 
F. N. HVEEM and G. B. SHERMAN, Respectively, Materials and Research Engineer 

and Supervising Highway Engineer, California Division of Highways , Sacramento 

For the past several years, the State of California has been using 
a pavement structural design method based on test road data and on 
observed performance of pavement structures. The original formu
la, containing factors for traffic, supporting power of the soil, and 
slab strength of the pavement and base layers, has been modified at 
times as better informa tion bec.a me ava Uable , 

This paper describes not only the design formula but also modi
fications suggested from a study of the AASHO Test Road data. 
Correlation with test track data is shown. 

•SOILS and granular materials have been used in building construction, for walls , 
floors, and pavements, for many thousands of years. Obviously, the ancients must 
have had a great amount of practical knowledge about the use of such materials. When 
the designers and builders of ballistae , catapults, and similar engines of war turned 
their attention to other forms of construction, precise methods for estimating the po
tential behavior of materials began to emerge. The need to design stable earthworks 
was probably most pressing on the military engineers and one of these, Charles 
Augustin Coulomb (1736-1806), was among the first to propose a formula by means of 
which the stability of earthwork embankments m ight be computed. Neverthe less, in 
spite of the long history of engineering works involving earthy materials, formulas 
for calculating the bearing capacity of soils have not been as reliable or perhaps not 
as well understood as are formulas for bridge members and other structures. 

Engineering is a profession that requires an understanding of several sciences and 
disciplines but which depends primarily on a knowledge of materials and how the ma
terials will perform or "stand up" under given conditions. The typical engineer has a 
working knowledge of physics, mechanics, mathematics, and is acquainted with a col
lection of somewhat inexact numbers and values optimistically referred to as "the 
strength of materials." The strength concept seem to be reasonable, sound, and 
"common sense . " However, it is deceptively simple and can be misleading. A layman 
knows that a 12- by 12-in. timber beam will sustain a greater load than will be 2- by 
4-in., and can also grasp the idea that a steel beam will support a greater load than 
a wooden beam of the same dimensions. Carpenters, millwrights, masons, and even 
architects have designed and constructed some fairly elaborate structures without very 
much in the way of recognizable engineering training. However, though the strength 
properties of wood, stone, or iron may be reasonably well appraised by experience or 
intuition, this approach has been less successful in estimating the ability of soils and 
foundations to sustain loads. 

A great deal of the difficulty may be ascribed to the lack of means for identifying 
and measuring the important properties of the materials involved. Although the 
"strength idea" is accepted almost spontaneously and instinctively and presents no 
serious difficulties when applied to such things as steel, timber, and reinforced con
crete, it does become a little blurred and the image rather fuzzy when one tries to 
apply this term to the properties of soils. It becomes even more elusive when applied 
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to cohesionless sand and fails completely to describe the properties of liquids such as 
water. 

Webster's dictionary defines "strength": 

Power to resist force; solidity or toughness; the quality of bodies 
by which they endure the application of force without breaking or 
yielding; a measure of the cohesion of material; firmness; coherence; 
as the strengt~ of bone, beam, wall, rope, et cetera. 

The word "strength" obviously has many meanings and shadings, and it does not mean the 
same thing when applied to different materials and circumstances. One may speak of 
a strong wind or a strong current of water but what is meant is that when either a gas 
or a liquid is in motion it can exert considerable force. A "strong man" may also be 
able to exert considerable force but he cannot necessarily withstand as much as a "weak 
woman." At least women have shown that they often have great powers of resistance! 
One speaks of a strong steel cable or a nylon rope, and such strands are strong in the 
sense of the dictionary definition meaning "cohesion." For most engineering materials, 
the word strength actually denotes only tensile strength, but materials such as soils 
can "endure the application of force" and yet possess little or no tensile strength. It, 
therefore, appears that a more precise general term for these properties is "resist
ance." This term is explicit and may be applied without confusion to a variety of ma
terials. Thus, a strong steel wire or a cable requires a considerable force to over
come its resistance to breaking. A column of stone blocks or a dry rubble wall exerts 
considerable resistance to compressive forces. Even more pertinent to this discussion, 
the common materials of the earth's crust (rock, sand, gravel, soil, or mud) can all 
be shown to offer measurable degrees of resistance to applied forces. But these ma
terials have little cohesion and hence little or no "strength" unless combined with an 
artificial binder such as asphalt or portland cement, and even the tensile strength of 
concrete is not very great compared to steel, for example. 

THE PAVEMENT PROBLEM 

All pavements, regardless of type, rest upon the materials of the earth's surface, 
and though there are a few examples of relatively solid rock subgrades, the vast major
ity of highway pavements are supported by soils or related granular materials having 
low cohesive strength. Nevertheless, a wide variety of soils have "what it takes" to 
support pavements if the pavement structure is "properly designed. ·" This means that 
soils possess some pertinent property other than cohesive strength and this property 
is easily identified as interparticle friction. The importance of both friction and cohe -
sion was recognized by Coulomb, and values for each appear in his formulas. 

To apply the principles of engineering to the structural design of a pavement, the 
engineer must know what properties of materials are involved. Lack of reliable tests 
has been on of the greatest stumbling blocks. Many of the tests that have been applied 
to soils and paving materials do not provide measures of fundamental properties. For 
example, if one wishes to measure the tensile strength of steel, a carefully prepared 
specimen is attached to the jaws of a testing machine and the force required to pull the 
specimen apart is measured. This is a direct measurement of an important property. 
If the strength of concrete is involved, a carefully prepared test cylinder or cube is 
subjected to a direct compression loading. However, even though steel and concrete 
are often combined to produce reinforced concrete structures, one rarely attempts to 
measure the properties in combination. The individual strength properties are evalu
ated by separate tests. Unfortunately, in the case of soils and other granular materials, 
a number of test methods are affected by the two distinct properties acting simultane
ously. 

Many tests provide no means for differentiating between such radically different at
tributes as friction and the cohesive resistance. Though the resistance to deformation 
or displacement due to friction is fairly well defined (if not well measured), the cohesive 
"strength" or resistance is generally defined as "that portion of the resistance to sliding 
that is not affected by the pressure. " This is a negative definition and differs from the 
dictionary definition of cohesive strength. In effect then, the soil mechanics definition 
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of cohesion does not define what cohesion is, it merely says what it is not. The other 
element of confusion arises from the use of such devices as the Mohr circle analysis · 
in which the intercept of the Mohr envelope on the vertical scale is defined as "cohesion." 
Tests on certain obviously cohesionless materials have shown a definite value for the 
intercept which would therefore be defined as "cohesion." Finally, a great many have 
been "thrown off the track" by the substitution of such terms as "shear strength" which 
by itself is not a property of materials; the total resistance to shear being again com
posed of variable portions of frictional and cohesive resistance. The resistance due to 
each of these dissimilar properties combines to produce the total resistance in an end
less variety of combinations. The use of tests such as the CBR test, several varieties 
of direct shear tests, or unconfined compression tests, all tend to reflect or summarize 
some arbitrary combination of friction and cohesion. The relative proportions depend 
on the geometry of the test specimen and speed of loading which usually differ consid
erably from the conditions on an actual roadway. 

