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FOREWORD 
This RECORD contains six research papers that address several topics related to the 
design and evaluation of pavement systems. They should be of interest to researchers 
and practicing engineers alike. 

Chou, Hutchinson, and Ulery present a design method for flexible airfield pave
ments. The basis of the method was the correlation between performance data of full
scale, test pavements and the computed stresses and strains within the pavements due 
to traffic loads. Limiting design criteria were developed relating critical stresses or 
strains to number of coverages. Through an illustrative example, they show the ap
plication of the method for new and overlay design. 

The paper by Jung and Phang also describes an analysis in which computed re
sponses are related to performance. They found that calculated subgrade deflection 
under a 9,000-lb (40kN)wheel load was the best indicator of performance for Ontario 
pavement systems. Deflections were calculated by using both a computer solution to 
elastic-layered systems and a simplified procedure proposed by Odemark. 

In the paper by Shahin and McCullough a model for predicting temperature cracking 
was developed. Inputs to the model include material properties and environmental 
variables. The output is temperature cracking per unit area as a function of age and 
time. Analysis of test roads in Canada was used to validate the model. 

The paper by Shook and Lambrechts reports on the development of relationships 
between a panel rating of performance and measured deflection and base thickness for 
the San Diego test road. The results were used to develop equi valency factors for the 
various base materials used at San Diego. 

Kamel analyzed sections at the Brampton Test Road by using computer programs 
for relating pavement response to performance. The results indicate good correlations 
between the calculated responses (stress, strain, deflection) and serviceability and age 
histories, surface rutting, and measured deflection. The paper also gives base layer 
equivalencies for the Brampton materials and presents an application of the results to 
pavement design and management systems of Ontario. 

Systematic data collection procedures are recognized by Walker and Hudson as an 
important part of the pavement design. The authors are concerned with the develop
ment of suitable descriptors for characterizing pavement riding quality. The authors 
describe the use of digital filtering techniques on road profile data collected by the 
surface dynamics road profilometer as a tool to find a set of descriptors. 

-R. G. Hicks 

iv 



DESIGN METHOD FOR FLEXIBLE AIRFIELD PAVEMENTS 
Y. T. Chou, R. L. Hutchinson, and H. H. Ulery, Jr., 

U.S. Army Engineer Waterways Experiment Station, Vicksburg, Mississippi 

A design method for flexible airfield pavements is discussed. The method 
is based on correlations of performance data of numerous full-scale ac
celerated traffic test pavements and computed critical stresses and strains 
of test pavements. The test pavements consisted of conventional flexible 
pavements and full-depth asphaltic concrete pavements. The loadings in
clude single and multiple wheels. The stresses and strains in the pave
ment structures were computed by the finite-element technique incorporated 
with nonlinear stress-strain relations of pavement materials. Limiting 
criteria considered include radial tensile strains at the bottom of asphaltic 
concrete, maximum radial tensile strains and minimum ratio of radial 
tensile stress to vertical stress in the unbound granular layers, and ver
tical strains at the subgrade surface. The second criterion was developed 
only for single-wheel loads. The principle of superposition was used in 
the computations for multiple-wheel loads. The salient features of the 
design method are discussed, and limiting criteria are applied to the de
sign of pavements and evaluation of pavement performance under mixed 
traffic and with overlays. 

eCOMMONLY USED methods for the design of pavements in engineering practice are 
the theoretical analysis approach and the experimental field approach. Much effort 
has been expended on both approaches, and in general there is poor correlation be
tween them. Many theoretical methods, such as elastic layered systems and the finite
element method of analysis, are designed to compute the stress, strain, and displace
ment in the pavement structure but are not capable of evaluating the performance, i.e., 
cracking, distortion, etc., that is of primary interest to pavement design engineers. 
On the other hand, although an experimental, full-scale, field-test section approach 
produces reliable performance data, such test sections are both expensive and time
consuming and provide only minimum amounts of basic test data. In many cases, ex
trapolations must be used to estimate pavement behavior for cases not covered in field 
tests; consequently, criteria based on limited amounts of test data are generally con
servative. Therefore, there is a definite need to bridge the gap between theory 
and performance. When such relationships, based on a broad spectrum of test condi
tions, can be established, design and evaluation of a pavement structure for a new 
aircraft can be accomplished by direct computations without full-scale tests being 
conducted foreachnewneed. This method of combining theory and field performance 
is sound. 

For years, the U.S. Army Corps of Engineers (CE) has gained its expertise in 
pavement design through the use of full-scale accelerated traffic tests. The observed 
pavement performance is expressed in terms of coverages to failure. Failure cri
teria are based on the cracking and rutting of pavements. Test results provide reli
able and valuable information on the response of real pavements to actual traffic loads. 
From this information, failure criteria were established; however, it is the full-scale 
field test that is subject to criticism. The criticisms are generally technically un
assailable because each test section represents but one test condition and extrapolation 
of the results into untested regions is dangerous. However, an improved pavement 
design methodology can and should be developed by taking full advantage of the valuable 

Publication of this paper sponsored by Committee on Flexible Pavement Design. 
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information from full-scale traffic test results. [ This can be done by correlating the 
field performance and the computed critical parameters (stresses and strains) of each 
test section, and then establishing limiting values of critical stresses and strains at 
different coverage levels (performance).] 

With the limiting values, prediction of the performance of a pavement structure de
signed at a particular coverage level for a new aircraft that has never been tested be
comes possible. Therefore, the design of new pavements that will be subjected to new 
aircraft can be done by computers without full-scale tests being conducted. This is 
theoretically justified because this methodology is based on results of numerous test 
pavements that were of different thicknesses, materials, and subgrade strengths and 
that were subjected to loads of different magnitudes and gear configurations. This 
method of combining theory and field performance not only has eliminated the dis
advantages of full-scale testing but has fully exploited the data bank of full-scale testing 
results that are available at the U.S. Army Engineer Waterways Experiment Station. 

Test pavements analyzed consisted of conventional flexible pavements and full-depth 
asphaltic concrete pavements. The loadings include single and multiple wheels. The 
stresses and strains in the pavement structures were computed by the finite-element 
technique incorporated with nonlinear stress-strain relations of pavement materials. 
The limiting criteria include radial tensile strains at the bottom of the asphaltic con
crete, maximum radial tensile strains and minimum ratio of radial tensile stress to 
vertical stress in the unbound granular base course layers, and vertical strains at the 
subgrade surface. The second criterion was developed only for single-wheel loads. 
The principle of superposition was used in computing multiple-wheel load assemblies. 

Although the results of the full-scale accelerated traffic tests used were limited 
only to aircraft loadings, it is believed that the criteria, after appropriate modifica
tions, can be used for designing pavements subjected to highway loadings. 

THEORETICAL COMPUTATIONS 

Finite-Element Analysis 

The nonlinear finite-element program (FEPAVE) used was obtained from the Uni
versity of California at Berkeley. The program is suitable only for the analysis of 
axisymmetric solids (a single load with a circular loaded area). The surface load was 
applied stepwise so that the nonlinear stress-strain behavior and the modulus-stress 
dependency of the material could be included in the analysis. Ten and twelve load in
crements were used. 

Material Characterizations 

Because pavement materials are subjected to repetitive applications of traffic loads 
and because the stress intensities in the pavements are generally small and well below 
failure strengths of the materials, it was felt that the resilient modulus could best 
characterize pavement material behavior under traffic loads as compared to other 
types of material characterizations. Therefore, better correlations between perfor
mance and computed values could be expected. A discussion of the various stress
strain relations for different pavement materials included in this study follows. 

Asphaltic Concrete-Because of the thermo-viscoelastic nature of asphaltic ma
terials, the most important factors influencing the stress-strain relationships of as
phaltic materials are temperature and rate of loading. The resilient moduli of as
phaltic materials should be evaluated in the laboratory at different temperatures and 
at different rates of loading. However, such data for the actual asphaltic mixtures 
used by CE were not available during the preparation of this report; therefore, re
silient moduli of asphaltic mixtures developed by the Asphalt Institute were used (1). 
It is believed that the patterns of resilient moduli of asphaltic mixtures used by CE 
would be similar to those developed by the Asphalt Institute (1). For each test pave
ment, a mean temperature versus depth relation for the whole traffic period was de
termined and was used in the computations. Poisson's ratio of 0.4 was used for all 
asphaltic mixtures in this study. 



3 

Untreated Granular Materials-The characterizations of untreated granular materials 
were based on research conducted at the University of California (2). The resilient 
modulus, MR, increases with the sum of principal stress, e, according to 

(1) 

where k1 and k2 characterize the resilient property of the granular material. Because 
laboratory results characterizing the resilient properties of granular materials used 
by CE were not available, representative values from other sources were chosen (2). 
For well-compacted base-course materials, k1 and~ were 8,300 and 0. 71 respectively, 
and for sand and gravel subbase materials, k1 and k2 were 2,900 and 0.47 respectively. 
The method for selecting the values of these constants will be described later. 

The Poisson's ratio of granular material is also known to be stress-dependent. Be
cause of lack of experimental results, a constant Poisson's ratio of 0.48 was used for 
both base and subbase materials. It was believed that, because granular materials 
under a thin asphaltic concrete surface course in a pavement structure tend to expand 
under the heavy aircraft load, a large Poisson's ratio would represent field conditions 
better than a small one. 

Subgrade Soils-Extensive studies of the behavior of fine-grained materials in lab
oratory repeated-load tests have been made at the University of California (3). It was 
found that the resilient modulus did not depend on the confining pressure butwas sensi
tive to deviator stress. At low-stress levels, the resilient modulus decreases rapidly 
with increasing values of the deviator stress, and as the deviator stress further in
creases, there is only a slight increase in resilient modulus. Because information on 
resilient modulus for subgrade soils used by CE was not available, this empirical equa
tion (~) was used in the analysis: 

E (psi) = 1, 500 CBR (2) 

Poisson's ratio of 0.4 was used in the computations. 

CORRELATION OF THEORY AND PERFORMANCE 

This section applies the concept and computational procedures described to the 
analysis of performance data of full-scale accelerated traffic tests. Tables 1 and 2 
give test data from many selected test sections for single- and multiple-wheel loads; 
the data cover a broad spectrum of loads, gear configurations, pavements, subgrade 
soils, and coverage levels. The failure criteria, from which the coverage levels were 
determined, were based on a subjective rating of pavement performance and primarily 
on rutting and cracking of the pavements. One coverage is defined to be sufficient 
passes of load tires in adjacent tire paths to cover a given width of surface area one 
time. The moving test loads were normally distributed across the surface of the 
traffic lane. 

FEPA VE assumes that the pavement structure is an elastic medium with nonlinear 
stress-strain characteristics. The computed stress, strain, and displacement are, 
therefore, the response of the pavement to load before initial failure occurs or, pref
erably, during the early stage of traffic. Evaluation of the performance of full-scale 
test sections under traffic, however, is based on the integral pavement behavior 
up to the point of functional failure. Therefore, finite element programs can be 
used to predict pavement behavior during the early stage of traffic but cannot be 
used to predict failure coverage of the pavement. In fact, there is not a single com
puter program available to date that is capable of predicting functional failure of pave
ment in a simple and straightforward manner. Therefore, effort was confined to cor
relating computed values and actual observed coverages to failure of the test pavements 
from which the parameters controlling the pavement performance could be identified. 
This was based on the hypothesis that correlations must exist between performance of 
the pavement and stresses and strains actually developed in the pavement under load. 
Because the stresses and strains have to be theoretically computed, the success of the 
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correlation depends entirely on how good the stress-strain relations of pavement ma
terials put into the computer program are. It was apparent that the more closely the 
input represented material properties, the better would be the correlations. 

The rationale for determining the granular material constants k1 and k2 in Eq. 1 
follows. 

For all of the test pavements analyzed (Tables 1 and 2), there were generally three 
basic types of pavement structures: 

1. Full-depth asphaltic concrete pavements resting on 4-CBR buckshot clay sub
grade soil. 

2. Conventional flexible pavements consisting of a 3-in.-thick (7.6 cm) asphaltic 
concrete layer, a 6-in.-thick (15.2 cm) base course, various thicknesses of subbase 
layer, and subgrade soils with various CBRs. (In most cases, the thickness of the 
subbase layer was much greater than the base course; therefore, the subbase layer 
practically controlled the performance of the pavement.) 

3. Pavements with a 3-in.-thick (7.6 cm) asphaltic concrete layer, a thick, crushed
stone base course, and subgrade soils with various CBRs. 

If improper stress-strain relations of pavement materials were used in the com
putations for these three different types of pavements, it is obvious that good correla
tions between computed values and observed performance of test pavements could not 
be obtained and, more than likely, three different correlations would result. On the 
other hand, if correct stress-strain relations were used, a single good correlation 
should be obtained. Values of k1 and k2 were carefully determined based on this logic. 

Because all of the full-depth asphaltic concrete pavements were constructed over 
4-CBR subgrade soil, good correlations between computed values and performance 
were first established. Computations for the conventional flexible pavements and 
pavements with thick, crushed-stone base courses were then made. In Eq. 1, k1 and k2 
were initially assumed to be 2,900 and 0.47 for subbase materials and 3,933 and 0.61 
for base-course materials (2). Correlations for conventional flexible pavements agreed 
well with those of full-depth asphaltic concrete pavements, but correlations for thick, 
base-course pavements did not; these values were much too large. These rela
tionships indicated that the constants k1 and k2 chosen for subbase materials were rea
sonable but that the constants selected for the base-course materials were too small. 
Higher values of k1 and k2 were tried to obtain good correlations, and the final values 
selected and used were 8,300 for k1 and 0. 71 for k2. 

Single-Wheel Test Data 

Table 1 gives test data from 25 selected test pavements. The base-course material 
was well-compacted crushed stone, and the subbase material was gravelly sand. The 
traffic on the pavement for test point 14 was actually applied at two ambient tempera
ture conditions: (a) 60 to 70 F (15.6 to 21 C) and (b) 90 to 115 F (32 to 45.5 C). The 
observed performances of the pavements were identical, indicating that the 3-in.-thick 
(7 .6 cm) temperature-dependent asphaltic concrete surface layer had little effect on 
the performance of the pavement. The results for the cooler traffic period were used 
in this analysis. 

Figure 1 shows the relations between vertical strain at the subgrade surface and 
performance. Figure 2 shows similar relations for radial tensile strain at the bottom 
of asphaltic concrete layers. Uncertainties exist in the computed values for pave
ments with subgrades having CBRs greater than 10; these are pavement test points 4, 
5, 6, 7, and 8 shown in Figures 1 and 2 by open circles. These pavements were ex
cluded from the final analysis but will be discussed separately. 

In Figure 1, the best-fit line was drawn through the points for all pavements with 
greater than 100 coverages to failure. It seems that another straight line could have 
been drawn through the pavements with coverages less than 100. From the distribution 
of pavement points in Figure 2, it was concluded that, for pavements with coverages 
less than 100, the subgrade condition was not critical before initial failure had oc
curred; the critical factor was the radial tensile strain at the bottom of the asphaltic 
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Table 1. Single-wheel data. 

Wheel Tire Con- Thickness (in.) Coverages 
Test Refer- Load tact Area SUbg rade at 
Point ence (kips) (in. 2

) surface Base SUbbase CBR' Failure 

1 5 200 1,500 7 13 19 6 150 
2 5 200 1,500 7 15 21.5 9 1,700 
3 5 200 1,500 6 13 30 8 1,300 
4 5 200 1,500 6 12 0 16/ 6 10 

(41.5 in. ) 
5 5 200 1,500 6.5 14 0 18/6 60 

(45.5 in . ) 
6 5 200 1,500 6. 5 14.5 25 15. 5/ 6 360 

(39.5 in .) 
7 5 200 1,500 7 14 9 17 . 5/ 6 1, 500 

(34 in . ) 
8 6 30 150 3 6 6 14 216 
9 7 15 250 2 8 0 8 3,760 

10 7 15 250 2 8 0 9 3,760 
11 8 50 285 3 6 6 3.7 6 
12 8 30 285 3 6 6 3.7 120 
13 6 30 150 1.5 10. 5 0 7 178 
14 6 30 150 2 10 0 6 203 
15 9 10 91 0 5 0 6 40 
16 7 50 667 3 23 0 5 3,000 
17 7 20 334 3 14.5 0 5 5,000 
18 7 15 250 2 0 10 5 582 
19 7 25 416 2 4 12 5 385 
20 10 75 270 15 0 0 4 6 
21 10 75 270 15 0 0 4 8 
22 6 50 285 3 6 15 4 200 
23 10 75 270 9 0 15 4 12 
24 10 75 270 24 0 0 4 90 
25 11 75 270 3 21 0 4 50 

Note: 1 kip= 4.448 222 kN. 1 in. 2 = 6.451 600 cm 2. 

asingle entries ind icate a CBR that is representative of the entire depth of test; double entries indicate a change of CBR at depth (e.g,, 
for test po int 4, the upper 41.5 in . of subgrade had a CBR of 16 and be low that depth, a CBR of 6 was representative ). 

Table 2. Multiple-wheel data. 

Assembly Tire Con- Thickness (in.) Coverage s 
Test Refer- Aircraft Load tac t Are a SUbgrade at 
Point ence Type (kips ) (in .2

) surface Base SUbbase CBR Failure 

1 6 Boeing 747 240 290 3 6 24 3.8 40 
2 8 Boeing 747 240 290 3 6 24 4 40 
3 8 Boeing 747 240 290 3 6 32 4 280 
4 8 C-5A 360 285 3 6 6 3. 7 8 
5 8 C-5A 360 285 3 6 24 3.8 1,500 
6 8 C-5A 360 285 3 6 24 4 1,500 
7 10 C-5A 360 285 3 12" 0 4 98 
8 10 C-5A 360 285 15 0 0 4 425 
9 8 C-5A 360 285 3 6 15 4 104 

10 10 C-5A 360 285 9 0 15 4 734 
11 10 C-5A 360 265 9 15" 0 4 2,198 
12 11 C-5A 360 265 3 21 0 4 5,000 
13 11 Boeing 747 200 285 3 21 0 4 890 

Note: 1 ki p= 4.448 222 kN . 1 in .2 = 6.451 600 cm 2. 

a Asphalt·stab ilized. 



Figure 1. Relationship 
between vertical strain at 
subgrade surface and 10 

performance of pavement 
under single-wheel loads. 

Figure 2. Relationship 
between radial tensile 
strain at bottom of 
asphaltic concrete and 
performance of pavement 
under single-wheel loads. 

Figure 3. Relationship 
between maximum radial 
strain in granular materials 
and performance of 
pavement under single
wheel loads. 
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concrete layer. The straight line in Figure 2 was drawn accordingly and passed 
through test point 2. Sufficient failure test data were not available at high coverage 
levels; therefore, the validity of the criteria established at high coverages needs to be 
further verified by additional field performance data. The radial tensile strains for 
pavement points below the line were not considered to be critical before initial failure. 

FE PAVE computes the pavement's elastic stresses and strains, which give an in
dication of the response of the pavement structure to load before initial failure occurs 
but do not provide information on the failure modes of the pavements. Figures 1 
and 2, for example, do not show that pavements represented by points 20 and 21 were 
failed in the asphaltic concrete layers and that neither was failed in the subgrade soils. 
Rather, during the initial stage of the traffic, asphaltic concrete layers under the 75-
kip (336 kN) load, 278-psi (1920 kPa) contact pressure were more critical than the sub
grade. As load repetition increased, small cracks could have developed in the as
phaltic concrete layers and therefore could have reduced its stiffness. As a result, 
the vertical strains at the subgrade surface would have increased and caused the sub
grade soil to fail, which in turn would have increased the cracks in the asphaltic con
crete. Eventually, the pavements would fail both in the asphaltic concrete and in the 
subgrade soil, as was actually observed in the test sections. One can see that the 
computed values provide information on the most critical factors contributing to the 
pavement failures rather than indicate the failure modes of the pavement under load. 

For pavements with thin asphaltic concrete surface layers, i.e., 2 or 3 in. (5.1 or 
7 .6 cm) thick, it is believed that such thin layers would not contribute to pavement 
failure as much as other pavement components. Therefore, design considerations 
should not be solely based on the thin layer of asphaltic concrete even though the com
putations indicate that this thin layer is critical under the load (Fig. 2, point 18). 

The results of analysis of pavements with base courses of unbound granular ma
terials are shown in Figures 3 and 4; full-depth asphaltic concrete pavements were 
excluded. Figure 3 shows the results of maximum radial tensile strains. The com
puter output indicated that locations of the maximum strains were generally near the 
load axis but varied in depth. The straight line was drawn based on the following 
reasoning. Because t he failure coverages of the pavements (shown by points 2, 18, 19, 
1, and 12) could be predicted by the correlation of subgrade vertical strains (Fig. 1), 
it was reasonable to assume that the failure coverages of these pavements should be 
at least equal to or greater than those predicted by the criteria of shear failure in the 
unbound granular materials. The straight line was therefore drawn through these pave
ment data points. Note that the straight line also went through data points 15 and 11. 
The pavement shown by point 15 had no asphaltic concrete surface but consisted of a 
5-in.-thick (12 . 7 cm) crushed-stone base placed on 6-CBR subgrade soil. Figure 1 
shows that the failure of this pavement did not initiate from the subgrade soil and that, 
because this pavement had no other component layer but the granular material, the 
failure of this pavement had to initiate from the unbound granular material under the 
10,000-lb (4 530 kg) load and 110-psi (760 kPa) contact pressure. Pavement 11 had 
thin structural layers [3-in.-thick (7.6 cm) asphaltic concrete over a 6-in. base and 
6-in. (15.2 cm) subbase] and was subjected to a. relatively heavy load [ 50,000 lb (22 600 
kg)] at a high tire-contact pressure [ 175 psi (1210 kPa)J. Figures 1 and 2 show that 
the initiation of failure of test pavement 11 was not from the asphaltic concrete layer· 
but was probably from the subgrade soil. Figure 3 shows that failure of this pavement 
was initiated from the granular materials because of the excessive shear stress. 

