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Material Properties of Zero-Maintenance 
Flexible Pavement 
FREDDY L. ROBERTS ANO THOMAS W. KENNEDY 

This study involved models selected as suitable for the prediction of important 
distresses that have occurred historically in flexible pavements and the deter
mination of material properties that will provide 20 years of satisfactory per· 
formance without maintenance and an additional 10-20 years of satisfactory 
performance with normal maintenance. To accomplish the overall objective, 
results were used from a previous study that identified the most important dis
tresses occurring in flexible pavements, identified the material properties that 
affect those distresses, and selected mathematical models to predict those dis
tresses by using the identified material properties. This paper presents the range 
of values selected for each of the material properties and discusses the distresses 
predicted by using the selected mathematical models. The distresses selected for 
study included fatigue cracking, rutting, and low-temperature cracking. The 
mathematical models selected for the analysis were VESYS for modeling fa-
tigue cracking and rutting and the Shahin-McCullough model for low-temperature 
cracking. Input values were selected for each of these models, and ranges of the 
material properties affecting distress were established. The results for each study 
have been included and discussed, and practical criteria have been cited to evalu
ate the level of material properties required to provide zero-maintenance per· 
formance. The effects of each set of material properties used are identified, and 
the trade-offs of the effects of material properties on the distresses are discussed. 

The Federal Highway Administration (FHW A) has for several 
years pursued multiple research studies aimed at producing 
premium pavement structures for heavily traveled 
highways. The objectives of these various efforts have been 
to develop pavement-design methodologies and to establish 
ranges of material properties for pavements so that they 
will be maintenance free for 20 years and require only 
routine maintenance for 10-20 years thereafter. 

The research reported here had as its goal the 
identification of material properties that would provide 
optimal performance in flexible, rigid, and composite 
premium or zero-maintenance pavements. The portions of 
the project to be discussed include 

1. Review of the analytical models capable of 
modeling distresses in flexible pavements that were selected 
to evaluate the effect of material properties on the 
production of distress, 

2. Establishment of ranges of material properties and 
evaluation of the effects of the material properties on 
production of distress, and 

3. Development of ranges of properties that are most 
suited to the production of zero-maintenance pavements. 

The material properties identified as important in the 
study of flexible-pavement distress are discussed here and 
have been reported elsewhere (l). 

MODEL SELECTION AND DESCRIPTION 

A complete literature survey was conducted to review all 
analytical models available to predict pavement distress. 
The models reviewed included those based on linear 
elasticity, finite-element theory, and elastic-layer theory. 
These various models were classified and compared with the 
final model selected (l) for capability of predicting 
distress. The models used in the study of flexible-pavement 
distress were VESYS (b3) for fatigue and rutting and the 
Shahin-McCullough model (1&) for low-tempera ture 
cracking. 

MODEL INPUTS 

The models selected for the distress studies outlined above 
require the development of input values for each variable 

that occurs in each model. Several categories of input 
variable are discussed. 

Common Inputs 

Several categories of factors are common to all pavements 
and models and are independent of the pavement material 
properties themselves: the environment in which the 
pavement occurs, the traffic level to which the pavement is 
subjected, and the thickness of the pavement layers. Other 
input factors are dependent on the model used and the 
pavement type. 

Four zones were selected as representative of the United 
States and are designated wet-freeze, dry-freeze, 
wet--no-freeze, and dry-no-freeze. 

Previously reported traffic data (1,6,7) indicated that 
most flexible pavements sustain less than 500 000 18-kip 
(80-k N) equivalent single-axle loads (ESALs) per year. 
However, to ensure an adequate level of traffic, a design 
value of 1 million 18-kip ESALs was selected. Initial 
thicknesses for the fl exible-pavement studies were 
developed by using SAMP6, a computer design procedure 
based on the procedures of the American Association of 
Sta te Highway and Transportation Officials (AASHTO) (8). 
Inputs for SAMP6 were developed by using the traffic and 
enviro'nmental data associated with each zone, available 
structural and soil data, and 1977 material costs. 

Since fatigue cracking, the most prevalent cause of 
failure in flexible pavements, is not considered directly by 
SAMP6, an elastic-layer analysis using ELSYM5 was 
conducted by using the initial layer thicknesses and fatigue 
relationships developed by Austin Research Engineers (9) 
and by Finn (lQ). This analysis indicated that only 
deep-strength or full-depth asphalt-concrete pavement 
could be expected to survive the 20 million 18-kip ESALs 
without fatigue damage. 

By using the cost-optimization information based on 
serviceability, SAMP6, and these fatigue relationships, the 
minimum cross sections at thicknesses selected for the 
study of flexible pavements were 13 in (330 mm) of asphalt 
concrete and 8 in (203 mm) of asphalt-stabilized granular 
base. The base served primarily as a drainage layer and thus 
was open graded and asphalt treated for waterproofing, 
which minimized changes in modulus between seasons and 
provided constant support to the surface layer. 

For the fatigue analysis, additional surface thickness 
combinations of 18, 16, and 10 in (457, 406, and 254 mm) 
over an 8-in base were selected. 

The basic properties required for the analysis of flexible 
pavements were fatigue constants, stiffness, permanent 
deformation characteristics, and low-temperature cracking 
factors. Values selected for each are discussed below. 
VESYS IIIA was used for the first three properties; the 
Shahin-McCullough model was used to study 
low-temperature cracking. 

Material Properties: VESYS IIIA Model 

Fatigue Constants 

By using information from various reports (ll-l!!), we 
performed a regression analysis to determine the nature of 
and correlation coefficients for a relationship between 
material constants K1 and K2 (11). An excellent 
correlation coefficient and standard error were obtained for 
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K 2 as a function of K 1 as given below: 

Ki= 1.350 - 0.252 log Ki (R = 0.95, SE= 0.29) (I) 

Since the values of K 1 and K 2 vary with 
temperature, they were modified to reflect the temperature 
range of each environmental zone by using the techniques 
presented by Rauhut, O'Quin, and Hudson (2). 

Values of Ki at temperatures other than 70°F (21°C), 
designated K1 (T), were obtained by multiplying K1 
(70°F) by a normalizing value for temperature T (2). 

Selected values for K1 spanned the range of reported 
values, and K 2 was computed by using the equation 
developed earlier (!.!)· Below are values of the K1 and 
K 2 at 70°F selected for the parameter study. 

Fatigue 
gonstant Values Selected 

log K1 
K2 

-5 
2.61 

-10 
3.87 

-15 
5.13 

-20 
6.39 

The seasonal temperatures for each environmental zone are 
shown below [,!°F = (.!°C -l- 0.55) + 32]: 

Environmental-Zone Te mperature (°F) 
Wet-- Dry-- Wet-No- Dry-No-

Season Freeze !::reeze Freeze !.'.:~ 

Winter 35 
Spring 65 
Summer 95 
Fall 60 

Stiffness 

35 
60 
90 
50 

75 
95 

105 
95 

55 
75 
95 
75 

The multipliers used to establish the asphalt-concrete 
stiffness at each seasonal temperature were developed 
primarily by using results from the Asphalt Institute (l 6) and 
were checked with results from a s tudy by Hudson and 
Kennedy U.1)· These data were plotted, and multipliers 
were selected for each seasonal temperature that was used 
in this analysis. 

Permanent Deformation Parameters 

The procedures for calculating permanent deformations at 
the pavement surface that were used in VESYS IIIA and the 
derivation of the terms ALPHA and GNU are discussed in 
detail elsewhere (1). The findings of the more-extensive 
testing programs conducted to evaluate ALPHA and GNU 
are also reported elsewhere (2,6,18). ALPHA and GNU are 
defined by the intercept and- slope of the relationship 
between the logarithm of permanent strain and the 
logarithm of the number of load applications. ALPHA 
values that range from 0.7 to 0.9 and GNU values that range 
from 0.2 to 1.4 were selected by using previous 
recommendations (2). 

The effects ofvariations in the permanent deformation 
characteristics of the base and subgrade materials were 
eliminated by using constant values for ALPHA and GNU of 
0.92 and 0.25 for the base and 0.90 and 0.15 for the 
subgrade, respectively. 

Stochastic Parameters 

Because of the very heavy traffic and low mileage of 
zero-maintenance pavements, extraordinarily high quality 
control of construction was believed to be necessary. The 
quality-control level selected closely matched that 
exercised during the construction of the AASHO Road Test 
pavements. Rauhut has discussed the AASHO Road Test 
quality control and has presented typical values for the 
coefficients of variation for the various parameters of 
strength, stiffness, and permanent deformation (2). The 
following values were selected to be compatible with the 
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objectives of providing zero-maintenance pavements: 

Variable 

VARCOEF 

COEFK1 
COEFK2 
K1K2CORL 

Description 

Coefficient of 
variation (Cu) in 
material proper
ties for 

Surface 
Base 
Subgrade 

Cu in K1 
Cu in K2 
Correlation coeffi-

cient between 
Ki and K2 

Input Va lue 

0.10 
0.15 
0.15 
0.20 
0.04 

-0.9 

Material Properties: Shahin-McCullough Model 

The asphalt-concrete material properties required for 
analysis of low-temperature cracking are given below [t°F = 
(,!° C -l- 0.55) + 32; 1 psi = 6.89 kPa]: -

Level 
Material Propert:t Low fil.gb_ 

Original penetration at 100 g, 
5 s, 77°F (mm) 120 50 

Original softening point (°F) 115 125 
Penetration after thin-film 

oven test ( % ) 67 70 
Specific gravity 1.040 l.015 
Maximum tensile strength 

(psi) 300 600 
Thermal coefficient 

(x10- 6 /°F) 11 17 

Required material properties include stiffness, tensile 
strength, and thermal coefficient. The range of stiffness 
for the parameter study was determined from typical 
properties for AC-40 and AC-10 asphalt cements. To ensure 
a proper comparison of cracking and stiffness, the material 
properties for an asphalt cement that were used to calculate 
the stiffness were made comparable in terms of 
temperature susceptibility by producing similar penetration 
indices. These material properties were established by using 
previously determined information (19-26). 

The values shown above for tensile strength represent 
the maximum that was expected to occur at a bitumen 
stiffness of approximately lo 000 psi (68 948 kPa). A range 
in tensile strength from 300 to 600 psi (2068 to 4136 kPa) 
was selected for this study. The range in thermal 
coefficients was derived from Simpson, Griffin, and Miles 
(1~). The values for the thermal coefficient of asphalt 
concrete were held constant for this analysis even though 
they do vary with temperature. 

Climatological data from selected cities in each 
environmental zone were used to develop a composite set of 
data representative of each zone (27). The annual 
air-temperature range was developed so-that the lowest 
calculated air temperature over the analysis period was 
approximately the lowest 20-year extreme. The input 
variables that varied between the zones were from a recent 
report (1~· 

DISCUSSION OF RESULTS 

Fatigue Cracking 

A typical relationship between the percentage of fatigue 
cracking and time for the wet-freeze environmental zone is 
shown in Figure 1. The fatigue cracking is the predicted 
cumulative damage for each season of each year 
accumulated by using the summation-of-cycle ratios. Since 
the traffic was assumed to be uniform at l million 18-kip 
ESALs per year, time was used on the abscissa. These 
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relationships show the percentage of cracking for each 
[{ l • K 2• and thickness combination. Only values for 
K1 are shown, since K2 is a function of Ki. It is 
quite apparent that surface thickness is the dominant factor 
that influences fatigue cracking. Until the total thickness 
exceeded some critical value, a 20-year fatigue life could 
not be obtained by varying KI and K 2 within the range 
of values reported for currently available materials. For 
the lowest log KI value, which produces the longest value 
of fatigue life, the 13-in (305-mm) pavement experienced 
fatigue cracking exceeding tolerable levels in all 
environmental zones within 5-13 years. No set of material 
properties investigated met the zero-maintenance criteria 
for a surface thickness of 13 in over an 8-in (203-mm) base 
(Table I). 

As the pavement thickness was increased from 13 in to 
16 in (406 mm) and 18 in (457 mm), the asphalt concrete 
began to perform in a manner that would satisfy 
zero-maintenance requirements. At a log Ki of -10 for 
the 18-in surface, the fatigue cracking for all environmental 
zones was at an acceptable level after 20 years. However, 
it should be noted that, once fatigue cracking was initiated, 
only a few years at this very high traffic rate were required 
for the fatigue cracking to advance to an unacceptable 
level. It can be seen that zero-maintenance fatigue life 
could not be obtained solely by increasing the fatigue 
properties over a range consistent with currently available 
materials. Only when thicknesses were increased was it 
possible for several levels of fatigue properties to provide 
zero-maintenance service. 

The development of fatigue cracking occurred in a 
similar pattern for the wet--freeze, dry--freeze, and 
dry--no-freeze zones. However, in the wet--no-freeze zone 
the time required to develop an unacceptable level of class 

Figure 1. Fatigue in flexible pavements for various K,, K2 combinations and 
surface thicknesses: wet-freeze zone. 

100 ( -- /--;--
/ ( / 10-in ACP/8-in base 
/ • / 13-in ACP/8-in base / I / 16-in ACP I 8-in base 

/ / 18-in ACP I 8-in base 

I I 
/ -10 , I 

I I I 
; r20; 
I I I 
I I I 
I I 

10 15 20 
Time, yrs 

Note: No cracks for log K1 = -15 and -20 for 
16- and 18-in ACP over 8-in base. 

25 

Table 1. Time required (in years) for 5 
I 3-in Thickness 

percent fatigue cracking to occur. 

LogK1 

Zone -5 -10 

Wet-freeze 0.2 2.0 
Dry-freeze 0.1 1.4 
Wet-no-freeze 6.7 7.4 
Dry-no-freeze 0.5 1.3 

8 Satisfies zero-maintenance requirements . 

3 

3 and class 4 fatigue cracking was substantially longer than 
it was for the other zones. This was attributed to the 
interaction of the strain-stiffness-fatigue relationship 
produced by the higher seasonal temperatures and the 
smaller temperature range between seasons for the 
wet-no-freeze zone. It should also be noted that the 
fatigue-life relationships are more closely spaced for the 
wet--no-freeze zone than for any of the other zones, which 
indicates that in higher-temperature zones the difference 
between the fatigue constants is not nearly so important as 
it is in the lower-temperature zones in which the range of 
stiffnesses during a year was larger. 

Table I shows the fatigue life for the wet-freeze zone 
as a function of one of the accepted fatigue-cracking 
criteria. The fatigue properties significantly affected the 
time required to produce 5 percent fatigue cracking, but the 
more significant effect of thickness is evident. As can be 
seen in Table I, the increase in time that was required in 
the wet-freeze zone to develop unacceptable cracking 
increased by 460 percent when log K 1 changed from -1 O 
to -20; however, the increase in time produced by increasing 
the thickness from 13 in to 18 in was 960 percent when log 
KI equaled -1 O. Similar effects were also observed for 
the dry--freeze and the dry-no-freeze zones. For the 
wet-no-freeze zone the effect of thickness was even more 
dramatic than for the other zones; an increase in thickness 
for 13 in to either 16 in or 18 in resulted in essentially no 
class 3 and class 4 fatigue cracking and thus satisfied the 
zero-maintenance requirements. 

For the 18-in pavement, a material with log K1 less 
than -10 would meet the requirement for no maintenance 
during the first 20 years. However, to ensure that the 
fatigue cracking was not a problem for 25 years or more, a 
log KI equal to or less than -15 is suggested for a surface 
thickness of 18 in. 

In developing criteria for selection of thickness 
requirements for zero maintenance, the engineer must 
evaluate the costs and uncertainties associated with the 
more-stringent material-property requirements as compared 
with the cost and uncertainty of obtaining a thicker layer 
and the less-stringent material-property requirements for 
the thicker layer. These evaluations must be performed for 
each proposed zero-maintenance project. 

A typical relationship between cumulative permanent 
deformation and time for the wet-no-freeze zone and an 
ALPHA of O. 7 is shown in Figure 2. The relationships for 
the other environmental zones were similar, and summary 
information taken from those relationships was included in 
subsequent analyses. 

To establish a limit for rutting, safety considerations 
have frequently been used. Generally, when rutting is 0.5 in 
(13 mm) or less, the crossfall of a premium pavement is 
sufficient to prevent both significant water accumulation in 
the wheel paths and steering problems associated with 
moving out of the wheel path. Therefore, any material that 
provi'ded a combination of permanent deformation 
parameters (ALPHA and GNU) that produced a rut of 0.5 in 
or less after 20 million 18-kip ESALs was considered 
acceptable as a zero-maintenance pavement. 