Both geologists and agronomists have studied fragmentary stone and the finer de
composition products called" soil" and each group has developed classification schemes and 
names for the numerous varieties of rock, gravel, sand, and soil types. These classi
fications have their uses and have proved helpful to the engineer but none are directly 
fitted to the engineer's problem. As stated by Feld, "an adequate soil classifica
tion scheme for engineers should be based upon engineering properties." All this 
leads up to the point that soil, sand, gravel, and other naturally occurring mineral 
materials possess a number of properties aI11d characteristics and can be variously 
described according to geologic origin, petrographic classification, grain size, soil 
texture, mineralogical composition, or even the chemical compounds involved. These 
classifications may or may not indicate the suitability of the material or the best means 
of treatment for engineering purposes. 

As with all the other sciences concerned with soils, the engineer needs to know what 
properties are important to him and what determines the ability of the soil to support 
loads, and having identified these properties he must then know what test methods to 
use to measure them. This is a step that must be made first as no reliable or valid 
mathematical formula for structural design can be developed unless it includes numer
ical values to express real and essential properties of the materials involved. 

In 1948 a design formula for calculating the thickness of pavements (1) was reported 
which includes an expression for the measured resistance value of various soil or 
granular layers and for the tensile strength or cohesive resistance of all elements 
composing the pavement structure. The basic data for the relationships developed 
were derived from a small but full-scale project known as the Brighton test track con
structed bv the California Division of Highways in 1940. For an expenditure of less 
than $100,000, it was possible to construct and operate a test track that included eight 
different types of base material varying in thickness from 3 to 18 in. resting on the 
same saturated silty clay soil having a CBR value of about 3 or an R-value of approxi
mately 17. The track was subjected to a loaded truck and at the end of the operation 
il was evident that the thickness required for the various types of base did not show 
any consistent relationship to the CBR value or the resistance value for the base ma
terial itself, but there was an orderly and consistent trend with the tensile strength of 
the materials as measured by the cohesiometer. This test track made it possible to 
assign tentative values to some of the variables such as the effects of wheel load and 
repetition. Though the underlying soil on the test track was uniform throughout and 
gave no range of value, some additional check points were obtainable from observa
tions on the State highway system. A few scattered examples where the pavement 
thickness had been varied over different types of soils made it possible to establish a 
relationship. The establishment of a scale of values for soil support was greatly 
simplified by the fact that the thickness of pavement structure required bears a linear 
relationship to the resistance value of the soil as measured by the stabilometer. There 
was no opportunity to introduce a variation in tire pressure so the effects of this vari
able were not established. The equation developed at the time was 



in which 

(KP/a log r) (Ph/ Pv - 0. 10) 
T :: rE 

T = thickness of cover (base and pavement) (in.); 
K:: 0. 0175 for best correlation but without any factor of 

safety (for design purposes, it is suggested that K= 0. 02); 
Ph = transmitted horizontal pressure in the stabilometer test (psi); 
P = applied ver tical pressur e in the stabilometer test (typically 

V 160 psi); 
P = effective tire pressure (psi); 
a = effective tire area (sq in.); 
r = number of load repetitions; and 
C = tensile strength of the cover material as measured 

by the cohesiometer in grams per square inch 
(approximately equals modulus of rupture x 45. 4). 

145 

(1) 

Eq. 1 was simplified by reducing the effects of load and repetition to an expression 
termed the traffic index and by reducing the stabilometer data to a resistance value 
R. Eq. 1 then becomes 

in which 

T = 0. 095 
(traffic index) (90-R) 

::J cohesion value 

T = required thickness of cover; and 
R = resistance value by stabilometer. 

(2) 

This equation was used for the design of pavements, and any discrepancies that became 
apparent between prediction and performance were noted and modifications in the testing 
and design procedure were introduced as seemed to be warranted. 

On the completion of the WASHO test road in Idaho, attempts were made to check 
the California formula by comparison with the performance on the WASHO test road. 
Unfortunately, the design of this project was such that only a very few definite points 
could be established. Although the usable data from the WASHO road agreed with the 
predictions of the formula, they were insufficient to confirm its validity over any 
substantial range (Fig. 1). 

The tremendously larger AASHO test road in Illinois furnishes a great deal more 
data and gives a much wider range of values for checking a previously established 
structural design formula. To make a comparison between calculated values and test 
road data, the various materials, basement soils, granular base, subbase, and asphaltic 
pavement were tested and evaluated according to the California procedures. The wheel 
loads and number of trips were converted through the equivalent wheel load calculation 
to the traffic index number. With values derived by laboratory tests of the Illinois 
materials and calculations for the traffic, it is possible to arrive at a design thickness 
based on the California formula (1957 Model). The calculated thicknesses may then be 
compared with the actual thickness reported to be necessary on the test road. The 
correlation is shown later in Figure 5. The statistical values showing a standard error 
of estimate of ± 2. 7 in. and a coefficient of correlation of 0. 87 (Appendix B) seem to 
confirm the ability of the California design formula to predict the thickness of pavement 
required for a wide variety of traffic loads and materials. 

The test road data, however, neither prove nor disprove the applicability of the 
California formula to other types of soil or granular base materials. The test road 
pavement structures were supported by only one type of basement soil. Because of this 
lack of variables on the AASHO project, it is not possible to develop a design formula 
by using the test road data alone. Also, the statistical-type formulas developed by the 
road test staff have no terms or identities that permit application to soils differing in 
properties and ability to support loads from those used on the test road. The test road 
formula does not identify or indicate means for measuring the properties or physical 
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conditions that account for the performance of the subbases, bases, and asphalt pave
ment types. 

FACTORS TO BE CONSIDERED IN A DESIGN FORMULA 

A design formula for the structural elements of a pavement should embody all the 
important factors that affect the ability of the pavement structure to sustain vehicle 
loads over a substantial period of years. There have been many formulas proposed. 
M. S. Kersten (2) has listed 22 different ones. Some of these were based on theoret
ical concepts, others were completely empirical, and some represented a mixture of 
the two approaches. The factors that influence the over-all performance of a pave
ment are so numerous and the desirable attributes of a pavement are so diverse that 
it seems impossible or highly improbable that all of these variables can ever be in
cluded in a single formula, or if such a formula were constructed, only a highly sophis
ticated electronic calculator could hope to reach a solution. Even then, a certain allow
ance would be needed for the inability to do a perfect job. 