Pavement data points 7, 9, 10, 13, and 14 (Fig. 3) plotted below the straight line 
indicate that failure of these pavements was not initiated from the unbound granular 
materials. In fact, these pavement points all plotted along the vertical strain criterion 
in Figure 1. 

Because of the possibility of shear failure of unbound bases induced by tensile 
stresses, Brown and Pell (12) suggested that the design criteria for unbound materials 
should be a horizontal tensile stress that should not exceed 0. 5 times the vertical stress 
plus the horizontal overburden pressure. For all the pavements analyzed, it was found 
from the computer output that shear failure of unbound bases did not occur. Figure 4 
shows the plot of the ratios of radial tensile stress to vertical stress in the unbound 
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granular materials versus failure coverages of test pavements. The ratios were the 
maximum values selected within the unbound bases. In most cases, this ratio and the 
maximum tensile strain do not occur at the same element. The straight line, which 
was very compatible with the line in Figure 3, was drawn through the upper boundary 
of the plotted points. Similarly, the points located below the line were the pavements 
in which the shear failures of unbound granular layers were not critical. The results 
shown in Figures 3 and 4 are both for unbound granular materials, but they use dif
ferent parameters. The relations were good except for test points 16, 19, and 22. 

The information shown in Figures 1 to 4 could be used to optimize the design of a 
pavement. For instance, the pavement shown as test point 2 had an optimum design, 
because the subgrade, the unbound base, and the asphaltic concrete were all equally 
critical under the 200-kip (890 kN) wheel load. 
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There were uncertainties in the computed results for test pavements 4 to 8. These 
pavements had subgrade soils with high CBRs ranging from 14 to 18. The test points 
are represented by open circles in Figures 1 to 4 and were hot considered in drawing 
the straight lines in the figures. The computed values for pavements 4 (CBR == 16) and 
5 (CBR == 18) were much too low in Figures 1 to 4; this indicates that the moduli com
puted by the relation E == 1,500 CBR were too high. However, the computed results for 
pavements 6 (CBR == 15. 5), 7 (CBR == 17. 5), and 8 (CBR == 14) seem to fit the line fairly 
well and indicate the relation E == 1,500 CBR was not bad. The situation is puzzling. 
Nevertheless, the moduli determined from the relation E == 1,500 do not seem to be 
adequate for high-CBR subgrade soils. 

Multiple-Wheel Test Data 

Table 2 gives test data for 13 selected test pavements under multiple-wheel, heavy 
gear loads. The pavements were trafficked by full prototype loadings of a 12-wheel 
assembly (one main gear of a C-5A) and a twin-tandem assembly (one twin-tandem 
component of a Boeing 747). 

FEPAVE is not capable of handling multiple-wheel loads. In fact, such a nonlinear 
program is not available currently. Thus, the superposition principle was used to ob
tain solutions for multiple-wheel loads. This was done by first constructing the stress 
basins under the single-wheel load and then superposing the ordinates for different 
wheels. A computer program was prepared to compute the stresses and strains at any 
location under the multiple-wheel loads. The limitations on the use of the principle of 
superposition and the validity of the superposition principle are discussed elsewhere (~ 
14). Stresses and strains were computed along the load axis of one wheel of the as
sembly, maxima were not searched for. For the C-5A gear assembly, the wheel 
was chosen to be either one ~ of the inner wheels in the second row of the 12-wheel 
assembly. When computations are made for thick pavements, the values computed are 
smaller than the real maxima. This could be one of the factors contributing to the 
scattering of results in Figures 5 and 6. 

Figure 5 shows the relation between vertical strains on the subgrade surface and 
failure coverages; a straight line could be drawn through pavement points at all cover
age levels. The correlations indicate that pavement performance subject to multiple
wheel loads could be predicted by computed values of vertical strain on a subgrade 
surface. However, the correlation (Fig. 5) should not be interpreted because all of 
these pavements were failed in the subgrade soil. 

Figure 6 shows the relation between radial tensile strain at the bottom of asphaltic con
crete layers and performance of the test pavements under multiple-wheel loads. For 
pavements with 3-in.-thick (7.6 cm) asphaltic concrete surface layers, the radial tensile 
strain (at the bottom of the concrete) under a single-wheel load was the same as the 
strain under one wheel of the multiple-wheel load. This is because the asphaltic con
crete was thin and the wheels were spaced so far apart. For the full-depth asphaltic 
concrete pavements, at the bottom of the thick pavement, the radial tensile strain under 
one wheel had added strains that were contributed by the other wheels. Therefore, it 
was believed that radial tensile strain in pavements with thin asphaltic concrete layers 
should not be considered as the controlling factor in predicting pavement performance. 



10 

The line in Figure 6 was drawn through the full-depth pavements, test points 7, 8, and 
11; pavements 1 to 6, 12, and 13, which were flexible pavements with 3-in.-thick 
(7.6 cm) asphaltic concrete surfaces, were not considered. Computed radial tensile 
strains in pavements 1, 2, 4, and 13 were small as compared with those of the full
depth asphaltic concrete pavements becaus!:! of the nature of the thin asphaltic concrete 
layer. For pavements 3, 5, 6, and 12, however, they fell rather close to the straight 
line, but the closeness was considered to be only coincidental. In fact, the computed 
radial strains at the bottom of the 3-in.-thick (7.6 cm) asphaltic concrete layer in 
pavements 1 to 6 were nearly the same. The reason for test point 10 being located so 
far above the line is not known. One possible explanation is that the temperature input 
into the computer program was incorrect for the 9-in.-thick (22.8 cm) asphaltic con
crete layer. 

The results shown in Figures 5 and 6 are limited to subgrade soils with a strength 
of 4 CBR. The question arises whether the criteria established would be applicable to 
subgrade soils of different strengths. Because of the criteria for single-wheel loads 
(Figs. 1 to 4), in which the results for pavements on low-CBR subgrades were mixed 
well with those for pavements with higher CBR subgrades, one can justifiably conclude 
that the correlations in Figures 5 and 6 for multiple-wheel loads can be used for pave
ments other than those on 4-CBR subgrade soils. 

Criterion for shear failure in unbound granular materials was not established for 
pavements subjected to multiple-wheel loads because of the difficulty in searching for 
maximum radial tensile strain (Fig. 3) and the maximum stress ratio (Fig. 4) in the 
unbound layers when the principle of superposition is used. 

Special Remarks 

Although the nonlinear finite-element method possesses many deficiencies in com
puting stresses and strains in pavement structures under traffic loads, it still yields 
reasonably good results. Apparently, this method is a good and powerful tool to find 
correlations between theory and observed performance. This is manifested by the 
good correlations shown in Figures 1 to 6. 

Tensile strains (fatigue cracking} in an asphaltic concrete layer are more critical 
in cold weather. Most test pavements analyzed in this study were trafficked in rela
tively warm weather. Some full-depth asphaltic concrete pavements should be tested 
in cold weather and information obtained would undoubtedly enhance the proposed criteria. 

It should be emphasized that the purpose of this study was not to predict the stresses 
and strains in the pavement structures; the purpose was to use the computed values to 
predict pavement performance. Attempts were made to compute the stresses and 
strains in pavement structures as close as possible to those actually measured. Be
cause the computed values are computer-generated reproducible numbers the perfor
mance of a new pavement subject to a new aircraft can be predicted from the 
established correlations through computations. When better stress-strain rela-
tions of pavement materials are formulated and when more information on traffic 
tests are collected, the established correlations can be refined and the design proce
dures can be improved and updated. Therefore, the nonlinear finite-element method 
is not only the best method to fulfill the goal of this study, but it holds promise for the 
future. 

Because of space limitations, many important features of the proposed design 
method cannot be presented in detail cm. 

APPLICATION OF ANALYSIS 

The results shown in Figures 1 to 6 represent correlations between theory and 
performance. The computed values are reproducible quantities generated by the com
puter and are based on the nonlinear theory of elasticity; the repetitions at failure are 
observed performance from full-scale accelerated traffic test sections. Test data 
covered a broad spectrum of test sections, wheel loads and configurations, subgrade 
soil strengths, and coverage levels (Table 2). Confidence is justified in using the 
limiting criteria for the design of pavements for new aircraft. We believe that cor-



relations .developed can be used for designing and evaluating pavements subjected to 
mixed traffic and overlays of existing flexible airfield pavements. 

Design of New Pavements 
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Although the CBR equation has been used satisfactorily by CE in the design of flexible 
airfield pavements for many years, there are certain pavement characteristics that are 
not adequately accounted for by the CBR equation because of the lack of supporting in
formation. Designs for pavements in this category tend to be conservative. Pavements 
designed by the CBR equation have adequate thickness over the subgrade and over each 
layer of the structure to prevent shear failure. There is, however, no benefit given for 
use of materials stronger than the required minimum. For instance, when subbase 
material is replaced by material qualified as base course, the total thickness of the 
pavement structure is not reduced and the designed coverage level is not increased. 
The lack of consideration of these aspects in the CBR equation is not because of lack 
of knowledge but is mainly because of the lack of sufficient experimental data to support 
these considerations, and the CBR equation was based on test results of conventional 
flexible pavements and is, therefore, not adequate for designing pavements with full
depth asphaltic concrete or pavements with unconventional materials. However, with 
the proposed method in this study, i.e., computing the critical stresses and strains for 
the particular pavement section, some of the drawbacks inherent in the CBR equation 
can be overcome. 

The design method has the capability of analyzing more sophisticated future pave
ments made of new pavement materials. The characterization of the new materials 
as determined in the laboratory is required for this. From the criteria in Figures 1 
to 6 and FEPAVE, the thickness of each component layer of the pavement can be opti
mized so that the failure of the pavement initiates in surface, base, and subgrade layers 
at the same coverage level. 

For multiple-wheel gear loads, the results in Figures 5 and 6 have their special 
merit because the influence of gear configuration on a particular pavement can be 
evaluated. For instance, the performance of pavements under the loading of the C-5A 
assembly has been evaluated experimentally in recently completed full-scale traffic 
tests (7). The performance of pavements under the loading of other multiple-wheel 
assemblies with different gear configurations can be evaluated readily by the method 
in this paper, and there is no need to conduct another full-scale traffic test that would 
be costly and time-consuming. It is also known (!!) t bat the advantage of increasing the 
number of wheels in a gear assembly, such as the 12 -wheel, main-gear C- 5A assem
blies, is that the load can be spread out into a larger area and, consequently, the deflec
tions and shearing strains in the pavement are more reduced than those under an 
equivalent single-wheel load. The question often arises whether it is more economical 
to increase the number of wheels in a gear assembly or to increase the thickness of 
the airfield pavement to accommodate the demands imposed by ever-increasing heavy 
aircraft loads. The method in this paper provides a powerful tool for determining an 
optimum design for such a situation. 

Evaluation of Pavements for Mixed Traffic and Overlays 

The correlations in Figures 1 to 6 can be used to evaluate the performance of pave
ments subjected to mixed traffic and overlays of existing flexible pavements; the pro
cedures for such an evaluation follow. 

Mixed Traffic-When a certain percentage of the service life of an airfield pave
ment has been used by a given aircraft load, the remaining life of this pavement for 
another type of aircraft loading can be evaluated by using the proposed criteria as 
follows: 

1. Required. For a pavement that was designed for 5,000 coverages for a 30-kip 
(133 kN) single-wheel load that has been trafficked for 2,000 coverages, determine the 
remaining service life of this pavement under a 50-kip (222 kN) s ingle-wheel load. 

2. Solution. A computation is first made for this pavement under a 50-kip (222 kN) 
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load and the anticipated coverages at failure are determined-for illustration, assume 
that the result is 1,000 coverages. Because 40 percent of the design service life of 
the pavement has already been used by the 30-kip (13 N) load, the pavement would sus
tain 600 more coverages of the 50-kip (22 N) load. 

Overlays-For the pavement described in the previous example, 3 in. (7 .6 cm) of asphaltic 
concrete may be required for resurfacing the old pavement to satisfy durability require
ments when the load is increased from 30 (133 kN) to 50 kips (222 kN). The remaining ser
vice life of the pavement with the overlay can be evaluated accordingly. Computation is 
first made for the new pavement, i.e., the original pavement plus the over lay, and the anti
cipated coverages at failure are then determined. Assuming that 1,500 coverages are in
dicated instead of the original 1,000, the pavement with overlay would then be expected to 
sustain 900 additional coverages under the 30 (133 kN) to 50 kips (222 kN) load. 

The method of evaluating existing pavements described is still tentative. Its validity 
needs further verification by field performance comparisons and from controlled tests. 

CONCLUSIONS 

Good correlations have been established between the observed performance of 
numerous accelerated traffic test pavements, under both single- and multiple-wheel 
gear loads, and the stresses and strains computed for these pavements by the nonlinear 
finite-element method. The limiting criteria are vertical strain on the subgrade sur
faces, shear failure in unbound bases, and radial tensile strain in the asphaltic con
crete layers. 

Good correlations were obtained for pavements with subgrade soils of low and 
medium CBRs when the relation E = 1,500 CBR was used in the analysis, but such 
correlations were not obtained for pavements with subgrade soils with high CBRs. 

The criteria developed are applicable to designing new pavements for new aircrafts 
and to evaluating pavement performance under mixed traffic and with overlays. With 
the limiting criteria, the thickness of each component layer of the pavement can be 
optimized, i.e., failure would initiate in the surface, base, and subgrade layers at the 
same coverage level. 
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ELASTIC LAYER ANALYSIS RELATED TO PERFORMANCE 
IN FLEXIBLE PAVEMENT DESIGN 
Friedrich W. Jung and William A. Phang, 

:Ministry of Transportation and Communications, Ontario 

From experience in Ontario with flexible pavements and from results of 
the AASHO Road Test, it was found that the calculated subgrade deflection 
under a standard wheel load is the best indicator of performance of the 
pavement as a whole when it is compared with other stress, strain, and 
deformation values calculated by elastic layer theory. In the calculations, 
layer equivalencies obtained from experience and variations in subgrades 
were expressed in terms of elastic moduli. Subgrade deflections can be 
calculated more simply by using Odemark's concept of equivalent layer 
thickness. Expressions for load equivalency factors were derived from 
AASHO Road Test data by using this simplified deflection calculation. 
Finally, a functional relationship between subgrade deflection, number 
of standard load applications, and present serviceability index was estab
lished. The findings constitute major parts of a design subsystem to be 
used within a management system for flexible pavements. 

•THROUGH a process of continual pavement evaluation, pavement design engineers in 
Ontario were able to compile a table of successful thickness designs (1). The table 
recognizes differences in thickness caused by the traffic, road class, and type of 
subgrade. Elastic layer analysis was used to examine the table to find a more rational 
method of flexible pavement design. It was hoped that a possible clue to the success of 
the conventional designs listed in the table might be found. 

The method of investigation was to assign values of elastic moduli to each pavement 
layer and subgrade class and to calculate stresses, strains, and deflections in each 
layer for a standard wheel load. The elastic moduli assigned to each pavement layer 
and to each class of subsoil were selected after a study of available literature. The 
calculated stresses, strains, and deflections were examined for a constant value of 
these parameters within each traffic or highway class. A constant value within the 
same road class over the six major subgrade types identified within Ontario could in
dicate a common distress mechanism and would provide a practical criterion for 
design. 

In this process of calculation, in which the Chevron computer program was used, 
many different sets of moduli were assigned to the pavement layers and subgrades. 
Through this procedure, it was discovered that only the vertical deflection on top of 
the subgrade emerged as the response value, which could be made to remain constant 
within each traffic or road class. Several sets of assumed moduli were successful in 
this respect. Subgrade deflections were also calculated by a simplified method that 
uses the principle of equivalent layer thickness as proposed by Odemark (3). 

The course of investigation was then directed to the best documented experiment 
available. 

AASHO ROAD- TEST 

Two sets of moduli, which had been applied successfully to the Ontario designs, 

Publication of this paper sponsored by Committee on Flexible Pavement Design. 
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were assigned to the layers of the main factorial designs of the AASHO Road Test (5, 6), 
and the subgrade deflections were calculated for both the applied single-axle load in- -
each loop and the standai·d 18-kip (80 kN) axle load. A statistical analysis of these cal
culated deflections not only resulted in a formula for load equivalency factors but cul
minated in finding a relationship between the loss of performance or serviceability and 
the number of equivalent standard load applications for given values of subgrade de
flection. 

By using sets of elastic moduli for calculating subgrade deflections, we demonstrated 
that this deflection is linked to standards of performance or serviceability. The design 
subsystem of this research is shown in Figure 1. An equation was derived for deter
mining the necessary total equivalent granular thickness so that the design method 
could be completed. 

EXPLORING SUCCESSFUL ONTARIO DESIGNS 

Ontario's successful designs, which have survived an average of about 11.5 years , 
are given in Tables 1 and 2. The lines in the table pertain to traffic or road classes 
indicated by approximate average daily traffic values. The columns of the table pertain 
to the types of subgrade soils as they are classified in Ontario. 

For each of the calculations, basically two sets of moduli were assumed and sub
sequently varied and modified into different sets with which calculations were continued. 
These two sets wer e the subgrade moduli E. , which constitute a decreasing sequence 
from hard subgrades (gra nular) to soft subgrades (soft clay) and the layer moduli E1, 

E2, and E3 for asphaltic hot mix, granular base, and sand subbase. Cases 1, 2, 3, and 
4 of these calculations were finally assembled, which may be thought of as being based 
on true or realistic relations between the assumed moduli. The moduli E1 , E2, and E3 
of these four cases are related to the layer equivalencies, valid in Ontario, as follows: 

hot mix : base : subbase = 1 : 2 : 3 = _l_ : _l_ : _l_ 
Wi .:IEz ~ 

(1) 

The relationship between the set of layer moduli and the set of subgrade moduli is dif
ferent in all four cases, and this indicates insensitivity about this relationshiJ?. 

For a wheel load of 9,000 lb (40 kN) and a pres sure area r adius of 6.4 in. (16.3 cm), 
all stresses, strains, and deflections at the layer interfaces were calculated. The 
most important of these are shown in Figure 2 and their values for cases 3 and 4 are 
given in Tables 3 and 4. In all four cases assembled, only the deflections on top of 
the subgrade were approximately equal for each of the five traffic or road classes. 
This indicates that this deflection could be a powerful design criterion. 

SUBGRADE DEFLECTION AS DESIGN CRITERION 

The calculations on the successful Ontario designs revealed that the most promising 
design parameter for flexible pavements was the vertical deflection on top of the sub
grade. This hypothesis is in line with previous research find ings (2) in which the ver
tical compressive strain on the subgrade was declared the dominating design parameter. 
These findings were based on the AASHO Road Test, which was carried out on the same 
subsoil. For constant subgrade modulus the two criteria are indeed equivalent, but the 
strain criterion obviously breaks down if a wide range of subgrades is considered. The 
same is true for the corresponding stress. 

Tensile stress or strain in the asphaltic layer must be considered, although it is 
probably a secondary design criterion. For instance, the thickness of the asphaltic 
layer s , as a portion of the total equivalent thickness, could possibly be determined by 
the magnitude of tensile strain under r epeated loads (fatigue) and under var ying tem
perature conditions, whereas the total thickness is still determined by the subgrade 
deflection. 

If only subgrade deflections are needed, the-11 it is more economical to calculate 
them by t he method suggested py Odemark (~,_±). The deviations of the following de
sign equations based on subgrade deflections can be studied in more detail in the 



Figure 1. Pavement design subsystem. 
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Table 1. Moduli of successful Ontario designs. 

Subgrade Material, psi 

Grain Type Sandy Silt and Clay, Loam Till 
of Materials 
Suitable as Silt <40, Very Silt 40 to 50, Silt >50, Very 
Granular Fine Sand Very Fine Sand Fine Sand 

Case Modulus Borrow and Silt <45 and Silt 45 to 60 and Silt >60 

E, 400,000 400, 000 400,000 400,000 
E, 50,000 50,000 50,000 50,000 
E, 15,000 15,000 15,000 
E,, 15,000 8, 500 7,000 5,700 

2 E, 320,000 320,000 320,000 320, 000 
E, 40,000 40,000 40,000 40,000 
E, 12,000 12,000 12,000 
E, 15,000 8,400 6,900 5,700 

E, 400,000 400,000 400,000 400,000 
E, 50,000 50,000 50,000 50,000 
E, 15,000 15,000 15,000 
E, 11,000 6,000 5,000 4,000 

4 E, eoo;ooo 600,000 600,000 600,000 
E, 75,000 75,000 75,000 75,000 
E, 22, 000 22,000 22,000 
E, 11,000 6,000 5,000 4,000 

Note: 1 psi • 6.8948 kPa, 

OUTPUT FUNCTION 

Deterioration 

Applications N 

Clay 

Solt 
Hard Varved 
Lacuetrine and Leda 

400,000 400,000 
50,000 50,000 
15,000 15,000 

7,500 3,800 

320,000 320 000 
40,000 40, 000 
12,000 12,000 

7,600 3,900 

400,000 400,000 
50,000 50,000 
15,000 15,000 

5,300 2,700 

600,000 600,000 
75,000 75,000 
22,000 22,000 

5,300 2,700 



Table 2. Average subgrade deflections of successful Ontario designs. 

Subgrade Material Thickness, in. 