16-in Thickness 18-in Thickness 

LogK1 LogK1 

-15 -20 -10 -15 -5 -10 -15 -20 

5.2 11.2 8.0 258 22• 21.28 25 8 25• 
4.7 11.5 7.5 2s• 2.2 20.78 25 8 25 8 

7.4 8.7 258 25° 25• 258 25• 25 8 

2.5 4.8 9.1 24.7 5.1 23.78 258 25 8 
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As shown in Figure 2, most of the rutting occurs early in 
the service life of the pavement; at least 50 percent 
occurred during the first Cive years . Aftet· five yea·rs, most 
corn bi nat ions of ALPHA and GNU ustained very Little 
additional cumulative permanent deformation. 

The time required for a 0.5-in rut to develop was 

Figure 2. Rutting versus time for ALPHA~ 0.7, all GNUs, and 13-in surface : 
wet-freeze zone. 

3.5 

a= o. 7 

3. 0 

2.5 

2.0 

.~ 1. 5 

.::; 
"' .. 

t=> I. 0 
µ 

~ 

"' 
.s 

10 15 20 

Time, yrs 

Table 2. Zones in which acceptable rutting performance occurred for both 
13- and 18-in surfaces. 

Value 
of GNU 

Value of ALPHA 

0.7 0.8 0.9 

25 

0.2 

0.5 

0.8 
l.4 

WF, DF, W-NF, 
D-NF3 

WF, DF, W-NF, 
D-NF8 

WF, DF, W-NF, 
D-NF" 

WF, DF, D-NF" 

WF, DF, W-NF, D-NF8 

WF, DF, W-NF, D-NF' 

WF, DF, W-NF, D-NF" 
WF, DF, W-NF, D-NF8 

Note: WF =wet-freeze zone; OF= dry-freeze zone;W-NF "" wet-no-freeze zone; 
D-N F = dry-no-freeze zone. 

8 Zero-maintenance requirements are sati~fied for each environmental zone listed. 

Table 3. Predicted low-temperature cracking. 

Tensile 
Strength 
of Thermal 
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determined for each ALPHA value and each zone; the 
results are shown in Table 2. Analysis of these results 
showed that a GNU level of !.4 was unsatisfactory for 
ALPHA values less than 0.8. Since most reported ALPHA 
values are less than 0.9, G N Us of 1.4 or greater are not 
expected to satisfy the zero-maintenance requirements for 
rutting. However, for ALPHAs as high as 0.9, all values of 
GNU met the rutting criterion. 

The form of the relationship between GNU and time to a 
0.5-in rut depth was the same for the wet-freeze, 
dry-freeze, and dry-no-freeze zones. The interactive 
effects of temperature and stiffness produced a 
characteristically different response curve for the 
wet--no-freeze zone. Again, with the higher temperatures, 
lower stiffnesses, and increased deflections, the cumulative 
permanent deformations were more critical in that zone 
than in any of the other environmental zones. 

Table 2 also shows the material combinations of ALPHA 
and GNU that produced acceptable rutting performance by 
using the previously cited criteria. The only combination 
that did not meet the criteria was for ALPHA of 0.8 and 
GNU of 0.8 in the wet-no-freeze environmental zone. This 
wet--no-freeze zone was typically very warm and was the 
only zone where rutting rather than fatigue cracking was 
the most prevalent distress . 

Low-Tern perature Cracking 

A summary of the results of the low-temperature cracking 
analysis is presented in Table 3. For each combination of 
inputs the tabulated values represent the calculated amount 
of low-temperature cracking. 

The AC-40 mixtures experienced greater cracking than 
did the AC-10 mixtures. These results imply that 
low-temperature cracking increases as the bitumen stiffness 
increases in all environmental zones, even though almost no 
cracking occurred in the no-freeze zones. 

Results showed that cracking increased as tensile 
strength decreased. The model predicted significantly lower 
cracking as the mixture strength increased from 300 to 600 
psi (2068-4136 kPa). In general, changes in strength had a 
greater effect on cracking than did changes in asphalt type. 
However, it should be pointed out that significant changes in 
strength are usually coupled with changes in asphalt type, so 
that the effects of these two factors cannot be easily 
separated. 

Other results showed that cracking decreased as the 
thermal coefficient was reduced from 17 x 1 o- '/°F 
(3lx10-•/°C) to llx10-•/°F (20x10-•/°C). The 
effects of changes in thermal coefficient on cracking are 
comparable to those of strength but controllable only 
through aggregate selection. 

The asphalt cement that worked besl to prevent 
low-temperature cracking was one that had low stiffness a t 
low temperatures. For a particu lar grade of asphalt 

Cracking (ft/ 1000 ft 2) 

Wet- Dry- Wet-No- Dry-No-
Mixture Coemr,ent Freeze Freeze Freeze Freeze 

Type (psi) (X 10" /°F) Zone Zone Zone Zone 

AC-103 300 11 15b 67 o.2b 0.1 b 
17 63 123 2.9b l.5b 

600 II 0.3b 4.78b ob ob 
17 3.9b 33 o.ob o.ob 

AC-40c 300 11 37 138 l.Ob 0.6b 
17 98 167 l lb 7.0b 

600 11 1.3b 45 o.o-b o.ob 
17 14b 107 0.2b 0.1 b 

Note': 1 psi ~ 6.89 kPa ; t° F = (t°C + 0.551 + 32; 1 ft= 0 .3 m. 
8 Properties of AC-10 are penetr8tion value, 120; original penetration temperature, 77° F; ring-and-ball 

penetration teinpcn'illlUro, 115° F; 1xinawJtion after thin-film oven test, 67 percent; specific gravity r 1.040. 
bSatisfies zero-molncormnce requiremonu. 
cProperties of AC-40 are pantration value, 50; original penetration temperature, 77°F; ring-and-ball pene
tration after thin-film oven test, 70 percent; specific: gravity, 1,015. 
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Figure 3. Low-temperature cracking versus asphalt concrete stiffness. 
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cement, low stiffness at low temperatures can be obtained 
by means of a high penetration index. The penetration index 
is a measure of asphalt consistency developed by Shell 
researchers that is based on measurements of penetration at 
77°F and the ring-and-ball softening point. 

Figure 3 was prepared for use in selecting 
material-property levels to minimize low-temperature 
cracking; the shaded area satisfies zero-maintenance 
requirements, as in Haas (29). At a mixture stiffness of 
500 000 psi (3 447 000 kPa)~- the predicted cracking was 
greater than 10 ft/1000 ft 2 (33 m/1000 m•) for a 
maximum tensile strength of 300 psi and a thermal 
coefficient of 17 x l0- 6/°F. For these properties, the 
predicted cracking was approximately 20 ft/l 000 ft 2 (66 
m /1000 m• ). As can be seen in Figure 3, thermal cracking 
at a stiffness of 500 000 psi may be eliminated either by 
decreasing the thermal coefficient or by increasing the 
tensile strength. After extensive observations in Canada, 
McLeod (30) recommended a limiting stiffness of 500 000 psi 
to prevent-low-temperature cracking for an expected low 
temperature of -40°F (-40°C). 

Due to the nature and background of the 
Shahin-McCullough model, the study has several imposed 
limitations. The most severe was the restriction on the 
length of the analysis period. The asphalt-cement aging 
model was a regression model based on data for asphalt 
cements that had been aged for 10 years or less. No basis 
exists for extrapolating the results to longer periods of 
aging. Thus, a 20- or 30-year analysis could not be directly 
simulated to demonstrate zero-maintenance pavement 
performance for the material properties under 
investigation. However, the material properties that 
minimize low-temperature cracking over a 10-year period 
were assumed to be applicable for the zero-maintenance 
time period. 

The results show that the amount of cracking predicted 
was a function of the lowest input temperature. The daily 
temperature drops for both the wet and dry environmental 
zones were approximately the same. The greatest amount 
of cracking was predicted for the wet-freeze zone, in 
which the low air temperature was -30°F (-34°C). The least 
amount of cracking was calculated for the dry--no-freeze 
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zone, in which the low air temperature was 8°F (-13°C). 
The ideal asphaltic concrete for prevention of 

low-temperature cracking was determined to be one that 
has a minimum thermal coefficient of contraction, a high 
tensile strength, and a minimum stiffness at the expected 
low temperature. Currently available materials are 
generally unable to provide this set of properties and at the 
same time meet the other distress requirements. 

It is difficult to infer the low-temperature performance 
of conventional asphaltic paving materials for 
zero-maintenance pavement criteria. Although 
conservative low temperatures were used, the effects of 
aging were not considered over the required 20-year 
maintenance-free period. If additional aging is assumed to 
have no effect, the results obtained in this analysis can be 
applied to longer analysis periods. 

SUMMARY 

Permanent Deformation 

Permanent deformation parameters used in VESYS were not 
related to any other material properties, and the values 
suggested in Table 2 should be used for the environmental 
zones indicated. No significant interaction was observed 
between pavement thickness and predicted rutting for the 
permanent deformation parameters included in this 
analysis. However, if the full-depth asphalt-concrete 
thickness exceeds 18 in (457 mm), additional rutting 
calculations should be performed to ensure that excessive 
rutting is not predicted. To establish the rutting potential 
of an asphalt-concrete mixture that has been proposed for 
use in a zero-maintenance pavement, laboratory testing 
should be performed to determine the values of ALPHA and 
GNU for each mixture; Kenis (3) has proposed testing 
procedures for measuring these values. VESYS IIIA showed 
that rutting was a very significant problem for the 
wet--no-freeze zone but that it was not a significant 
problem for the other zones, especially the freeze zones. 

Fatigue Cracking· 

Zero-maintenance fatigue cracking criteria were satisfied 
by several of the material-property combinations included in 
the study. Adequate fatigue life could not be achieved by 
using material properties that were included in this study 
for the 13-in (3 30-mm) surface over an 8-in (203-mm) base 
for any environmental zone. Even when the log K1 was 
increased to -25, which corresponds to a material similar to 
an excellent sulfur asphalt, the improvement in material 
property was not suffici ent to overcome the effects of 
strain in the thinner 10-in (250-mm) and 13-in pavements. 
However, when the thickness was increased to 16 in (406 
mm), the better material-property values began to produce 
performance compatible with zero-maintenance 
requirements, as shown in Figure I and as summarized in 
Table I. As the pavement thickness was increased to 18 in, 
more than 75 percent of the material combinations met the 
zero-maintenance fatigue criterion. 

Low-Temperature Cracking 

As can be observed in Table 3, low-temperature cracking for 
the no-freeze zones was minimal. It should be noted that 
the Shahin-McCullough model does predict cracking for the 
combinations of high thermal coefficient and low tensile 
strength of the mixture; the predicted crack spacing is about 
80 ft (24 m). In the freeze zones, the model results indicate 
that the high tensile strength and low thermal coefficient 
would be satisfactory for an AC-10 but that a crack spacing 
of about 20 ft (6 m) would result for the AC-40 from the 
same mixture characteristics. For the freeze zones, the 
AC-I 0 with high tensile strength and low thermal 
coefficient served best to minimize or to prevent formation 
of low-temperature cracking. 

Techniques considered to prevent low-temperature 



6 

cracking and to keep fatigue life high and rutting low work 
at cross-purposes. To minimize low-temperature cracking, 
the stiffness should be low at the design low temperature; 
thus a low-viscosity asphalt is required. A low-viscosity 
asphalt, however, also produces a low stiffness during the 
warmer seasons; the result is that the stresses and strains in 
the pavement structure increase and produce a reduction in 
fatigue life and an increase in rutting. Increasing stiffness 
at higher temperatures to enhance resistance to fatigue 
damage also increases the stiffness at low temperature. It 
should be noted that reasonable stiffnesses at higher 
temperatures can be obtained by using the 
high-tensile-strength materials. 

McLeod has suggested values of stiffness versus 
temperature that should eliminate low-temperature 
cracking (30). These stiffnesses are for loading times of 
20 000 s but can be shifted to other loading times and 
temperatures by using techniques described in the literature 
(30). 
--Haas (29) has suggested that a maximum cracking index 

of 12.5 -for primary roads will ensure adequate 
performance. This cracking-index value transforms to a 
transverse crack spacing of approximately 30 ft (9 m). Haas 
also indicated that results from the Ste. Anne road test 
showed that increasing the thickness of the asphalt-concrete 
layer from 4 in (102 mm) to 10 in (254 mm) produced a 50 
percent reduction in the cracking frequency. As a result, a 
suggested criterion for low-temperature cracking of 30 
ft/l 000 ft 2 (98 m /1000 m 2 ) was included in Figure 3 and 
adopted for use in this analysis. 

One other consideration in relation to low-temperature 
cracking is that the type of subgrade influences the effect 
of the low-temperature cracking on performance and 
maintenance. Studies by Haas have shown that if the 
subgrade has a very low swell potential the low-temperature 
cracking will have little effect on performance and 
subsequent maintenance. However, if the subgrade soil is a 
clay, the designer should carefully consider paving materials 
that will prevent formation of low-temperature cracking. 
Water infiltration through the low-temperature cracks will 
produce subsequent movements in the subgrade soil either 
through swelling or frost action and reduce the 
maintenance-free life of the pavement structure. 

CONCLUSIONS 

It has been demonstrated that, within the limits of the 
models selected, zero-maintenance pavements can be 
constructed; however, these pavements are very thick. In 
addition, the trade-offs of effects of properties on the 
various distresses must be carefully considered in order to 
provide pavements that will serve traffic for 20 years with 
no structural maintenance. 

Combinations of material properties and necessary 
structural characteristics have been summarized. It should 
be noted that special emphasis must be given to provision of 
quality control and adequate thickness if conventional 
materials are used in the designs. 

There is a need for additional materials research to 
develop, refine, and adapt new materials that can produce 
thinner surfacing layers for flexible pavements to provide 
zero-maintenance performance. The reductions in layer 
thickness can be used to offset the cost of producing these 
superior materials. 
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Distress Behavior of Flexible Pavements That Contain 
Stabilized Base Courses 

M. C. WANG AND W. L. GRAMLING 

The distress behavior of full-scale experimental pavements is analyzed and dis
cussed. The pavemen1ll contained five different base-course materials, namely, 
bituminous concrete, aggregate cement, aggregate-lime-pozzolan, aggregate bitu
minous, and crushed stone. Three types of aggregate-limestone, slag, and 
gravel-were used in the aggregate-cement base. Distress behavior discussed in· 
eludes rutting, surface roughness, and cracking. Distress behavior observed is 
related to the pavement response, which was analyzed by using the BISAR com
puter program. The critical responses analyzed are maximum tensile strain at the 
bottom of the base course and maximum compressive strain at the top of the 
subgrade. Various equations relating distress and response are established that 
permit prediction of the amount of rutting, roughness, and cracking, and allow
able subgrade compressive strains to limit different distress modes within speci· 
fied levels are also established. Field distress data are also related to the present· 
serviceability-index (PSI) values of each test pavement. From these relationships, 
various levels of each mode of distress manifestation are established for each 
level of PSI drop. Results obtained from this study may be useful in selecting 
allowable distress levels and allowable subgrade compressive strain for pavement 
design and can also be helpful in developing the relationship between distress 
and performance. 

Distress is related to structural defects that result from a 
variety of traffic- and environment-related causes; it may 
affect pavement performance directly or indirectly. In 
general, distress takes one of three forms-fracture, 
distortion, or disintegration. The distress mechanisms that 
contribute most significantly to a reduction in pavement 
serviceability, according to Finn (1), are fatigue cracking, 
rutting and slope variance, and cracking caused by shrinkage 
or by changes in temperature and subgrade moisture. 

To design a pavement structure that will be 
maintenance-free within a design period of normally 20 

years requires a thorough understanding of distress behavior 
and an ability to predict the degree of various distress 
manifestations. To date, a number of mathematical distress 
models have been developed for flexible pavements. An 
extensive list of these models is given by Rauhut, Roberts, 
and Kennedy (~). Some models capable of predicting 
rutting, fatigue cracking, and low-temperature cracking are 
VESYS A (3), PDMAP (4), the Shell method (5), and 
WATMODE (6). Some of these models were developed from 
statistical analysis of field data and thus require 
modification for use under other loading, environmental, and 
material conditions. Others were developed with 
assumptions to simplify loading and structure conditions and 
require field data for calibration and validation. 

This paper discusses the distress behavior of several 
types of pavements studied at the Pennsylvania 
Transportation Research Facility, and various equations that 
relate distress and response variables are developed. These 
equations permit prediction of the degree of different 
distress manifestations and also provide data useful for 
relating distress and performance. 