Figure 2 is included to show the variables that can affect the performance of an 
asphait pavement. At least 30 items have been identiiied. However, design formulas 
rarely need to cover every factor, and many of the variables shown in the figure can be 
ignored or combined into a single element in the formula. 

As an example of the simplification that is possible and quite practicable, an adequate 
structural design might be described as one that produces an economical or efficient 
pavement that will neither crack nor deform under the assumed traffic during the design 
life of the pavement. (Guarding against disintegration types of failure is primarily a 
question of mixture design and quality of materials rather than a structural design 
problem.) Column 3 of Figure 2 shows that there are three primary factors; namely, 
the effects of traffic, the strength of the pavement, and the ability of the foundation 
to support the load. The primary factors have the following relationship: 

T = KD (90-R) (3) 
s 

in which T = thickness; K = constant; D = destructive effect of traffic; R = resistance 
value of support; and S = strength of pavement structure. 
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To derive a number to express the effect of traffic, it is necessary to consider 
Columns 4 and 5 which list some of the subdivisions that make up the traffic load effect 
or "the destructive effect of traffic. " The principal variables are the total wheel load 
in contact with the pavement and the number of times this load passes over the pave
ment. The area of load influence is a factor but the problem has thus far been simpli
fied for highway traffic as the maximum tire pressure on most motor trucks is in the 
order of 70 or 80 psi for the heavier vehicles. The axle spacing or "the proximity 
factor" is confined to only two typical configurations; namely, single axles soire 15 ft 
apart or tandem axles (2 axles within 4 ft). Although the comparative effects of tandem 
axles vs single axles differ markedly as those between flexible pavements and rigid 
pavements, nevertheless, it is possible to convert these two types of axle spacings to 
a common denominator for each type of pavement. 

Examining all the available data which include the Brighton test track, the Stockton 
track (constructed by the Corps of Engineers), the WASHO and the AASHO projects, it 
appears that the relative effects of traffic may be expressed as follows for flexible 
pavement design: 

(
w)o. 050 0, 119 

Tl=l.30 5 r (4) 

in which 

TI = traffic index; 
W = wheel load in kips for tandem axles (W = 1. 10 individual 

wheel load); and 
r = number of load applications. 

This equation assumes a tire pressure in the range of 50 to 100 psi but does not provide 
for effects of extreme variation in tire pressure as there are insufficient data available 
to indicate how variation in tire pressure may affect the performance of a road structure. 

Figure 2 also shows there are a number of factors that compose the over-all prop
erties of the pavement. Primarily, there is a question of stiffness or the resistance to 
bending. The term "stiffness" has been borrowed from a report by L. W. Nijboer and 
C. van der Poel (3). Nijboer computes stiffness from 

Fp 
S = (12) 

Xp 
(5) 

in which 

F = force acting on pavement in newtons [limits of FP between 10
4 

P newtons (1 ton) and 2 x 104 newtons (2 tons), respectively]; and 
~ = deflection of the pavement in microns. 

Therefore, the term "stiffness" bears a simple mathematical relationship to the de
flection of the pavement, and as used by Nijboer, "stiffness" implies the resistance of 
all components including the pavement, bases, subbases, and the underlying soil. For 
design purposes it seems preferable to associate the concept of stiffness with the pave
ment and base structures alone, in which case there will not be a consistent relation
ship between "stiffness" and "deflection" as the character of the supporting soil will 
then represent a variable: resilience. 

Stiffness of a "flexible" pavement is influenced by the thickness, the type and amount of 
asphalt, and the temperature. This means that an asphalt pavement has a high degree of 
stiffness during cold weather and it also means that the lower courses provide greater 
stiffness in warm weather than the same mixture in the surface layer exposed directly to 
the sun. The stiffness of all materials can be expected to increase with the thickness of 
the layer but in the case of asphalt pavements the effect is enhanced by the lower tempera
tures in the bottom courses, especially where the pavement is of substantial depth. Flex
ibility is more or less the opposite number, or complement, of stiffness. This is a prop
erty not easily measured but it may enable a pavement to survive the flexing over resilient 
or springyfoundations. It is adifficultvalueto include in a simpledesignformula. 
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The word "stiffness" is also not entirely applicable or adequate to express the man
ner in which a pavement structure functions. The concept of "stiffness" is readily vis
ualized in the case of a thick asphalt pavement. It is even more descriptive of a port
land cement concrete slab, but a substantial layer of crushed stone or gravel will have 
the same effect, within the limits of its own resilience, in reducing deflections. Pre
cisely speaking, the term stiffness hardly seems appropriate for a bed of cohesionless 
material. Nevertheless, in the absence of a better term, a thick layer of sand or gravel 
may be said to have "stiffness." The question of pavement stability and resistance to 
water action are properties that fall into the area of mix design and need not ordinarily 
be considered in a structural design formula. 

The process of assigning strength or resistance values to foundation materials must 
resolve a great many variables due to the wide variety of materials that may be in
volved. The treated bases and subbases may possess properties similar to that of the 
pavement layer, whereas granular bases and underlying soils are generally low or 
completely lacking in tensile strength or cohesive properties. As inferred in the pre
ceding, a great deal of the so-called fundamental or theoretical approach to the design 
problem has focused attention on the elastic properties but for the most part it is the 
plastic properties of soils, subbases, and granular bases that have caused the most 
trouble. Again, one must recognize the very dissimilar response of friction and co
hesion to most tests or loads. 

The stabilometer furnishes a means for measuring the internal friction or granular 
materials under load. When solid particles such as stone or sand grains are coated 
with asphalt or wet clay, a lubrication effect is introduced as soon as a sufficient quan
tity of the lubricant has been added. Obviously, the amount needed and effects produced 
may vary considerably. Rough crushed stone particles are difficult to lubricate, whereas 
smooth polished gravel and sands will tolerate only small amounts of asphalt or wet clay 
additions. The problem of stability of asphalt pavements or the ability of granular bases 
and subbases to support a pavement depends very largely on the friction or the degree 
to which the friction has been reduced or lost by lubrication. Thus, the designer of 
bituminous mixtures or clay-bound stone bases is confronted with the fact that the very 
materials added to increase the cohesion (strength) will also reduce the friction through 
lubrication whenever sufficient amounts have been added. 