Grain Type Sandy Silt and Clay Loam Till 
of Mate- Clay 
rials Suit- Silt <40, Silt 40 to 50, Silt .>50, 
able as Very Fine Very Fine Very Fine Soft 

Thick- Granular Sand and Sand and Sand and Hard Varved 
Class and Road ness Borrow Silt <45 Silt 45 to 60 Silt >60 Lacustrine and Leda Average Deflection Values, in. b 

King's highways 
Multilane h, 5.5 5.5 5.5 5.5 5.5 5.5 0.0128 0.0136 0.0163 0.0144 

h, 7.5, 6.5' 6 6 6 6 6 
h, 15 21,201 27 18 42 0.0119 0.0129 0.0152 0.0133 

Two lanes, h, 4.5 4.5 4.5 4.5 4.5 4.5 0.0136 0.0145 0.0172 0.0151 
AADT h, 7.5 6 6 6 6 6 
>2,000 II, 15 21, 20' 27 18 42 0.0128 0.0138 0.0162 0.0142 

Two lanes, h, 3.5 3.5 3.5 3.5 3.5 3.5 0.0167 0.0178 0.0212 0.0186 
AADT h, 6 6 6 6 6 6 
<2,000 h, 12, 11' 15 21 12 30 0.0159 0.0170 0.0206 0.0177 

3econdary roads, h, 1.5 r{· 5 1.5 1.5 1.5 1.5 0.0202 0.0217 0.0259 0.0227 
AADT >1,000 h, 6, 6 . 5' 6 6 6 6 

h, 9 12 21, 18' 12 30, 27' 0.0200 0.0200 0.0260 0.0230 

rownship roads, h, 1.5 1. 5 1.5 1.5 1.5 1.5 0.0268 0.0286 0.0347 0.0297 
AADT >200 h, 4 6 6 6 6 6 

h, 4 6 9 6 18 0.0260 0.0280 0.0338 0.0298 

Note: 1 in. ::a 2.54 cm. 

•Modified thicknesses only used for cases 3 and 4, bUpper values for each entry set are for Chevron; the bottom for Odemark , 

Table 3. Calculated criteria for case 3. 

Subgrade Material 

Grain Type Sandy Silt and Clay Loam Till 
of Mate-
rials Suit- Silt <40, Silt 40 to 50, Silt >50, Average 
able as Very Fine Very Fine Very Fine Clay Deflection 

Type of Criterion or Distress Granular Sand and Sand and Sand and Values 
Class of Road Indicator Borrow• Silt <45' Silt >45° Slit >60' Hard' Soft1 (in.) 

King's highways 
Multilane Subgrade deflection, Chevron, in. 0.0157 0.0159 0.0163 0.0168 0.0162 0.0171 0.0163 

Subgrade deflection, Odemark, in. 0.0152 0.0151 0.0158 0.0153 0.0153 0.0155 0.0152 
Total deflection, Chevron, in. 0.0186 0.0236 0.0249 0.0265 0.0246 0.0284 0.0244 
Total deflection, Odemark, in. 0.0168 0.0191 0.0194 0.0198 0.0194 0.0199 0.0191 

Two lanes, SUbgrade deflection, Chevron, in. 0.0167 0.0170 0.0177 0.0176 0.0172 0.0179 0.0172 
>2,000 AADT Subgrade deflection, O:lemark, in. 0.0161 0.0162 0.0172 0.0162 0.0164 0.0162 0.0162 

Total deflection, Chevron, in. 0.0203 0.0262 0.0274 0.0289 0.0271 0.0308 0.0268 
Total deflection, Odemark, in. 0.0182 0.0211 0.0213 0.0214 0.0213 0.0214 0.0208 

Two lanes, Subgrade deflection, Chevron, 10. 0.0207 0.0208 0.0206 0.0207 0.0216 0.0228 0.0212 
<2,000 AADT Subgrade deflection, Odemark, in. 0.0200 0.0199 0.0199 0.0198 0.0210 0.0211 0.0203 

Total deflection, Chevron, in. 0.0245 0.0306 0.0319 0.0334 0.0321 0.0370 0.0316 
Total deflection, Odemark, in. 0.0223 0.0251 0.0255 0.0256 0.0261 0.0267 0.0252 

Secondary road, Subgrade deflection, Chevron, in. 0.0262 0.0263 0.0264 0.0250 0.0254 0.0263 0.0259 
paved >1, 000 Subgrade deflection, Odemark, in. 0.0263 0.0266 0.0267 0.0253 0.0257 0.0257 0.0260 
AADT Total deflection, Chevron, in. 0.0316 0.0402 0.0418 0.0426 0.0408 0.0460 0.0405 

Total deflection, Odemark, in. 0.0305 0.0354 0.0360 0.0353 0.0352 0.0357 0.0346 

Township road, Subgrade deflection, Chevron, in. 0.0334 0.0357 0.0340 0.0344 0.0327 0.0326 0.0347 
paved >200 AADT Subgrade deflection, Odemark, in. 0.0334 0.0337 0.0346 0.0351 0.0332 0.0332 0.0338 

Total deflection, Chevron, in. 0.0376 0.0487 0.0463 0.0488 0.0449 0.0505 0.0461 
Total deflection, Odemark, in. 0.0362 0.0400 0.0415 0.0427 0.0403 0.0416 0.0404 

King's highways 
Multllane Vertical subgrade stress, psi -6.88 -2.09 -1.51 -1.03 -1. 70 -0.532 

Vertical subgrade strain, in. -0.000505 -0.000314 -0.000269 -0.000223 -0.000287 -0.000167 
Radial asphalt stress, psi 142.0 142.0 140.0 139.0 141.0 137.0 
Radial asphalt strain, in. 0.000204 0.000204 0.000202 0.000200 0.000203 0.000198 

Two lanes, Vertical subgrade strain, psi -7.82 -2.44 -1.72 -1.14 -1.96 -5.69 
>2,000 AADT Vertical subgrade strain, in. -0.000583 -0.000370 -0.000311 -0.000251 -0.000334 -0.000179 

Radial asphalt stress, psi 153.0 159.0 157.0 156.0 158.0 154.0 
Radial asphalt strain, in. 0.000227 0.000233 0.000231 0.000230 0.000232 0.000227 

Two lanes, Vertical subgrade stress, psi -11.7 -3.72 -2.55 -1.64 -3.14 -8.98 
<2,000 AADT Vertical subgrade strain, in. -0.000849 -0.000535 -0.000467 -0.000369 -0.000543 -0.000285 

Radial asphalt stress, psi 179.0 173.0 171.0 169.0 172.0 167.0 
Radial asphalt strain, in. 0.000269 0.000262 0.000260 0.000258 0.000262 0.000256 

Secondary road, Vertical subgrade stress, psi -18.9 -6.03 -4.30 -2.51 -4.45 -1.22 
paved >1, 000 Vertical subgrade strain, in. -0.000138 -0.000925 -0.000793 -0.000574 -0.000776 -0.000395 
AADT Radial asphalt stress, psi 82.0 74.9 73.1 73.6 74.0 74.4 

Radial asphalt strain, in. 0.000186 0.000176 0.000174 0.000175 0.000175 0.000176 

Township road, Vertical subgrade stress, psi -28.3 -10.6 -6.99 -4.73 -7.24 -1.95 
paved >200 Vertical subgrade strain, in. -0.001870 -0.001570 -0.001270 -0.001080 -0.001240 -0.000645 
AADT Radial asphalt stress, psi 135.0 117.0 72.3 68.7 73.2 69.4 

Radial asphalt strain, in. 0.000264 0.000223 0.000172 0.000168 0.000174 0.000170 

Note: Modulus of (a) hot mix asphalt E 1 :::: 400,000; (b) the base E2 c 50,000; and (cl the subbase E3 = 15,000. 1 in~= 2.54 cm. 1 psi • 6~8948 kPa. 

• Em • 11,000. bEm ""6,000~ "Em= 5,000~ dEm = 4,000 . eEm • 5,300, 'Em • 2,700. 



Figure 2. Diagram of multilayer structure. 

Table 4. Calculated criteria for case 4. 

Type of Criterion or Distress 
Claes of Road Indicator 

King 1s highways 
Multilane Subgrade deflection, Chevron, in. 

Subgrade deflection, Odemark, in. 
Total deflection, Chevron, in. 
Total deflection, Odemark, in. 

Two lanes, Subgrade deflection, Chevron, in. 
>2,000 AADT Subgrade deflection, Odemark, in. 

Total deflection, Chevron, in. 
Total deflection, Odemark, in. 

Two lanes, Subgrade deflection, Chevron, in. 
<2,000 AADT Subgrade deflection, Odemark, in. 

Total deflection, Chevron, in~ 
Total deflection, Odemark, in. 

Secondary road, Subgrade deflection, Chevron, in. 
paved >l,000 Subgrade deflection, Odemark, in. 
AADT Total deflection, Chevron, in, 

Total deflection, Odernark, in. 

Township road, Subgrade deflection, Chevron, in. 
paved >200 AADT Subgrade deflection, Odernark, in. 

Total deflection, Chevron, in. 
Total deflection, Odemark, in. 

King's highways 
Multilane Vertical subgrade stress, psi 

Vertical subgrade strain, in. 
Radial asphalt stress, psi 
Radial asphalt strain, in. 

Two lanes, Vertical subgrade stress, psi 
>2,000 AADT Vertical subgrade strain, in. 

Radial asphalt stress, psi 
Radial asphalt strain, in. 

Two lanes, Vertical subgrade stress, psi 
<2, 000 Vertical subgrade strain, in. 

Radial asphalt stress, psi 
Radial asphalt strain, in. 

Secondary road, Vertical subgrade stress, psi 
paved >1,000 Vertical subgrade strain, in. 
AADT Radial asphalt stress, psi 

Radial asphalt strain, in. 

Township road, Vertical subgrade stress, psi 
paved >200 AADT Vertical subgrade strain, in. 

Radial asphalt stress, psi 
Radial asphalt strain, in. 

CONTACT 
STRESS CT0 

BITUMEN-B0Ui'O LAYERS 
( MODULUS E 1 ) 

GRANULAR BASE 
AND SUIIBASE 

/ 
TENSILE STRESS 

----+----. OR STRAIN 

(MODULUS E2 ,E 3 ) 

TOTAL 
DEFLECTION 

h, 

h2 +h, 

SleGRADE "'CONfRESSIVE STRAIN, STRESS 
(MODULUS Em) OR DEFLECTION Of" SUIGRADE 

Subgrade Material 

Grain Type Sandy Silt and Clay Loam Till 
of Mate-
rials Suit- Silt <40, Silt 40 to 50, Silt >50, 
able as Very Fine Very Fine Very Fine Clay 
Granular Sand and Sand and Sand and 
Borrow• Silt <45b Silt >45° Silt >60d Hard' Softr 

0.0136 0.0141 0.0145 0.0150 0.0144 0.0146 
0.0134 0.0132 0.0133 0.0134 0.0134 0.0136 
0.0159 0.0195 0.0205 0.0217 0.0202 0.0225 
0.0143 0.0154 0.0157 0.0159 0.0157 0.0161 
0.0146 0.0150 0.0153 0.0157 0.0153 0.0152 
0.0142 0.0143 0.0143 0.0142 0.0144 0.0142 
0.0172 0.0214 0.0223 0.0235 0.0221 0.0243 
0.0153 0.0170 0.0171 0.0172 0.0171 0.0172 
0.0162 0.0181 0.0181 0.0164 0.0189 0.0201 
0.0177 0.0175 0.0175 0.0174 0.0184 0.0165 
0.0210 0.0250 0.0260 0.0271 0.0262 0.0299 
0.0190 0 .0204 0.0206 0.0206 0.0213 0.0217 

0.0231 0 .0230 0.0230 0.0220 0.0221 0.0233 
0.0235 0.0235 0.0235 0.0223 0.0226 0.0226 
0.0270 0.0327 0. 0337 0.0341 0.0326 0.0368 
0.0261 0.0266 0.0289 0.0260 0.0261 0.0283 

0.0249 0.0314 0.0297 0.0299 0.0286 0.0268 
0.0302 0 .0298 0.0305 0.0309 0.0293 0,0290 
0.0332 0.0406 0.0364 0.0400 0.0372 0.0411 
0.0320 0.0335 0.0345 0.0353 0.0334 0.0339 

-5.43 -1.64 -1.20 -0.624 -1.34 -0.426 
-0.000368 -0.000242 -0 .000207 -0. 00172 -0.000220 -0.000130 
151.0 144.0 142.0 140.0 143.0 137.0 
0.000142 0.000137 0.000136 0.000134 0.000136 0.000132 
-6.17 -1.91 -1.36 -0.910 -1.54 -0.455 
-0.000447 -0.000286 -0.000238 -0.000193 -0.000257 -0.000139 
161.0 161.0 158.0 156.0 159.0 153 .0 
0.000157 0.000157 0.000155 0.000153 0.000156 0.000151 
-9.29 -2. 92 -1.99 -1.29 -2.54 -0.715 
-0.00656 -0.000412 -0.000356 -0.000260 -0.000419 -0.000217 
190.0 175.0 172.0 169.0 174.0 167.0 
0,000188 0.000176 0.000174 0.000172 0.000176 0.000170 

-15,10 -4.75 -3, 36 -1.95 -3.49 -0 .966 
-0.001070 -0.000722 -0.000611 -0. 000435 -0 .000600 -0.00296 
80.6 69.1 67.9 69.6 66.7 71.1 
0.000122 0.000112 0.000112 0.000113 0.000112 0.000114 

-23.30 -8.44 -5.46 -3.67 -5.66 -1.51 
-0.000490 -0.001240 -0.000984 -0.000622 -0 ,000965 -0.000480 
150.0 114.0 66.2 62 .9 67.2 65.5 
0.000173 0.000146 0.000110 0.000107 0.000110 0.000110 

Note: Modulus of (a) the hot-mix asphalt E, = 600,000; (b) the base E2 = 75,000; and (c) the subbase E3 = 22,000. 1 in~= 2.54 cm. 1 psi= 6.8948 kPa. 

a Em - 11,000, bEm = 6,000, cEm - 5,000. dEm ""4,000. eEm = 5,300. 1Em = 2,700. 

Averag 
Deflect 
Values 
(m. ) 

0.0144 
0.0134 
0.0200 
0.0155 
0.0151 
0.0143 
0.0216 
0.0166 
0.0186 
0.0176 
0.0259 
0.0206 

0.0227 
0.0230 
0.0326 
0.0260 

0.0297 
0.0299 
0. 0364 
0.0336 
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Appendix. The variable measurements may be either U.S. customary or metric units. 

where 

and where 

p 1 
W=--X---

2E.z Ca 
vi + ;:; z 

m-1 

z = 0.9 X L h1 

i=l 

w = subgrade deflection in inches; 
m = number of layers including subgrade; 
h1 = thickness of layer i in inches; 
E1 = modulus of layer i in psi; 
E. = subgrade modulus in psi; 
a = radius of loaded area in inches; and 
P = wheel load in lb. 

(2) 

(3) 

The deflections w calculated in Eqs. 1 and 2 differ slightly from the subgrade de
flections calculated with the Chevron program (Tables 2, 3, and 4). The correlation 
coefficient r between the two calculated deflections, however, was found to be close 
enough to unity (r = 0.993 to 0,997) so that the much simpler method of calculation by 
Eqs. 2 and 3 is justified. The correlation between the two deflections of case 3 is 
shown in Figure 3. 

SUBGRADE DEFLECTIONS OF AASHO ROAD TEST SECTIONS 

Subgrade deflections w have been calculated for all designs given in Tables 1 and 2 
and, for the moduli of cases 1 through 4, these deflections were approximately equal 
for each highway traffic class. In these calculations the applied load was constant, but 
the subgrade material E. was one of the main variables. 

In contrast to this, the main factorial design sections of the AASHO Road Test were 
built on a uniform subgrade material (soft clay), but were exposed to a variety of axle 
loads (5). By using Eqs. 2 and 3, subgrade deflections w were calculated for these 
AASHO- Road Test designs. The wheel loads P of the single-axle weights in each loop 
we1·e assumed to be uniformly distributed over a circle of r adius a acco1·ding to re
corded tire pressures ( 6). 

Based on a scale (7, fig. 28) and a soil support value of S = 3, the modulus of the sub
grade was assumed tobe E. = 3,000 psi (20. 7 MPa). The m oduli of th,e pavem ent layers 
were assumed to be the same as in the calculations on the Ontario designs ( Tables 3 
and 4). 

The number of weighted, i.e., seasonably adjus ted, load applications N for a terminal 
present serviceability index (PSI) p = 2.5 a nd the corresponding values of N1,5 for p = 1.5 
are given elsewhere (5, table 8; 5, table 6 respectively). Correlation regression 
analyses were performed on all four sets of data (N2, 5 and N1.s, cases 3 and 4) for loops 
3, 4, 5, and 6 separately, and the results are given in Tables 4 and 5. 

If separate plots for each loop in each case are made and if each regression equation 
in the tables is drawn and modified, the regression analyses could be harmonized into 
the following expression based on a constant rounded average value of six for the slopes 
( exponent of w). 

N- 1 
- W6 X lQK-0.00P 

(4) 
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Figure 3. Correlation of subgrade deflections. 
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Table 5. Correlation regression equations for AASHO Road Test results 
(p = 2.5). 

Loop Axle Load 
Number (kips) Equations for Case 3 Equations for Case 4 

3 12 log N = -4. 567 log w - I. 529 log N = -4.520 log w - 1.715 
•1 18 log N = -5.843 log w - 2.892 log N = -5.795 log w - 3.151 
5 22 .4 log N = -5.745 log w - 2.729 log N = -5.672 log w - 2.959 
0 30 log N = -6.156 log w - 2.857 log N = -6.118 log w - 3.152 

Suggested predicting 
equation• for N = e N log N = -6 log w, - 3.22 log N = -6 log w, - 3.56 

Note : Measurement of w and Ws is in inches 1 in, = 2,54 cm. 1 kip • 4.448 222 N, 

Sample 
Size 

27 
28 
27 
27 

109 

•standard error of prediction of log N = 0,26; standard error in slope • 0 ,19, Standard error in Y-intercept • 0.58; correla
tion coefficient = -0 95 

0.045 



where the following are values for the constant K 

Values 

For p = 2.5 
For p = 1.5 
Difference, K2.s - K1.s 

Case 3 

4.03 
3.94 
0.09 

Case 4 

4.37 
4.28 
0.09 

and the wheel load Pis to be measured in 1,000-lb (4.45 kN) units. 

LOAD EQUIV ALENCY FACTOR 
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Equation 4 was established for a wide range of wheel loads P. The number of load 
applications N and the subgrade deflections w pertain to wheel load P. Equation 4 is 
also valid for the standard wheel load P., which is 9,000 lb (40 kN) (p, = 9) or for any 
other value within the range of the loads being investigated. If a load of P1 = 9 is ap
plied on any design section, the calculated subgrade deflection will be w,, and, with 
these two values, Eq. 4 will predict the number of equivalent standard axle load appli
cations N,. From these considerations, the load equivalency factor e = N,/N can be 
derived and was found to be 

e = (:.r X 10-0.09(P-P,1 (5) 

The following equation is presented for large values of z and for a constant radius of 
tire pressure area a= a, = constant (which is the same for P and P,): 

e = (:.)6 X 10-0.09 (P - P,I (6) 

(If P and P, are metric, then the -0.09 coefficient changes accordingly.) Equation 6 has 
been plotted in Figure 4 for P. = 9 [9,000 lb (40 kN)] together with equivalency factors 
derived by Shook and Chastain (8, 9). If Eq. 6 is true, it follows that the destructive 
effects of heavy axle loads P > P, have usually been overestimated. 

PREDICTION OF EQUIVALENT STANDARD AXLE LOAD 
APPLICATIONS 

The weighted axle load applications N2.s and N1.s (5, tables 6 and 8) were converted 
into numbers of equivalent standard 18-kip loads (N2~ = e x N2•5 and N1.s = e x N1.s) by 
using equivalency factors e calculated by Eq. 5. 

N2.s and N1.s were then correlated with all the calculated deflections of loops 3, 4, 
5, and 6 for cases 3 and 4. The results of these correlation regression analyses, each 
based on over 100 pairs of values w. - N, are as follows: 

1. For case 3, p = 2.5: log N2.s = -5.93 log w. - 3.12; 
2. For case 3, p = 1.5: log N1.s = -5.94 log w. - 3.06; 
3. For case 4, p = 2.5: log N2.s = -5.90 log w, - 3.41; and 
4. For case 4, p = 1.5: log N1.5 = -5.92 log w. - 3.35. 

In all four cases correlation coefficients r""' -0.95, errors of prediction""' 0.26, 95 per
cent confidence limits of the slopes are approximately 5. 5 to 6.3, and average standard 
error of the slope""' 0.19. The errors of prediction(""' 0.26) compare favorably with the 
root-mean-square residual of the AASHO Road Test data, which is 0.31. 

These correlation regression equations were then harmonized as before based on a 
constant slope of 6. The same equations were obtained as from Eq. 4 for P = 9 kips 
(40 kN). They are given in log form on the bottom of Tables 5 and 6. Plots of the points 
and the regression lines for cases 3 and 4 and for p = 2.5 are shown in Figures 5 and 6. 

Thus, the subgrade deflection principle or model has been successfully applied to 
the AASHO Road Test data even with gross assumptions for the elastic moduli and layer 
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Figure 4. Load equivalency factor versus wheel load. 
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Table 6. Correlation regression equations for AASHO Road Test results 
(p = 1.5). 

Loop Axle Load 
Number (kips) Equations for Case 3 Equations for Case 4 

3 12 log N = -4.358 log w - 1.174 log N = -4.214 log w - 1.212 
4 18 log N = -5.838 log w - 2.805 log N = -5. 785 log w - 3.056 
5 22.4 log N = -5. 766 log w - 2.647 log N = -5.652 log w - 2.823 
6 30 log N = -5.891 log w - 2.414 log N = -5.849 log w - 2.689 

Suggested predicting 
equation& for N = e N log Nie= -6 log w1 - 3.13 log N = -6 log w, - 3.47 

Note: Measurement of wand w1 is in inches 1 in = 2.54 cm, 1 kip • 4 ,448 222 N 

16 17 

Sample 
Size 

25 
25 
25 
22 

97 

•standard error of prediction of log f'1 "'Q_26; standard error in slope "' 0 .20. Stcmdard error in Y-intercept "' O 59; correlation 
coefficient= ·0.95 

18 19 20 

P-



Figure 5. Verification of predicting Eq. 4 for case 3. 
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equivalencies. Equations 4, 5, and 6 and the regression equations were derived con
currently for both cases 3 and 4 with concordant results. This shows that the subgrade 
deflection model is not sensitive about the relation between subgrade and pavement layer 
moduli. From here on, investigations are restricted to case 3 as an example only. 