EXPERIMENTAL PAVEMENTS 

The Pennsylvania Transportation Research Facility is a 
J.6-km (I-mile), one-lane, 3.7-m (12-ft) wide test road that 
was constructed in the summer of 1972. The original 
facility consisted of 17 sections; each section contained 
either different base-course materials with the same layer 
thicknesses or one type of base-course material with 
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different layer thicknesses. In the fall of 1975, one section 
(section 8) was overlaid, and four sections (sections 10-13) 
were replaced by eight shorter sections, as shown in Figure 
1. 

The wearing surface was an ID-2A bituminous concrete. 
The subbase material was a crushed limestone. The 
subgrade soil was a silty clay that had classifications from 
A-4 to A-7. The base-course materials were bituminous 
concrete, aggregate cement, aggregate-lime-pozzolan, 
aggregate bituminous, and crushed stone. Three types of 
aggregate were used in the aggregate-cement 
base-limestone, slag, and gravel. Although three different 
base thicknesses were available for the 
aggregate-lime-pozzolan base, the pavements with bases 
that were 10.1 cm (4 in) and 15.2 cm (6 in) thick, i.e., 
sections F and G, were unable to cure properly due to cold 
weather during construction. Thus, these two sections were 
excluded from this analysis. 

The traffic on the facility was provided by a 
conventional truck tractor pulling a semitrailer and one or 
two full trailers. The pavements constructed in 1972 had 
been subjected to about 2.4 million applications of 80-k N 
( 18-kip) equivalent single-axle loads (EALs), whereas the 
pavements constructed in 1975 had received about 1.3 
million EALs by the end of May 1978. Complete 

Figure 1. Plan view and longitudinal profile of test track. 
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information on design, construction, and traffic operation is 
documented elsewhere (1_,§_). 

FIELD TESTING 

Rut depth was measured biweekly every 12.2 m (40 ft) in 
both wheel paths by using an A-frame that was attached to 
a base channel 2.1 m (7 ft) long. Surface cracking was 
surveyed and mapped biweekly. Surface roughness was 
measured in both wheel paths by using a MacBeth 
profilograph. The roughness factors obtained from the 
profilograph data were converted into the present 
serviceability index (PSI) of the pavement by using the 
following equations: 

PSI= 11.33 - 4.06(log RF) - O.O!yfe+P ~ 0.21 RD2 

RF= 63.267 + 0.686R 

where 

.RF -= Mays road-meter roughness factor, 
C =area of cracking (m

2
{I OOO ml ), 

P = area of patching (m2 
/ 1000 m

2
), 

RD = average rul depth (cm), and 
R = profilograph readings (cm/km). 

First Cycle 
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Table 1. Elastic constants and fatigue properties of 
pavement materials for spring weather conditions. 

Layer 

Elastic 
Modulus 

Material (MPa) 

9 

Fatigue Constants 
Pojsson's 
Ratio K1 K2 

Surface 
Base 

Bituminous concrete 966 0.40 4.66 x 10-7 3.61 
Bituminous concrete 2 207 0.35 1.06 x IO.;; 3.14 
Limestone aggregate cement 24 828 0.20 6.56 x 10-21 6.05 
Slag aggregate cement 22 069 0.20 4.48 X I o-9 3.08 
Gravel aggregate cement 17 241 0.20 1.83 x I Q-8 2.93 
Aggregate-lime-pozzolan 16 552 0.15 2.80 x 104 2.17 
Aggregate bituminous 690 0.35 

Sub base 
Subgrade 

Crushed limestone 331 0.40 
Silty clay 

Notes: 1 MPa = 145 lbf/in2. 

These two equations were developed by Hopkins (Q) of the 
Pennsylvania Department of Transportation. 

In addition, surface deflections were measured in the 
wheel paths by using the Benkelman beam and the road 
rater. Pavement temperature profile and subgrade moisture 
distribution were measured by using thermocouples and 
moisture cells. Also, two frost-depth indicators were 
installed at the research facility to measure the depth of 
frost penetration. Weather data such as wind velocity, 
precipitation, and temperature were collected by using 
various meteorological gages. 

MATERIAL PROPERTIES 

The composition, gradation, and index properties of the 
constituent material of each pavement are documented in a 
research report (7). The modulus of elasticity of each layer 
was determined by using laboratory repeated-load tests on 
laboratory-compacted test specimens. The specimens had a 
diameter of 15.2 cm (6 in) and a height of 25.4 cm (10 in). 
The repeated load had a frequency of 20 cycles/min and a 
duration of 0.1 s. The modulus values obtained for the 
spring weather conditions are summarized in Table 1. In the 
spring season, the average pavement temperature was 
approximately 15.6°C (60°F), and the average subgrade 
moisture content was about 23 percent. 

Data on the change of modulus values with the number 
of axle-load applications are required for determination of 
the variation in pavement response during the pavement's 
service life. For this purpose, regression analyses were 
performed for the Benkelman-beam deflection data. 
Results of the analyses were equations that related 
deflection with influential factors such as the number of 
EALs, pavement temperature, and subgrade moisture. The 
complete deflection equations can be found elsewhere (10). 
These deflection equations permit calculation of sprTilg 
season deflections at any time for all experimental 
pavements except sections 1 a, F, and G. On the basis of the 
computed spring season deflections, the modulus of 
elasticity of the combined surface and base layer at any 
number of axle-load applications was determined by using 
the bitumen-structures-analysis-in-roads (BISAR) computer 
program. In the determination, an assumption was made 
that the subgrade and subbase moduli remained constant 
through the entire service life of the experimental 
pavements. This assumption was also adopted in a previous 
s tu.dy (ll). 

Fatigue properties of the surface and base-course 
materials were determined by conducting fatigue tests on 
laboratory-compacted beam specimens. The repeated 
loading had the same frequency and duration as that used in 
the testing of the resilient modulus. The test results are 
included in Table 1. Note that, because of the difficulty in 
preparing aggregate-bituminous test specimens, no fatigue 
data for this base-course material are given. Also contained 
in Table l is Poisson's ratio for each pavement constituent 
material. These ratios were obtained from other studies 
<H.-H)· 

55 0.45 

Fatigue equation: Nj = K1 (1 /e)K2. 

PAVEMENT RESPONSE 

The response of the test pavements to traffic loading was 
analyzed by using the BISAR computer program and the 
material properties described previously. The traffic 
loa.ding used had an 80-kN dual-wheel single-axle loa d and a 
55-kPa (80-lbf/in') tire pressure. The ana lys is was 
made for spring weather conditions only. In the analysis for 
tensile strain variation with EAL, the surface and base 
courses were combined into one layer. For the analysis of 
initial pavement conditions, the surface and base layers 
were treated individually. 

The critical responses analyzed were maximum tensile 
strain at the bottom of the base layer and maximum vertical 
compressive strain in the subgrade. The critical responses 
analyzed for initial pavement conditions were later related 
to the distress and performance data collected from the 
research facility. 

RUTTING BEHAVIOR 

As expected, rut depth increased with increasing number of 
80-kN EAL applications. The rate of increase varies with 
many factors, such as base-course material, layer thickness, 
and axle-load applications. For the same base-course 
material, the pavement with a thick base course displays 
less rutting, as would be expected. Figure 2 shows the rut 
data for different base-course materials with the same 
15.2-cm thickness. It can be seen that in the early stage the 
amount of rutting increases with the type of base-course 
material in the following order: aggregate cement, 
aggregate-lime-pozzolan, bituminous concrete, aggregate 
bituminous, and crushed stone. After about 1.2 million 
EALs, however, rutting in the aggregate-lime-pozzolan 
pavement surpasses that in other stabilized base 
pavements. A possible reason for this observation will be 
discussed. 

Rutting is primarily a result of permanent deformation 
of each pavement constituent layer and the subgrade soil. 
Among the four stabilized base-course materials studied, 
aggregate cement and aggregate-lime-pozzolan are more 
rigid and brittle than bituminous-concrete and 
aggregate-bituminous base courses. The brittle nature gives 
smaller permanent deformations in the aggregate cement 
and aggregate-lime-pozzolan base courses, and the greater 
rigidity r esul ts in a smaller compressive stress at the top of 
the subgrade . The lower compressive stress on the top of 
the subgrade induces a smaller permanent deformation in 
the subgrade. As a consequence, both aggregate-cement 
and aggregate-lime-pozzolan pavements undergo less rutting 
than bituminous-concrete and aggregate-bituminous 
pavements while the pavements are in a structurally sound 
condition. The cracking data presented later indicate that, 
after about 2.4 million EALs, (a) surface cracking developed 
in both wheel paths throughout the entire aggregate-lime
pozzolan pavements, (b) the intensity of surface cracking in 
the aggregate bituminous pavement was much less, (c) only 
slight class 1 cracking developed in the aggregate-cement 
pavement, and (d) no apparent surface cracking was 
observed in the bituminous-concrete pavement. Because of 
the intensive cracking in the aggregate-lime-pozzolan 
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pavements, the stiffness of the surface and base layers 
decreased and the compressive stress in the subgrade 
increased. Consequently, rutting in the 
aggregate-lime-pozzolan pavement increased fastest among 
the four stabilized base pavements during the later stage of 
their service life. 

Also shown in Figure 2 are seasons within which the 
rut-depth data were taken. No clear indication is seen that 
rutting varied significantly with season, as reported by 
Saraf, Smith, and Finn (l~· 

The rut-depth data for the three pavements that 
contained a 15.2-cm aggregate-cement base indicate that, 
among the three types of aggregate studied, limestone has 
the greatest resistance to rutting, slag has an intermediate 
level, and gravel has the least. This is probably due to the 
difference in the resilient modulus, which is greatest for 
limestone, intermediate for slag, and least for gravel, as 
shown in Table 1. A detailed discussion of the rutting 
behavior of the three types of aggregate can be found 
elsewhere (16). 

The relationship between rut depth and the number of 
EALs was formulated by using the curve-fitting process. 
Results of the analysis give the following equation: 

(3) 

where N = the number of 80-kN EALs (000 OOOs) and ci. 
c2 = coefficients. Coeffici.ents c I and cz ai·e given in 
Table 2 for all test pavements except section la . This 

Figure 2. Rut depth versus EAL for different base-course materials. 
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Table 2. Coefficients of rut depth and roughness equations. 

Base 
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section is not included because it was disturbed by the 
construction of the bridge and was overloaded by the 
equipment used for the bridge testing. Both c 1 and cz 
can be expressed in terms of the maximum compressive 
strain on the top of the subgrade (<v) as follows. 

For bituminous-concrete and aggregate-bituminous 
pavements: log c1=260 <v' - 1.1 37, 
log cz = 0.028 IE~ - 0.474. 

For limestone-aggregate cement and aggregate-lime
pozzolan pavements: log c1 = 1020 <v2 

-

1.076, log c2 = 0.028 a:y- 0.274. 
For gravel and slag aggregate-cement pavements: 

log CJ= 1080 ey' - 0.754, 
log c2 = 0.028 IEy- 0.274. 

Because more data points for pav~ments that contain 
bituminous-concrete base-course material are available for 
the development of the preceding equations, the first two 
calculations may provide better relations than others. A 
fairly good agreement between the calculations and the 
field data is shown in Figure 2. 

The number of 80-k N EA Ls required to produce a rut 
depth is related to the initial maximum compressive strain 
on the top of the subgrade in Figure 3. It is interesting to 
note that the data points for the aggregate-bituminous 
pavement fall within the group of data points for the 
bituminous-concrete pavements, while those of the 
aggregate-lime-pozzolan pavements are located inside the 
group of the aggregate-cement pavements. The figure 
indicates the values of allowable maximum compressive 
strain so that rutting will not exceed any specified limit. 
For example, to limit rutting within 6.4 mm (0.25 in) after l 
million EALs, the allowable maximum compressive strain 
equals about 180 µm/m for the gravel-aggregate cement, 
slag-aggregate cement, and aggregate-lime-pozzolan 
pavements and approximately 230 µm/m for the 
limestone-aggregate cement pavements. For the 
bituminous-concrete and aggregate-bituminous pavements, 
the maximum compressive strain required to limit rutting 
within 6.4, 12.8, and 17 .2 mm (0.25, 0.50, and 0.75 in) with 1 
million EALs is 450, 550, and 600 µm/m, respectively. 
These allowable maximum compressive strains constitute a 
strain criterion for preventing excessive rutting in a newly 
designed pavement. 

ROUGHNESS BEHAVIOR 

Surface roughness, which is measured in terms of 
profilograph readings, increases with increasing number of 
EALs, as would be expected. Figure 4 compares the change 
of roughness with EALs for the different base-course 

Maximum Coefficients 
Compressive 

Section Strain (µm/m) Cl C2 m1 m2 

Bituminous concrete lb 294.2 0.12 1.41 78.97 0.23 
le 426.6 0.16 1.41 64.96 0.23 
Id 483.0 0.22 1.41 74.48 0.31 
2 383.6 0.14 1.25 46.28 0.22 
6 291 .6 0.18 1.05 69.43 0.22 
7 322.4 0.18 1.05 75 .31 0.38 
8 594.0 0.57 1.62 IQ3.88 0.47 
9 525.8 0.50 l.25 46.53 0.78 
H 884.8 8.10 2.50 107.77 0.42 
14 390.9 0.17 2.32 132 .42 0.22 

Aggrega te cement 4 107.5 0.09 1.30 30.98 0.68 
A 288 .0 0.50 l.37 62.26 1.04 
B 171.5 0.19 0.95 207.43 1.51 
c 185 .5 0.43 1.35 50.65 l.23 
D 216.0 0.55 l.70 100.29 l.23 

Aggregate-lime-pozzolan 3 142.8 0.18 1.77 56.l 2 1.12 
Aggregate bituminous 5 403 .0 0.27 l.26 44.20 0.46 
Crushed stone E 575.4 I.DO 0.80 43.29 1.05 

Note: 1 µm/m = 1 X 1 O~ in/in . 
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materials studied. In general, the difference in roughness 
behavior among the various base-course materials and 
aggreg·ate types studied is similar to that of rutting 
behavior. Meanwhile, no significant variation in surface 
roughness between seasons has been observed for the 
pavements under investigation. 

Figure 5 shows the relation between the maximum 
compressive strain on the top of the subgrade and the 
number of EALs required to produce a certain level of 
surface roughness. According to this figure, the maximum 
allowable compressive strains to limit surface roughness at 
I million EALs within 15.8, 31.6, and 57.3 cm/km (10, 20, 
and 30 in/mile) are roughly 140, 170, and 190 µm/m, 
respectively, for the aggregate-cement and 
aggregate-lime-pozzolan pavements. For the 
bituminous-concrete and aggregate-bituminous pavements, 
the allowable maximum compressive strains are 
approximately 330, 400, and 460 µm/m, respectively, for 
15.8, 31.6, and 57.3 cm/km with I million EALs. 

Typical relationships between surface roughness and 
rutting are shown in Figure 6. The well-defined linear 
relation in the logarithmic scale suggests the following 
equation: 

R=m,(Ror2 

Figure 3. Initial maximum compressive strain versus EAL at different rut 
depths. 
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Figure 4. Roughness versus EA Ls for different base-course materials. 
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where R = surface roughness (cm/km) and m1, m2 = 
coefficients. The values of coefficients m 1 and m2 are 
tabulated with the coefficients of Equation 3 in Table 2. 
The table reveals that both m 1 and m2 increase with an 
increase in the compressive strain. 

CRACKING BEHAVIOR 

Transverse shrinkage cracking developed across the entire 
width in all aggregate-cement pavements except section 11, 
which contained a 20.3-cm (8-in) limestone-aggregate 
cement base course and was removed after about J .l million 
EALs. This shdnkage cracking was observed earlier than 
load-associated cracking. In most cases, the presence of 
shrinkage cracking aided, in varying degrees, the growth of 
load-associated cracking. More detailed information on 
cracking in the aggregate-cement pavements is available 
elsewhere (li). Transverse temperature cracking appeared 

Figure 5. Initial maximum compressive strain versus EALs for various levels of 
roughness. 
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Figure 6. Relationship between rut depth and roughness. 
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in 6 of 12 bituminous-concrete pavements, which included 
sections la, lb, le, ld, 8, and 9; however, no such type of 
cracking was observed in the pavements containing a 
crushed-stone, aggregate-lime-pozzolan, or 
aggregate-bituminous base. Among the many test 
pavements, potholes developed only in the 
aggregate-lime-pozzolan pavement. Details on the 
development of potholes have already been reported (E)· 

Class 2 and class 3 cracking developed in most test 
pavements. Previous papers (16,17) have described in detail 
the development and growth-of- surface cracking in the 
aggregate-cement, aggregate-lime-pozzolan, and 
crushed-stone pavements. Table 3 summarizes the number 
of EALs at 10 m'/1000 m2 of the entire pavement 
surface area, the number of EALs at crack initiation at the 
bottom of the base course, the number of EALs for crack 
propagation from the bottom of the base course to the top 
of the surface course, and the initial maximum tensile strain 
at the bottom of the base course for all cracked test 
pavements. 