When the cohesive effect is provided by a viscous liquid such as asphalt it becomes 
impossible to summarize the two unlike properties except under some specific condi
tion of load area and speed of loading. Furthermore, the two properties are individually 
important and each is most effective in certain regions or zones of the pavement struc
ture. A bed of cohesionless crushed stone, gravel, or sand will support traffic pro
vided the surface is covered with an adequate thickness of material that does possess 
some cohesion. A surface treatment or seal coat on a gravel road is an example, but 
to be successful, a certain depth of the gravel must have some coherence or cementing 
action furnished by a soil binder. In contrast, a thin seal coat would be completely 
ineffective on a bed of clean beach sand. There is ample evidenc~ therefore to show that 
an adequate pavement structure must provide an upper layer of material having some 
coherence or tensile strength, and the thickness of this layer must increase with in
creasing wheel loads. Beyond this critical depth, a completely cohesionless gravel or 
sand will serve quite well and will often prove to be less critical and give more lasting 
service than will base and subbase layers cemented with natural materials. Natural 
materials may consist of soil including clay or fines produced by degradation of the 
aggregate. Figure 3 shows the regions in the pavement structure where cohesion and 
friction are most influential or important. Figure 4 is an alignment chart suggesting 
the depths of pavement and/or cohesive base layer that is required over a completely 
cohesionless material. 

For various magnitudes of wheel loading, the AASHO test road furnishes examples 
that supplement observations on the performance of actual highways. On Loop 2, the 
thin bituminous surface treatment resting directly on the soil gave a better performance 
and sustained a greater number of trips before failure than did the same thickness of 
surface resting on the gravel, yet the soil had a lower CBR and a lower R-value, and 
would be considered to be far less adequate by most methods of evaluation thus far 
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Resistance in these upper reglon9 
depends upon flexural strength 
( Tensile 1 Cohesion) 

Resistance in thi1 
lower region is 

primarily dependent 
upon interporticla 
friction ( R-Value) 

Probable path, 
of particle flow . 

Weight of materia I 

outside of load also 
provides restraint . 

Figure 3, Plastic flow phenomena in soils supporting a pavement. 

developed. Referring to Loop 5, the wedge sections 457, 458, 467, and 468 also dem
onstrate that the failure of the pavement was due to the gravel base as it failed as 
readily with 15 in. of base depth as with 5 in. 

In the California formula, one of the factors that reflects the effect of pavement 
thickness is the (90 - R) factor which in effect states that a material of 90 R-value would 
be of sufficient strength to support any highway traffic load. This expression was de
veloped from early data when the formula was devised and was based on extrapolations 
from rather light traffic. Furthermore, the factor appeared to correlate with Calif
ornia experience. 

The data from the AASHO Road Test 
would indicate that a more rational ap-
proach to determining thickness of-pave
ment for heavy traffic would be to use a 
factor of (100 - R). This would provide 
adequate thickness over most of the sec
tions that appeared to fail because of in
adequate base cover. This adjustment in 
the (90 - R) factor is made possible 
through more accurate information on the 
effect of traffic and also by adjustment of 
the cohesion factor in the formula. Again, 
in the gravel base wedge sections in Loop 
5 of thP. Road Test; 4 1

/2 in. of asphalt 
concrete, in lieu of the 3 in. provided 
would have been required over the base 
material if any of the base thicknesses 
were to have survived the Test Road traf
fic. Likewise, in Loop 4, for the same 
wedge of gravel base, it would appear that 
3% in. in lieu of 3 in. would be 1·equired 
for the traffic of Loop 4 to have been sat
isfactorily carried over the wedge for the 
duration of the project. These increased 
thicknesses of surfacing over these cohe
sionless gravel materials would have al
lowed the effect of gravel thickness to 
have been measured in a uniform and con
sistent manner, with the principal variable 
being thickness of base. 
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Figure 5 shows the correlation between the thickness computed by the California 
method (1957 revision) (4) and the actual minimum thickness found to be adequate on 
the AASHO test road. It appears that the greatest discrepancy between the predictions 
of the Califor nia formula and the actual performance is in the bituminous base sections, 
and it is therefore evident that the assumed cohesive strength value that has been used 
for California asphalt pavements is not adequate to account for the performance of the 
thick asphalt section on the test road. 

To evaluate the Test Road performance of thicker asphalt concrete sections properly, 
it was necessary to revise the scale of cohesion values used in the California formula. 
The original formula assumed there was a cohesion of 100 for gravel and no materials 
would be less than 100. However, in trying to evaluate the AASHO test road, it became 
evident that the gravel base, for example, had far less than 100 cohesion. Actual tests 
performed on this material indicated a cohesion of only 20 g per lineal inch. Cohesions 
on the crushed rock base material had a value of only 30. To obtain more accurate def
inition with the design formula, it appeared expedient to change the basic cohesion for 
cohesionless materials (such as the AASHO subbase) from 100 to 20 and to use a value 
of 30 for crushed rock bases. The use of a more cohesive material (such as asphalt) 
or a cementitious material (such as portland cement) has a greater effect in the reduc
tion of thickness of section. An evaluation of the effect that bituminous bases have on 
performance of the wedge sections of the Test Road provides some information. Table 
15 of AASHO Road Test Report 5 gives information showing the equivalencies in terms 
of inches of gravel for both the bituminous-treated and the cement-treated bases. From 
the AASHO information, the equivalencies in Table 1 were developed. 

TABLE 1 

EQUIVALENCIES OF TREATED BASES 

Eg,uivalencr {in. of stone base per inch of treated base1 

App. Basea Loop 3 Loop 4 Loop 5b Loop 5c 
(1, 000) Type 

12K-S 24K-T 18K-S 32K-T 22. 4K-S 40K-T 30K-S 48K-T 

100 CTB 1. 8 2.2 1. 9 2.0 
BTB 2.9 3.2 2.4 2.3 3.0 2.9 

300 CTB 1. 7 1. 8 1. 6 1. 6 
BTB 2.8 2.9 2.2 2.3 1. 9 2.3 

500 CTB 1. 7 1. 6 1. 5 1. 5 
BTB 2.7 3. 0 2.3 2.4 1. 7 2.1 

700 CTB 1. 6 1. 6 1. 5 1. 5 
BTB 3.1 3.1 2.2 2.4 1. 7 1. 8 

900 CTB 1. 6 1. 6 1. 5 1. 5 
BTB 3.3 3.1 2.2 2.4 1. 7 1. 7 

1,114 CTB 1. 6 1. 6 1. 5 1. 5 
BTB 3.4 3.1 2.2 2.4 1. 7 1. 7 

Average CTB 1. 7 1. 7 (1. 65) (1. 65) 1. 6 1. 6 
BTB 3.0 3.1 2.3 2.4 2.0 2.1 

bCTB = cement-treated base; BTB = bituminous-treated base. 
Because t here was no stone base wedge section in Loop 5, the average equival.ency for 
CTB (1.65) from Loops 4 and 6 was assumed to be correct for Loop 5 al.so, and this 
value was used for comparison with the B'I'B sections. Data for Loop 5 are, therefore, 
interpolations. 

cFor Loop 6, 4 in. of subbase was replaced by 3.5 in. of stone base for comparison 
purposes. 
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Table 1 would indicate that cement-treated bases have an equivalency of 1. 65 in. of 
gravel to 1 in. of base. This agrees quite favorably with California experience in which 
a factor of 1. 75 to 1 is currently being used. 