LOSS OF SERVICEABILITY 

The number of equivalent 18-kip axle load applications N for the two terminal levels 
of serviceability p = 2.5 and 1.5 (PSI) can be calculated by Eq. 4 by setting P = 9 kips 
(40 kNL This substitution leads to two expressions that have been combined into one 
performance equation relating N to the subgrade deflection w1 and to the loss in per
formance. With Eq. 4, and by using the K-values of case 3, by setting P, = 9 kips 
(18-kip axle) [40 kN (80 kN)], and by assuming an initial value of p0 = 4.2 (5), one can 
derive the following equation by connecting the three points Po = 4.2, Pi = 2:5, and p2 = 
1.5 by a cubic parabola: 

p = 4.200 - (1.22275 1/l + 4.4024 ip3
) (7) 

where 

ip = 1000 x w: x N for w, in inches (8) 

or 

ip = 3.7238 w~ x N for w. in cm (9) 

and where 

w. = deflection on top of the subgrade as a design parameter for the standard wheel 
load P. = 9 kips (40 kN), 

.J> = PSI, and 
Np = number of equivalent 18-kip (80 kN) axle weight applications. 

The last term of Eq. 7 can be interpreted as the loss in PSI because of traffic loading. 

PL = 1.2228 1/l + 4.402 1/>
3 (10) 

In this form, the predicting equation could eventually be used more universally, for 
instance for other initial values p0 and in other environments by including another loss 
term to account for additional losses from environmental forces, a concept which at 
present is being applied to the results of the Brampton Road Test (10, 11, 12). Figure 
7 shows the losses PL as a function of N and w,. - - -

REQUIRED EQUIVALENT GRANULAR THICKNESS 

Equation 2 can be solved explicitly for z, and the resulting equation, with Eq. 3, can 
• be multiplied by 

(11) 

where E2.g is the modulus for granular A base material. In this way, a design equation 
may be derived: 

(12) 

where H0 is the required granular thickness for the particular design in terms of granu
lar A material. This thickness requirement H0 is the sum of all layer thicknesses mul
tiplied by layer equivalency coefficients. 

(13) 



Figure 7. Loss of performance or serviceability because of traffic loading (mean values). 
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These coefficients express the effect of each layer in resisting load P. to generate a 
vertical deflection w. on the subgrade, which is the design parameter. Therefore, 
they are (as in Eq. 3) related to the pavement layer moduli as follows: 

C1 = ~ C2=~ Cs=~ E21 E2g Es, 
(14) 

In this paper, coefficients were based on exper ience gained in Ontario, especially 
from the Brampton Road Test results (10): C1 = 2, c2 = 1, and cs = %. TJ1ey determine 
the relation E1:E2 :Es of the pavement layer moduli (Eq. 1) within the subgrade deflec
tion concept (Eqs. 2 and 3). In other words, the pavement layer moduli were based 
on layei l -tuivalencies determined from experience. This is justified if the perfor
mance is linked to the subgrade deflections w calculated by Eqs. 2 and 3. [The similarity 
of desig.1 Eqs. 12 and 13 with the Kansas formula (13, 14) is recognized.] 

A design chart for determining the required totalthickness in terms of H. was drawn 
with Eq. 12 and is shown in Figure 8. The following example may show how to use the 
chart. The assigned Odemark subgrade deflection is w. = 0.019 (to be taken from a 
suitable performance diagram similar to Fig. 7). The subgrade is a clay loam till with 
30 per cent silt and with very fine sand and silt of about 40 percent; therefore, select 
Em = 6,000 psi (41. 4 MPa) from the table in Figure 8. The required granular A thick
ness from the same figure is H& = 21 in. (53 cm>. 

CONCLUSIONS 

A practicable system of flexible pavement design, which is a subsystem of the whole 
pav:ement management system, can be based on simple concepts of linear elastic theory. 
An elastic layer system can serve as a structural design pavement model. The sub
grade deflection for this model was found to be the most relevant distress indicator for 
the loss of performance of the pavement as a whole. The link between the response of 
this model, in terms of vertical deflections on the subgrade, and the output function, 
in terms of loss of performance, was established by considering past experience with 
successful Ontario designs and the AASHO Road Test. 

The material characterizations and load applications of the input variables of this 
model, although not definitely established, were demonstrated and exemplified. Thus, 
experiences in Ontario were mainly used to establish realistic relations between layer 
and subgrade moduli, and AASHO Road Test data were used to exemplify the necessary 
range of loads. 
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APPENDIX 
DESIGN FORMULA BASED ON SUBGRADE DEFLECTIONS 

A design formula based on subgrade deflections can be derived by using various ex
isting concepts such as the solution of an elastic stress anal ysis for the isotropic half 
space and the equivalent layer thickness suggested by Odemark (3, 8). 

Newmark (15) gives a formula for the vertical deflection in the center of a wheel 
load that is equally distributed over a circular contact area at depth z of a uniform 
elastic half space. 

( ) a a ~ . ( ) 1 - cos aJ w • = 1 + µ X Eo X srn Ct + 1 - 2µ . 
sin Ct 

where 

w. = vertical deflection at the top of the subgrade; 
µ = Poisson's ratio; 

r:1 0 = tire pressure, uniformly distributed over a circular area; 
a = radius of the loaded circular area; 
a = angle as indicated in the figures; and 

a = arc tan ~. z 

Equation 15 is rewritten so that an important simplification can be achieved: 

(15) 
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K C7o a . 
w, = xEx sma (16) 

where 

K =; (1 + µ.) rcl - 2µ.) X 1 -. c2os a] r sm a 
(17) 

Forµ. = 0.25 to 0.50 and for ex= 0 to 40 degrees the coefficient varies only slightly 
from K = 1.5 to K = 1.6, and a constant value can be selected. In particular, the coef
ficient K increases slightly by decreasing Poisson's ratio (µ. < O. 5) and by increasing a. 

A fixed value of K = 1.5708 = i- > 1.5 is suggested. 

For a Poisson's ratio ofµ. = 0.5, Eq. 15 is simply 

1 5 a.ax . w 1 = • XE sma (18) 

This is a well-known equation (2, 3, 4). By referring to Eq. 16, the following substitution 
can be made - - -

. tana t a dP 2 sin Qt = , an QI = z' an = fr a (7 o 

../1 + tan2 a 

w = KP X---1 __ _ 
1 

rrEz ~ 

Solving for z, 

Z =v't1r ~~s -a
2 

K 1 
where P = design wheel load = 1r a2 a., and rr = 2. 

Figure 9. Diagram of elastic layered 
system. 1 -a 
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According to Odemark (3), an elastic layered system as shown in Figure 9 can be 
transformed into a uniform-elastic half space by introducing an equivalent layer thick
ness h..1, 

where 

E1 = modulus of layer i, 
E. = modulus of subgrade = reference modulus, 
h1 = thickness of layer i, 

he1 = equivalent thickness of layer i, and 
n = reduction factor, for flexible pavements = 0,9. 

(21) 

For flexible pavements, Odemark (3) has suggested a value of n = 0.9. This was veri
fied by numerous comparative calculations. 

The depth z can be expressed by Eq. 21 as 

m-1 m-1 

z = I h.1 = n I h1 ~ (22> 

i=l i=l 



DAMAGE MODEL FOR PREDICTING TEMPERATURE 
CRACKING IN FLEXIBLE PAVEMENTS 
Mohamed Y. Shahin and B. F. McCullough, University of Texas at Austin 

Amodel for predictingtemperature cracking has been developed. Temper
ature cracking as predicted by the model is the appropriate addition of low
temperature cracking, which occurs when the thermal tensile stress ex
ceeds the asphalt concrete tensile strength; and thermal-fatigue cracking, 
which occurs when the thermal-fatigue distress due to daily temperature 
cycling exceeds the asphalt concrete fatigue resistance. During model 
development, stochastic variations in material properties were considered. 
The model has since been computerized. Inputs to the program are the 
basic material properties and conventional weather variables that can be 
easily obtained. The major output from the program is the temperature 
cracking in ft/1,000 ft2 (m/1000 m2

) as a function of age from construction. 
Analysis of the Ontario test roads and the Ste. Anne Test Road has shown 
the model predictions to be reasonable. The model is in a modular form 
so that any change that may develop through the advancement of asphalt 
concrete technology can be added without major revision of the basic 
framework. 

eTEMPERATURE cracking is one of the severe problems with flexible pavements in 
the United States and Canada. The problem is not only the bad effect on the highway 
user but also the distress that occurs in the pavement later. The consequence, which 
depends on the type of subgrade, could be loss of support or swelling, but above all 
there is a loss of ridability and an increase in the frequency and cost of maintenance. 
The most common method for selecting an asphalt concrete mixture to avoid tempera
ture cracking involves determining the fracture temperature, the temperature at which 
the tensile stress exceeds the tensile strength. According to this method, the pavement 
will fail thermally as soon as its temperature drops to the fracture temperature. How
ever, there have been many cases in which only a few thermal cracks form at first, 
which increase in number yearly until the road is considered to be failed. The pur
pose of this research is to develop a model for predicting temperature cracking in 
asphalt concrete during its service life by using materials laboratory data and avail
able weather information. Temperature cracking as predicted is the addition of two 
forms of cracking: 

1. Low-temperature cracking, which occurs when the thermal tensile stress exceeds 
the asphalt concrete tensile strength; and 

2. Thermal-fatigue cracking, which occurs when the thermal-fatigue distress due 
to daily temperature cycling exceeds the asphalt concrete fatigue resistance. 

In comparisons of the temperature cracking predicted by the model and that measured 
in the Ontario test roads (1) and the Ste. Anne Test Road (2, 3, 4), the model predictions 
have been reasonable. The model is a tool that will help ffiehighway design engineer 
select the most appropriate asphalt concrete mixture that will result in no or very little 
temperature cracking. The model can also be used to distinguish among the different 

Publication of this paper sponsored by Committee on Flexible Pavement Design. 
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asphalt suppliers and to select the best asphalt for avoiding temperature cracking; 
this will help reduce the maintenance cost. 

DESIGN APPROACH 

To make the right approach to any problem requires that the causes be known. After 
the causes are known, the next step is to develop models for analyzing the problem; 
then one can construct a simple and useful system. 

A general system approach to pavement design involves 

1. Inputs-material characteristics, load frequency and intensity, environmental 
conditions, variations associated with the inputs, etc.; 

2. Submodels-techniques developed to analyze the problem under consideration, 
which can be based on theory, experience, axioms, etc.; 

3. Outputs-stress, strain, strength, etc.; 
4. Distress-cracks, roughness, rutting, etc.; and 
5. Performance-evaluation of distress manifestations from the user's point of 

view. 

The major part of the model is the development of the temperature cracking sub
models. The four submodels that were developed, each of which has its own function 
and serves as an input to the next one, are 

1. Submode! I-simulation of pavement temperatures; 
2. Submode! 2-estimation of asphalt concrete stiffness, prediction of in-service 

aging of asphalt, and estimation of thermal stresses; 
3. Submode! 3-prediction of low-temperature cracking; and 
4. Submode! 4-prediction of thermal-fatigue cracking. 

Because of space limitations, however, only submodels 3 and 4 are discussed here; 
complete details of submodels 1 and 2 will be published in a future report. 

PREDICTION OF LOW-TEMPERATURE CRACKING 

It is believed that asphalt concrete properties vary over the entire road length and, 
therefore, a single fracture temperature is an unsatisfactory criterion. Instead, the 
variability of the mixture properties should be accounted for by an appropriate stochastic 
approach. 

The factors that control low-temperature cracking are the stress (j and the strength 
T. So that the variability of asphalt concrete properties in a particular road may be 
accounted for, it is assumed that both the stress and the strength vary normally and 
randomly along that road. The probability of failure is then defined as the probability 
of the stress exceeding the strength at any point on the road: 

P(failure) = P(F) = P((j > T) 

By introducing X = (j - T, Eq. 1 can be rewritten as 

P(F) = P((j - T > 0) = P(X > 0) 

(1) 

(2) 

Figure 1 shows a conceptual diagram showing the probability of failure on the normal 
distribution of X. 

Because the density functions f(cr) and f(T) are assumed to be normally distributed, 
f(X) is normally distributed and 

f(X) = exp -- --1 [ l(X - x) 2

] 

SDx.h'; 2 SDx 
(3) 

where 
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Figure 1. Difference distribution (X = stress strength). 
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f(X) = the density fwiction of X, 
SDx = standard deviation of X, and 

X = mean value of X. 

Therefore, 

P(F) = P(X > 0) = J~ f(X)dX 

By substituting Eq. 3 into Eq. 4, 

P(F) = exp -- ---· dX 1 loo [ l(X X)2

] 

SDx~ o 2 SDx 

Variable X was normalized so that the normal tables could be used: 

Accordingly, the limits of the integration in Eq. 5 will be 

1. Where X = o, 

2. Where X = oo, 

3. clX = SDxdZ. 

Zx =oo 
max 

Equation 5 can then be rewritten in terms of Z as 

l J Zx=OO z
2 

P(F) = - e-2 dZ 
~ Zx 

nl n 
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(4) 

(5) 

(6) 

(7) 

If the lower limit of the integration of Eq. 7 is known, then the normal tables can be 
used to determine the probability of failure P(F): 

-x (a - Tl 
Zxm1n = SDx = -

fsn2 + sn2 

V ' 0 T 

where 

a = mean value of the stress, 
T = mean value of the strength, 

SDu = standard deviation of the stress, and 
SDr = standard deviation of the strength. 

(8) 
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As an example, the following values were assumed: 

a== 100 psi (689.4 kPa), 
SD,0 == 50 psi ( 344. 7 kPa), 

T == 200 psi (1378.9 kPa), 
SDr == 40 psi (275. 7 kPa), and 

Zx == _ (100 - 200) :,? +1. 56_ 
min '.; 50 2 + 402 

From the normal tables, P(F):,? 6.0 percent, which means that 6.0 percent of the area 
of a road will fail if the assumed values of stress and strength occur. 

Because thermal cracks take the form of transverse cracks, they are usually re
ported as the average frequency per mile or, as r eported in the AASHO Road Test, in 
lin ft/1,000 ft2. The minimum spacing between transverse c1·acks ranges from 4 to 5 
(1.2 to 1.5 m). Consequently, it can be as sumed that, if the spacing between tr ansverse 
cracks reaches 5 ft (1.5 m) and the pavement is no longer restrained, the area of in
fluence of each transverse crack will be equal to its length times a width of 5 ft (1.5 m). 
Therefore, to transfer a predicted area of thermal cracking, the area can be divided 
by the width of influence, which is about 5 ft (1.5 m) . 

For example, if the probability of failure is 6.0 percent, 60 ft2 will fail everf 1,000 ft2 
(60 mi/1000 m2

). In terms of linear cracking that will be 60 / 5 01· 12 ft/1,000 It (60 / 1.5 
or - 40 m/1000 m2

). 

Equation 8 is mainly used in the low-temperature cracking submode!. The four vari
ables in Eq. 8 were varied over a reasonable range so that the model's behavior could be 
studied. The results of this analysis are shown in Figures 2, 3, and 4 from which the 
following conclusions are drawn: 

1. When the average tensile stress is equal to the average tensile strength, the prob
ability of failure is 50 percent, regardless of the stress and strength coefficients of 
variation. 

2. For both stress and strength, the higher the coefficient of variation is, the higher 
the low-temperature cracking will be, up to a probability of failure of 50 percent, after 
which the reverse is true. 

PREDICTION OF THERMAL-FATIGUE CRACKING 

Pavement behavior (stress, strain, etc.) under temperature cycling was analyzed so 
that the relation between temperature cycling and the fatigue concept could be studied. 
The analysis showed that temperature cycling simulates a constant strain rather than 
a constant stress-fatigue distress. The distress effect of each cycle depends on the 
maximum stiffness and strain during that day (cycle) (Fig. 5). The pavement is sub
jected to one cycle/day (360 cycles/year); each cycle has a different distress intensity 
from all others. Furthermore, hardening of asphalt is an important phenomenon that 
should be considered. As time passes, the asphalt gets harder and hence, on the aver
age, the asphalt concrete stiffness increases year after year. It is believed that stiff
ness is the major factor distinguishing asphalt concrete mixes, with reference to their 
ability to withstand repeated temperature cycling. Figure 6 shows a conceptual relation 
between strain level and the number of cycle applications until failure for different stiff
nesses. The general relation may be written as 

where 

i == the strain level, 
j == the stiffness level, 

N1 J == the average number of cycle applications until failure under strain level i and 
stiffness level j, 



Figure 3. Effect of coefficient of variation 
of strength on low-temperature cracking. 

Figure 4. Effect of coefficient of variation 
of stress on low-temperature cracking. 

(3.44 X 10 6 N/m2 ) 

i'= 500 PSI, cv.,.= 0.5 

35 

1.0 ,-------------------------, 200 
(655) 

0.8 

! 
.a 0.6 : 

0.2 

0 

o.8 

; 0 .6 
i ... 
0 

t 
:a 

0.4 .l! 
£ 

0.2 

0 

0 

0 

• CVT=O.O 

• CVT=0.4 

A CVT =0.6 

I: /; 
/ '/ 

• I 
/ I 

. " A/ I 
/ / 

/ •' .. / 
/ _.,, 

200 
( 1.38) 

400 
(2.76] 

600 
(4 14) 

800 
(5.51) 

160 
!!'>2'11"' . .;; 

.;: E 
00 

8~ 
120 ~ .! 

(393) 

i 
:;; 

3 
80 ., 

(262)~ 

1l 
~ .. 

40 t 
(1 31] -' 

0 

IOOO 
(6.89) 

Average Thermal Stress 1 ps.i (XIOS N/m2) 
coefficient of variation of the strength, 

mean value of the tensile strength, 

coefficient of variation of the stress . 

( 3-44 X 106 N/m2) 

T =500 PSI, CVT•0.2 

• CV<T=O.I 

• cv.,.=o.3 

a cv.,. = 0.7 

/} 
.. I I 

// 
. ' /1 

a / 
I I . I 

I l ., .. .,...,,,,.,, 
200 
(1.38) 

400 
(2.76) 

,,,..,_.... --
/ 

/,.,, 160 N 

/ .. - · - (52'1)~ ,3 

I 
.,,,.,, .. -,·-- g g 

_.,. Q:::: 
I / ~.§ 

I •/ 120 
I/ 1393! f 

600 
(4 .1'1) 

800 
(5.51) 

0 

80 ~ 
(262) i 

E 

~ 
40 ~ 

( 131) 

0 
1000 
(6. 89) 

Average Thermo I Slress 1 psi (X 106 N/m2 ) 
CV 

O 
.. coefficient of variation of the stress, 

T ~ mean value of the tensile strength, 

CVT • coefficient o[ variation of the strength . 



36 

Figure 5. Schematic diagram of assumed behavior 
of pavement strain, stiffness, and stress during 
normal day. 

Avo,oae Temperature of the Doy 

• 

I .. 
0 nmo (hro.) 24 

Figure 6. Conceptual diagram of relation between strain and number of 
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SL .,. low stiffness, 

SH =- high sti ffncss, 

s
1 

:ic any intermediate stiffnen, 

N • number of temperature cycles until failure, 

W • strain level . .. 
0 
..J 

Log N 



37 

£ = strain, and 
AJ, BJ = fatigue constants at a stiffness level j. 

According to the preceding concept, the fatigue constants will vary with stiffness. 
An experiment was designed to determine these constants in the laboratory and to es
tablish a criterion for estimating the cumulative damage. However, because of the 
high cost of such an experiment, it was suggested that the experiment be performed 
later, and, therefore, fatigue constants were estimated from available data. So that 
the cumulative damage due to temperature cycling could be estimated, the following 
formula was used: 

n2M ~ 1 1'(2 I!i<M 
+ ... +-N + ... +-N +-N + ... +-N 

2M Kl K2 KM 

where 

D = accumulated damage, 
K = number of equal strain level groups, 
M = number of equal stiffness level groups, 
n = actual number of cycle applications, and 
N = number of cycle applications until failure. 

(9) 

In this formula, it was assumed that the damage caused by each cycle was irrecov
erable and hence the cumulative damage was a simple addition of all individual damages 
disregarding their sequence of occurrence. 

The logarithm of the average number of cycles until failure N1J has been shown to be 
normally distributed (~, For a particular significance level O!, the number of cycle 
applications until failure N" can be expressed as 

IJ 

log Na .. = log N1J - Za SD!Og N 
IJ 

{10) 

where 

Zcx = value from the normal tables that corresponds to a significance level O!; 

and 
SD10g N = standard deviation of the logarithm of N. 

From Eqs. 9 and 10, the probability of failure P{F) can be expressed as 

( 
K M n ) 

P{F) = probability L L r ;;, 1.0 
i=l j=l "1J 

(11) 

The best way to explain the above concept is through a numerical example. 
For a particular road section under particular environmental conditions, the accu-

mulated damage (.~ -~ N:1J ) was estimated after each month from construction at 
1=1 J=l IJ 

different significance levels. The relationship between the accumulated damage and 
the significance levels after x months from construction is shown in Figure 7 which 
shows that P(F) = 8 percent. If one wants to transfer the probability of failure into 
cracking, the previously explained procedure must be used: D:acking in ff / 1:!000 ft2 

(m2/1000 m2
) = 0.08 x 1,000 = 80.0, and cracking in lin ft/1,000 ft2 (m/1000 m ) = 80.0/ 

5.0 = 16.0. 
The estimated cracking from this model is referred to as thermal-fatigue cracking. 

The developed submodel for predicting thermal-fatigue cracking is unique in nature 
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Figure 7. Relation between accumulated damage 
and significance levels after x months. 
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because this is the first time that both fatigue and stochastic concepts are being used 
to predict the distress resulting from temperature cycling. The usefulness and the 
behavior of the model are discussed in the next section. 