The rate of growth of the cracked area given in Table 3 
was estimated by fitting the field data. Since the rate of 
growth in most cases is slow at the initial stage and 
increases at a greater rate, the values given are 
approximate average rates of crack propagation. The 
number of EALs at crack initiation was evaluated in the 
following way. First, the tensile strain at the bottom of the 
base course was computed by using the BISAR computer 
program together with the elastic moduli already 
determined for the spring conditions. The computed tensile 
strain varied with the number of EALs in a shape that 
resembles the variation of Benkelman-beam spring-season 
deflection. Second, the fatigue line of each base-course 
material was plotted. Finally, the approximate number of 
EALs for crack initiation at the bottom of the base course 
was obtained from the intersection of each fatigue line and 
the corresponding tensile-strain curve. 

The difference between the number of EALs at crack 
initiation and that at a crack area of 10 m'/1000 m' 
equals approximately the rate of crack propagation from the 
bottom of the base course to the top of the surface layer. 
The crack area of 10 m'/1000 m' of entire pavement 
surface area was chosen arbitrarily. This amount of 
cracking corresponds to a PSI drop of about 0.6, as will be 
shown later. Relating the rate of crack propagation to the 
combined thickness of the base and surface layers yields the 
following approximate equation for rate of crack 
propagation: 

(dCi)/(dN)"' 95.3 exp (0.75 N) (5) 

where C1 = the crack length (mm) and N = the number of 
EALs (000 OOOs). Note that Equation 5 was formulated by 
using the crack data obtained from the pavements that 
contained bituminous-concrete base only. Because the 

Table 3. Crack data. 

Number of Number of 
Maximum EALs at EALs at 
Tensile Crack Crack Area of 
Strain Initiation (Nj) 10 m2/JOOO m2(N) N-Ni 

Section (µm/m) (000 OOOs) (000 OOOs) (000 OOOs) 

Id 109,5 0.93 1.80 0.87 
8 139.0 0.24 0,39 0.15 
9 122.7 0.76 1.04 0.28 
H 209.1 0.034 0.36 0.33 
14 118.0 0,30 1.00 0.70 
A 65.0 0.29 1.13 0.84 
c 46.I 0.06 1.21 1.15 
D 54.4 0.04 0,75 0.71 
3 41.1 0.98 1.26 0.28 
5 165.0 2.40 
E 279.0 0.61 

Note: 1µm/m=1 X 10·6 in/in; 1 m2/1000 m2 = 1 yord2/1000 yards2. 
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bituminous concrete in the base course is different from 
that in the surface layer and the surface-layer thickness 
varies at two different levels, 3.8 cm (1.5 in) and 6.4 cm (2.5 
in), Equation 5 provides only a rough approximation of the 
average crack propagation through two different layers. 

For the bituminous-concrete pavements, the rate of 
growth of the cracked area can be related to the maximum 
tensile strain at the bottom of the base course as follows: 

(dC3)/(dN)"' 9.88 x 10-12 E1
5 · 3 (6) 

where Ca = a1·ea of class 2 and class 3 cracking 
(m'/1000 m') and et "' maximurn tensile strain at 
the bottom of the base course (µm/m); thus, 

Section ld = 0.6 x 10-•, 
Section 8 = 1.3 x 10-•, 
Section 9 = 2.1 x 10-', 
Section H = 17 .8 x lo-•, 
Section 14 = 1.8 x lo-•, 
Section A = 7 .6 x lo-•, 
Section C = 10.8 x 10-', 
Section D = 33.3 x 10-•, 
Section 3 = 8 .5 x 10-•, 
Section 5 = 1.4 x 10_.., and 
Section E = 50.0 x 10-•. 

Therefore, it would be possible to estimate the degree of 
surface cracking at any time for the bituminous-concrete 
pavements by using Equations 5 and 6. 

PAVEMENT PERFORMANCE 

The PSI decreased with increasing number of EALs; the rate 
of decrease varied with such factors as base-course 
material, layer thickness, and EAL. In general, the shape of 
the performance curve followed the power function that was 
originally proposed by the American Association of State 
Highway Officials (18). As in the case of distress behavior, 
no significant variation in PSI between seasons was observed 
for the pavements studied. More detailed information on 
the change in PSI with EALs is given elsewhere (1§.,.!1,!l!.). 

Because the initial PSI values are generally low and vary 
considerably among pavements, this analysis considers only 
the difference in PSI that occurred after the initial 
measurements. Figure 7 presents the relationship between 
the maximum compressive strain on the top of the subgrade 
with the number of EALs for three levels of PSI drop, 
namely, LIPS! = 0.5, 1.0, and 1.5. This figure indicates 
that a maximum value of compressive strain exists, so that 
the PSI drop after certain repetitions of EALs will not 
exceed any specified value. For the pavements that contain 

Figure 7. Initial maximum compressive strain versus EALs for various levels of 
PSI drop. 

2000 

~ 
l 
z 1000 

~ eoo 

"' 600 "' ::i 

I 400 

i 300 

200 

100 
l);'t:l 

e • 6 BITUMINOUS CONCRETE 

@0@ AGGREGATE BITUMINOUS 
• t Q AGGREGATE CEMENT 
@0@ AGGREGATE LIME POZZOLAN 

. . ... ... 

4 ~ s 1 e 1110• 
EAL AT DIFFERENT l"'i.PSI 

~ 

4 5 6 



Transportation Research Record 755 

Figure 8. Rut depth versus PSI drop. 
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Figure 9. Surface roughness versus PSI drop. 
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bituminous-concrete and aggregate-bituminous bases, the 
maximum compressive strains for LIPS! = 0.5, 1.0, and 1.5 
are approximately 460, 540, and 590 µm/m, respectively, 
at I million EALs. For aggregate-cement and 
aggregate-lime-pozzolan pavements, the maximum 
compressive strains are approximately 170, 200, and 240 
µm/m for LIPS!= 0.5, 1.0, and 1.5, respectively. 

The PSI drops (LIPS!) at 0.5, I.O, 1.5, and 2.0 million 
EALs are related to the corresponding increases in rut depth 
(Figure 8), surface roughness (Figure 9), and area of surface 
cracking (Figure IO). Figures 8 and 9 demonstrate that the 
rate of increase with increasing llPSI for both rut depth 
and roughness becomes smaller at higher levels of LIPS!. 
The reason for this is that, at higher LIPS! values, cracking 
becomes more important in the determination of PSI, as 
depicted by Figure IO. 
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Figure 10. Area of surface cracking versus PSI drop. 
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According to Figure 8, under the same levels of PSI drop, 
pavements whose bases contain bituminous concrete, 
aggregate bituminous, and crushed stone undergo greater 
rutting than do pavements whose bases contain aggregate 
cement and aggregate lime pozzolan. For the pavement 
bases that contain bituminous concrete, aggregate· 
bituminous, and crushed stone, rut depths equal 0. 71, I.30, 
1.78, and 2.16 cm (0.28, 0.51, 0.70, and 0.85 in), 
respectively, for LIPS! = 0.5, 1.0, l.5, and 2.0. Rut depths 
corresponding to the same levels of LIPS! are 0.56, 0.91, 
1.19, and 1.4'7 cm (0.22, 0.36, 0.47, and 0.58 in) for the 
pavement bases that contain aggregate cement and 
aggregate lime pozzolan. It is noteworthy that the rut 
depth at LIPS!= 0.5 is very close to 6.4 mm (0.25 in) for all 
test pavements. This particular level of rutting has been 
widely used as an allowable rut depth in the design of 
high-quality highway pavements (~Q.,~l). 

Figure 9 demonstrates that roughness changes for 
LIPS!= 0.5, 1.0, and 1.5 are almost equal, regardless of the 
type of base-course material. The values of roughness are 
approximately 39.5, 71.0, and 94.7 cm/km (25, 45, and 60 
in/mile) for LIPS! = 0.5, 1.0, and 1.5, respectively. Based 
on Figure 10, the areas of surface cracking corresponding to 
LIPS! = 0.5, 1.0, 1.5, and 2.0 are approximately 5, 25, 65, 
and 120 m2 /l000 m2 in terms of the entire pavement 
surface area, respectively. These levels of various distress 
manifestations and various levels of PSI drop might be used 
as a guide for selecting allowable distress levels for 
pavement design. 

SUMMARY AND CONCLUSIONS 

Rutting, roughness, and surface cracking of flexible 
pavements that contain five different base-course materials 
were discussed. The distress behavior was related to 
pavement response, which was analyzed by using the BISAR 
computer program. The distress behavior was also related 
to PSI values to establish the level of each mode of distress 
manifestation that corresponded to each level of PSI drop. 

From this study, various equations that permit prediction 
of pavement distress from pavement response were 
developed. Also, allowable subgrade compressive strains to 
limit different distress modes within specific levels were 
established. The results of this study may be useful in 
selecting allowable distress levels and strain criteria for 
pavement design and also may be helpful in developing the 
relationship between distress and performance. 
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Nonlinear Characterization of Granular Materials for 
Asphalt Pavement Design 
A. F. STOCK ANDS. F. BROWN 

In view of the wall-established nonlinear resilient properties of unbound granular 
materials, analytically basad pavement-design procedures should take proper ac
count of this characteristic. The importance of including a failure criterion in 
the nonlinear modal is demonstrated; the potentially high modulus of granular 
materials is not being realized in situ because of the unfavorable stress conditions 
that develop. The nonlinear model that has been written into the pavement
design computer program ADEM is described, and typical results are presented 
and compared with those based entirely on linear-elastic analysis. The results 

show that the thickness and quality of granular material have only a minor in· 
fluance on the required thickness of asphalt but that, for accurate design, non· 
linear analysis is required. 

The development of a computer program for the design of 
asphalt pavements by using analytical techniques has been 
reported (!). This program, ADEM, assumed all layers to be 
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linear elastic and estimated the modulus of the granular 
layer by assuming that the modular ratio between the 
granular material and the subgrade was 2.5. However, 
extensive evidence was available from materials testing 
that showed granular materials to be markedly nonlinear, 
and a nonlinear model was incorporated into the further 
development of ADEM. This allowed for a more-accurate 
representation of the granular layer so that its structural 
role could be better assessed under various conditions and 
also provided results that could be compared with those 
obtained by using simple linear elasticity. 

The general conclusion that can be drawn from the 
literature on laboratory studies of unbound granular 
materials is that under load they exhibit stress-stiffening 
behavior. This conclusion has beeri reinforced by 
measurements in test pavements. 

The most common form of relationship reported is 

(1) 

where 

E =resilient modulus, 
>. = stress fun ct ion, and 
K1, K2 =material constants. 

Various stress functions have been used, including the 
normal stress ( e = 01 + 02 + a3) as proposed by 
Hicks (2) and the mean value of the mean normal stress for 
any stress path as proposed by Boyce, Brown, and Pell (~) 
(mean normal stress p = e /3). Since Hicks (~) studied a 
variety of materials and his stress function is a simple one, 
the modulus relationship that he proposed was adopted for 
this work: 

(2) 

Smith (4) used this model to derive equivalent moduli for 
the granular layer as functions of the asphalt thickness and 
stiffness, the subgrade modulus, and the constant K1. 
These equivalent moduli give the same tensile strain in the 
asphalt and vertical strain on the subgrade as would be 
obtained in a nonlinear analysis. While this simplification is 
very useful, it was not adopted for this work since no failure 
criterion for the granular material was included in its 
derivation. Furthermore, use of such simplifications is only 
valid within the limits of their derivation and, since the 
ADEM design program is highly versatile, the restrictions 
imposed by Smith's simplification were considered 
unacceptable. 

DEVELOPMENT OF THE NONLINEAR MODEL 

The philosophy of the approach was similar to that originally 
proposed by Monismith and others (~), which involved used of 
linear-elastic-layer theory in an iterative procedure designed 
to obtain compatibility between the calculated stresses and 
the associated values of modulus for the nonlinear granular 
layer. 

Initial attempts to produce a convergent iteration 
procedure by means of weightless layers failed; it was thus 
necessary to investigate methods for determining self-weight 
stresses. 

Preliminary applications of the modulus iteration 
procedure indicated that unacceptably large tensile stresses 
were experienced within the granular layer, and further 
investigation was therefore undertaken with respect to 
development and incorporation of a failure criterion. 

Determination of' Self-Weight Stresses 

Vertical stresses can be dealt with quite simply by 
considering the thickness and density of the layer. 
However, horizontal stresses are less straightforward; the 
usual method for their calculation is to multiply the vertical 
stresses by the coefficient of earth pressure at rest (Ko), 
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which, for a linear-elastic system, is given by 

Ko= v/(l - v) (3) 

where v =vertical stress. However, it was felt that this 
approach was incompatible with a nonlinear system. 
Brooker and Ireland (6) relate Ko to the results of 
materials testing by the equation 

Ko= 1 - sin¢' (4) 

where cp' =angle of shearing resistance for cohesionless 
soil. For overconsolidated clays, values greater than unity 
occur, and it was considered that the effect of compaction 
equipment on the granular layer produced the same type of 
effect. Hence , the procedure for estimating Ko from the 
overconsolido.tion ratio (7) was adopted. 

To implement this - approach, the stress history of 
granular layers during compaction was estimated. From 
these estimates and the calculation of vertical self-weight 
stresses, a relationship between the overconsolidation ratio 
and depth was developed. This relationship in conjunction 
with that between Ko and the overconsolidation ratio (1) 
provided the data from which Ko could be expressed as a 
function of depth for various thicknesses of granular layer. 
For the purpose of the material model, the granular layer 
was divided into four sublayers. Average Ko values for 
each of these sublayers in a granular layer, which varied in 
thickness between 100 mm and 700 mm, were estimated 
from the Ko-depth relationship and are shown in Figure l. 

Failure Criterion 

Preliminary analyses with the iterative procedure indicated 
that unacceptably large tensile stresses could develop in the 
granular material. Barker of the U.S. Army Engineer 
Waterways Experiment Station, in attempting 
finite-element analyses of pavement systems, had observed 
a similar phenomenon and overcame it by including a failure 
criterion in the form of a limiting a 1/03 ratio 
(where 01 a.nd o3 are the major and minor principal 
stresses, respectively). Boyce (!) undertook tests to failure 
by following several stress paths and noted that the 
01/03 ratio at which his specimens failed was a 
function of the stress path. However, when his results were 
expressed as a ratio of the stress invariants q/p, a value 
close to 2.2 applied for all cases. In general, 

(5) 

Results reported by Maree (9), when similarly expressed, 
produce a failure ratio of q/p-= 2.3, which, in view of the 
fact that the two studies were totally independent and 
carried out on materials from widely different sources, adds 
considerably to confidence in applying this failure criterion. 

For the purpose of pavement analysis, if the limiting q/p 
ratio of 2.2 was exceeded in the granular layer, an 
arbitrarily low value of modulus (3 MPa) was inserted into 
the calculation procedure. Since it was not considered to be 
physically possible for the stiffness of the granular material 
to reduce abruptly when failure occurs, the failure criterion 
included a modulus reduction routine as failure was 
approached. A lower limit of stress ratio q/p = l was set 
and, between this value and q/p = 2.2, the modulus was 
obtained by interpolating between the value appropriate to 
the stress conditions given by Equation 2 and the failure 
modulus, according to the distance across the zone bounded 
by q/p = l and q/p = 2.2. Figure 2 is a general plot in p-q 
stress space that shows the three zones in which the model 
operates and the appropriate formulas for modulus 
derivation. The lower limit of q/p = 1 for applicability of 
Equation l was selected after consideration of the 
experimental evidence, which suggests that it is only 
appropriate for stresses well below failure (~,_i!). 
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Figure 1. K, values as a function of 
granular layer thickness. Sub layer 
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Figure 2. Derivation of granular material modulus for the three stress zones. 
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The nonlinear model finally incorporated into the ADEM 
pavement-design program was developed around the BISTRO 
(10) program produced by Shell. In this system, the full 
vehicle load is applied to the structure through dual wheels. 
The granular layer is divided into four sublayers, and an 
iteration procedure that starts with assumed moduli for 
each sublayer is followed until two consecutive modulus 
iterations agree to within 5 percent or 3 MPa, whichever is 
greater, for all four layers. 

Stresses for the iterative procedure are calculated on 
the axis of symmetry of the dual-wheel-load configuration 
at the center of each sublayer. No attempt is made to 
consider horizontal variation in the modulus. To speed 
convergence, the iteration procedure is damped, as 
indicated in the flowchart of Figure 3; the damping factor 
ranges from 2 to 5. 