From the information on bituminous bases, on the other hand, it is apparent that the 
magnitude of load has a marked effect on the equivalency of bituminous bases. It is 
suspected that there is also an effect due to depth of layer and the number of repetitions. 
However, in these latter two cases, it was not possible to isolate the variables by means 
of the information available. It is possible that one effect offsets the other. 

A study of air temperature data at the AASHO test road and corresponding pavement 
temperature data indicated that an approximate average pavement temperature of about 
72° would represent the over-all condition of the test road pavement. Cohesion (tensile 
strength) tests were made on AASHO pavement cores tested at various temperatures. 
The results are shown in Figure 6. At 72°, the cohesion value of the AASHO mix is 
5,000 g per lineal inch. The recovered penetration of the asphalt in these cores was 
37. (Cohesion test is performed by breaking a 2%- by 4-in. diameter test specimen 
by bending. Cohesion value equals the grams per lineal inch to break specimen when 
the load is applied on a 30-in. lever arm (6).) 
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Figure 6. Cohesiomet er val ue s of b i t umi nuous pavement at vari ous tempe r atures . 
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To compare a normal California mix using a good crushed California aggregate and 
asphalt manufactured on the Pacific Coast the remaining series of tests shown in 
Figure 6 were performed. For these California mixes, the cohesion at 72° would be 
only 2, 000 g per lineal inch. 

Most observers would agree tha t the equivalency of a rigid layer of material, in 
terms of inches of gravel, should be directly related to its tensile strength and its 
depth of s e ct ion. A somewhat differe11t s ituation exists in the case of bituminous layers, 
for in this case, strength is related not only to composition but also to temperature 
(Fig. 6). A bituminous mix varies in temperature from top to bottom, consequently 
there is a variation in that portion of its strength that is dependent on the viscosity of 
the asphalt binde r. 

To evaluate the property of cohesion, an empirical formula was developed to fit 
AASHO conditions: 

in which 

E 
8 '\ 2. 5 

C = cohesion at 72° W+2") 

C = equivalent cohesion; and 
W = applied wheel load in kips (26 ). 

Also, for gravel equivalency (GE), 

GE= ( 
C Vo, 2 

cohesion of grave 

(6) 

(7) 

Figure 6 indicated that mixes in themselves have widely divergent tensile strength 
characteristics; in ordinary highway design problems, an equivalency correction for 
wheel load would not be a simple matter because mixed traffic is involved and the 
weight of individual axles is rarely known, except on a statistical basis. However, 
assuming that lightly traveled roads will generally be designed for light loads, and 
heavy industrial roads will be subjected to heavy loads, a general relationship between 
equivalency and traffic index can be established. 

Figure 7 is an empirical development from AASHO test road data which provides a 
means of adjusting equivalency for mixes that do not have the tensile strength char
acteristics of the AASHO asphalt concrete. These reductions in equivalency are neces
sary and need to be considered if flexible pavements are to be designed with the assur
ance of an adequate life. In California, therefore, it is proposed that a series of equi
valencies be used that are based on the predicted traffic. 

The proposed equivalencies taken from Figure 7 are given in Table 2. It covers a 
complete range of traffic currently using California streets and highways. 

The coefficients in Table 2 would appear to challenge the validity of the coefficients 
D1, D2, and D3 which were developed in the formula explaining the performance of the 
AASHO Road Test. These coefficients were obtained by statistical analysis of the 
factorial sections and most surely expressed what happened at the AASHO Road Test, 
yet there are the wedge sections and they, by this analysis at least, do not necessarily 
agree with the factorial sections. If the evidence reported by the British Road Test 
(8) that 6 in. of bituminous base is equivalent to 10 in. of gravel is added to this, as 
well as Nichols' report from Virginia (9) concerning distress of a number of asphalt 
base projects in which the total base and surfacing equaled 9 in. , it would appear that 
there are other factors to consider before a single standardized ratio of equivalencies 
can be established for use under all conditions and all .geographical areas. In Table 2 
there is an attempt to indicate the ranges of equivalencies that might be encountered 
due to varying traffic conditions or varying quality of the asphalt concrete layer itself. 

In 1957, the method for calculating traffic index in the California formula (4) was 
revised. The formula, based on test road data and experience available at that time, 
was 

, ( W )s _o, 113 

TI = I. 35 L \:-5° repetitions J (8) 

in which 



TI = traffic index, a number directly proportional 
to the required thickness of structural section. 
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The AASHO Road Test data were reviewed to determine the validity of the exponents 
in the for mula. The number of applications at present serviceability index (PSI) = 2. 5 
was plotted vs the gravel equivalent of the individual sections. The plots on log log 
paper yielded the slopes given in Table 3. 

Table 3 shows that the use of different base materials results in different deteriora
tion rates due to applications of a given load. However, the estimating of future traf
fic for purposes of design is, at best, only an approximation. Therefore, refinements 
in the exponent due to base type are not justified until methods of traffic prediction are 
greatly improved. To encompass all reasonable possibilities, it appears that the ex
ponent of 0.119 would provide a reasonably satisfactory value. 

Using the same procedure as the preceding, a tabulation was made for the same test 
sections in which curves of wheel load vs gravel equivalent were plotted for the indi
cated number of applications. The slopes are determined for the wheel load exponent. 
The tabulation is given in Table 4 and typical curves are shown in Figure 8. 

In Table 4 the factorial sections were omitted because sufficient data were not 
available to interpolate exact thicknesses for given numbers of repetitions. 

The average value of 0. 48 is sufficiently close to a theore tical value of 0. 50 to justify 
the use of the latter figure. Using the value of 0. 50 the formula for thickness becomes 
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TABLE 2 
PROPOSED EQUIVALENCIES FOR BITUMINOUS MATERIALS 
SHOWING THICKNESS OF GRAVEL LAYER REQUIRED TO 

EQUAL 1 IN. OF ASPHALT CONCRETE PAVEMENT 

Gravel Equivalency (In. ) 
Class of Road Traffic Index AASHO Calif. 