WORKING MODEL 

A summary flow chart of the developed computer program for the damage model is 
shown in Figure 8. The involved steps were 

1. Calculate the daily mean air temperature and solar radiation; 
2. Calculate hourly pavement temperature for each day; 
3. Locate the maximum and minimum pavement temperatures for each day; 
4. Estimate the stiffness at the middle of the temperature intervals and the incre

ments of strain and stress by starting from the maximum temperature and moving down, 
on an hourly basis, to the minimum temperature; 

5. Accumulate the increments of strain and stress to estimate the maximum strain 
and stress for that day; 

6. Estimate the strength corresponding to the maximum stress; 
7. Predict low-temperature cracking; 
8. Predict thermal-fatigue cracking; and 
9. Add the low-temperature and thermal-fatigue cracking to obtain the total temper

ature cracking. 

Model Behavior 

Figure 9 shows the relationship between temperature cracking and the number of 
years from construction as predicted by the model. In Figure 9, the values of tempera
ture cracking correspond to assumed asphalt mixture properties and surrounding envi
ronmental conditions, and they are not necessarily typical values. However, the rate 
of increase in low-temperature and thermal-fatigue cracking is usually similar to what 
is shown; i.e., the rate of increase of low-temperature cracking is usually much less 
than that for thermal-fatigue cracking. Study cases performed with the system showed 
that the rate of increase of thermal-fatigue cracking is higher during the winter than 
the summer (Fig. 10). Furthermore, it is important to note that the major cause of 
temperature cracking is low temperature or thermal fatigue, depending on the 
asphalt mixture properties and the surrounding environmental conditions. 

Model Verification 

A search was carried out to locate some projects in which temperature cracking was 
measured and reported separately from traffic load cracking. Unfortunately, very few 
projects were found where such measurement was reported. Two of these projects were 
used to verify the system. A description of each project and the results of the analysis 
follow. 

Ontario Test Roads-In this project, McLeod (1) made a survey of temperature crack
ing after 8, 9, 10, and 11 years of service of asphalt pavements on 3 southwestern 
Ontario test roads about 40 miles (64.4 km) apart that were constructed in 1960, all 
over clay subgrades. Each test road was 6 miles (9.66 km) long and contained three 
2-mile (3.22 km) test pavements. The pavement in each 2-mile (3.22 km) test section 
contained a single 85/ 100 penetration asphalt cement. Three 85/ 100 penetration asphalt 
cements from three different asphalt suppliers were used in each of the three 6-mile 
(9.66 km) test roads. The properties of the asphalts from the different suppliers are 
given elsewhere (1). All the necessary information about the mixture properties was 
available except the tensile strength, which was assumed to have a maximum value of 
500 psi (3.45 MPa). The environmental variables were estimated from the closest 
available weather station (6). The fatigue constants were kept the same throughout the 
verification. Figures 11, 12, and 13 show the comparison between the measured and 
predicted thermal cracking for the three asphalt suppliers. Because there is not any 
basis on which to differentiate between the three roads, they can be considered as 
replicates. However, because the fatigue constants were adjusted with only one section 
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Figure 9. Schematic diagram of relation between thermal cracking 
and the number of years from construction (not necessarily 
typical). 
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Figure 11. Comparison of predicted and 
measured thermal cracking (asphalt 
supplier 1 ). 

Figure 12. Comparison of predicted and 
measured thermal cracking (asphalt 
supplier 2). 
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Figure 13. Comparison of predicted and measured thermal cracking 
(asphalt supplier 3). 
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Table 1. Comparison of measured and predicted temperature cracking after 2 years from 
construction (Ste. Anne Test Road). 

Measured Crack Average Predicted Crack 
Asphalt Type Section Structure (ft/1,000 rt')(!) (ft/1,000 rt') (ft/1,000 rt') 

150/200 LVA 63 A 51.0 } 
67 B 154.0 76.0 98.9 
64 C 22 .9 

150/200 HVA 62 A 7. 5 } 
66 B 5.6 5.5 9.5 
65 C 3.3 

300/400 LVA 61 A 25.0 } 13.1 1.7 
68 B 1.25 

Note: 1 ft= 0.3048 m. 1 ft2 = 0.0929 m2• 

L B 
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(road 4, asphalt supplier 2), it would be more appropriate to compare the predicted 
thermal cracking with that measured in road 1. In general, the agreement between 
the measured and predicted cracking seems to be encouraging. 

Ste. Anne Test Road-The test road (2, 3, 4) was constructed in 1967 for the study 
of transverse cracking of asphalt pavements-:- It is located 25 miles (40.2 km) east of 
Winnipeg near Ste, Anne, Manitoba. The characteristics of the test road were de
scribed (4) as follows: "The road is composed of twenty-nine 400-ft (122 m) pavement 
sections,-24 ft (7 .32 m) wide, constructed on clay and sand subgrades. The test sec
tion variables include two different types and three different grades of asphalt, two 
asphalt contents, two aggregate gradations, limestone and granite aggregates and three 
road structure designs." These variables were selected because it was thought that 
they were potentially important in the study of transverse pavement cracking. All the 
mixture properties are available (2, 3, 4) except the maximum tensile strength, which 
was determined for samples contaTning- the optimum asphalt content by Christison et al. 
(7). The fatigue constants were kept the same as for the Ontario test roads. The com
parison between the measured and predicted temperature cracking is given in Table 1, 
which indicates that the agreement is reasonable. 

SUMMARY 

A damage model for predicting temperature cracking is described. Analysis of the 
Ontario test roads and the Ste. Anne Test Road has shown that the model predictions 
are reasonable. The model has been computerized. The inputs to the program are 
the basic material pr operties and the conventional weather variables that are easy to 
obtain. The major output from the program is the temperature cracking in ft/ 1,000 ft2 
(m/1000 m 2

), which is measured each year from construction. Temperature cracking 
as predicted from the model is the appropriate addition of low-temperature and thermal
fatigue cracking. The model has been developed in a modular form so that any change 
that may develop through the advancement of asphalt concrete technology can be added 
without major revision of the basic framework. 

ACKNOWLEDGMENTS 

This investigation was conducted at the Center for Highway Research at the University 
of Texas at Austin. The authors wish to thank the sponsors, the Texas Highway Depart
ment, and the Federal Highway Administration, U.S. Department of Transportation. 

The contents of this paper reflect the views of the authors, who are responsible for 
the facts and the accuracy of the data presented. The contents do not necessarily reflect 
the official views or policies of the Federal Highway Administration. This report does 
not constitute a standard, specification, or regulation. 

REFERENCES 

1. McLeod, N. W. A 4-Year Survey of Low Temperature Transverse Pavement 
Cracking on Three Ontario Test Roads. Proc., Association of Asphalt Paving 
Technologists, Vol. 41, Feb. 1972. 

2. Burgess, R. A., Kopvillem, 0., and Young, F. D. Ste. Anne Test Road-Relation
ships Between Predicted Fracture Temperatures and Low Temperature Field Per
formance. Proc., Association of Asphalt Paving Technologists, Vol. 40, Feb.1971, 
p. 148. 

3. Deme, I. Ste. Anne Test Road-Transverse Cracking of the Pavements in the Mix 
Trial Area of the Test Road. Manitoba Highways, Internal Rept. 69-2, Aug. 1969, 
revised and amended as Rept. 71-2, March 1971. 

4. Young, F. D., Deme, I., Burgess, R. A., and Kopvillem, K. 0. Ste. Anne Test 
Road-Construction Summary and Performance After Two Years' Service. Proc., 
Canadian Technical Asphalt Association, Edmonton, Vol. 14, Nov. 1969. 

5. McCullough, B. F. A Pavement Overlay Design System Considering Wheel Loads, 
Temperature Changes, and Performance. Univ. of California at Berkeley, PhD 
dissertation, July 1969. 



44 

6. l\1atan .. nlng;,.a1 nh"'""'"'Hnn<> ;n ranarla. l\1onthly Records, Meteorological Branch, 
Dept. of Transport, Toronto, Jan. 1967 through Dec. 1970. 

7. Christison, J. T., Murray, D. W., and Anderson, K. O. Stress Prediction and 
Low Temperature Fracture Susceptibility of Asphalt Concrete Pavements. Proc., 
Association of Asphalt Paving Technologists, Vol. 41, Feb. 1972. 

8. Climatic Atlas of the United States. Environmental Data Service, Environmental 
Science Services Administration, U.S. Department of Commerce, June 1968. 

9 . Hudson, W. R., McCullough, B. F., Scrivner, F. H., and Brown, J. L. A Sys
tems Approach Applied to Pavement Design and Research. Texas Highway Depart
ment; Texas Transportation Institute, Texas A&M Univ.; and Center for Highway 
Research, Univ. of Texas at Austin, Res. Rept. 123-1, March 1970. 

10. Jain, S. P., McCullough, B. F., and Hudson, W. R. Flexible Pavement System
Second Generation, Incorporating Fatigue and Stochastic Concepts. Texas Highway 
Department; Texas Transportation Institute, Texas A&M Univ.; and Center for 
Highway Research, Univ. of Texas at Austin, Res. Rept. 123-10, Dec. 1971. 

11. Carey, W. N.,· and Irick, P. E. The Pavement Serviceability-Performance Con
cept. HRB Bull. 250, Jan. 1960, pp. 40-58. 

12. Shahin, M. Y., and McCullough, B. F. The Stiffness History of Asphalt Concrete 
Surfaces in Our Roads. Highway Research Record 466, 1973, pp. 96-112. 

DISCUSSION 
I. Deme, Shell Canada Limited 

The paper by Shahin and McCullough represents a sound approach to the development 
of a model for predicting the extent of temperature cracking of flexible pavements. The 
problem is complex and congratulations are extended to the authors for a thorough and 
scholarly paper. However, several factors in the paper appear overly generalized, 
which leaves room for comment. 

INITIATION AND PROGRESSION OF TRANSVERSE CRACKING 

The initiation of transverse cracking in the Ste. Anne Test Road pavements was 
detected with continuously monitoring crack detection circuits and was recorded auto
matically with pavement temperatures measured at various depths (13). The pavements 
were inspected several times a week during the first two winters andat less frequent 
intervals in subsequent years. 

Most of the transverse cracking occurred in the first winter after construction ( 1967 / 
1968) during prolonged low-temperature cycles, when the asphalt concrete was cooled 
throughout its thickness ( 4). A study of 10 years of minimum daily temperature data 
was carried out to determine the most severe annual low-temperature cycle in southern 
Manitoba and to estimate its interval of recurrence (14). Figure 14 shows that the low
temperature cycle, during which many of the test pavements experienced their greatest 
cracking, has an estimated recurrence interval of 5 years in the lowest temperature 
range. If the potential for pavement stress buildup has not been eliminated altogether 
by transverse cracking, additional cracking with time could be expected as the pavements 
are exposed to low-temperature cycles that are more extreme or of greater duration than 
those experienced previously. Subsequent winters have not appeared to be much more 
severe than the 1967/1968 winter, and some of the pavements that cracked extensively 
have exhibited little or no additional transverse cracking. Some of the pavements that 
cracked to a lesser degree, or did not crack during the first winter, have cracked sub
sequently. For these pavements, laboratory studies have shown that age-hardening of 
the asphalt is significant in lowering pavement resistance to low-temperature-induced 
cracking (15), as stated by Shahin and McCullough. 

1n all cases, pavement transverse cracking occurred in winter (low-temperature 
periods), which pointed to thermal shrinkage (16) as the main mechanism of transverse 



Figure 14. Interval of recurrence and duration of annual lowest 
temperature cycle. 
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cracking in the pavements. Observations at the Ste. Anne Test Road have not yielded 
evidence to date of a long-term thermal-fatigue cracking mechanism as described by 
the authors. Increases in transverse cracking with pavement age have been attributed 
mainly to age-hardening of the asphalt binder coupled with the recurrence of low
temperature cycles. 

INFLUENCE OF PAVEMENT STRUCTURE VARIABLES 
ON TRANSVERSE CRACKING FREQUENCY 

The most significant factors influencing transverse cracking of the Ste. Anne Test 
Road pavements were asphalt type and grade (4). For the pavements that cracked, the 
frequency of transverse cracking was influenced by the subgrade type and the thickness 
of the asphalt concrete. For example, the 4-in. (100 mm) LV 150/200 penetration as
phalt concrete pavement structure A (Table 1) with a heavy clay subgrade exhibited an 
average of 260 full-width cracks per mile (160 per km) , and structure B (Table 1) with 
a sand subgrade had 660 cracks per mile (410 per km). However, the 10-in. (250 mm) 
full-depth asphalt concrete structure Con the clay subgrade had an average of 105 cracks 
per mile (65 per km), which is considerably less than the number of cracks in the 4-in. 
(100 mm) asphalt concrete structure A. These findings are significant in their effect on 
transverse cracking frequency and, as such, it would be more appropriate to compare 
them individually with the authors' predicted cracking frequency rather than collectively, 
as has been done (Table 1). 

On the basis of a minimum observed spacing of 5 ft (1.5 m) between transverse 
cracks, Shahin and McCullough have assumed this to be the requirement of an unre
strained case for all pavements and have used this in predicting the probability of pave
ment failure. This is considered to be a generalization that could result in a large over
estimate of distress for some pavements. For example, the LV 150/200 penetration 
asphalt pavements in structure A attained an average spacing between transverse cracks 
of 20 ft ( 6 m) the first winter after construction. This is considered approximately equal 
to the equilibrium crack spacing of a few hundred miles of old pavements constructed 
with a similar asphalt in clay subgrade areas. No further transverse cracking in these 
test road pavements has been observed since the first winter, and little additional 
transverse cracking is expected in the future. 

The authors' damage model has the potential of serving as a useful aid in the selection 
of materials and designs to eliminate or minimize temperature-associated cracking of 
flexible pavements and to provide an estimate of related maintenance costs. However, 
as Shahin and McCullough have indicated, more inputs to the program are required. 
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AUTHORS' CLOSURE 
The authors appreciate Deme's interest in their work. Computer analysis of the 

Ste. Anne Test Road pavements indicated that the temperature cracking was due to 
low thermal shrinkage and thermal fatigue. What percentage of the temperature crack
ing was due to low temperature or thermal fatigue depended on the type of asphalt. Both 
of these mechanisms of temperature cracking are functions of the stiffness of the as
phalt concrete, which is a function of the age-hardening of the asphalt. When the stiff
ness of the asphalt was estimated, age-hardening was accounted for through regression 
models. Our analysis indicated that pavement cracking occurred in winter; however, 
Deme's conclusion that the main mechanism is thermal shrinkage is not necessarily 
true, because cracking due to thermal fatigue also occurs in winter. 

The calculation of thermal stresses for different pavement structures was not ac
counted for with the assumption that temperature cracking starts at the surface and 
that surface slab is fully restrained until the spacing of transverse cracks reaches 5 ft 
(1.5 m). The 5-ft (1.5 m) assumption was adopted from current literature; however, 
that does not mean that the spacing should reach 5 ft. More research is needed in the 
area of calculating thermal stresses for different pavement structures. 

Finally, the authors agree with Deme that the most significant factors influencing 
transverse cracking are the asphalt type, grade, and age-hardening properties. There 
fore, the results shown in Table 1 were reported for the different asphalt types. 



PERFORMANCE OF FULL-DEPTH ASPHALT BASES ON 
SAN DIEGO COUNTY EXPERIMENTAL BASE PROJECT 
J. F. Shook, The Asphalt Institute; and 
J. R. Lambrechts*, Purdue University 

The San Diego County experimental base project consists of 35 test sec
tions designed to determine thickness requirements for five full-depth as
phalt bases and two untreated granular bases. Testing was discontinued in 
1973 after 7 years of traffic. This experiment was planned to determine 
specific thicknesses of various types of base courses required to give a 
desired level of performance, to relate certain measured properties of the 
pavement and pavement components to observed performance, and to study 
deflection and strain behavior of the test pavements to provide a better 
theoretical basis for translating future performance results to other en
vironments. This paper is concerned with the first two objectives. Four 
full-depth asphalt bases were analyzed, and their relative thickness re
quirements were determined and related to pavement performance mea
sured by a performance rating system and by the present serviceability 
index. Under test conditions and limitations of the analysis, it was pos
sible to develop significant relationships between a panel rating of test 
section performance and the deflection and equivalent thickness for four 
full-depth asphalt base sections included in the experiment. The data did 
not yield significant relationships with either traffic or present service
ability index. Base weighting factors, relative to a high-quality asphalt 
concrete base, were developed from the analysis for asphalt cement, cut
back asphalt, and emulsion-asphalt-treated bases by using a marginal
quality sandy gravel aggregate. 

•THE San Diego County experimental base project was designed to determine thickness 
requirements for five full-depth asphalt bases and two untreated granular bases. There 
were 35 sections tested for 7 years; the project began in 1966 and was discontinued in 
1973. 

The experiment was located on a section of SWeetwater Road, San Diego County, 
California. Construction was completed July 1966. Average rainfall in San Diego was 
about 10 in. (254 mm) per year. Daytime temperatures ranged from 70 to 90 F (21 to 
32 C) throughout the year. The project was constructed on an A-7-6 soil with poor 
drainage. Traffic volume in 1966 consisted of approximately 12,000 vehicles per day, 
of which about 600 were trucks. 

This experiment was to accomplish the following objectives: 

1. To determine specific thicknesses of various types of base courses required to 
give a desired level of performance, 

2. To relate certain measured properties of the pavement and pavement components 
to observed performance, and 

3. To study deflection and strain behavior of the test pavements to provide a better 
theoretical basis for translating future performance results to other environments. 

Publication of this paper sponsored by Committee on Flexible Pavement Design. 

*This paper is based on work performed while the author was at The Asphalt Institute and the University of 
Maryland. 
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were analyzed and their relative thickness requirements were determined and related 
to pavement performance measured by a performance rating system and by the present 
serviceability index (PSI). 

EXPERIMENT DESIGN 

The basic experiment (design and analysis concepts, 1) was a 6 by 4 full-factorial 
design on type of base and base thickness. One additional base type was included at two 
thickness levels, and one standard design at a single thickness design level. Each base 
was constructed to four thickness levels, with a uniform 3-in. (76.2 mm) surface course 
and no subbase course. The experiment design is given in Table 1. The test section 
layout is shown in Figure 1. 

Thickness design level in the experiment (Table 1) was defined as a thickness needed 
to give a projected design life. The purpose of this design was to permit analysis of 
the performance data at any point in time; however, there would be some thicknesses 
of each type of base that had closely the same level of performance. 

The following materials were used in the experiment: 

1. Asphalt concrete, conforming to California standard specifications, with Type B, 
%-in. (19 mm) maximum size, medium grading aggregate and a 60 to 70 penetration
grade asphalt. (This is similar to an ASTM D 1663-5A mixJ The asphalt concrete sur
face course mixture was similar, but 1

/ 2 in . (12 .7 mm) was the maximum size of the 
aggregate. 

2. Untreated aggregate base, conforming to California standard specifications for 
class 2 base. 

3. Cutback-asphalt-treated base with medium-quality special aggregate, plant
mixed with an MC-800 cutback asphalt. The special aggregate met these specifications. 

Sieve Size 

%in. 
No. 4 
No. 30 
No. 200 

Percent Passing 

100 
55 to 80 
25 to 55 
4 to 10 

The sand equivalent was 25 min, the R-value 65 to 75, and the moisture vapor sus
,(·,itibility 60 min. 

4. Emulsified-asphalt-treated, medium-quality special aggregate, plant-mixed with 
,,,. SM-K emulsion asphalt. The special aggregate was the same as in 3. 

5. Asphalt-cement-treated, medium-quality special aggregate, plant-mixed with a 
'30 to 70 paving grade asphalt. The aggregate was the same as in 3. 

6. Untreated county standard class 3 base. This is a granite-sand aggregate base 
,. :aterial (R = 73 min) used by San Diego County. 

7. Emulsified asphalt-treated county standard granite-sand base. 
8. Standard section, combination of class 2 untreated base and the county granite

f'.'.c11d used as subbase. 

Typical mix design and other characteristics for the asphalt base mixes are given 
in Table 2. Data also have been reported elsewhere (~,; i_). 

MEASUREMENTS PROGRAM 

The measurements program was conducted after construction of the San Diego project 
i.11 document pavement performance and to measure pavement deflections and strains 
so that a better understanding of fundamental pavement behavior could be developed. 

1 ·;1eoretical concepts based on multilayered elastic theory are being evaluated by using 
oymtmic deflection and strain data collected on the project. It is the purpose of this 
c;cudy to look at the performance of the pavements as it relates to pavement thickness, 
b:ise type, traffic, and similar factors. 

Basic measures of performance and related factors made periodically are 



Figure 1. Test section layout. 
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·; abie i. Bc1se tyµi: rJ.-,J ililckn&ss vai;abl~s. 

Base Thickness !or Given 
Design Level .. 

Aggregate 
Base Type Quality 

Asphalt concrete High 
Untreated class 2 aggregate High 
Asphalt-cement-treated special aggregate Medium 
Cutback-asphalt-treated special aggregate Medium 
Emulsified-asphalt-treated special aggregate Medium 
Emulsi!ied-asphalt-treated class 3 aggregate Low 
Untreated class 3 aggregate Low 
Standard section 

Note: 1 in.= 25.4 mm, 

"Uniform 3-in, surface course. bPlus 10.8-in. subbase. 

Table 2. Construction test data for asphalt base mixes. 

A B 

3.6 4.8 
7.2 9.6 
4.6 6.7 
5.4 8.2 
5.4 8.2 
5.4 
7.2 9.6 

Asphalt- Emulsified-
Asphalt Cement- Asphalt-

Test Concrete Treated Treated 

Stabilometer 
Compaction pressure, psi 500 500 500 
s-value 42 59 35 
R-value 83 82 82 
Cohesiometer value 226 201 280 
Asphalt content, percent 5.5 5.6 3.8 
Density, pcf 138.7 133,9 133.9 

Marshall 
Stability, lb 3,890 4,284 1,607 
Flow, 0.01 in. 11 12 19 
Density, pcf 139.3 129.1 122.9 
Air voids, percent 4 11 15 
VMA, percent 18 24 28 
Test temperature, F 100 100 100 

Extraction and grading 
Asphalt, percent 5.8 5.8 4.2 
Moisture, percent 0.14 0 .24 1.B 
Grading, pe rcent passing: 

1 in. 
3
~ in. 100 100 100 
1h in. 92 93 96 
'/.in. 76 86 90 
No. 4 53 73 75 
No. 8 38 67 70 
No. 16 30 64 64 
No. 30 23 50 52 
No. 50 14 24 25 
No. 100 7 10 13 
No. 200 4.6 6.0 8.7 

Relative compaction, percent 95 97 95 

Note: 1 p,i = 6.894 kPa. 1 pcf = 16,01 kg/m 3
• 1 lb1 = 4-448 N. 1 F = 1.8 11 C) + 32. 