EFFECT OF FAILURE CRITERIA 

Stress Distribution 

Figures 4 and 5 are p---q plots of the stress distribution within 
the granular layer for structures with 50 mm and 200 mm of 
asphalt surfacing that has a stiffness of 7000 MPa. Three 
thicknesses of granular layer (h2) have been 
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Ko values for calculation of horizontal stress due to tee effects 
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Figure 3. Flowchart for the modulus iteration procedure. 

1> 

ESTIMATE INITIAL 

MODL'WS VALUE (E OW) 

CALCUUITE THE 
STRESSES IN THE 
MflT EnlflL 

1 < q/p < 2-2 

E' = 3, ( 22-q/p) x(K 1 8K2 -3) 

1-2 

E NEW= E OLD • ( E'- E OLD) 
~ 

'-------~N~O'--<E NEW· E OW 
'1 

700 

considered--200, 450, and 700 mm. As would be expected, 
the most highly stressed granular layer is in the structure 
that has only 50 mm of asphalt surfacing. It can be seen 
clearly that, in this structure (Figure 4), q is high and p is 
low; this combination gives a failure condition throughout 
the layer. Within this structure the failure criterion has the 
effect of both reducing q and increasing p to bring the layer 
within zone 2 of the model (Figure 2), although it remains 
close to failure. 

Figure 5 shows that with a 200-mm asphalt surfacing the 
stress in the granular layer is much reduced. With the 
exception of the bottom sublayer in the 200-mm granular 
layer, the q/p stress ratio does not exceed 2.2. However, in 
this structure the failure criterion still has a significant 



Transportation Research Record 755 

Figure 4. Stress distribution within the granular layer for a structure with 
50 mm of asphalt surfacing. 
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effect on the stress distribution, mainly by reducing q. 
It should be noted that the stress distributions in the 

granular layer for the two surfacing thicknesses are quite 
different. For 50-mm surfacing both p and q decrease from 
the top sublayer (sublayer l) to the bottom (Figure 4). 
However, when the layer is surfaced with 200 mm of asphalt 
(Figure 5), the variation in stress with depth is less 
consistent, although generally p decreases and q increases. 
This results in a stress distribution that becomes more 
severe with depth, the q/p ratio generally increasing with 
depth. Thus, although under 50-mm surfacing the entire 
granular layer is near failure because it lies along a line of 
approximately constant q/p, for 200-m m surfacing the stress 
distribution (q/p ratio) becomes more severe with depth. 

Figures 6 and 7 show the derived moduli for the four 
sublayers for each structure. The effect of the failure 
criterion is particularly significant for pavements with only 
50 mm of surfacing (Figure 6), in which the derived moduli 
for nearly all sublayers is less than the subgrade modulus 
and in all cases less than half the modulus derived without 
regard to failure. For the structures surfaced with 200 mm 
of asphalt (Figure 7), the effect of the failure criterion is 
much reduced, as would be expected from the stress 
distribution (Figure 5), but the use of the failure criterion 
still indicates a reduction in the derived modulus. 

Primary Response Parameters 

The effect of the failure criterion on primary response 
parameters is shown in Figures 8 and 9 as a function of 
granular layer thickness for the two asphalt-surfacing 
thicknesses. Structure 1 is surfaced with 50 mm of asphalt, 
and structure 2 is surfaced with 200 mm. The two 
parameters chosen-vertical strain on the subgrade and 
tensile strain at the bottom of the asphalt layer-are 

Figure 5. Stress distribution within the granular layer for a structure with 
200 mm of asphalt surfacing. 
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commonly used as design criteria in flexible-pavement 
design and are included as such in ADEM. 

It is clear that for a thin asphalt surfacing there is a 
significant difference between the results obtained by the 
linear and nonlinear systems; the nonlinear analysis, as 
would be expected from the lower derived moduli, always 
gives the greater strain. It is also important to note that, 
although asphalt strain decreases as the granular layer 
thickness increases if potential failure is ignored, it 
increases as the granular layer thickness increases when 
failure is considered. 

It was therefore concluded that it is essential to consider 
material failure in a nonlinear model for granular layers. 
Accordingly, the failure criterion was included in the model 
for granular layers incorporated in the ADEM design 
program used to produce the results discussed in the 
following section. 

EFFECT OF NONLIN EAR MODEL 
ON DESIGN THICKNESS 

Having developed a system for nonlinear characterization of 
granular layers, we investigated the effect of using this 
model on the design thickness of an asphalt pavement. To 
do this, the nonlinear model was incorporated as an option in 
the ADEM design program, so that pavements could be 
designed on the basis of linear or nonlinear characterization 
of the granular layer. For the linear designs a modular ratio 
of 2.5 was used between the granular layer and subgrade. 

It is not the purpose of this paper to discuss ADEM, but a 
brief description of the program is given since it was used to 
derive these results. ADEM produces the required thickness 
of the asphalt layer for a given design life by analyzing a 
trial structure and adjusting the asphalt-layer thickness to 
ensure that the design criteria are satisfied. Two 
performance parameters are used: (a) tensile strain in the 
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Figure 6. Derived moduli for the granular sublayers for a structure with 50 mm 
of asphalt surfacing. 
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Figure 7. Derived moduli for the granular sublayers for a structure with 200 mm 
of asphalt surfacing. 
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asphalt layer to design against asphalt fatigue failure and (b) 
vertical strain on the subgrade to design against overall 
deformation failure. Limiting values of these strains are 
obtained within the program from knowledge of the 
strain-life relationships and are used as criteria for the 
design process. Designs have been produced for assessing 
the effect of nonlinear modeling of the granular layer for a 
wide range of parameters. The va!'iables studied w·ere 
subgrade modulus (f!s), granular material quali ty 
characterized by variation in Kl (Equati.on l ), granular 
layer t hickness {h2), and bitumen content and void content 
of the asphalt mix. Design life, traffic speed, bitumen 
grade, and temperature have been held constant throughout 
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Figure 8. Effect of the failure criterion on asphalt strain. 
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the study at 50 million standard axles, 80 km/h, penetration 
value of 100, and 15°C, respectively. 

Figure 10 shows design thicknesses as a function of 
granular layer thickness for three values of subgrade 
modulus and granular material quality 0<1). 'l'he effect of 
variation in K1 is very small, so a constant value of 400 
was used for subsequent studies. For the lowest subgrade 
modulus (Es= 20 MPa), linear and nonlinear characterization 
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Figure 10. Design thicknesses as a function 
of granular layer thickness. ______ _,......__~__,. . 
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Figure 11. Design thicknesses as a function 
of VMA and binder content. 
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h. Thickness of unbound layer 

produced identical design thicknesses. As the subgrade 
modulus increases, the two methods of treating the granular 
layer start to give different answers; the thickness 
requirement by using the nonlinear system is greater than 
that for the linear system. The differences between the two 
systems are greatest on the stiffest subgrade 
(Eg = 80 MPa) and for thick granular layers (h2 = 700 
mm), but the differences are still not large. It is interesting 
to note that the granular layer thickness does not greatly 
affect the asphalt thickness, but designs produced with the 
nonlinear option are less sensitive to variation in granular 
layer thickness than those produced by means of the simple 
linear option. 

The parameter termed "voids in mixed aggregates" 
(VMA) has been introduced to study the effect of mix 
variables since it is a useful parameter for describing a 
bituminous mix, particularly with regard to its state of 
compaction (l l ). Recent research has indicated that for 
U.K. mixes and conditions, VMA values of 16, 19, and 22 
percent may be taken as approximately representative of 
good, average, and poor compaction, respectively. In order 
to examine a range of mixes, bitumen contents of 3, 4.5, and 

6 percent by mass were assumed; the calculated void 
contents for the various combinations of VMA and bitumen 
content are given below: 

VMA(%) 
16 
19 
22 

Binder Contents(%) 
3 4.5 6 
- 9.l 5.5 Ls 
12.4 10.0 5.3 
15.6 12.3 8.8 

Figure l l shows design thicknesses as a function of VMA 
and binder content; designs produced by both linear and 
nonlinear options are compared for two thicknesses of 
granular layer and a subgrade modulus of 50 MPa. 

In all but one case, the design thicknesses of asphalt based 
on nonlinear analysis are greater than those based on linear 
analysis. It is therefore evident that significant differences 
in design-thickness requirements can be obtained if the 
granular layer is characterized as nonlinear rather than linear 
elastic. 

It was concluded from this design study that 
linear-elastic characterization of granular layers may be 
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adequate for comparative design studies but, if a pavement 
design is 1·equfred for a highway P.roject, nonlinear 
charactel'ization of the granular layer is highly desirable. 
The findings generally confirm those obtained by Dehlen and 
Monismith (12). 

It is notthe purpose here to discuss the implications for 
asphalt-mix design of the results plotted in Figure 11, but 
we (eel that an eicplanation for the decrease in design 
thickness with increase in bitumen content is required. 
Increasing the bitumen content in a mix decreases the 
stiffness of that mix and increases its fatigue resistance. 
Reduced mix stiffness means that the tensile strain 
developed in the bottom of the asphalt will .increase, and an 
increased design thickness may therefore be expected in 
order to compensate for this. However, for the case 
illustrated in Figure 11, the improvement in fatigue 
performance and thus the increased allowable strain is much 
more significant than is the stiffness loss; hence a reduced 
layer thickness results. It must be emphasized that 
reduction in thickness with increased binder content will 
only be achieved for structures in which fatigue is the 
critical parameter and will not necessarily be achieved for 
all these structures. 

SUMMARY AND CONCLUSIONS 

1. It is essential to include a failure criterion in a 
system for nonlinear analysis of granular materials. 

2. In conventional pavement structures the potentially 
high modulus of a granular material generally cannot be 
realized because, when it is highly stressed, the material 
approaches a faLlure stress state with a consequent 
reduction in modulus . 

3. Nonlinear characterization o:f unbound granular 
layers is required for accurate designs, particularly when 
thin asphalt surfacings are contemplated. 

4. In pavement structures that have asphalt layers of 
about 300 mm, the required thiclmess of the asphalt layer is 
not greatly affected by the thickness of the granular layer . 
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Analysis of In Situ Granular-Layer Modulus from 

Dynamic Road-Rater Deflections 

PAUL A. D'AMATO AND MATTHEW W. WITCZAK 

The major objective of this study was to investigate the ability of elastic
layer theory coupled with nonlinear dynamic modulus tests to predict pave
ment deflections in a way comparable to dynamic road-rater deflection mea
surements on three highway sections in Maryland. It was found that theoret
ically predicted deflections were two to four times the measured road-rater de
flections for all three pavement sections studied at all four road-rater sensor 

locations and for all times throughout the year in which road·rater deflections 
were made. To obtain•equality between predicted and measured deflections, 
the granular-layer modulus was adjusted by using a K,·factor. A linear log·log 
relationship was evident when the K1-adjustment factor was plotted versus 
measured surface deflections. It was concluded that the current laboratory 
method of modulus characterization underestimates the modulus of a granu-
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lar material and that an increase in surface deflection results in a decrease of 
the granular-layer modulus. An investigation was undertaken to determine 
whether the effect of shear strain was responsible for the decrease in granular
layer modulus. It was found that the granular-layer modulus decreases with 
increasing shear strain and that shear strain is proportional to surface deflec
tion. The former finding 1ubstantiate1 other research dealing with the dy
namic response of granular soils. The study of the Ki-factor and modulus ad
justment also led to the development of equations that relate measured surface 
deflection to in situ granular-layer modulus. For two of the pavements ana
lyzed, predicted granular-layer modulus showed very good agreement with the 
modulus required for equal computed and measured deflections. 

The use of nondestructive deflection measurements has long 
been recognized as a valuable indicator of a pavement's 
structural characteristics. Early test-road studies that 
investigated flexible pavements include the WASHO Road 
Test (l) in 1952 and the AASHO Road Test (!) begun in 
1958. Both these road tests developed correlations of 
l::lenkelman-beam deflections with pavement performance. 

In recent years, research efforts have also been directed 
toward the development of deflection-based procedures that 
could be used to determine in situ moduli of pavement 
component layers. Determination of layer moduli allows 
critical stresses and strains to be evaluated by multilayer 
theoretical approaches. From these critical parameters, 
estimates by various techniques of remaining pavement life 
can be used for overlay and rehabilitation purposes. 

STUDY OBJECTIVE 

This study, part of an overall study of remammg life of 
flexible pavements, examined three Maryland highway 
sections in detail (;!). Samples of each of the component 

Table 1. Input for pavement routes In elastic-layer study. 

Modulus 
Thickness Relationship 

Pavement Section Layer (cm) (MR) 

US-I Asphalt concrete 
Surface 3.1 
Binder 4.8 
Base 5.3 

Granular base 4 88680.239 
1 13 .5 
2 13 .5 
3 13.7 

Sub base 2 63280.426 
I 31.8 
2 31.8 

Subgrade 57 9620:,.°'696 

MD-97, section 1 Asphalt concrete 
Surface 3.8 
Base 7.9 

'Granular base 8 78780.365 
1 12.4 
2 12.7 
3 12.7 

Subgrade 
A 16 333a;i°'345 

B 13 035a;i°"'80 

MD-97, section 2 Asphalt concrete 
Surface 3.8 
Base 7.9 

Granular base 8 78780.365 

1 12.4 
2 12 .7 
3 12 .7 

Subgrade B 13 035adO.ISO 

1-695 Asphalt concrete 
Surface 6.6 
Base 19.8 

Sub base 
I 9.9 3 37880.520 
2 12.7 3 68380.SI 1 

3A-E 24.5 3 4 85680,481 

Subgrade 25 925aci0·309 

Notes: 1 cm - 0.39 in. 
Regression equations developed in U.S . customary units (1 lbf/in 2 = 0.145 kPa). 

8Five I eyers, each 24.5 cm thick. 
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layer materials were obtained for all of these flexible 
pavements, and appropriate routine and dynamic laboratory 
modulus tests were conducted (4,5). In addition, 
surface-deflection basin measurements on the same 
pavement sections were determined by means of a 
road-rater loading device by the Maryland State Highway 
Administration (MSHA). 

The first objective of this study was to assess how well 
theoretically predicted deflections that used 
laboratory-determined dynamic moduli along with 
multilayer theory compared with observed measured 
deflections obtained from road-rater measurements. 
Inherent to the multilayer analysis, nonlinear behavior of 
both granular material (base, subbase) and fine-grained 
subgrade soils was accounted for. The results of this 
comparison showed that the computed deflections for the 
pavement model were not in agreement with observed 
behavior. 

The second consideration hence involved adjusting the 
pavement model so that the pavement structure, elastic 
theory, and road-rater deflection measurements agreed. 
The modulus of the granular base layer was selected for this 
adjustment because the results of previous research 
indicated that this was possible (6-8). Relationships for the 
determination of in situ granuiar-layer modulus were 
developed by using the adjusted granular-layer modulus and 
corresponding road-rater deflections. 

METHOD OF ANALYSIS 

The study was conducted on pavement sections of MD-97, 
1-695, and US-1. For each of these pavement sections, layer 
thicknesses, material type, and modulus characterizations 
were ascertained in the remaining-damage portion of the 
research (1). Table 1 summarizes the required pavement 
input necessary for the theoretical study of elastic layers. 
The asphalt modulus relationships were obtained from Shell 
nomographs and are functions of pavement temperature and 
load frequency. The temperature within each asphalt layer 
for each road-rater test date was evaluated from 
temperature measurements of the pavement surface and 
relationships developed by Southgate (9). In addition, all 
unbound granular and subbase and the subgrade soils for all 
pavements were characterized by the nonlinear 
(stress-dependent) resilient modulus tests. 

Figure 1 illustrates the actual road-rater loading and 
measuring system and the equivalent system used in the 
theoretical analysis. The equivalent systems were necessary 
because the elastic-layer program used is based on circular 
loads rather than on the actual rectangular foot pads on the 
road rater. The road rater applies a static preload of 6.0 k N 
(1350 lbf) and has a variable peak-to-peak dynamic load 
capability (formulated in U.S. customary units) defined by: 

Fi>'P = 32.704f2D 

where 

F P:P =peak-to-peak dynam le force (!bf), 
f =load frequency (Hz), and 

(I) 

D =peak-to-peak dynamic displacement or amplitude (in). 

The load and contact pressure used in the theoretical study 
for the equivalent-circular-area loading condition (Figure 1) 
for the various combinations of f and D used by MSHA to 
obtain measured road-rater deflections are shown in Table 2. 