Range Mat'!. Mat'!. 

Heavy industrial 12 2. 0 1. 6 
11 2.1 1. 7 

Heavy truck traffic 10 2. 2 1. 8 
9 2. 3 1. 9 

Medium truck traffic 8 2. 4 2.0 
7 2. 6 2. 1 

Light truck traffic 6 2. 8 2.3 
Residential streets 5 3. 0 2. 5 

4 3.0 2. 5 

T = constant w°· 50 r 0
• 

119 (9) 

in which 

T = thickness; 
W = wheel load; and 
r = repetitions. 

From Eq. 9, wheel load constants 
may be calculated which may be applied 
to mixed traffic: 

(10) 

If T1 = T2; W1 = 5,000 lb; and r2 = one 
repetition of load W 2, then 

TABLE 3 
SLOPE VALUES OF APPLICATION VS GRAVEL 

EQUIVALENT CURVES 

Slope of Application vs Gravel 
Eguivalent Curve 

All 
BTB CTB Stone 

Loop Lane Factorial Wedge Wedge Wedge Sections 

l 0.118 0.088 0.137 
2 0.099 0.111 

4 1 0.146 0. 100 0. 067 
2 0.141 0. 127 0.064 

5 l 0.093 0. 100 0.082 
2 0.103 o. 080 0. 103 

6 1 o. 097 0. 162 0. 086 0. 046 
2 o. 090 0. 161 0 . 099 0. 044 

Avg. 0.112 0. 115 0.099 0. 078 

TABLE 4 

SLOPE VALUES OF WHEEL LOAD VS GRAVEL 
EQUIVALF.NT CURVES 

Applications 
of 

Load 

100,000 
300,000 
500,000 
700,000 
900,000 

I, 114,000 
Avg. 

Slope of Wheel Load vs Gravel Equiv
alent Curve 

BTB 
Wedge 

0.504 
0.535 
0.595 
0.636 
0.653 
0.668 
0.599 

CTB 
Wedge 

0. 411 
0.476 
0.431 
0.394 
0.349 
0.359 
0.403 

Stone All 
Wedge Wedges 

0.563 
0.488 
0.455 
0.380 
0.349 
0.347 
0.430 0.48 

W )4.2 
r1 = ( T equivalent 5-kip wheel loads (EWL) (11) 

The constants are called EWLe2 to differentiate from previous EWL calculations made 
by the California Division of Highways. 

The details of using this method to obtain constants applicable to mixed traffic are 
outlined by Sherman (4 ). Briefly, the method consists of a statistical sample of traf
fic as weighed at various loadometer stations throughout the State. The development of 
the method is given in Table 5 where axle weights have been grouped together to show 
variations within classes of trucks (such as 2-, 3-, 4-, 5-, or 6-axle trucks. In the 
table, wheel load factors for the 3-, 4-, 5-, and 6-axle trucks show a variation within 
a given wheel load group. This is due to allowance for tandem effect. Based on road 
t.P.st. n~ta; a 10 percent effect ,1.12.s allo1.1.1ed for each pair cf tn.ndcms include d. The 
number of tandem vehicles for each class of truck is estimated, using tables published 
in House Document 91, 1st Session, 86th Congress. This document contains a large 
sample of truck combinations and loadings for various geographical areas of the 
United States. It contains sufficient information to establish the percentage of single
and tandem-axle combinations for each load group. These percentages were applied 
to the loadometer tables of the California Division of Highways to determine the average 
wheel load factor for each class of truck and for each loading. 

Table 6 gives the totals arrived at in Table 5 and develops the EWLa2 constants for 
computing average daily traffic. 

Because California traffic counts are reported as the total vehicles in two directions, 
the truck constants developed in the last column of Table 6 are for these bidirectional 
counts. Further the constants in Table 6 are based on 1959 traffic, and any increase in 
allowable load limits will result in higher constants. These constants multiplied by the 
estimated number of trucks of each axle grouping will total to the design equivalent 
5, 000-lb wheel loads (EWL). Constants could also be determined quite readily for 
equivalent 9, 000-lb wheel loads. 



TABLE 5 

CALCULATIONS TO DETERMINE YEARLY ADT CONSTANTS FOR TRUCK GROUPS BASED ON 1959 STATEWIDE LOADOMETER SURVE"Y3-

2-Axle Trucks 3 -Axle Trucks 4-Axle Trucks 5-Axle Trucks 6-Axle Trucks 

Axle Wheel EWL EWLb EWLb EWLb EWLb 
Group Load Per No. EWL Per No. EWL Per No. EWL Per No. EWL Per No. EWL 
(kips) (kips) Axle Axles Axle Axles Axle Axles Axle Axles Axle Axles 

2- 8 2 0.02 1,939 39 0.02 931 14 0.02 1, 104 21 0.02 3,313 55 0.01 153 3 
8- 9 4% 0.51 115 59 0.45 241 108 0.48 108 51 0.39 859 331 0.44 31 13 
9-10 4% 0.81 77 63 0.72 212 153 0.73 90 65 0.62 492 302 0.73 36 26 

10-11 51/4 1. 23 64 79 1. 08 157 170 1.10 53 58 0.93 253 235 1.10 27 29 
11-12 5% 1. 80 49 88 1. 58 105 165 1. 51 54 82 1. 37 261 357 1. 55 19 29 
12-13 61/4 2.54 45 114 2.25 76 212 2.16 50 108 1. 99 290 578 2.22 11 25 
13-14 6% 3.52 34 120 3.16 71 224 3.00 56 168 2.93 409 1,198 3.07 23 70 
14-15 71/4 4.75 28 134 4.24 105 444 4.05 64 259 3.97 515 2,041 4.15 20 83 
15-16 7% 6.3 28 177 5.6 114 641 5.3 55 290 5.2 667 3,494 5. 5 12 66 
16-17 8% 8.2 15 123 7.3 66 483 6.9 53 365 6.8 675 4,611 7.2 8 57 
17-18 8% 10.5 29 305 9.4 38 358 8.8 39 342 8.7 615 5,362 9.1 6 55 
18-19 91/4 13.2 15 198 11. 9 16 190 11. 2 26 290 11. 0 276 3,039 11. 5 1 12 
19-20 9% 16.5 3 50 14.8 1 15 13.9 9 126 13.8 40 551 
20-22 101/2 22.6 4 90 20.1 18.8 4 76 18.6 11 205 
22-24 111/2 33 1 33 32 28 1 28 27 9 245 
24-26 12% 47 45 39 39 3 117 

Total No. Axles 2,446 2,133 1, 763 8,688 347 
Total EWL 1,672 3,177 2,329 22,721 468 

aPercentage of single and tandem axles extracted from House Document No. 91, 86th Congress, 1st Session, 
bBased on tandem effect (i.e., one tandem= one single 10 percent heavier than tandem wheel load). 