C 

5.8 
11.5 

8.4 
9.7 
9.7 
9.7 

11.5 
6.0' 

Cutback-
Asphalt-
Treated 

500 
35 
83 
122 
5.5 
130.9 

901 
12 
132.3 
9 
22 
100 

5.1 
n.fiR 

100 
96 
87 
74 
68 
63 
52 
24 
11 
6.6 
96 

D 

7.7 
15.8 
11.5 
13 .9 
13.9 

15.8 

Emulsified-
Asphalt-
Treated, 
Class 3 

500 
33 
84 
390 
3.2 
142.8 

1,540 
14 
132.5 
7 
23 
100 

3.1 
2.4 

100 

100 
95 
95 
80 
59 
44 
31 
1B 
10.6 
96 
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1. PSI, measured by the California Division of Highways with the CHLOE pro-
filometer; 

2. Performance rating, done by a panel of technologists and the project sponsors; 
3. Cracking, surveyed regularly by San Diego County; 
4. Rutting, by the rating panel; and 
5. Traffic and axle weight studies, by San Diego County. 

Measurements involving pavement deflection and strain can be divided into two cate
gories: (a) those involving instrumentation placed in the r oad; and (b) those involving 
instrumentation brought to the road for purposes of measuring deflections under load 
at the pavement surface. 

In the first category were LVDT deflection measurements, strain gauge measure
ments, and temperature measurements. Deflection and strain data were recorded 
under a moving truck that was driven over the in-place instruments at a known loca
tion and vehicle speed. These measurements have been used to test the validity of ap
plying elastic theory to predictions of deflection and strain. Comparisons of calculated 
to measured values have been reported (5). 

The Benkelman beam and the Califorrifa deflectometer were used to measure deflec
tions under load at the pavement surface. They have been used both to assist in theo
retical studies and in studies to relate deflection to performance. 

Both laboratory and field samples have been used for conventional testing and for 
obtaining material properties for theoretical studies. PSI was calculated by 

PSI = 5.03 - 1.91 log (1 + sv) - 0.01 ~ - 1.38 RD2 

where 

SV = slope variance; 
C + P = amount of class 2 and class 3 cracking plus patching, ft2 /1,000 ft2; and 

RD = average rut depth. 

All definitions are the same as those used on the AASHO Road Test (6). 
Performance ratings were made periodically by an inspection team or panel of six 

technologists involved in the project. (Usually, only four or five members participated 
in any one rating session.) The panel inspected the sections, noted their condition on 
a scale graded from excellent to failed, and recommended further testing or possible 
maintenance needs. The ratings were completely subjective; no attempt was made to 
relate them to PSI or other measurements. 

For analysis purposes, the panel ratings were given a numerical scale as follows: 
excellent, 5; good, 4; fair, 3; poor, 2; and failed, 1. 

Additional evaluations were made by individuals, particularly of drainage conditions, 
and these have been useful in making subjective evaluations of the project findings. 

Deflection values ( Tables 3 through 6) were obtained with a Benkelman beam and an 
18,000-lb (80 kN) axle load (EAL18). About 10 measurements were made in each test 
section. Th_e deflection values ( Tables 3 through 6) are mean values plus two standard 
deviations (X + 2o) corrected to a standard temperature of 70 F (21 C). The procedures 
for taking deflection measurements, correcting for temperature, etc., are described 
elsewhere (7). Figure 2 shows typical plots of rating and PSI versus time. 

PERFORMANCE DATA 

This study is concerned with the performance of full-depth test sections in the ex
periment. Four of these, asphalt concrete, asphalt-cement-treated special aggregate, 
emulsified-asphalt-treated special aggregate, and cutback-asphalt-treated special ag
gregate, were analyzed. Performance of the other bases was not subjected to the 
analysis technique. 

Data collected during 1970, 1971, and 1972 are given in Tables 3 through 6. Only 
these data were used in the analysis. The period from 1970 through 1972 was generally 
of declining performance and seemed to hold most promise for the analytical treatment 
used. 
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Tut;!~ 3. Psifu;;n~ncc d.1t.1 fc: J~ph~!t concrete b:::e. 

Section Surface Base Rut 
Number Thickness .. Thickness" Year EAL1, PSI Rating' Deflection•e Depth" Cracking' 

9 3.22 3.02 1966 0 3.2 5.0 33 0 0 
3.22 3.02 1970 83 2.9 2.0 106 0 
3.22 3.02 1971 118 3.0 1.5 148 0.75 73 
3.22 3.02 1972 152 1.0 141 0.38 75 

27 3.24 3.88 1966 0 3. 7 5.0 27 0 0 
3.24 3.88 1970 83 2.2 1.0 173 64 
3.24 3.88 1971 118 2.0 1.0 196 160 
3.24 3.88 1972 152 - 160 

35 3.22 4.86 1966 0 3.8 5.0 143 0 0 
3.22 4.86 1970 110 2.8 5.0 68 0 
3.22 4.86 1971 141 2.4 4.5 50 0.1 16 
3.22 4.86 1972 171 3.5 46 0 16 

2 3. 14 5.61 1966 0 3.4 5.0 26 0 0 
3.14 5.61 1970 83 2.7 3.5 78 0 
3.14 5.61 1971 118 2.8 4.0 103 <0.25 0 
3.14 5.61 1972 152 5.0 99 <0.25 0 

13 3.28 7.78 1966 0 3.1 5.0 21 0 0 
3.28 7.78 1970 83 2.7 4.5 50 0 
3.28 7.78 1971 118 3.0 4.0 66 0.25 0 
3.28 7.78 1972 152 4.5 79 <0.25 0 

Note: 1 in . = 25.4 mm. 1 lb,= 4.448 N. 1 F = 1.8 (1 C) + 32. 1 ft 2 = 0.0929 m2• 

"In 10-3 in. dClass 2 and 3 (§), ft 2/1,000 ft2• 

b5 = excellent, 1 = fail ed. esection removed from test. 
coeflection, X + 2a corrected to 70 F. 

Table 4. Performance data for asphalt-treated base. 

Section Surface Base Rut 
Number Thickness . Thickness .. Year EAL10 PSI Rating' Deflection•c Depth' Cracking' 

23 3.00 4 .82 1966 0 3.8 5.0 26 0 0 
3.00 4.82 1970 83 3.2 5.0 23 0 
3.00 4.82 1971 118 3.2 5.0 33 0 0 
3.00 4.82 1972 152 5.0 32 0 0 

30 3.44 6.80 1966 0 3.3 5.0 26 0 0 
3.44 6.80 1970 83 2.7 3.5 46 0 
3.44 6.80 1971 118 2.8 4 .0 49 0 0 
3. 44 6.80 1972 152 3.5 61 0 0 

17 3. 26 7 .04 1966 0 3.5 5.0 27 0 0 
3.26 7.04 1970 83 2.8 5.0 0 
3.2 6 7.04 1971 118 3.0 5.0 66 0 0 
3.26 7.04 1972 152 3.5 55 0 0 

25 3.16 8.56 1966 0 3.9 5.0 22 0 0 
3.16 8.56 rn7U 83 3.1 4 .0 36 0 
3.16 8. 56 1971 118 3.1 4 .0 65 0 0 
3.16 8.56 1972 152 - 58 0 

5 3.38 11.2 1966 0 3. 5 5.0 28 0 0 
3.38 11.2 1970 83 3.1 5.0 29 0 
3.38 11.2 1971 118 3.3 4.0 41 0 
3.38 11.2 1972 152 5.0 46 0.25 0 

Note: 1 in,= 25.4 mm. 1 lb,= 4.448 N. 1 F = 1.8 (1 C) + 32, 1 ft 2 = 0.0929 in 2. 

"In 10·3 in. dClass 2 and 3 (§.), ft 2/1 ,000 ft 2, 

u5 = excellent, 1 = failed . eSection removed from test. 
coeflection , X + 2o corrected to 70 F 



Table 5. Performance data for emulsified-asphalt-treated base. 

Section 
Number 

29 

15 

22 

20 

3 

Surface 
Thickness· 

3.29 
3.29 
3.29 
3.29 

3.26 
3.26 
3.26 
3.26 

3.10 
3.10 
3.10 
3.10 

3.10 
3.10 
3.10 
3.10 

3.12 
3.12 
3.12 
3.12 

Base 
Thickness· 

5.56 
5.56 
5.56 
5.56 

6.04 
6.04 
6.04 
6.04 

8.00 
8.00 
8.00 
8.00 

8.96 
8.96 
8.96 
8.96 

12 .42 
12.42 
12.42 
12.42 

Year 

1966 
1970 
1971 
1972 

1966 
1970 
1971 
1972 

1966 
1970 
1971 
1972 

1966 
1970 
1971 
1972 

1966 
1970 
1971 
1972 

EAL1a 

83 
118 
152 

83 
118 
152 

83 
118 
152 

83 
118 
152 

83 
118 
152 

PSI 

3.7 
2.9 
2.9 

3.4 
2.8 
3.1 

3.3 
2.7 
2.1 

3.5 
3.2 
4.0 

3.2 
3.2 
3.0 

Note: 1 in.= 25.4 mm. 1 lbr = 4.448 N. 1 F = 1 .8 (1 Cl+ 32. 1 ft2 • 0.0929 m2• 

'In 10"3 in. "Class 2 and 3 (.6.1. ft2/1,000 ft 2• 

b5 = excellent, 1 • failed. eSection removed from test. 
0 Deflection, X + 2o corrected to 70 F. 

Table 6. Performance data for cutback-asphalt-treated base. 

Section 
Number 

4 

19 

12 

21 

Surface 
Thickness· 

3.22 
3.22 
3.22 
3.22 

3.12 
3.12 
3.12 
3.12 

3.05 
3.05 
3.05 
3.05 

3.26 
3.26 
3.26 
3.26 

2.83 
2.83 
2.83 
2.83 

Base 
Thickness• 

5.46 
5.46 
5.46 
5.46 

7.80 
7.80 
7.80 
7.80 

8.96 
8.96 
8.96 
8.96 

10.02 
10.02 
10.02 
10.02 

13.94 
13.94 
13.94 
13.94 

Year 

1966 
1970 
1971 
1972 

1966 
1970 
1971 
1972 

1966 
1970 
1971 
1972 

1966 
1970 
1971 
1972 

1966 
1970 
1971 
1972 

EAL1a 

83 
118 
152 

83 
118 
152 

83 
118 
152 

83 
118 
152 

83 
118 
152 

PSI 

3.2 
2.6 
2.7 

3.6 
3.0 
2.9 

3.7 
2.8 
2.8 

3.5 
3.2 
2.9 

3.4 
3.0 
2.6 

Note : 1 in.= 25.4 mm, 1 lbr = 4.448 N. 1 F • 1 .8 (1 Cl + 32. 1 ft 2 = 0.0929 m2• 

b5 = excellent, 1 = failed. coeflection, ~ + 2o corrected to 70 F. ., 

Figure 2. Performance trends for asphalt concrete 
base (sections 9 and 13). 
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YEAR 

Rating• 

5.0 
2. 5 
2.0 
1.5 

5.0 
2.0 
3.0 
2.5 

5.0 
3.0 
3.0 
3.0 

5.0 
4.0 
3.5 
3.0 

Rating' 

5.0 
5.0 
4.0 
5.0 

5.0 
4.0 
3.5 
4.5 

5.0 
4.0 
2.5 
1.5 

5.0 
5.0 
3.0 
5.0 

5.0 
5.0 
5.0 
5.0 

Deflectionac 

27 
71 · 

101 
96 

71 
133 
111 

94 

37 

23 
37 
46 
49 

32 
35 
37 
45 

Deflection•c 

34 
48 
49 
73 

29 
39 
50 
50 

109 
58 
78 
71 

29 
25 
59 
68 

34 

32 
33 

Rut 
Depth" 

0 

0.25 

0 

0 

0 

0 

0 

0 

Rut 
Depth' 

0 

0 

0 

0.25 

0 

0 

0 

0 

0 

0 

Cracking' 

0 
5 

40 
116 

0 
0 

11 
15 

0 
18 

0 
15 

0 
0 

0 
0 
0 
0 

Cracking' 

0 
0 
0 

11 

0 
0 
0 
0 

0 
3 

43 
83 

0 
0 
0 
0 

0 
0 
0 
0 

•cracking, class 2 and 3 Ill.I. 11 2/1 ,000 ft 2, 

Figure 3. Hypothetical relations 
of years of service and base 
thickness for materials A, B, and C. 
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traffic largely because of realignment to provide for left-turning traffic. Eleven test 
sections were rated poor or lower (rating numbers ,,;2.0). All untreated class 3 aggre
gate base sections were rated poor or lower as were the standard sections. The thin
nest section, level A, of the asphalt concrete base was rated failed. The thinnest and 
next to thinnest sections of the emulsified-asphalt-treated base mix were rated poor. 
The level C untreated class 2 aggregate base section was also rated poor. One of two 
level C cutback-treated base sections was also rated poor. 

The latest available PSI data at the time of this analysis were for 1971. No sections 
were rated as low as 2.0, but six were rated 2.5 or less. Only one section had appre
ciable rutting in 1972, and only two had appreciable cracking in 1970, but cracking had 
increased appreciably by 1972. Most cracking observed by 1970 was believed to be 
load-associated. The cracking was longitudinal and began near the pavement edge and 
progressed inward. Tables 3 through 6 include only class 2 and 3 cracking, as defined 
at the AASHO Road Test ( 6). 

PERFORMANCE ANALYSIS 

One of the objectives of this experiment was to compare the behavior of various 
full-depth asphalt bases. In most design procedures now used, different bases require 
different thicknesses described by layer equivalencies or ratios of thickness that will 
give equal performance. Layer equivalencies now used by some agencies were de
termined from AASHO Road Test data (8, 9) or are based on engineering judgment. 
There are many indications, for the mostpart from theoretical considerations, that 
layer equivalencies are not constant but vary with subgrade, load, temperature (for 
asphalt-bound materials), moisture, and other factors. However, they are an integral 
part of many design procedures, have considerable economic implications, and will, no 
doubt, be used for some years to come. The performance analysis presented makes 
use of layer equivalencies as a weighting factor in the analysis. 

As indicated, the experiment was based on statistical, factorial design principles in 
winch base type and thickness were both variables. It was postulated that layer equiv
alencies could be determined by comparing thicknesses required to give equal perfor
mance. Performance could be described as years (and traffic) to some level of setvice 
(PSI, performance index, performance rating, etc.) or level of service after some time 
had passed. A hypothetical relationship of this principle (10) is shown in Figure 3. 

Horner (10) pointed out the impractic lit y of using factorial designs in which each 
base type isbuilt with the same thickness levels. Two designs of equal thickness but 
of radically different base types might take considerably different lengths of time to 
reach a given level of performance. For this reason, the San Diego experiment was 
designed by using a scheme in which each base type has its own set of thickness levels: 

Base Thickness, in., for 

Base Type Expected Years of Service 

A Years B Years C Years 

A a d g 
B b e h 
C C f i 

Partial replication (one replicate thickness per base type) was provided for. Also, 
because the objective of the experiments was to test bases, no subbases were included, 
and a uniform surface course thickness was used throughout. 

Analysis of the data would be reasonably simple, and multiple regression techniques 
would be used if the performance lines proved to be parallel and the regression coef
ficients significant. In this report, analyses are assumed to be linear when log per
formance is plotted against log thickness. Considering the data scatter, the character
istics of AASHO Road Test performance data (6, il, 12), and the ease of analysis, this 
seems a reasonable assumption at this time. - - -



The model for determining performance under this assumption would be 

log P = a1 + b log T1 

where 

P = measure of performance (rating, PSI, etc.), and 
T1 = thickness of base type i = A, B, C, etc. 
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The slopes are equal, and layer equivalencies between materials A and B are determined 
by the relationship 

The first analysis was made by using rating (by the inspection team) as the measure 
of performance. However, original attempts to follow the plan outlined above were not 
successful because of the wide scatter in the data. For this reason attempts were made 
to modify the model or to pool data to provide a stronger data base. 

It was observed that drainage conditions were poor and variable and that Benkelman 
beam deflections also were variable. Because Benkelman beam measurements are 
considered to reflect subgrade conditions to a high degree, deflection measurements 
were used in an attempt to improve the relationship. Data for 1970, 1971, and 1972 
were used because they produced a reasonably balanced set of data for analysis. Be
cause 3 years were involved, traffic, in terms of EAL18, was also added to the original 
model. 

The first pass through the analysis procedure used the multiple correlation program 
CORREL for multivariate analysis of data (13): 

where 

Y = f (rating); 
X1 = f (traffic , EAL1s); 
Xa = f (deflection); 
X3 = f (equivalent thickness of the asphalt concrete base, pD2); 
Da = actual thickness of the base; and 

1/p = weighting factor or ratio of the thickness of a given base to the thickness of 
asphalt concrete base required to give equal performance. 

The two significant differences between this model and the more simple model tried 
originally were the inclusion of deflection and traffic and the use of an equivalent thick
ness of asphalt concrete base rather than actual base thickness as the variable. 

For the first pass through the analysis, values of 1/p were assumed from analyses 
of the data made by Finn (5) and by the project steering committee with earlier data. 
Values of 1/p used were as follows: 1.0 for asphalt concrete base, 1.2 for asphalt
treated, 1. 7 for emulsion-treated, and 1.5 for cutback-treated. 

Four different relationships were used: one arithmetic relationship between variables 
and three with log transformations of the variables. In all four relationships, the de
gree of correlation between rating and the other variables remained fairly constant re
gardless of the transformation used. The correlation between rating and both deflec
tion and equivalent pavement thickness was significantly different from zero at the 99 
percent level. The common assumption that rating should vary directly with pavement 
thickness and inversely with deflection was verified in the analysis. A significant in
verse relationship between equivalent pavement thickness and deflection was also shown 
to exist. 

The only predictor that did not show a good degree of correlation with the rating was 
the traffic variable, EAL18. At the 80 percent level, this correlation was not signifi
cantly different from zero. Although this was not a desirable outcome, it did permit 
pooling of the data for 1970, 1971, and 1972 for the next step in the analysis. It is not 
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When plotted, these variables show no real trend; however, if the individual pavement 
sections are observed separately, a very good trend or relationship may be seen (Fig. 
2). This seems to indicate that the poor correlation for the entire sample is due to a 
lack of range in the traffic variable. As is evident from the data, the number of equiv
alent axle loads is not truly a random variable. 

From the above considerations·, the following model was adopted in an attempt to de
termine analytically the values of 1/p: 

where 

R = rating, 
d = deflection in 10- 3-in. units, 
p = base weighting factor set equal to 1.0 for asphalt concrete, and 

D2 = actual base thickness. 

CORREL (13) was run on pairs of base types, each pair consisting of data for the 3 
years for the asphalt concrete base and one of the remaining three base types. A range 
of p-values was chosen for each run from 1/p = 0.8 to 2.1. By plotting 1/p versus cor
relation coefficients between log rating and log pD2, it was possible to determine the 
best fit 1/p value for each base type: for asphalt concrete, 1.0 (assumed); asphalt
treated, 0.85; emulsion-treated, 1. 7; and cutback-treated, 1.2. 

By using these values of 1/p to determine new equivalent thicknesses, a new per
formance relationship was determined. The final performance equation computed with 
the MULTR multiple regression computer program (13) in which rating as the dependent 
variable is -

log R = 0.604583 - 0.0034831 d + 0.195726 log pD2 

where 

R = panel rating; 
d = deflection in 10- 3- in. units; 
p = base weighting factor, as given previously; 

D2. = base course thickness; 
R2 = squared multiple correlation coefficient = 0.64; and 

S.E. = standard error of estimate = 0.117491. 

R2 and S.E. indicate that the regression equation does a fair job of explaining vari 
ations in the rating. 

Three additional performance models were also attempted in which the same tech
nique and variables (with the addition of D1 = surface thickness, D = D1 + pD2) and 
R2 = 0.649 were used: 

log R = ao - a1d + log a2 (D) 

log PSI = ao - a1d + log a2 (D) 

Thus, for example, log R = 0.4929623 - 0.0035115 d + 0.2789277 log D for S.E. = 
0.116091. 

The reason for using PSI as the dependent variable is obvious because PSI is a 
standard measure that has been developed and used since the AASHO Road Test. The 
use of D = D1 + pD2 was made to approximate the structural number concept' adopted on 
the AASHO Road Test and used elsewhere (8). 

The analyses using the PSI and D variables indicated that values of 1/p remained 
essentially unchanged; therefore, they were used as originally determined. However, 
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neither of the equations using PSI resulted in a significant correlation. None of the R2 

values was greater than 0.3, and the coefficients on the thickness variable were neg
ative. These results were judged not acceptable, and the model was rejected. 

The two successful performance equations [log R = a 0 + a 1d + a2 log pD2 and log R = 
ao - a 1d + log aa(D)] appear to be equal in their ability to represent the data, although, 
in the equation using D = D1 + pD2., thickness effects have more weight in predicting 
rating. 

In addition to the multiple regression discussed earlier, several simple correlations 
were tried between rating and PSI. None resulted in a significant correlation. It was 
necessary to conclude, therefore, that PSI could not be used to indicate test section 
performance. 

FACTORS FOR ANALYZING PERFORMANCE 

One of the major conclusions of a workshop on structural design of asphalt concrete 
pavements (14) was the need to relate pavement distress to performance. Performance 
data from theSan Diego experimental base project should be of some help in meeting 
this need. 