The theoretical elastic-layer model used in the analysis 
was the Chevron NLA YER program. Because this program 
is capable only of solving for states of stress, strain, and 
deflection due to a single wheel load, superposition 
principles for total deflection at each sensor location were 
used. 

Road-rater deflections were measured on six test dates 
for each pavement section under investigation. These 
measurements were made in 197 5 and 1976 and encompassed 
all seasons. For each test date, deflection measurements 
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Figure 1. Actual and equivalent road-rater loading 
geometry. 

Area of each plate 180.6 cm 2 

----~~-
30 .S 30 . 5 30. 5 ; 

No t e: s1 , . . . s4 are geophon e (sensor) lo cation s 

Ac t ua l Road Rat er Loading 

Each c ircul ar area = 180.6 cm2 

'l.o . ? 

Table 2. Road-rater dynamic-load summary. 

Fp-p Each Contact 
Frequency D FpN' Circular Load Pressure 
(Hz) (mm) (k ) (kN) (kPa) 

16 1.47 2.16 1.08 59.8 
25 1.47 5.27 2.64 146.1 
25 0.96 3.45 1.73 95 .7 
25 1.98 7.09 3.55 196.4 

Note: 1 mm c 0.04 in; 1 kN ~ 224.B lbf; 1 kPa = 0.145 psi . 

were recorded at 161-m (0.1-mile) intervals. The length of 
each pavement test section ranged from 427 m (1400 ft) to 
61 O m (2000 ft). 

S Ul3GRADE-LA YER STUDY 

Before the main deflection comparison study was 
undertaken, several preliminary studies were conducted to 
establish the sensitivity of these items to the overall 
predictive deflection analysis. One such consideration was 
an analysis to determine the minimum number of subgrade 
layers necessary to model each pavement section. This was 
necessary because the moduli of the subgrades were 
characterized by nonlinear models. Thus, as the stress 
induced by the road rater decreases with depth into the 
subgrade, the modulus constantly changes. As a result, a 
study was undertaken to establish how many sublayers 
within the subgrade, if any, were necessary before an 
equilibrium deflection was reached. 

The results of this analysis are summarized as the 
percentage of change in predicted deflection between 
three-layer and one-layer subgrade systems. 

Hig·hway Haute 
US-1 

Percentage Change for Sensor 
Locations 
SI S2 
rr o.5 

S3 o:s S4 rr ~ 1.2 

Note: 1 cm= 0.39 in. 

6 2 .5 9 2. s r------___ ...:... 
~------~ S~ I -

30.5 :IO. S 

7 . 6 cm All unit s in cm 

Equivalent Circular Area Loading 

Percentage Change for Sensor 
Locations 

Hig:hwa~ Route Sl S2 S3 S4 ~.YB: 
MD-!J7 

Section l [.8 2.3 3.6 5.4 3.3 
Section 2 3.0 3.8 6.7 9.8 5.8 

I-695 7.6 5.5 4.6 6.8 6.1 
Avg 3.2 3.0 3.9 6.3 4.1 

Three 30.5-em (12-in) sublayers were used within the 
subg-rade in the three-layer system. As can be seen, the 
percentage of change due to subdividing the subgrade into 
three layers is quite small, especially at sensor locations 1, 
2, and 3. For all combinations considered, the average 
percentage of change is less than 5 percent. As a result of 
this study, it was concluded that a one-layer subgrade 
system was sufficiently accurate to predict deflections with 
the road-rater-induced loads (stresses) and that it was not 
necessary to subdivide the subgrade layer for the deflection 
analysis. 

STATIC PRELOAD STUDY 

Research by the U.S. Army Engineer Waterways Experiment 
Station (10) that used la rge roa d vibrators, 22. 25-89.0 kN 
(5 000-20000 lbf), has s hown t hat dynamic stiffness of a 
pavement (ratio of dynamic load to deflection) is dependent 
on the magnitude of the applied dynamic and static loads. 
As the static load of the vibrator is increased, the measured 
deflections due to the dynamic load have been found to 
decrease. Whether or not the computed surface deflections 
would decrease significantly on the inclusion of the 6.0-kN 
(1350-lbf) static load of the road rater was unknown. 

To determine whether a (bulk stress) due to static 
preload should be included in the deflection study, an 
analysis was conducted. Pavement deflections were 
computed for each pavement section after solving for 
stress-dependent layer moduli (by trial-and-error iteration) 
with and without the static preload. 
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Figure 2. Comparison of predicted pavement deflections and mean measured 
road-rater deflections by sensor location. 

so so 

40 40 

30 
S3 

30 

~ 
Route 20 

' 0 
• -i--

>< /;. 97-1 
~JO ... 97-2 10 

" 0 69S .s ... 
0 u 

" ~ 10 20 30 40 so 0 10 20 30 40 .... 
" 0 

... Note: 1 mm= 0.039 in. 

" ~ 80 80 

"' • 
"' lld=2.8. • 
~70 0 I 

70 

"' 
... 

Mr3 .2 " t;. I . ... • .~ 60 I 
60 I ,, • "' 0 • I " ~ /;." '" • • "- 0 I 

I ~ 
so 

of I ,,..t:.. 
40 o/ t:.. 40 

I • I 
3ci =tt: 30 

o/t oo 

~· 20 ft 20 

" SI Si 
10 

o,._ __ ._ __ .._ __ .... __ ,. 

0 10 20 30 40 so 0 10 20 30 40 

Measured Moad Mater Deflection (xl0- 3nun) 

A summary of these results is shown below: 

Percentage Change for Sensor 
Locations 

Highwaj'. Route Sl 52 S3 S4 Avg 
US-1 3.2 3.5 3.8 IT 3.6 
MD-97 

Section 1 5.0 5.3 3.3 o.o 3.4 
Section 2 5.1 4.8 4.3 4.5 4.7 

I-695 5.1 5.8 6.0 3.2 5.0 
Avg 4.6 4.9 4.4 2.9 4.2 

As shown, the percentage of change in deflections with and 
without the static preioad bulk stresses is quite insignificant 
and again averages less than 5 percent. Accordingly, it was 
concluded that the influence on predicted deflections of 
incorporating the additional bulk stress increment due to the 
static preload of the road rater is negligible and for all 
practical purposes can be ignored. 

DEFLECTIOJ'T COMPARISON 

In the theoretical deflection study, a total of 180 separate 
deflection predictions were made for each measured 
(road-rater) combination of pavement section, test date, and 
sensor location (3,5). In this analysis, the mean measured 
deflections (within-a test sect.ion) were used together with 
the mean values of pavement layer thicknesses and mean 
layer modulus properties for the theoretical study. Hence 
all comparisons shown are between average measured 
deflections and average predicted deflections. 

Figure 2 summarizes the comparisons between predicted 

Figure 3. Comparison of predicted to measured deflections. 
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(6p) and measured (6m) deflections by sensor 
locations. Figure 3 is a summary of the 180 data points 
investigated. The Rd value shown on these diagrams is 
the deflection ratio of predicted to measured deflections: 
Rd =6p/6m· 

Based on this study, it is quite obvious that the 
deflections predicted by multilayer elastic theory (within a 
nonlinear iterative approach to layer modulus evaluation) 
are generally two to four times as large as those measured 
by the road rater. In general, it also appears that the 
deflection ratios for the thick asphalt pavement (I-695) were 
slightly higher than those for US-1 and MD-97, which are 
composed of more-conventional flexible-pavement [thin 
asphalt concrete (AC) and granular-base] structures. 

K 1-INYESTIGATIVE STUDY 

A study was then conducted to see whether the difference 
between predicted and measured deflections could be 
explained in a rational and logical manner. Assuming that 
the model selection of multilayer elastic theory is not the 
salient reason for the discrepancy, it is apparent that for 
the predicted (theoretical) deflections to be greater than 
the measured deflections the elastic modulus of a layer (or 
layers) characterized by laboratory tests and used as input 
into the theoretical model must be less than the in situ or 
apparent field-modulus response. 

In a study conducted by Jones and Witczak (8) on San 
Diego test-road sections, computed pavement deflections 

so 
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determined by means of laboratory-modulus relationships 
and multilayer theory were also found to be larger than 
measured surface deflections. In this study, two important 
conclusions were reached: 

l. For test sections made of asphalt-treated base 
materials, the mean deflection-derived subgrade modulus of 
13 728 kPa (20 000 psi) agreed well with the mean value of 
modulus predicted from the regression models developed 
from direct laboratory testing of field samples. 

2. In the derivation of the subgrade modulus from 
deflection measurements, for the granular-base test 
sections, the comparison between the derived moduli and 
those determined from direct laboratory testing on field 
cores was very poor. For these types of bases, the 
stress-dependent function for the modulus of the base, 
determined from laboratory tests, tended to underpredict 
the in situ response of the granular material. 

In essence, the results of this study suggest that it is the 
manner in which the unbound granular materials are 
characterized rather than the subgrade that may be 
responsible for the difference between predicted and 
measured deflections. Because of the similarities in 
relative results between the two studies, it was decided to 
investigate the granular material and its corresponding 
resilient-modulus characterization test (in the laboratory) to 
help explain the deflection deviations observed in the 
road-rater study. 

In dynamic laboratory testing of unbound granular 
materials, the nonlinear constitutive equation for resilient 
modulus is given by 

(2) 

where k1 and k2 are laboratory-derived regression 
constants reflecting material type and physical properties 
and e represents the first stress invariant (bulk stress), 
defined by the sum of the three normal stresses at a point 
(triaxial element). 

Recalling that op> om, the above modulus 
expression can be adjusted by a factor, termed the 
Ki-factor, so that a new modular expression of the form 
shown below is introduced: 

(3) 

The unique K 1-Cactor required for 6p = 6m 
(ltd=l.O) was termed the l<1-facto1· al a 1.0 deflection 
ratio or l( 1 (Rd = l .O). The technique used to find 
K 1(Hd =1 .0) for each measured deflection value 
(6m) was to repeal the theoretical s tudy by using 
assumed values of Kl and iterative stress solutions until 
the condition of o =om was observed for each 
measured deflection vafue. For deflection values measured 
by sensors 2, 3, and 4, the deflection ratio (Rd) remained 
greater than unity even when a Ki-factor of 100 was 
tried. For these measured deflections, the study was 
terminated and K 1(Hd=1.0) remained undefined. 
Considering that K 1 (Rd = l .O) was found for all sensor-! 
deflections and that the Jones-Witczak study used 
deflections measured at the loading point (Benkelman 
beam), it was decided to consider only K 1(Rd=1.0) 
values derived from sensor-1 deflections for the remainder 
of the study. 

In the Jones-Witczak study on the San Diego test 
sections, a linear relationship between log Kl (Rd = 1.0) 
and log om (measured deflection) was obtained from 
eight different flexible-pavement cross sections. In order to 
see whether the same analytical model was valid for this 
study, the relationship of the log of Kl (Rd= 1.0) versus 
the log of om was developed. Figure 4 shows the results 
of this study for the sensor-1 location. The correlation 
coefficients r• = 0.26 are obviously indicative of a poor fit 
when all three routes are analyzed together. Two separate 
relationships are shown on the plot. It should be recognized 
that the equation for the f = 25-Hz di;i.ta is indicative of a 
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road-rater load of 5.3 k N (1185 lbf), whereas the f = 16-Hz 
data are for a 2.16-kN (485-lbf) load. As such, although the 
correlations are poor, the data strongly suggest separation 
by magnitude of applied dynamic load. A further study of 
the data in Figure 4 showed that the I-695 data were 
significantly divergent from the US-1 and MD-97 
relationship. 

Figure 5 is the relationship developed for the same data 
sl1own in Figure 4 with the exception that the I-695 data 
(full-depth AC section) have been deleted Crom the 
analysis. The tremendous increase in the r•-values from 
0.26 to 0.87 and 0.90 signifies that a linear relationship 
between log k1(Rd = 1.0) and log om is indeed valid 
from the flexible (granular-base) sections of US-1 and 
MD-97 identical to that found from the San Diego road test 
analysis. Because I-695 is a relatively thick 
asphalt-stabilized pavement, it appears that the results are 
not applicable to this pavement type based on the limited 
data available. However, at this time it cannot be 
unequivocally stated that a difference occurs between 
conventional flexible and thick stabilized sections. It must 
be noted that, because of the relatively thick asphalt 
section, a small error in the elastic modulus of the asphalt 
layer would have a significant effect on the theoretically 
predicted deflection initially computed. 

Because the relationships developed appeared to be valid 
for pavement cross sections similar to the San Diego 
sections, this prompted a study of how the results of Figure 
5 compared with the relationship developed from the 
Jones-Witczak San Diego study. Figure 6 illustrates these 
results. It is quite obvious that the results between studies 
are consistent, and this suggests that there is a family of log 
K 1(Rd=1.0)-log .s m lines that are functions of the 
applied load. By using Figure 6, Figure 7 was developed, 
which is assumed to be valid for flexible pavements 
(conventional granular base) and maximum deflection 
condition and warrants considerably more research because 
it may result in an extremely important development that 
would link theoretical to measured pavement deflections. 

ff Figure 7 was indeed found to be valid for all deflection 
combinations measured by load (P, 6m), the required 
Ki-adjustment factor (for laboratory to field conditions) 
could be determined simply by using the measured 
road-rater deflection for a given road-rater load (frequency 
and amplitude). 

The final interesting trend that was found from the 
Ki-investigation is shown in Figure 8. In this plot, log 
K 1(Rd=1.0) is seen to have an excellent correlation 
with the mean granular base modulus required to achieve a 
deflection ratio of Rd= 1.0. This relationship appears to 
be valid for all three routes studied (US-I, MD-97, and 
l-695) at both frequencies of the road rater as well as for 
the eight sections of the San Diego test road analyzed by 
Jones(_!!). 

SHEAR STRAIN INVESTIGATION 

Recent studies directed toward developing a better 
understanding of soil response under dynamic loading 
conditions have indicated that the shear modulus (G) of a 
granular soil is dependent on the level of shear strain. 
Idealized relationships have been developed that show that 
the shear modulus of a granular soil decreases with 
increasing shear strain (6), as shown in Figure 9. Of 
particular note in Figure 91$ the Kz-factor in the equation 

G = IOOOK2 (a,;.)y, (4) 

A similar equation would result if the elastic modulus (E) 
were substituted for the shear modulus. If the substitution 
is made, it becomes evident that the K2-factor in the 
above equation is very similar in concept to the K 1-factor 
used in this study. Because of this important tie to dynamic 
response, it was decided to investigate the effect of shear 
strain on the K1(Rd = l.O) values developed for US-1, 
MD-97, 1-695, and the San Diego test-road sections. 
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Figure 4. Ki-factor at 1.0 deflection ratio versus mean surface deflection for all 
routes, sensor 1. 
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Figure 5. Ki-factor at 1.0 deflection ratio versus mean surface deflection for 
US-1 and MD-97, sensor 1. 
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The theoretically predicted maximum shear strain for 
each adjusted pavement model (op =om) was 

for Rd= l .O were input into the NLA YER program. The 
granular layer was modeled as a single layer with an average 
modulus. determined in the following manner: 

1. The modulus values of all pavement layers required 
2. Strains computed by the NLA YER program and 

Mohr circle-of-strain relationships were used to evaluate 

Figure 7. Load versus mean surface 1001""-,-r""',..,r"T.,,r"""---,r--r-'"'T-,~~"'P',.,----.--.-.... -.-. .... -------• 
deflection for Ki-factors at 1.0 deflection 
ratio. 
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the maximum shear strain at the middle of the granular 
layer. 

The results of this study were used to develop the 
1•elationships s·hown in J.'i.gure I a. For each pavement 
loading, it can be seen that the KI (Rd= 1.0) value 
decreases with increasing shear strain. If we recall that 
Mr:: K1k1e.k2, an increase In shear strain [and 
corresponding decrease in Kl (Rd= 1.0)] would result in 
a decrease in the granular-base elastic modulus. This 
finding was considered to conceptually support previous 
findings that demonstrate a decrease in __ gr_anular-soil shear 

Figure 9. Shear moduli of sands at different relative densities. 80 
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Figure 10. K1-factor at 1.0 deflection ratio versus maximum computed shear strain. 
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modulus that results from increasing shear strain (Figure 9). 
By comparing relationships shown in Figures 6 and 10, it 

is evident that the K 1 (Rd= l .O) value decreases with 
respect to both increasing mean surface deflection and 
maximum shear strain. This would imply that maximum 
shear strain is proportional to mean surface deflection. A 
plot of maximum shear strain versus mean surface 
deflection is shown in Figure 11. A linear log-log 
relationship with a squared correlation coefficient of 0.97 
results if the data points for I-695 are excluded from the 
analysis. For I-695, smaller shear strains occur at a 
particular surface deflection because of the relatively thick 
asphalt layer. 
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Figure 11. Maximum computed shear strain versus mean surface 
deflection. 
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Relationships shown in Figures 10 and 11 can be used to 
formulate a possible explanation for the decreased 
Kl (.kd = 1.0) with increased surface deflection. 
Increased surface deflection implies an increased level of 
shear strain (Figure 11) and therefore decreased in situ 
granular-base modulus. This decreasing in situ modulus 
occurs simultaneously with increasing bulk stress. Hence, 
the K 1-factor necessary to characterize that modulus 
must also decrease. 