March 2, 1959 . 
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TABLE 6 

TABLE OF AVERAGE DAILY TRUCK CONSTANTS FOR 
VARIO US CLASSES OF TRUCKS 

No. of Total No. Total EWL per EWL per EWL for EWL/Year for 
Axles Axles EWL Axle Truck 365 Daysa One Truck in 

Per Truck One Directionb 

2 2,446 1,672 0.684 1.368 499 250 
3 2, 133 3,177 1.489 4.467 1,630 815 
4 1, 763 2,329 1. 321 5.284 1,929 965 
5 8,688 22,721 2.615 13. 075 4,772 2,385 
6 347 468 1. 349 8.094 2,954 1,475 

:constants when traffic counts cover traffic in one direction only. 
Constants when traffic counts include bidirectional traffic. 

The EWL may be converted to traffic index by 

TI = 1. 30 (EWLe2) 0· 119 (12) 

A typical traffic index calculation is shown in Appendix A. 
Those who are familiar with and have used the California method previously will 

note a substantial reduction in the EWL constants. However, the relation between 
constants(i.e., the ratio of 2-axleto5-axle or 3-axleto6-axlevehicles)hasnotgreatly 
changed. Also, for a given traffic situation the new EWL constants will result in virtually the 
same traffic index. For example, in Appendix A, the EWL57 would have a traffic index 
of 10. 7, whereas the new 1962 constant will yield a traffic index of 10. 9. 

Having re-evaluated the various factors of the design formula in light of the AASHO 
data, it would appear the formula should be changed to read 

Th . kn 0. 070 (traffic index) (100 - resistance value) 
1c ess = -------- ----------- - (13) 

(cohesion)0· 2 

Also in Appendix A is a typical example showing the pavement thickness calcula
tion using the nomograph (Fig. 11) that solves the suggested new formula. This calcula
tion illustrates how each layer may be 
evaluated, one on top of the other, to give 
the most economical thickness of cover 
material. Naturally, when applying this 
formula on a broad-scale highway system, 
some additionai factors of safety may be 
allowed, especially when the traffic 
factor cannot be accurately estimated. It 
is, of course, uneconomical to change 
structural sections too often on a single 
project so that some "rounding off" in 
sections is needed. For these reasons, 
may States provide design standards for 
minimum thicknesses of pavement and 
base for certain traffic conditions and 
allow only the subbase layer to be varied. 
In the example shown in Appendix A, how
ever, the thickness determined by for
mula is shown. 

By introducing an expression for an 
increased tensile strength allowance, 

"' "' ,:; 

~ 30 1---l---l--+-----li----t--+----l---,;;...-F:;.,1~ 

A= 300,000 Applicot,ons 

o = 700,000 Appl1cot1ons 

a= 1,l I 4,000 Applicat,ons 

6 9 10 11 12 13 14 15 

Whee! Lood in Kips ( 10% Tandem Effect) 

Figure 8. Log gravel equivalent of pave
ment section vs log wheel load. 
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coupled with a readjustment of the load and repetition exponents, a better correlation 
with the test road data is obtained (Fig. 9). The improved correlation is measured 
numerically by the reduction in the standard error of estimate from ± 2. 7 in. shown 
in Figure 5 to ± 2. 2 in. and the increase in coefficient of correlation from 0. 87 to 0. 93. 

Figures 5 and 9 contain the statement that the sections that failed during the first 
spring thaw are omitted. The reason for doing this was lack of time to study all of the 
sections on the flexible pavement portions of the Test Road, and because most of the 
highway mileage in California is in frost-free areas, an analysis was made first on those 
sections that survived the first spring thaw. These two charts (Fig. 5 and 9) report the 
results of this study. 

Also, in Figure 9 all the error is being placed in the subbase layer. This gives a 
maximum error of estimate and a minimum coefficient of correlation when such things 
are evaluated in terms of thickness of section. The reason for this is obvious in that 
the error between actual and calculated thickness must be determined first in terms of 
gravel equivalent thickness, then converted to inches of surface, base , and subbase. 
Subbase, having the lowest equivalency, gives the greatest error. Surface material, 
having the highest equivalency, will give the lowest error. 

An example of how the correlation factors might be changed is shown by Figure 10 
which shows the data for all sections on the road test. This represents the same plot as 
that in Figure 9 except that the difference in gravel equivalent was prorated by thickness 
of layer to surface, base, and subbase. When this is done, the error of estimate ± 2. 2 
in. in Figure 9 becomes ± 1. 2 in. and the coefficient of correlation raises to 0. 98. 

SUMMARY 

Figures 9 and 10 serve to illustrate the influence of the method used to judge the 
efficiency of-a design form,ula. These figures also show that the thicknesses computed 
by means of the California formula (based on measured properties of the basement 
soil, the subbase, base, and surface, also the effects of traffic expressed by the 
traffic index) ai·e in nearly all cases equal to or greater than the thickness indicated 
in the serviceability index of 2. 5 on the test road. A similar relationship could be 
shown for 2. 0 or 1. 5 serviceability index. This is the only relationship that can be 
justified, as a design formula should provide a structure stronger than any section 
known to fail. In other words, no portions are expected to show failure within the 
design life of the project. It may be argued that this provides too great a factor of 
safety and that the theoretical thickness, in many cases, would be excessive compared 
to the depths reported as just adequate on the test road. In judging the validity of a 
pavement design formula by comparing the calculated thickness with test road data, 
the following facts must be considered: 

1. Every effort was made to secure a high degree of uniformity on the test road, 
and no such uniformity of performance can be expected on a highway constructed by 
ordinary methods. 

2. Traffic was continued on the test road for a period of only two years. This means 
that the test road did not undergo the large number of cycles ranging from high to low 
temperature and from wet to dry which affects the performance of a highway over a 
period of many years. 

3. The asphaltic pavements and bases on the test road were only two years old at 
the end of the test. Virtually all asphalts harden to some degree and become brittle 
with age. One could not assume an equally good performance over a long period of 
time on the average highway. 