A workshop group on relating distress to pavement performance (14) indicated that 
there are basically two methods in use for serviceability evaluation of pavements: a 
road-user-related index or rating system and a mechanistic evaluation primarily based 
on deflection measurements. The group stated that a present serviceability rating or 
PSI pavement evaluation system is the mos t satisfactor y m ethod available for evaluating 
pavement performance. For this evaluation, the group emphasized the need for (a) a 
better r elationship between s erviceability, per formance, time, and traffic; (b) a study 
of the effects of maintenance on serviceability t r ends ; (c) a data feedback system; and 
(d) quantitative distress information. 

The San Diego project measurements pr og1·am included five measures that possibly 
could be used to evaluate pavement p erformance: (a) PSI, (b) a panel rating, (c) crack
ing, (d) rut depth, and (e) defl ection. In this study, deflection has been used only to 
remove subgrade variability influences. Cracking was used only as it influenced PSI 
measurements. No direct use was made of rut depth, which in most cases was small. 

The panel ratings are in many respects indicators of maintenance needs, and they 
reflect subjective evaluations of the pavement condition by using only visual data. PSI 
was based on a mechanical evaluation of the pavement surface condition, except for the 
limited influence of cracking. A relationship between the two would indicate to some 
extent how well PSI might reflect a visual maintenance need-related rating. 

Comparisons between PSI and ratings (Tables 3 through 6 and Fig. 2) indicate that 
the two measures do not reflect pavement performance in the same way. The correla
tion between the two was extremely poor, as explained earlier. 

If deflection and equivalent thickness (pD1 or D = D1 + pD2) are considered structural 
variables, it is concluded, on the basis of the analyses presented here, that rating was 
a reasonably good indicator of pavement performance but PSI was not. The relationship 
between rating, deflection, and D = D1 + pD2 is shown in Figure 4. 

The base type weighting factors (1 / p) determined in the performance analysis also 
are significant because they are related to layer coefficients or layer equivalency values 
used in many pavement design methods (8, 9). 

The base weighting factors and the original values assumed in designing the ex
periment are given in Table 7. Even though a discussion of equivalency factors is be
yond the scope of this paper, it is encouraging that the three treated bases performed 
as well as or better than expected relative to the high type of asphalt concrete base. 
These three mixes were designed and constructed with a marginal-quality sandy gravel 
similar to many available in a larger quantity elsewhere, and the results could have 
wide applicability provided proper account is given to different environmental conditions. 

CONCLUSIONS 

From test conditions and limitations of the analysis, the following conclusions may 
be drawn from performance data from the San Diego experimental base project. The 
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DEFLECTION 
Base Type Design Analysis 

Asphalt concr ete 1. 0 

t!:> 3 0.090 in 
:l~::::::: 

~ 0. 1201n 

Asphalt-treated 1.4 
Emulsified-asphalt-treated 1. 7 

1.0 (assumed) 
0.85 
1. 7 

~ 2 Cutback-asphalt-treated 1. 7 1.2 

"' I 

0 
5 10 15 

D • D1+p02 

conclusions apply only to the four full-depth base sections incorporated in the experi
ment at all thickness levels. 

It was possible to develop significant relationships between a panel rating of test 
section performance and the structural variables, deflection and equivalent thickness. 
The data did not yield significant relationships with either traffic or PSI. 

Base type weighting factors were developed from the analysis. The analysis indi
cated that the relative performance of the full-depth, asphalt-treated bases with a 
marginal-quality sandy gravel aggregate compared to the high-quality asphalt concrete 
base was as good as or better than assumed in the original design of the experiment. 
Their relevance to other conditions and environments is still to be determined. 
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DEVELOPING STRUCTURAL DESIGN MODELS 
FOR ONTARIO PAVEMENTS 
Nabil Kamel, Ministry of Transportation and Communications, Ontario 

This paper describes the applications of layered system analysis in design
ing Ontario pavements. The Brampton Test Road experiment provided this 
investigation with various data on material properties, climatic conditions, 
traffic, and performance. Test sections were analyzed by using Bistro and 
Chevron computer programs, which predict the structural r esponse of 
stresses, strains, and deflections in pavement sections. The mocluli val
ues required for the analysis were derived from laboratory test data pro
vided by The Asphalt Institute. The calculated structural responses were 
then correlated to observed field behavior and performance of test sections. 
Pavement responses, as predicted by the layered system analysis, could 
be closely related to observed behavior and performance. The analysis 
shows relationships existing between observed surface rut depth and ver
tical compressive strain on the subgrade surface. The measured Benkel
man beam rebounds and calculated subgrade surface deflections are also 
correlated. Charts to predict pavement performance for various peak 
Benkelman beam rebounds are developed, and equivalencies of various 
types of Brampton base materials are derived based on a criterion of equal 
loss of serviceability. The paper presents a structural design system for 
flexible pavements and discusses, through an example problem, how this 
system is incorporated into the overall pavement management system in 
Ontario. 

•DURING the past 5 years, considerable attention has been devoted in Canada and the 
United States to developing rational pavement design and management systems (1, 2, 3, 
4, 5, 6, 7, 8). A pavement managem ent system includes a number of subsystems,-i:e.~ 
p laruring, - structural design, construction, maintenance, performance evaluation, a 
data bank, and research. These subsystems are structured together and aimed at pro
ducing the best pavement design and management process. 

A major component of any pavement management system is the structural design 
subsystem. The primary outputs of this subsystem are to predict performance (i.e., 
serviceability history) and associated cost and benefits of various design strategies. 
Many researchers have attempted to use structural analysis to estimate stresses, 
strains, and deflections in pavement structures. The structural analysis alone, how
ever, has no significance if it is not related to pavement serviceability history, which 
is the designer's primary concern. The development of transformation functions that 
relate structural responses and performance is a comprehensive task and as yet has 
not been extensively developed in pavement design technology. Kamel (9, 10) and Kamel 
et al. (11) attempted to develop such functions for conditions in southern- Ontario by 
examining data from the Brampton Test Road and developing charts to predict service
ability losses with traffic (or pavement age) for various vertical stress levels on a sub
grade surface. 

For this investigation, the Brampton Test Road experiment provided extensive data 
on material properties, traffic, climate, and performance. The basic purpose of this 
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investigation was to determine whether structural analysis could be used to predict 
serviceability and age (or traffic) histories of various pavement designs used at Bramp
ton. The analysis was then extended to develop a second generation set of pavement 
structural design models for Ontario's pavement design and management system (1). 

This paper reports the structural analysis of the Brampton Test Road sections by 
using computerized nonlinear, elastic-layered techniques. It presents several relation
ships obtained between the calculated structural responses, observed behavior, and 
measured performance of the in-service test sections. It discusses base layer equiv
alencies for various Brampton materials and the application of the results to pavement 
design and management systems in Ontario. 

STRUCTURAL ANALYSIS OF THE BRAMPTON TEST ROAD 

In August and September of 1965, a full-scale experiment known as Brampton Test 
Road was constructed on Highway 10 north of Brampton, Ontario. Details of the proj
ect, construction, objectives, and findings are discussed by Schonfeld (12) and Phang 
(13, 14). Figure 1 shows a layout of the experimental pavement sections, which consist 
oT36test sections and incorporate 5 types of base materials. The test sections of 
cement-treated base suffered from shrinkage fracture early in the experiment and were 
not considered in this investigation. 

The structural analysis was performed by means of calculating stresses, strains, 
and deflections throughout each of the test sections. The details of the structural 
models used for calculations, material characterization, and structural analysis pro
cedures are given by Kamel, Phang, Morris, and Haas (11). Chevron and Bistro 
multilayered, elastic computer programs were used to calculate the structural re
sponses, and iterative procedures were used to account for the nonlinear characteristics 
of the materials. The moduli values required for the analysis were derived from re
sults of repeated load triaxial compression tests, which were conducted on Brampton 
materials (15, 16). 

The stiffness moduli of the asphalt concrete, s, were calculated by using McLeod's 
modified method (17). The stiffness-temperature relationships were then constructed 
by using a loading time of 0.03 sec, which corresponds to traffic moving at 60 mph 
(100 km/h) (18). 

The temperature at the middepth of each asphalt concrete layer was estimated by 
using Southgate' s models (19 ). The corresponding stiffness modulus for each layer was 
then obtained, and the structural layered analysis was performed for each pavement 
section. The results are given in Table 1. 

STRUCTURAL ANALYSIS AND PAVEMENT PERFORMANCE RELATIONSHIPS 

Pavement Serviceability and Performance 

At the AASHO Road Test, Carey and Irick (20) developed the best known procedure 
for defining and obtaining serviceability. Their concept of the present serviceability 
rating (PSR) explicitly recognized the road user by means of a panel rating procedure. 
PSR was then correlated to a set of physical measurements called the present service
ability index (PSI). The integration of PSI over time or load applications was termed 
the performance. 

The present performance rating (PPR) was developed concurrently in Canada by the 
Roads and Transportation Association of Canada (RTAC) along similar lines except that 
it used a 10-point rather than a 5-point scale (21, 22). In 1968, the pavement manage
ment committee of RTAC changed the term PPR to riding comfort index (RCI) (3). The 
new term recognized that serviceability is only an evaluation of riding comfort quality 
and does not include structural condition or safety characteristics. RCI is employed 
throughout this paper. 

At Brampton, RCI was estimated from correlations between RCI and a roughness 
index profilometer patterned after the British Road Research Laboratory design (23, 24). 
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Table 1. Results of layer analysis. 

Surface 
Section Deflection 

Base Type Number (In.) 

Asphalt concrete, no 1 0.0183 
subbase 2 0.0134 

3 0.0096 
5 0.0104 

Asphalt concrete, 6.0-in. 4 0.0103 
subbase 6 0.0172 

7, 8 0.0128 

Crushed rock, 6.0-in . 9, 10 0.0241 
subbase 12 0.0226 

13 0.0240 
14 0.0236 

Crushed rock, 18-in. II 0.0249 
subbase 15 0.0232 

36 0.0211 

Crushed gravel, 18- in . 16 0.0208 
subbase 17 0.0227 

21 0.0278 
35 0.0216 

Crushed gravel, 6-in. 18 0.0181 
subbase 19, 20 0.0240 

22 0.0247 
24 0.0223 

Bituminous-stabilized, 25 0.0210 
6-in. subbase 26, 29 0.0211 

27 0.0200 

Bituminous-stabilized, 
no base 28 0.0241 

Note: 1 in , "' 25.4 mm, 1 psi = 6.8948 kPa. 

Vertical 
Stresses Vertical Strain 

Subgrade on Subgrade on Subgrade 
Deflection Surface Ov Surface E:" 
(in . ) (psi) (!n ./in. x 10-') 

0.0172 30.3 0.917 
0.0120 20. 7 0.609 
0.0074 12.0 0.292 
0.0088 14.6 0.398 

0.0064 9.32 0.229 
0.0110 18.00 0.573 
0.0083 12.90 0.352 

0.0095 14.90 0.505 
0.0108 17.20 0.601 
0.0133 20.60 0. 792 
0.0083 12.60 0 .405 

0.0053 7.04 0.205 
0.0056 8.07 0.227 
0.0046 5.28 0.!48 

0.0053 6.71 0.187 
0.0056 8.04 0.225 
0.0056 7.30 0.214 
0.0047 5.36 0.150 

0.0099 15.40 0.499 
0.0109 17.50 0.629 
0.0090 14.70 0.5BO 
0.0080 12.50 0.384 

0.0102 16.70 0.561 
0.0086 13.40 0.429 
0.0076 11 .70 0.342 

0.0189 28.60 1.230 

BITUMINOUS .. 

STABILIZED BASE 

CEMENT TREAU.O 

BASE 



Relationship of Pavement Rutting and Vertical Strain on 
Subgrade Surface 

63 

Measurements of the pavement surface rut depth were taken at Brampton on each 
test section at 20wheel-path locations by using a 4-ft (1.2 m) transverse span gauge. 
The observed surface rutting is related to the vertical compressive strain (fv) and the 
vertical compressive stress (av) on the subgrade surface. 

The calculated Ev gave better relationships with surface rut depth (RD). Some sam
ple results are shown in Figure 2. Although the data are scattered, it appears that 
there is a correlation between RD and Ev. In addition, it appears that the full-depth 
asphalt concrete sections do not follow the same pattern as the conventional sections 
in that higher strains can be tolerated by the former without excessive rutting. 

Trenching was not done at Brampton; consequently it is not conclusively known to 
what relative extent rutting has occurred in various layers. However, by comparing the 
RD of the full-depth and the deep-strength asphalt sections, a significant amount of 
rutting was observed in the subbase. At the AASHO Road Test, an average of 45 per
cent of the rutting for loops three to six occurred in the subbase (25). 

A detailed description of this phase of the analysis is given by Haas, Kamel, and 
Morris (26). It was emphasized that present technology is only able to recommend 
criteria for precluding excessive rutting (27, 28); it is not sufficiently developed to be 
able to confidently predict the actual amount of rutting that might occur for any given 
design situation. The current state of the art is extensively discussed by Morris and 
Haas (29). 

Relatio11ship of Riding Comfort Index, Traffic, and 
Vertical Stress on Subgrade 

The observed performance, in terms of RCI values, is related to the calculated 
a on subgrade surface, and a linear relationship was found at various pavement ages 
(19 65-1970 ). 

The relationships of serviceability loss with traffic at various av levels were sub
sequently constructed by using the preceding relationships based on the traffic history 
at Brampton. A typical chart is shown in Figure 3. It can be seen that RCI decreases 
more rapidly as the vertical stress on the subgrade surface increases. This phase of 
the analysis is discussed by Kamel (9 ). These charts can be used to predict pavement 
serviceability history if traffic history and computed vertical stress on subgrade sur
face are known. The application of these results to a pavement design system is 
demonstrated by Kamel, Phang, Morris, and Haas (!!)· 

Relationship of Riding Comfort Index, Traffic, and 
Benkelman Beam Rebounds 

Benkelman beam rebound measurements have been made periodically at Brampton. 
The computer values of subgrade surface deflections gave a good relationship with the 
initial, mean-peak rebound values observed in spring 1966. Figure 4 shows these 
relationships for (a) full-depth asphalt concrete sections and (b) all other Brampton 
sections considered. A good linear relationship is obtained for the latter with r 2 equal 
to 0.936 and a standard error of estimate equal to 0.007 in. (0.18 mm). The relation
ship for all except the full-depth sections is 

X = 7 61 

where 

x = mean-peak initial Benkelman beam rebound, and 
6, = computed subgrade surface deflection. 

This relationship depends on the moduli values that were used for the layer analysis . 
For the asphalt concrete layers, these moduli were based on a loading time of 0.03 sec, 
which corresponds to a speed of about 60 mph (100 km/h). If lower speeds (i.e., longer 



Figure Z. Surface RD versus lJ 1 for some 
Brampton Test Road sections. 
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loading times) were used, the estimated moduli values would be less and higher sub
grade surface deflections should be predicted. In turn, those computed deflections 
would then more closely correspond in actual magnitude to the rebound measurements 
of Benkelman beam, which are taken at creep speed. 

The computed subgrade surface deflections were also related to the performance of 
the corresponding in-service experimental pavement sections. Figure 5 shows the 
good relationships obtained for the full-depth asphalt concrete sections and for all other 
pavement sections. 

Figure 6, a summary of Figure 5 relationships, shows the effect of the magnitude 
of the subgrade surface deflections 6, and pavement age A on pavement performance. 
Pavement age in such relationships reflects the effects of a variety of variables, i.e., 
climate, aging, subgrade movements, etc. The relationships clearly indicate that RCI 
decreases as 6, increases and as A increases. The relative influence of 61 and A varies 
more in the case of full-depth asphalt concrete than in all other sections. The influence 
is less in the former case. 

Figure 6 also shows that the loss of RCI between any 2 consecutive years, for any 
particular level of Ii., seems to be fairly constant for each of the two behavior patterns. 
The annual loss is comparatively smaller for the full-depth sections. This suggests 
that pavements with equal Ii, may be subject to relatively equal annual loss of RCI, 
where such annual losses increase as 6, increases. 

The foregoing relationships of Figure 4 were used to determine the subgrade surface 
deflections corresponding to Benkelman beam rebounds of 0.02, 0.04, 0.06, 0.08, and 
0.10 in. (0.5, 1.0, 1.5, 2.0, 2.5 mm). These deflection values were then used to deter
mine the corresponding RCI values at various pavement ages from Figure 6. These 
derived RCI values were found to give the best correlations with Brampton's traffic if 
plotted on a log scale (Fig. 7) against traffic on arithmetic scales. 

Figure 7 clearly shows the serviceability history of the different pavement sections 
and the behavior under traffic for various pavement strengths. Although these relation
ships primarily apply to the Brampton Test Road conditions, they should give a general 
picture of the basic performance characteristics of flexible pavements in similar 
climatic regions. 

DEVELOPMENT OF BASE LAYER EQUIVALENCIES 

The equivalencies of various materials have generally been based on equal struc
tural response. In this study, equivalencies are developed on the basis of equal ter
minal serviceability or equal loss of serviceability. This criterion seems to be more 
realistic because pavement performance must be the end concern. Equivalencies based 
on this criterion enable the designer to generate thickness combinations without having 
to consider the problem of strength differences. 

The step-by-step development of the base layer equivalencies is discussed by Haas, 
Kamel, and Morris (26). Brampton base layer equivalency values (in inches of the 
granular base) for 1 in. (25.4 mm) of each material type are as follows: 

1. Granular base (crushed gravel or crushed rock), 1.0; 
2. Sand subbase, 0.6; 
3. Bituminous-stabilized base, 1.1; 
4. Asphalt concrete base (with subbase), 2.0; and 
5. Full-depth asphalt concrete base, 3.4. 

That is, 1 in. (25.4 mm) of granular base"" 1 in. (25.4 mm) of bituminous-stabilized 
base"" 2 in. (50.8 mm) of sand subbase ""1h in. (12. 7 mm) of asphalt concrete base"" % 
in. (8.4 mm) of full-depth asphalt concrete. The values obtained are very close to 
those presently employed by the Ministry of Transportation and Communications of 
Ontario. 

APPLICATION OF ANALYSES TO PAVEMENT DESIGN IN ONTARIO 

Haas and Hudson (30) proposed that two levels of terminal serviceability be applied 
to pavements: a desirable terminal level and a minimum acceptable level at which the 
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Figure 5. Relationship between RCi and caicuiateti 01• 
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riding quality is so bad that it may affect the normal operation of a passenger car. In 
this study, an RCI of 4. 5 is used by the pavement design and evaluation committee of the 
Canadian Good Roads Association ~. 21, 22). 

Development of Deflection-Based Design Curves 

The minimum acceptable RCI of 4. 5 on the RCI, traffic, and Benkelman beam curves 
is shown in Figure 7. The diagram for all pave ment sections but the full depth shows 
that pavements having 0.05-in. (1.3 mm) maximwn rebound reach a terminal RCI of 4.5 
after about 6 million vehicle passes. This agrees well with the extensive data examined 
in the Canadian Good Roads Association studies (21). 

The relationships of Figure 7 were used to develop the deflection-based design 
curves of Figure 8. The accumulated traffic value corresponding to the intersection 
of each performance line of peak rebound with the terminal RCI line was determined. 
The determined traffic value was then transformed into average daily traffic (ADT) 
numbers for various pavement ages and was plotted against the corresponding peak 
Benkelman beam rebound. The deflection-based design curves of Figure 8 are for all 
pavement sections except the full depth. Similar design curves for full-depth asphalt 
concrete can be developed by using the upper part of Figure 7. 

Pavement Design Approach 

Table 2 gives the Ontario flexible pavement design thickness guidelines used by the 
Ministry of Transportation and Communications for different traffic and highway classes. 

Jung and Phang (31) assigned moduli values, E, to various Ontario subgrade soils 
and developed a thickness design chart that basically reflects the thicknesses given in 

Figure 7. Performance relationships for various peak Benkelman beam rebounds. 

10 
9 
8 

I I 

,-MAXIMUM BEAM REBOUNDS 

7 

6 

5 

4 

.i, ( 0 25mm) ~ --------- · 02 ( 51 mm ) 
03 ( • 76 mm) 

-T--- - -~ •04 (1 •02 mm) __ --· OS I 1• 27 mml 

MINIMUM ACCEPTABLE .....I 
LEVEL OF RCI 

0 FULL DEPTH ASPHALT CONCRETE SECTIONS 
a:: 

2 -X 
UJ 
Cl 
~ 

1966 1967 1968 1969 1970 

11 I I I II 
..... 
a:: 3 4 5 7 9 10 
0 
LI.. 
:!E 10 

0 9 
0 8 

7 

(!) 6 

z 5 

Cl 
ii: 4 

3 

i-MM!ldll.M..J!.t6M D< ' ~"" n< ~, ----~ • 02 ( · 51 mm) 
~~ --0..... ---- ~- ·04(1·02mm) 

----~= ~- -= .:..Q~l~..'.WL--- -
MINIMUM ACCEPTABLE_j --- -- · 0 8 ( 2 ·0 3 mm ) 

LEVEL OF RCI I 
~ • 10 (2· 540\ffl) 

I 
2 CRUSHED ROCK, CRUSHED GRAVEL , -

81TUMINOUS STAB, ANO CO/lCR ETE 

19 68 19i7 BASE SECTI ONS 
1968 Ti 1970 

I 1 1 I II 
' ' I 
4 7 8 9 10 

ACCUMULATED TRAFFIC IN MILLIONS OF VEHICLES 



68 

.Figure 8. Deflection-based design curves. 
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Table 2. Flexible pavement design thickness guidelines. 