ESTIMATE OF IN SITU MODULUS 

The results shown in Figures 6 and 8 were grouped together 
to formulate a provisional procedure that can be used to 
estimate the in situ granular-base modulus from measured 
pavement deflections. From Figure 6, it can be observed 
that the relationship for a given load (P) is of the form 

(5) 

where Ai and Bi are regression constants that depend on 
the load magnitude. For the three loads shown in Figure 6 
the values of Ai and Bi are (1 k N = 224.8 lbf~ 

~ Ai ~ 
2.16 1.645 x 10_, -2.872 
5.27 4.753 x 10- 11 -3.773 

40.00 5.577 x 10-· -2.390 

From Figure 8, the regression eq~tion relating 
K 1(Rd = 1.0) to mean granular-base modulus (Eg0 l is 

Egb = CK1 (Rd = 1.0)0 (6) 

where C=5700 and D=l.231. Since Kt(Rd=l~} is 
predicted by the measured de_!Jection (oml and Euh is 
predicted by K 1 (Rd = 1.0), Egb may be predicted 
directly from om by 

(7) 

Figure 12 is a summary comparison between the 
predicted E b found from the iterative-layer-theory 
solution and ~e computer program for deflection results of 
US-1, MD-97, and the San Diego test-road sections. The 
average percentage of error between modulus values was 
found to be 65 percent and 25 percent, respectively, for 
US-1 and MD-97 and 13 percent for the San Diego test-road 
sections. Although the ·general agreement is not perfect, 
the relationship is apparent, and further research should 
certainly develop a more accurate and applicable system. If 
this is accomplished, it is believed that a very significant 
step wi.Ll have been taken toward the use of measured 
dynamic de!lection data to predict the moduli of the 
subgrade layer. Such an objective is the major utility of 
eventually employing nondestructive testing devices for 
overlay and rehabilitation problems. 

CONCLUSIONS 

The following conclusions are presented, based on the data 
obtained in this study. 

1. For small dynamic loadings (road rater}, 
flexible-pavement models with a one-layer subgrade 
condition were found to be sufficient for accurate 
surface-deflection computations when the nonlinear 
subgrade response was incorporated into the analysis. Only 
a minor decrease in computed surface deflection was found 
when the subgrade was subdivided into three layers for the 
stress-dependent pavement study. 

2. The 6.0- k N static preload of the road rater need not 
be considered for accurate modeling of the loading 
methodology. Results of the static preload study have 
shown that the inclusion of the static preload will reduce 
computed deflections by only a minor degree (4 percent). 
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3. Based on the comparison of computed and measured 
surface deflections for US-1 and pavement sections of 
MD-97 and I-695, deflections computed with elastic-layer 
theory, laboratory dynamic modulus testing, and a nonlinear 
iterat ion approach for both granular and subgrade layers a.re 
larger (by a factor of 2 lo 4) than measured surface 
deflections from the road rater. Results of this study 
support previous research, which indicates that the major 
factor contributing to this discrepancy lies in the present 
characterization procedure for the resilient modulus of 
granular materials (i.e., MR= kl a kz). 

4. It was found that the log K 1(Ra=1.0) versus log 
measured-surface-deflection (om) relationship reported 
by Jones (8) for the San Diego test-road sections could a lso 
be applied to pavements analyzed in t his study. This 
relationship was found valid for US- I and MD-97, both of 
which have pavement cross sec tions s imilar to those tudled 
by Jones [asphal l su1·face layer 7 .5- l 3 cm (3-5 in) thick and 
conventional granular base] . 

5. The linea1• relationship bet ween log in si tu 
gl'anular-layer modulus and .log L< 1(l{d = 1.0) 
demonstrated by f igure 8 was obsei•ved foi· aJI pavement 
sec tions analyzed, regardless of dynamic load magnitude and 
asp ha It layer thickness. This and the I< I (Rd = 1.0) 
versus om 11elationship were used to develop a 
provisional procedure for est ima ting in s itu gra nular-layer 
modulus from dynamic road- rater de flections. It is 
concluded that this procedure has promise and that further 
r esearch should certainly allow development of a more 
accurate and applicable system. 

6. The resilient modulus of the granular layer was 
found to decrease with increasing level of shear strain. This 
finding was dem on trated by the linear log-log l'elationship 
of l{ I (Hd = I .0) versvs maximum s heal' s t ra in (Figure I 0) 
and substanti a tes other recent research dealing with the 
dynamic respon e of granular soils. 

7. The e rfect of shear strain on the granular-layer 
modulus (theoretical model) is believed responsible for the 
increase in K 1(Ra=1.0) with inc rease in surface 
deflection. Increased surface deflection was found to 
increase the level of shear strain, thus decreasing the in situ 
modulus. This decreasing in situ modulus occurs 
simultaneously with increasing bull< stre s (a). Since 
6p > om and MR is proportional to a (i.e., 
MK= K 1 k1ak2), the KI (.lld = 1.0) value 
rn ust decrease as om increases. 

Allhough the results of this study demonstrate a problem 
in laboratory modulus characterization or granular 
materia ls, it should also be recognized that further research 
that involves a la rger number of pavement sections and 
dynamic loads betweer1 those of the l'Oad l'ater and an 80-kN 
axle load needs to be conducted before fi nal conclusions and 
a rational explanation of this phenomenon can be stated. 
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Pavement Design for Permafrost Conditions: 

Structural and Thermal Requirements 

LYNNE G. COWE FALLS AND RALPH HAAS 

The existing Arctic road network is made up almost completely of gravel-sur
faced secondary roads for which design, construction, and maintenance pro
cedures are adequate. Proposed reconstruction and paving of the Alaska High
way in the next decade has raised several questions about the adequacy of 
pavement-design technology for permafrost areas. Because of the nature of 
permafrost terrain the problems of pavement design are twofold : provision of 
a structurally sound, smooth pavoment to allow safe possege of vehicles during 
critical thaw periods and prevention of thermal degradation of the subgrade 
and right-of-way. Recent research has concentrated on the evaluation of new 
materials and design configurations that minimize subgrade thaw settlement. 
Research into the structural performance of pavements on permafrost has been 
minimal. Identification of the structural and thermal bases for pavement de
sign in permafrost areas is a key requirement for the development of a design 
technology that includes economic anulysis and evaluation. This paper ex
amines the effects of environment, materials, and loading on the thermal and 
structural responses of insulated and conventional pavement designs on discon
tinuous permafrost. The vertical temperature and stress distribution for a 
range of feasible designs was analyzed by means of two computer programs. 
Dynamic traffic loading of the structures investigated did not produce exces
sive subgrade strains. However, the dead load of the structure contributed 
greatly to thaw consolidation of the subgrnde. None of the designs completely 
provcnted subgrade thaw. A t rade-off between doad load of the structure and 
thermal protection of the subgrade was identified. This conclusion provides a 
new justification for the use of low-density insulating layers in pavements on 
unstable permafrost. 

With the increased emphasis on northern construction, such 
as the jointly financed Canadian-U.S. project to reconstruct 
and pave the Alaska Highway, pavement-design technology 
needs to be able to consider permafrost conditions. 

On continuous permafrost where the depth of annual 
thaw is shallow, paved surfaces have been constructed with 
reasonable success by using conven t ional des ign technology . 
However, t he scale of the Alaska Highway projecl and the 
Instability of tile terra in that it Lraverses bri ng into serious 
question the adequacy of southe rn pavement-de ign methods 
appl ied to discontinuous permafrost . Althoug l1 equilibrium 
with ti e subgrade has been reached ill the 35-year existence 
of the Ala ka Highway, differential settlemen ts can be 
expected when additiona l construction (and in ma ny cases 
realignment) again upsets the therma l ba lance. AlthoL1gh 
these settlements would be relatively easy to correct if the 
highway were to remain a gra ve! surface, patching a nd 
padding on an aspha lt surCace will be much more expensive. 

urrent annua l maintenance co~ts foi· U1e gravel- su1·faced 
highway a re about $6500/km (J ). 1'he annua l ma intenance 
cost of a badly distorted and cracked paved surface would 
be substantially higher. 

The general purpose of this paper is to consider the 

design interaction between thermal and structural 
requirements for pavements on permafrost by using the 
Alaska Highway as a case history. There are three main 
objectives: 

I . Rev iew of t he general design problems associated 
with discontinuous permafrost, the applicabil ity of current 
de ign technology, and the use of experimen tal pavement 
desi gns; 

2. Fundamentally based analysis of the structural and 
thermal responses of a range of feasible designs for a 
variety of environmental, loading, material, and other 
conditions; and 

3. Evaluation of the boundaries within which structural 
and thermal trade-offs can be made within the factor space 
of 2. 

Some of the terms used in this paper are defined as 
follows: 

1. Permafrost: Soil or rock (or both) that has a mean 
annual ground temperature at or below 0°C for several years; 

2. Active layer: Depth below the surface at whic ll 
annua l temperature fluctuations are not felt, i.e., depth of 
maximum thaw; 

3. Continuous permafrost: Permafrost that has a mean 
a nnual ground temperature below -4°C--frozen ground is 
continuous (i.e., there are no breaks) and the active layer is 
shallow· and 

4. Discontinuous permafrost: Permafrost that has a 
mean annual ground temperature between 0° and -4°C--the 
active layer is very deep a nd the existence of permafrost is 
widespread; vege lation and topography dictate the presence 
or absence of frozen ground. 

DESIGN PROBLEMS, CURRENT TECHNOLOGY, AND 
EXPERIMENTAL DESIGNS 

Problems of Pavement Design in Discontinuous Permafrost 

In permafrost zones, where the mean annual ground 
temperature is at or below 0°C, thaw penetration has a 
greater effect on a pavem ent structure than does frost 
penetration. Because of the ice-rich nature of permafrost 
silts, clays, a nd organic soils, alteration of the surface 
characteristics causes an increase in the equilibrium ground 
temperature and a deepening of the active layer. Over the 
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long· term, increasing the mean ground temperature raises 
the bottom of the permafrost table. Both events will cause 
thawing of frozen groundwater, either interstitial or 
massive lens ice, and severe loss of strength (Figure 1). 

Beneath a road embankment, thawed permafrost can 
cause substantial settlement, rotational sliding of the 
embankment, or massive heaving when freezeback occurs. 
All these render the structure either impassably rough or 
structurally unsound and result in premature loss of 
serviceability. This one-way causal link between subgrade 
thaw and loss of structural strength has long been known. 
However, not much work has been directed at the possibility 
of a causal link that operates in the opposite direction, i.e., 
that structural loading, either dynamically or statically, 
may affect thaw consolidation of the subgrade soil. 
Similarly, little research has been done on identification of 
areas where trade-offs can be made between thermal 
protection of the subgrade and structural performance of 
the pavement. Understanding this trade-off is a key 
requirement in the economic analysis of alternative design 
types. Not only will this knowledge help in the analysis of 
design strateg·ies, but also it will provide a mechanism for 
the generation of alternative pavement designs. 

Existing Design Technology 

A review of current design technology (2) has used three 
procedures as examples-those of the U.S. Army Corps of 
Engineers, the state of Alaska, and the USSR. 

Although these procedures represent a working 
technology and the efforts of highly capable engineers and 
scientists, they have a number of limitations. First, they do 
not provide for estimating performance (i.e., the 
serviceability-age relationship). Second, because experience 
with pavements on permafrost is considerably less than that 
for southern conditions, design errors are much more likely 
to occur, and little verification of the design methods has 
been conducted. Third, the concurrent requirements for 
structural adequacy and thermal protection are not 
considered in a fundamentally based and integrated manner. 

Experimental Pavement Designs 

Several experimental pavements have been built and tested 
on permafrost. Most of the test designs incorporate an 
insulating layer to retard penetration of the thaw front, 
although passive methods, such as by painting the asphalt 
white or by using chemical additives, have also been used. 

Esch (3) has described a test road in Fairbanks, Alaska, 
which is -in a warm permafrost zone (mean annual air 
temperature, -2.8°C; active layer, 0.4-0.5 m). Three 
sections were constructed--control (gravel), 51 mm of 

Figure 1. Effect of terrain disturbance on thermal profi)e of permafrost. 
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Styrofoam, and 102 mm of Styrofoam. The results indicated 
that both insulation thicknesses were effective in retarding 
thaw, although the more economical solution would be to 
use the thinner section whenever possible. 

Smith, Berg, and Muller (4) used polyurethane as a 
surface insulation and wearing -course on a temporary haul 
road in northern Alaska. Varying thicknesses of two 
densities of polyurethane were foamed on a wood-chip 
leveling course and covered with a thin layer (150 mm) of 
gravel and aluminum matting. Transition zones of gravel 
and wood chips linked the sections. The foam withstood 
1000 passes of a rubber-tired 1540-kg/axle vehicle with less 
than 10-mm rutting. However, it began to crumble after 
only 8 passes of a 2415-kg/axle vehicle. 

Berg and Aitken (5) built five test sections in Fairbanks 
on undisturbed ice-rich silt that had a minimum active layer 
of 300 mm. The test sections were control asphalt 
concrete, white-painted asphalt, compressed peat subbase, 
black-painted gravel, and normal gravel. Permafrost 
degradation was greater beneath the asphalt-concrete 
section and least beneath the white asphalt, which 
demonstrates the profound effect of surface color on 
thermal regimes. 

Fulwider and Aitken (6) obtained similar results with a 
white-painted asphalt on -a runway at Thule, Greenland. 
They found a one-month lag and a 35 percent reduction in 
thaw penetration in a painted section compared with the 
results from an untreated asphalt surface. 

Hennion and Lobacz (7) describe the use of a 
membrane-encapsulated soil layer constructed on Fairbanks 
silt. The silt was dried to 14 percent moisture content and 
placed between two polyurethane-cloth layers treated with 
cationically emulsified asphalt. After two years and 106 
passes with an 8000-kg/axle vehicle, no sign of distress was 
visible although the silt had absorbed 40 percent of the 
moisture. 

The Sulphur Development Institute of Canada and the 
Chevron Company constructed a test section insulated with 
sulfur foam on the Dempster Highway at Arctic Red River 
in the Northwest Territory in 1975; this project was based 
on the results from a test road in Calgary. No observations 
have been published, but it is expected that the sulfur will 
adequately insulate the road structure in this 
continuous-permafrost zone. Sulfur has the potential 
advantages over Styrofoam that it is easily transported and 
mixed on site and that there is a relatively good supply. 

From the previous discussion, it can be seen that the 
major emphasis of the work on insulated embankments has 
been toward an understanding of the efficiency of various 
media for protecting the subgrade. Preliminary studies on 
structural behavior have been started by the Alberta 
Research Council (8) on sulfur foam (Furcoat) and, 
according to Louie of the Dow Chemical Company, on 
Styrofoam (HI). Both studies analyze vertical and tensile 
strains in the insulating layer to determine whether they 
exceed material strength, particularly during construction, 
when excessive loads are placed on the structure. 
Christison (8) concludes that the compressive strength of 
sulfur foam -is not exceeded when the asphaltic wearing 
course is greater than 65 mm. Placement of the insulating 
layer directly below the wearit1g course results in large 
t ensile strains at the asphalt-insulation interface, which 
could accelerate pavement fatigue. 

Louie's study centered on the minimum lift of granular 
base course required over Hl35 and Hl60 Styrofoam to 
prevent compression of the Styrofoam during construction. 
He stressed that maximum protection was reached with 900 
mm of gravel over Hl35 and 450 mm over Hl60. All tests 
were done under a 179-k N load that simulated a Caterpillar 
tractor. 

RESEARCH STUDY 

The joint Canadian-U.S. Alaska Highway project (Shakwak 
Project), the case study for this research, represents a real, 
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current, large-scale situation in which insulated pavements 
can be a feasible alternative. 

The original proposal (1 ), which formed the background 
for this project, concluded- that the following three major 
design alternatives were most feasible and practical at that 
time: (a) a sulfur-foam-insulated pavement, (b) a 
Styrofoam-insulated pavement, and (c) a gravel-insulated 
(conventional) pavement. Figure 2 illustrates these 
alternatives and the configurations of the component layers. 