Taking these considerations into account, any design formula should be on the con
servative side and provide some factor of safety over the thickness and strength of 
pavement which appeared to be barely adequate on the test road. The following are 
primary and important advantages of the California formula: 

1. The California procedure utilizes numerical values derived from physical tests 
of the basement soil, the subbase, base and pavement. 
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2. The California method provides a logical means for converting miscellaneous 
traffic wheel loads to a single number- the traffic index. This number bears a direct 
linear relationship to the thickness of pavement structure required. 

3. The California method has been in use for approximately 13 years and has 
de mons trated that it can accommodate wide variations in the type of soil, type of base, 
and type of pavement as well as variations in wheel loads and in the number of load 
repe titions . 
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Appendix A 

TYPICAL EXAMPLE OF PAVEMENT THICKNESS DESIGN 

Given the resistance value of a basement soil = 20, as measured by the Hveem 
stabilometer, cohesion of gravel= 20, cohesion of crushed stone base = 30, cohesion 
of asphalt concrete = 2,000, and the average daily truck traffic shown in Table 7, the 
number of trucks counted in each class is multiplied by the yearly EWL constants to 
determine the annual EWL. 



Truck Class 
by Axle 

2 
3 
4 
5 
6 

Total 

TABLE 7 

Average Daily No. 
of Trucksa 

679 
344 
295 

1, 539 
113 

8>rwo-directional count. 

EWL (5, 000-lb) 
Yearly Constants 

250 
815 
965 

2, 385 
1, 475 

Yearly 
EWL 

169,750 
280,360 
284,675 

3,670,515 
166,675 

4,571,975 

163 

Assuming that in 10 years the traffic will have increased 50 percent, the average 

annual design EWL is 1. O ; 1. 5 (4,571,975) = 5,715,000 EWL. The total design EWL 

for 10 years is 10 (5,715,000) = 57,150,000 EWL. 
Traffic index (TI) is calculated from the EWL by Eq. 12: 

TI = 1. 30 (EWL )0
' 

119 

For the preceding example TI= 10. 9; therefore, 11. 0 should be used. 

Pavement Thickness Calculation 

The required gravel equivalent GE is determined by 

GE = 0. 070 (traffic index) (100 - resis~nce value) 
(cohesiometer value of gravel) · 

For the example, GE = 33. 8 in. 

Surface Thickness 

(14) 

To determine the thickness of asphalt concrete required, the nomograph in Figure 
11 is used. The California specifications require a crushed aggregate base to have an 
80 R-value minimum. With a straightedge, Scale E is intersected at 80 R-value and 
Scale F at 11. 0 traffic index. The intersection of this line with Scale G is the thickness 
of gravel equivalent required. Using this value of 8. 5 in. gravel equivalent as a turning 
point, Scale H is intersected at the appropriate value of cohesion for the AC. This 
cohesion value is found from 

(15) 

in which CT= 2,000 and TI= 11. O; therefore, C = 300. The intersection of this line 
with Scale I gives 4. 9 in. of asphalt concrete required. In design, 5 in. should be used. 

Base Thickness 

Using California Standard Specifications of 60 R-value minimum for subbase ma
terials (this value can be and is modified in the Special Provisions to fit local aggre
gate conditions), Figure 11 shows a gravel equivalent of 16. 9 in. needed over the sub
base materials. Because the 5-in. AC is equivalent to 8. 6 gravel equivalent inches, 
8. 3 in. remains to be satisfied by the base material. A cohesion of 30 for a good 
crushed rock product would indicate 7. 5 in. to be satisfactory. Therefore, 8. 0 in. of 
base material should be used. 
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Figure 11. 

Subbase Thickness Design 
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Figure 11 also shows that a 20 R-value basement soil with TI= 11. 0 requires a 
gravel equivalent of 33. 8 in. The GE of surface and base is 5-in. surface = 8. 6-in. 
GE, and 8-in. base = 8. 8-in. GE; and the total GE = 17. 4 in. 

Required thickness of subbase is, therefore, 33. 8 - 17. 4 = 16. 4 in. Thus, 17. 0-in. 
subbase should be used. 

The minimum allowable structural section over 20 R-value basement soil for very 
heavy truck traffic is 5-in. AC, 8-in. Class I aggregate base, and 17-in. 60 R-value 
subbase, for a total thickness of 30 in. 

Various other structural sections that might also be found satisfactory for the pre
ceding traffic and soil conditions would be 5-in. asphalt .concrete, 8-in. cement-treated 
base, 11-in. subbase, for a total of 24 in.; and 5-in. asphalt concrete, 8-in. bituminous
treated base, 12-in. subbase for a total of 25 in. 
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Appendix B 

DEFINITION OF STATISTICAL TERMS 

Coefficient of Correlation 

Linear correlation is used to determine whether a relationship exists between two 
variates. There may be a direct, an inverse, or no relationship between variates. 

Pear son's coefficient of correlation for ungrouped data has theoretical limits of 
±1. A value of r approaching +l indicates a direct relationship between the variates, 
whereas a value approaching -1 indicates an inverse relationship. A value of r tend
ing toward O indicates that no relationship exists between the variates. 

in which 

Line of Regression 

r 

Ex2 
_ (Ex)2 

• 

ox== N ~' 

x actual thickness (inches); 
y = computed thickness (inches); 
N = number of points; 
a = standard deviation; and 
r = coefficient of correlation. 

If the plotted data indicate a linear relationship between the variates, then a 

(16) 

straight line that best fits the data is called a line of regression. The general equa
tion is expressed as y = mx + b and the values of m and b are found by using the method 
of least squares. 

in which 

y 

m 

b 

mx + b 

NExy - ExEy 
NEx2 

- (Ex)2 

EyEx2 
- ExExy. 

NEx2 
- (Ex )2 

' 

N number of points; 
y = computed thickness (inches); 
x actual thickness (inches); 

m slope; and 
b y-intercept. 

(17) 
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Standard Error of Estimate 

Standard error of estimate (7) measures the concentration of the points clustered 
about the line of regression. A-zone drawn parallel to the line of regression on either 
side at a vertical distance Sy will include approximately 67 percent of the points. A 
vertical distance 2Sy will include approximately 95 percent of the points. 

Sy = cryJl-r 2 (18) 

in which 

cr = standard deviation; 
r = coefficient or correlation; and 

Sy = standard error of estimate (inches). 



Additional Flexible Pavement Design Paper 

The Flexible Pavement Design Committee also sponsored a paper 
by B. B. Broms, "The Bearing Capacity of Flexible Pavements Sub
ject to Frost Action." The subject matter of this paper is such that 
it was felt to be more appropriate that it be published in the issue of 
Highway Research Record dealing with Stresses in Soil and Layered 
Systems. 
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