Total Pavement Thlclmess of Subgrade" 

Granular Sandy Silt and Clay Loam Till 
Standard Type or 
surface Material Slit <40, Silt 40-50, Silt >50, Varved Maximum 
Thlclmess suitable as Very Fine Very Fine Very Fine and Design Beam 
of Hot Granular Sand and Sand and Sand and Lacuatrine Leda ADT (both Reboundc 

Road Class Mlx(ln.) Borrow Silt <45 Silt 45-60 Silt >60 Clays Clays direcUons)I> (x + 2o,) 

Multilane 
>8,000 AADT 5'/, 17-20 25-29 29-33 33-37 29-33 29-45 12,500 0.022 

Two lanes 
6,000 to 8,000 AADT 5'/, 17-20 25-29 29-33 33-37 29-33 29-45 9,000 0.025 
4, 000 to 6, 000 AADT 5 . 16-19 24-28 28-32 32-36 28-32 28-44 6,500 0.030 
2,000 to 4,000 AADT 4 14-17 22-26 26-30 30-34 26-30 26-38 4,300 0.038 
1,000 to 2,000 AADT 2'/, 11-14 19-23 23-27 23-31 19-27 23-31 2,100 0.055 

Note: 1 in. - 25.4 mm. 

•in inches of granular base A (i,e., 1 in, of granular base A• Y:i in. of hot mix "' 1 % in. of granular subbase C) , 

tt0esign AOT"' AADT ( 1 + percentage of traffic growth per year x ~)· assumed traffic growth= 4 .5 percent per year, lane f~tor"" 80 percent, and initial pavement life =- 13 
year1. 

cealculated from maximum rebound of CGAA study. 

Figure 9. Relationship of pavement thickness and maximum Benkelman 
beam rebound relationship for various Ontario subgrade soils. 
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Table 2. In this investigation, the thickness design chart was related to maximum 
Benkelman beam rebounds (Table 2) for different traffic and highway classes. The 
chart is shown in Figure 9. 

The application of the ·foregoing results to a pavement design system is shown in 
Figure 10, which is a simplified flow chart of the major steps required in the design 
process. 

Example Problem 
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A four-lane divided highway is designed to carry a present AADT of 8,000 vehicles. 
An average simple growth rate of traffic is assumed to be 4 percent. The two pavement 
widths are 24 ft (7.3 m) each with 10-ft and 6-ft (3.0 and 1.8 m) outside and inside 
shoulders respectively. More than 90 percent of the project is constructed on fill ma
terials (clay). The project is in a new location and extended for about 5 miles (8 km). 

The designer follows these steps (Fig. 10): 

1. Assume that the analysis period = 20 years and E-subgrade clay = 4,500 psi 
(310 MPa). 

2. Calculate the design ADT per lane. Design ADT is defined as the average daily 
traffic per lane at the middle of the initial life span. Assume the initial life is 14 years 
and the lane factor is 80 percent. This would result in a design ADT of about 4,100 ve
hicles per day per lane. 

3. Consider the available materials. Assume that this is restricted to an asphalt 
concrete (HLl-8) and granular type A materials. 

4. Generate alternative pavement initial lives and calculate the corresponding maxi
mum rebound for each by using Figure 8. Consider one initial life alternative at 14 
years. The deflection-based design curves of Figure 8 show that a pavement section 
carrying a design ADT per lane of 4,100 and initial life of 14 years should be designed 
for a maximum rebound of 0.025 in. (0.6 mm). This is only one alternative; the de
signer could generate other designs of various strengths and initial life spans. 

5. Derive the required pavement thickness from Figure 9. About 33 in. (840 mm) 
of equivalent to granular A material is required for the subgrade clay soil. This total 
pavement thickness of granular base A could be converted to different alternative com
binations of material thickness by using the base layer equivalencies developed pre
viously (i.e., 1 in. of asphalt concrete = 2 in. of granular base A = 3 in. of subbase). 
The following combination may be used. The designer may choose 1 % in. (38 mm) of 
asphalt concrete surface HL 1, which is equivalent to 3 in. (76 mm) of granular base A; 
10% in. (267 mm) of asphalt concrete binder HL 2-8, which is equivalent to 21 in. (229 
mm) of granular base A; and 9 in. (535 mm) of granular base A-a total equivalency of 
33 in. (840 mm). This, of course, is one possible thickness combination. Many other 
alternative combinations can be considered in the analysis. 

Figure 11 shows a cross section of the deep-strength design under consideration as 
well as the expected serviceability age history of the pavement strategy. Because this 
design problem deals with design of a major highway, it is recommended that the ser
viceability level should not drop below RCI = 6. Consequently resurfacing may be re
quired at 10 years (Fig. 11). 

The design problem is not complete until a final design strategy has been recom
mended. This paper concentrated on the parts of the design phase of Ontario pavement 
management that deal primarily with the structural models and their inputs. As indi
cated in Figure 10, overlay design must be completed to the end of the analysis period. 
This may be done in the same manner as described by Phang and Slocum (1). Economi
cal evaluation must also be conducted after estimation of expected materials, construc
tion, and maintenance costs for each strategy. The designer can then, along with other 
considerations, recommend a final strategy for construction. 

This example is an actual work project in the 1973-77 construction program of the 
Ministry of Transportation and Communications, Ontario. The construction is for 
Highway 406, St. Catharine's area, Hamilton district. The pavement selection commit
tee of the Ministry, in its recommendation for the most economical design for the 



Figure 10. Flow chart of 
pavement design system. 

Figure 11. Recommended 
deep-strength design 
strategy. 
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project, has referred to a deep-strength asphalt concrete pavement section having the 
same total granular equivalency of 33 in. (840 mm) with 11/i in. (38 mm) sand asphalt, 
and 11h in. (38 mm) HL 1 resurfacing after 10 years. Figure 11 shows the recommended 
pavement strategy by the pavement selection committee. 

CONCLUSIONS 

The general purpose of this investigation was to determine whether layered system 
analyses could be applied to designing Ontario pavements. This goal was fulfilled 
through analyses of the Brampton Test Road in the following steps: 

1. The basic properties of the five pavement materials under consideration for in
put to the layered system analyses were established from laboratory testing of the 
original materials in simulated field conditions. 

2. The structural response of the various pavement sections in terms of stresses, 
strains, and deflections under simulated traffic loading were calculated by iterative, 
linear elastic, and computerized, layered system models: Chevron and Bistro. 

3. The calculated structural responses were related to the measured performance 
(in tern1s of the serviceability age or traffic histories) and to the measured behavior 
(in terms of surface rutting and Benkelman beam rebounds). 

4. The calculated responses and analyses were explicitly placed within the context 
of the Ontario pavement management system described by Phang and Slocum (1). It 
was demonstrated that a second generation set of design curves for this management 
system could be developed. Tile layer equivalency values for the materials of the 
Brampton Test Road could be developed by using layered system analysis results and 
a criterion of equal loss of serviceability. These layer equi valencies correspond quite 
well with those currently used in Ontario. 
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DIGITAL FILTERING METHODS FOR CHARACTERIZING 
PAVEMENT PROFILES 
Roger S. Walker*, Department of Computer Science, 

University of Texas at Arlington; and 
W. Ronald Hudson, Department of Civil Engineering, 

University of Texas at Austin 

Obtaining suitable descriptor variables for pavement characterization is a 
major problem for today's pavement design engineer. Ideally, a set of such 
variables would provide a way to measure pavement performance and to 
relate it to pavement distress. With the surface dynamics (SD) profilom
eter, it is possible to accurately and rapidly obtain road profile informa
tion. Pavement serviceability, or performance, and distress are inter
related with pavement profile and, thus, the SD profilometer provides 
useful data from which various statistics can be obtained for possible use 
as pavement descriptor variables. One set of such variables is road 
profile quantities such as amplitude measurements for specific wavelength 
bands. If it is possible to obtain an adequate model that relates performance 
to various road profile characteristics as measured by specific descriptors 
and if various distress manifestations can be related to the same set of 
descriptors, then pavement performance and distress can be related by 
means of distress-performance models. This paper discusses possible 
uses of digital filtering techniques on road profile data in an effort to find a 
set of ideal pavement descriptors. Included are discussions of current 
descriptors; digital filtering techniques, including basic definitions; and 
ways such techniques can be used to obtain better pavement descriptors. 
The discussions are intended primarily to prompt further investigations 
into these methods and their trial use in road profile analysis. 

eONE of the major problems in developing improved pavement design methods today is 
obtaining suitable descriptor variables for characterizing pavement riding quality. An 
ideal set of such variables should provide a means for obtaining some measure of 
pavement performance and for relating performance to pavement distress. The sur
face dynamics (SD) profilometer provides an accurate and rapid means of obtaining 
road profile information. Pavement profile is interrelated with pavement service
ability or performance and distress and, thus, this device provides data from which 
various statistics can be obtained for use as pavement descriptors. Road profile 
quantities such as amplitude measurements for specific wavelength bands are one set 
of such variables. If a model that relates performance to various road profile char
acteristics as measured by specific descriptors can be obtained, and, in turn, if 
various distress manifestations can be related to the same set of descriptors, then 
pavement performance and distress can be related via distress-performance models. 

This paper discusses the possible use of digital filtering techniques on road profile 
data as a tool in an effort to find such a set of pavement descriptors. The discussion 
includes comments on initial and current descriptors, i.e., slope variance and power 
spectral estimates. Digital filtering techniques, including basic definitions, and an 

Publication of this paper sponsored by Committee on Pavement Condition Evaluation. 
*This paper is based on work while the author was with the Center for Highway Research, The University of 
Texas at Austin. 
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example application arc introduced. How such filt0ring techniques can aid in obtaining 
better pavement descriptors is presented. The discussions, which are limited to 
digital filtering concepts, are primarily intended for prompting further investigations 
into these methods and their trial use in road profile analysis. The ideas presented 
are the results of several years of experience in using and analyzing profile data from 
the SD profilometer. 

CURRENT PAVEMENT CHARACTERIZATION METHODS 

The SD profilometer provides separate analog profile records for both right- and 
left-wheel paths for a given pavement section. This record can be converted to equally 
spaced discrete measurements according to a sampling signal synchronized with the 
distance traveled. For this paper the digitized profile data are approximately 2 in. 
(50.8 mm) apart [6 data points/ft (1.8/m)J. For discussion purposes the set of digi
tized profile data for either the right- or left-wheel paths are X = x 1, X2, ••• , x" where 
x 1 represents the discrete profile values, and n is the section length in half inches. 

Roughness index and slope variance statistics were used as the primary pavement 
characterization descriptors during initial research investigations at the Center for 
Highway Research and the Texas Highway Department. These two statistics were 
selected because of their relationship with features that induce forces on the rider 
and because of their previous acceptance in the highway field. The roughness index 
is the normalized sum of the vertical deviations of the profile throughout a pavement 
section, and slope variance is the variance of surface profile slopes calculated for the 
length of the section. Present serviceability index (PSI) models (3) were developed by 
correlating these variables along with condition survey statistics.-

Several disadvantages of using slope variance as a pavement surface characterization 
statistic or estimator of pavement serviceability have been noted. First, slope vari
ance as computed at the AASHO Road Test [9-in. (228,6 mm) base] is quite dependent on 
wheel boW1ce (5, 7). Consequently, considerable variation in replication measurements 
for various combmations of pavement roughness and profilometer operating speeds is 
common. Second, the complexity of a section of pavement cannot be adequately char
acterized by a single statistic such as slope variance. In fact, the effect of certain 
wavelengths is completely ignored by this statistic (7). Third, slope variance is some
what difficult to relate or picture physically and, largely because of the mentioned 
disadvantages, probably it provides at best a correlation coefficient of about O .82, and 
this for profilometer operating speeds of 20 mph (8.94 m/s). (At greater operating 
speeds, this correlation dropped significantly.) That is, only about 67 percent of the 
mean rating of the panel's opinion (3) could be explained by slope variance. Roughness 
index was similarly disadvantaged by these problems, and it exhibited less correlation 
with the mean subjective ride quality ratings. Adequate serviceability index (SI) pre
diction models were obtained only after including both condition survey information and 
slope variance. 

Because of the complexities of a road profile, the characterization of a pavement 
section by its individual wavelength components appears to be much more viable than 
the use of a single statistic such as slope variance or roughness index. In addition, 
with wavelength information, various problems such as wheel boW1ce can be isolated 
or accoW1ted for to provide more accurate pavement characterizations. 

With these shortcomings, the use of power spectral estimates was investigated next 
as providing more comprehensive descriptor variables. Power spectral estimates 
like slope variance are statistical quantities, but the power spectrum affords a set of 
profile descriptors instead of a single measure. 

Figure 1 shows the relationship between mean subjective ride quality ratings or PSR 
and the road profile (64-band) spectral estimates for a large sampling of typical pave
ments in Texas (3, 7). The power spectral estimates for several frequencies or wave
length bands are shown for various road roughness classes, characterized by PSR. 
The average spectral amplitudes of 86 pavement sections with various roughnesses 
(grouped by PSR intervals) were obtained. Generally, the rougher the road was, the 
greater the spectral amplitudes were (Fig. 1). However, for the higher frequencies 



Figure 1. Wavelength versus power spectral estimates (1) . 
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or smaller waveiengi;hs, these groupings are less dlsedmln.atlng as rouglu1ess indi
cators. 

Sometimes it is helpful to focus on the amplitude spectrum of a section of road pro
file rather than its power or covariance spectrum. Such estimates are usually more 
easily realized physically by the highway engineer than are the power spectral esti
mates (i.e., the root -mean-square amplitude of the profile irregularities in inches 
is more easily understood than power in in.2/ cycle/ft. Such amplitudes may be ob
tained from the power spectral estimates from x 1 = ../2Q1Af wh,ere Q1 is the two-sided 
power or covariance spectral component for the i th frequency band and Af is the width 
of the band containing this variance. 

Specific amplitude estimates were highly correlated with pavement riding quality, 
and a PSI model was developed that was superior to the original slope variance and 
roughness index models and that has since been extensively used for SI measurement 
in Texas. In addition, it is also currently being used as the SI measurement standard 
for calibration with Mays Road Meters (6). 

The SI model based on road profile spectral estimates also has a very significant 
operational advantage over the slope variance or roughness index models in that con
dition survey information is not required. That is, the SI value is derived only as a 
function of the spectral estimates, thus permitting more rapid and continuous SI 
measurements. Figures 2 and 3 show the usefulness of this procedure for obtaining 
large-scale SI measurements. Figure 2 is useful for computing a SI histogram for 
several miles of pavements on US-71 south of Austin, Texas, and Figure 3 is useful 
for proViding continuous SI samples for several miles of 1-10 east of San Antonio. 

There are, however, several problems in using power spectral analysis methods 
in characterizing road profile data. The primary problem is that the spectral esti
mate is a mean power estimate for each particular band; thus, the degree of roughness 
variation within a section is not measured (7). 

Assuming that the profile data meet the usual statistical assumptions (Gaussian, 
stationary, etc.) and enough data are present, this mean provides a good estimate of 
the real profile amplitude from which a good indication of the characteristics of the 
individual time or distance ensembles can be obtained. On the other hand, if these 
assumptions are not met, which is usually the case, then the amplitude estimate can 
become distorted. In addition, so that reliable spectral estimates can be obtained, 
pavement sections must be several hundred feet long [1,200-ft {365. 76 m) minimum 
lengths were used] . These constraints thus make it difficult, if not impossible, to 
get accurate information on localized effects, which must be examined carefully in 
studies relating distress to performance. 

Filtering techniques offer another analysis tool in which the amplitudes of selected 
wavelength bands can be observed as a function of distance. This permits more local
ized examinations of the true average amplitude variations. Digital filtering techniques 
are attractive for analyzing the digitized road profile data because they easily can be 
developed and applied. 

Digital Filtering Definitions 

Digital filtering is the process of spectrum shaping by using a digital computer as 
the basic building block (1). Hence, the goals of digital filtering are similar to those 
of continuous or analog filtering. Whereas continuous filter theory is based on linear 
differential equations, digital filter theory is based on linear difference equations. 

Digital filters can be applied to the discrete road profile data by convolVing these 
data with the weighing function (impulse response) of a specific filter . The convolu
tion is 

N 
Yn = L wlxn-1 (1) 

i=O 
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where 

X = {Xo, x1, . , . , XM} represents M + 1 values of the input series or road profile, 
W = {w0 , w1, .. , , WN} r epr esents N + 1 values of the filter weighing function, and 
Y = {Yo, Y1, ... , YN+MJ represents the N + M + 1 values of the filtered output series. 

Equation 1 can also be expressed in terms of its z-transform as 

Y(z) = W(z) X(z) (2) 

where 

X(z) = Xo + x1z + x2z2 + ... xMzM, 
W(z) = Wo + W1Z + W2Z2 + ... wNzN, and 
Y(z) =Yo+ Y1Z + Y2Z2 + ... YM+NzM+N. 

Variable z, which represents the operation of delaying a data sample one sample 
interval (zN by N sample intervals), is related to the Laplace variable S by 

z = e-TS (3) 

where T is the at sample interval. 
Some digital filters can also be expressed as a ratio of two polynomials in z or 

W(z) = A(z) = ao + a1z + .. . ~zN 
B(z) bo + b1z + ... bMzM (4) 

By using long division(!), w(z) can be expanded into a simple polynomial: 

(5) 

If the filter is stable, the coefficients will converge to zero and, hence, w(z) may be 
closely approximated by a finite number of terms (i.e., K) or 

(6) 

This approximation can then be used as a filter by standard digital convolution. If the 
rational filter 

(7) 

is used to filter a set of profile data then the standard output Y(z) can be expressed as 

or 

and thus 

(8) 

That is, Y(z) is equal to the input convolved with the series (ao, a1 ) minus the output 
delayed one sample interval and convolved with the series (b1 , b2). 
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Figure 4 shows this feedback system, which is realized by the recursive algorithm 
of Eq. 8. The general recursive equation for rational filters can be expressed as 

M M 
Yn = l: a1xn-1 - L bJYn-J (9) 

i=O j=l 

Such filters (1, 2, 4) may be synthesized in the z plane, or standard S plane filters can 
be converted to -such recursive relationships. 

Recursive filters may also be used for obtaining zero phase filters by the uses of 
both forward and reverse recursive algorithms(!). 

A Specific Application 

As noted before, one advantage in using digital filtering techniques for analyzing 
road profile data is that a plot of the filtered profile amplitude versus distance can be 
obtained. Statistical methods that first group similar variances and then obtain more 
realistic average and extreme amplitude estimates for road sections can then be ap
plied. 

Figure 5 shows the frequency response of a simple band pass filter that was applied 
to about 2 miles (3.2 km) of Texas pavements where nearby swelling clay mounds oc
curred in 20-ft (6.10 m) wavelengths. The coefficients used in obtaining this filter are 
given in Eq. 10: 

Yn = (-5.375 x 10-6)X"_1 + (5.375 X 10-6)X"_5 + 3.954 Yn-l 

-5.870 Yn-2 + 3.876 Yn-3 -0.9610 Yn-4 
(10) 

for a Nyquist frequency of 2.96 cycles/ ft (9.71 cycles/m). 
Figures 6, 7, and 8 show the plots of this data before and after filtering where zero 

phase filtering was performed. Zero phase filtering, which causes no phase shift in 
the irregularities in the profile corresponding to any frequency, was obtained (4). 
After the forward recursive algorithm of Eq. 10 was used, the time reverse algorithm 
of Eq. 11 was applied: 

Y. = (-5.375 X 10-6)xn+1 + (5.375 X 10-6)Xn+5 + 3.954 Yn+1 

-5.870 Yn+2 + 3,876 Yn+3 + 0.9610 Yn+4 

(11) 

The plots in Figures 6, 7, and 8 are useful for showing the results of the filtered data 
superimposed on the original profile data. The filtered data should be examined, for 
example, first to segment the pavement section on the basis of amplitude characteristics 
and then to compute average amplitude statistics. 

Digital Filtering for Pavement Surface Characterization 

Probably the most important use of digital filtering will be to investigate more local
ized pavement characteristics. For example, if a large set of amplitude plots for 
several key wavelengths can be obtained for a specific type of pavement cracking con
dition at various failure stages, then multivariate analysis techniques, considering the 
average amplitude variation and the maximum amplitude value of the filtered profile 
data, might yield a statistical correlation. 

Pavement performance has already been somewhat related to specific wavelength 
amplitudes (7); thus, these same bands might provide initial frequency bands for con
sideration. Additional rating sessions might also be conducted, and more precise 
amplitude estimates might be obtained for correlation with the subjective ratings. 

Another useful method of applying these filtering methods would be to establish a 
set of typical upper amplitude levels for construction specifications and control rather 
than a single number as 1/s in. (3.2 mm) for 10-ft (3.05 m) wavelengths. So that this 



Figure 6. Profile before and after 1.1;0· 

filtering, 0 to 67 ft (0 to 20 m). 

Figure 7. Profile before and after 
filtering, 67 to 135 ft (20 to 41 m). 
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Figure 8. Profile before and after filtering, 135-200 ft (41 to 61 m) . 
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could be done, a representative sampling oi proiiies irom pav1:imt:iitS of highly accept
able riding quality could be measured. Band pass filters could then be designed and 
used on these data to obtain several sets of filtered profile data. Mean and upper am
plitude ranges (e.g., three standard errors) could then be established for appropriate 
roughness regions £or each band of these data to establish a set or spectrum of not - to
exceed amplitude regions (Fig. 9). If the mean of the absolute values of the proiile 
elevation deviations at any wavelength exceeds the estal:>lished threshold value, then 
the pavement ls not satisiactory. Root-mean- square amplitudes could be also used. 
Dritially, filters centered at the bands used in the SI model might be used. Once such 
ranges are established, the SD profilometer could then be used for evaluation of new 
or recently overlayed pavements so that areas violating these critical regions could 
be found rapidly. The use of a small digital controller within the SD profilomete1· 
could easily detect such violations immediately during profile measurements. 

Of course, the use of digital filters is not without complications. First, which 
frequency or wavelength bands should be considered for a given application? Second, 
which statistical or set of statistical methods should be used for summarizing the fil
tered data? Third, digital filters like analog filters have certain inherent character
istics (e.g., response time, etc.), which must be considered, although the zero phase 
filter does provide an advantage over analog filtering method. 

The numerous combinations of frequency bands can likely be minimized by the power 
spectral analysis methods discussed, and the numerous data sununat'izing methods 
might be limited to those that lend themselves to physical interpretation. This tool, 
however, should add new dimensions to road profile analysis techniques aud perhaps 
aid in.initial solutions relating distress and performance. 
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