Research Approach 

In order to investigate the problem efficiently and to 
bracket expected design situations, two environmental and 
four design variables were arranged in a complete factorial 
(Figure 3). This factorial form provides an efficient means 
for studying the relationships between the dependent 
variables of thaw depth and dynamic structural response and 
the independent variables of design and environment. The 
levels chosen for the independent variables of Figure 3 
represent practical upper and lower expected design limits. 

The factorial was used in t.wo phases of the study: (a) 
analysis of thaw depths within the various road structures by 
using a one-dimensional microclimatic simulator, FROST, 
developed at Carleton University in Ottawa and (b) analysis 
of lhe magnitude of stresses and strains by using the 

Figure 2 . Proposed design types: Shakwak Project. Alaska Highway. 

Figure 3. Factorial design. 
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bitumen-structures-analysis-in-roads (BISAR) computer 
program from Shell Research for elastic layers. Data used 
to characterize the materials were taken from the 
literature and are given in Table 1. [Those values for which 
there is no other reference are from Watson, Rowley, and 
Slusarchuk (12).] 

The results of these two phases were used to isolate 
areas in which trade-offs could be investigated in detail and 
to derive a rough method for meeting the design constraints 
of thermal protection and structural response. 

Results of the Thaw Analysis 

Results of the thaw analysis, shown as the depth of thaw 
below the subgrade surface, are summarized in Figure 4. 
l:lecause of the varying thicknesses and types of materials 
used, all structures have been equated to equivalent 
granular thickness (EGT) based on the thermal diffusivity of 
gravel (considered to be 1.0) relative to each material (see 
Table 1 ). The following effects are evident in Figure 4: 

I. None of the designs tested was adequate in 
preventing subgrade thaw in discontinuous ice-rich and 
ice-poor permafrost soils. Therefore, either some tolerance 
should be required in construction scheduling (i.e., stage of 
construction of embankment and asphalt wearing course) or 
the pavement design should be built to minimize 
postconstruction high-level maintenance costs during the 
equilibration period. 

2. The most significant factor in preventing subgrade 
thaw is the total height of gravel fill used in the design of 
pavements on discontinuous permafrost. That is, subgrade 
thaw penetration decreases as the height of fill increases. 

3. There was little difference in the effect of the two 
synthetic insulating materials. The design of the factorial 
was such that insulation thicknesses were adjusted to 
account for differing thermal properties so that the amount 
of subgrade thaw was controlled. An economic analysis 
could be done either by comparing insulating media strictly 
by equality of thickness and measuring the amount of thaw 
or by calculating the cost per millimeter of thickness. 

4. Subgrade soil type has a significant effect. The 
higher moisture content of silt accounts for the difference 
in thaw depth, since the latent heat effect of water retards 
thaw penetration. However, because of this higher moisture 
content a structure on silt can tolerate substantially less 
subgrade thaw than could a structure on a drier alluvial soil. 

5. Asphalt thickness has little effect on subgrade thaw. 

Based on the results of the simulator, a simplified model 
for thaw-depth prediction was developed in terms of design 
variables. 
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Table 1. Thermal and 
mechanical properties Thermal Conductivity Heat Capacity 

of materials used in 
(W/m·K) (J/kg·K OOOs) Thermal 

analysis. 
E 

Material Frozen Unfrozen Frozen Unfrozen (MPa) µ 
'A Equivalency 
(m/s') Based on A8 

Asphalt 300/400 0.926 0.926 3.02 3.02 693 (2) 0.3S (2) 0.0033 1.3 
Granular base 1.383 1.88 I.SS 1.72 346 (_!Q) 0.30 0.0109 1.0 
Fill 1.299 1.80 I.SS 1.68 48S (_!Q) 0.30 0.0100 1.0 

138 (wet) 
Silt 4.19 2.18 0.2Sl O.S02 17b 0.2S (ll) 
Alluvial 1.383 1.877 1.72 I.SS 104b 0.27 
Styrofoam 0.3S2 0.3S2 41.90 41.90 14< 0.25 0.0030 3.6 
Sulfur foam 0.659 0.6S9 20.4S 20.4S 42 (§_) 0.25 0.0010 10.9 

Note: E :::: modulus of elasticity;µ= Poisson's ratio; A= thermal diffusivity . 
8 Gravel = 1.0. bAssumed. cDow Chemical Company. 

Figure 4. Results of 2.5 
thaw analysis. 
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The rationale behind development of approximate 
simplified models based on the results of more-complex 
mat11ematical models used to calculate thaw and vertical 
subgrade strain lies partly in their use. Designers do not 
usually llave either the time or the resources to rigorously 
evaluate all the possible combinations of alternatives. 
Inclusion of fundamental design variables, such as materials 
and thicknesses, in an approximate model permits these 
simple calculations to be used at least as an initial design 
tool; moreover, the computations can be done with a hand 
calculator. A simplified model, it should be stressed, is 
intended to be used as a guide. 

The model derived is 

m = a+ b °C - c (In EGT) (!) 

where 

m =thaw below subgrade surface (m ), 
a= 4.6118 for ice-poor soils and 3.4039 for ice-rich soils, 
b = 1.0106 for ice-poor soils and 0.87 for ice-rich soils, and 
c = 47.13 for ice-poor soils and 46.91 for ice-rich soils 

and for which R2 
= o.s·2. 

This model may be used in two ways. First, it can give a 
quick evaluation of proposed alternative designs on a project 
basis to determine whether any will cause excessive thaw. 
Second, again for evaluation of alternative designs, when 
the allowable thaw depth is fixed (for example, in the case 
of massive ground ice), the model may be used to estimate 
the minimum EGT required. 

Results of the Structural Analysis 

In the design of flexible pavements, two elastic strains are 

usually considered critical-the horizontal or radial tensile 
strain at the bottom of the asphalt and the vertical 
compressive strain at the top of the subgrade. Excessive 
radial strain in the asphalt produces fatigue cracking of the 
surface, and excessive compressive strain at the top of the 
subgrade leads to permanent deformation, which is 
manifested by surface rutting. Fatigue cracking in arctic 
areas is usually of minor importance compared with 
thermal-shrinkage cracking and cracking caused by 
differential settlement of the structure. Although radial 
strain at the bottom of the asphalt layer was examined as 
part of the output, fatigue cracking was not expected to be 
a major problem unless it was initiated by structural 
settlement. 

Deformation of the structure is the most commonly 
observed pavement distress in arctic areas. Although much 
of this deformation is attributed to thaw settlement of the 
subgrade, the · degree to which excessive vertical 
compressive subgrade strain accelerates this process is 
unknown. Therefore, vertical subgrade strain was 
investigated in this phase of the analysis. 

Prior to analysis of all the designs of Figure 3, a 
preliminary pilot analysis of strains and stresses for sample 
designs (Table 2) in the factorial was conducted to determine 

l. Magnitude of vertical strain (e:vl at the insulating 
layer-base interface, 

2. Tension or compression of insulation, 
3. Effect of inclusion of a soft insulating layer on 

excessive tension in the asphalt layer, and 
4. Dead load of the thickest and thinnest structures (3 

and 4, Table 2). 

lVl aterial properties used in this analysis were given in Table 
l. Dynamic loads were used that simulated a single-axle 
load (40 kN), an off-highway gravel-haulage vehicle (72 kN), 
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Table 2. Designs used in preliminary structural analysis for strains and stresses. 

Thickness (mm) Thaw 
Below 

Design lnsula· Subgrade 
Number Asphalt ti on Fill Insulation Soil (mm) 

JOO 130 1000 Sulfur foam Ice-rich 603 
Ice-poor 1702 

'.! 50 160 500 Styrofoam Ice-rich 867 
fee-poor 2160 

3 50 260 500 Sulfur foam Ice-rich 907 
4 100 300 1000 Gravel lee-rich 608 

Table 3. Results of elastic-layer analysis for sulfur-foam and for Styrofoam 
designs. 

Location 
Below 

Load Surface Er Ev av 
Design (kN) (m) (mm/mm) (mm/mm) (kPa) · 

Sulfur Foam, Design I 

On ice- 40 -0.10 0.000 020 89 
rich -0 67 - 14.62 
soH -0.80 

-1.80 -0 .000 027 7 - 2.55 
-2.40 -0 .000 010 2 - 2.34 

72 -0.10 0.000 040 2 
-0.67 -24.27 
-0.80 
-1.80 -0.000 048 5 -4 .50 
-2.40 -0 .000 179 -3 .7 1 

179 -0.10 -0.000 064 2 
-0.67 -40.95 
-0.80 
-I .80 -0.000 108 -I 0.48 
-2.40 -0.000 427 -8.76 

On ice· 40 -0.10 0.000 021 0 
poor -0.67 -14.89 
soil -0.80 

-1.80 -0.000 025 I - 2.94 
-2.40 -0.000 02 I 2 - 1.37 

Styrofoam, Design 2 

On ice- 40 -0.05 0.000018 14 
rich -0.59 - 16.4 1 
soil -0.7 5 

-1.25 -0.000 061 99 - 2.39 
-2 . 1 I -0.000 I 66 7 - 1.20 

72 -0.05 -0.000 132 5 
-0.59 -26.38 
-0.75 
-1.25 -0.000 I 07 -8 .76 
-2 . 11 -0.000 294 -6.07 

I 79 -0.05 0.020 3 
-0.59 -43 .02 
-0.75 
-1.25 -0 .000 221 - 19.51 
-2. I I -0 .000 686 - 14. 13 

On ice- 40 -0.05 0.000 023 5 
poor -0.59 - I 7.44 
soil -0.75 

-1.25 -0.000 05 l 6 - 6.54 
-2. I I -0.000 066 5 - 3.44 

Note: f r = radial strain at bottom of asphalt layer (negative values indicate tension); 
e11 "' vertical strain (negative values Indicate downward strain); a11 = vertical 
stress (negative values indica te dowP\w rd stress). 

and a Caterpillar 651 bulldozer (179 k N). Results of this 
part of the analysis are given in Table 3 and are summarized 
below. 

l. From the results of the structural analysis, it can be 
concluded that load-associated fatigue cracking will not be 
a problem with either the sulfur-foam or the Styrofoam 
design. Radial strain at the bottom of the asphalt layer is 
quite small in both designs for standard highway loads (40 
k N ), and only under construction loads (179 k N) is there any 
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Figure 5. Frozen dry density versus one-dimensional thaw strain. 
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cause for alarm about fatigue cracking of either the asphalt 
or the insulating layer. The number of equivalent 
single-axle loads (40 kN/wheel) over a 20-year design life of 
the Alaska Highway is not expected to exceed one million 
applications (l); hence, dynamic loading by traffic alone will 
have little effect on the service life of either design. 

2. In both designs, the amount of granular base course 
overlying the insulation is adequate and prevents excessive 
compressive stress. However, there is a greater potential 
for fatigue cracking in the Styrofoam than in the 
comformable sulfur foam because the Styrofoam acts like a 
slab. 

3. The effect of varying asphalt layer thickness can be 
seen by comparing the vertical stresses on top of the sulfur 
foam and the Styrofoam. Vertical stress is 11 percent 
higher on top of the Styrofoam that has a 50-m m asphalt 
layer. From a stress-strain curve for Hl-60 published by the 
Dow Chemical Company of Canada, the amount of 
compressive strain expected under the heaviest load 
(av= 43 kPa) is less than 0.01 mm/mm. 

4. The dead-load analysis involved a calculation of 
vertical stresses at the subgrade-base interface for the 
lightest and heaviest structural dead loads. The lightest 
dead-load is sulfur-foam desig·n 3, which has a total load of 
2.59 kPa on top of the subgrade. The heaviest load is gravel 
design 4, which has a load of 3.38 kPa on the subgrade. 
These results have been analyzed further in terms of 
evaluating the magnitude of the effect o( static weight on 
subgrade settlement (ll). In Figure 5 [after Luscher and 
Afiii (J 3)], the ve1·ticnl subgrade stress for lhe thickest and 
thinnest structures is plotted; if we assume a frozen dry 
density of 1400 kg/m 

3 
and a mois ture content of 60 

percent, there is no one-dimensional thaw strain. This graph 
assumes that all moisture in the soil is interstitial. 
However, if 30-60 percent of the moisture is lenticular ice, 
the frozen dry density is reduced to 1200 kg/m' (60 
percent) and the one-dimensional thaw strain ranges from 10 
to 20 percent, which is quite high. 

Stresses and strains in Table 3, it should be restated, are 
for dynamic loads. If the structure were not resting on a 
highly unstable, thawing, ice-rich subgrade, one could 
conclude that these designs were more than adequate for 
summer design-life traffic loads. However, the very fact 
that the subgrade is highly unstable and sensitive to minor 
changes in the environment leads to the conclusion that the 
greatest structural problems are brought on by thaw 
settlement of the structure. 

Asphalt thickness was found to have little effect on the 
amount of subgrade thaw, but in the structural analysis it 
was found that under heavy construction loads a thin asphalt 
layer on a :Styrofoam design undergoes severe tension, which 
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will probably result in premature cracking. This suggests 
that t;tyrofoam sections will require a thicker asphalt 
wearing course if the initial design service life is to be met. 

The most important trade-off identified is in the total 
height of the embankment. Originally, insulated pavements 
were justified on the grounds that they minimized (a) 
aggTegate use in areas of short supply or marginal materials 
and (b) structural damage by preventing thaw penetration of 
the subgrade. 

From the results of the two analyses, it was concluded 
that the greatest structural damage is produced by the dead 
load of the structure on thawed ice-rich permafrost. 
Therefore, by decreasing the embankment height by 
inclusion of lightweight insulating materials, the dead-load 
effect is reduced. Reduction of the amount of gravel does 
not alter the structural behavior of the pavement under the 
range of loads that were investigated; therefore, greater 
benefit can be derived from a lighter structure. 

CONCLUSIONS 

The development of a comprehensive design technology for 
pavements in areas of discontinuous permafrost is a 
complex, large-scale problem. Moreover, fixed observations 
of performance in order to verify designs are a major need. 
The investigation reported here was directed toward 
developing some of the initial, fundamentally based design 
technology. It was primarily concerned with identifying the 
relative effects of design, material, and environmental 
factors on the thermal and structural responses of 
pavements on discontinuous permafrost. 

The study has shown that dynamic traffic loading, for 
the range of conditions investigated, is not a major factor in 
fatigue cracking and permanent deformation of pavements 
in permafrost areas. However, the static dead load of the 
fill and pavement structure on the subgrade can be a major 
contributor to thaw settlement. Based on this conclusion, 
inclusion of a layer of low-density lightweight material in a 
pavement decreases the total dead load of the structure and 
the thaw penetration and thereby makes a double 
contribution to the prevention of subgrade thaw settlement. 

A major problem during the investigation was 
determining in situ soil properties during thaw for the 
structural analysis. Much work has been done in the 
laboratory on typical soils in their frozen state, but few 
data have been published for ice-rich permafrost soils during 
or after thaw. 

The investigation was essentially exploratory and 
theoretical, with input information acquired from various 
sources. The effects described need to be verified by field 
work, laboratory simulation, or both. Although the 
long-term essential requirement is to assemble data on the 
performance of pavements on permafrost, more immediate 
laboratory verification work is possible. 

ACKNOWLEDGMENT 

The investigation on which this paper is based was funded 
primarily by the National Science and Engineering Research 
Council (NSERC). Key information and consultative advice 
was provided by M. S. Cheung of Public Works Canada in 
Ottawa and B. P. Shields and T. Christison of the Alberta 
Research Council in Edmonton. Other colleagues who 
provided valuable advice are David Esch of the Alaska 
Department of Transportation, R. Vogan of Public Works 
Canada, and H. Johnston of NSERC. We gratefully 

35 

acknowledge all this support and cooperation. 

REFERENCES 

1. Alaska Highway Shakwak Project Proposal. Public 
Works Canada Tech. Rept., Ottawa, 1976. 

2. L. Cowe Falls. Structural and Thermal Response of 
Insulated Pavements on Permafrost. Univ. of Waterloo, 
Ontario, M.S. thesis, 1979. 

3. 0. C. Esch. Control of Permafrost Degradation 
Beneath a Roadway by Subgrade Insulation. In 
Permafrost: Second International Conference, North 
American Contribution, National Academy of Sciences, 
Washington, DC, 1973, pp. 608-622. 

4. N. Smith, R. L. Berg, and L. Muller. The Use of 
Polyurethane Foam Plastics in the Construction of 
Expedient Roads on Permafrost in Central Alaska. In 
Permafrost: Second International Conference, North 
American Contribution, National Academy of Sciences, 
Washington, DC, 1973, pp. 736-745. 

5. R. L. Berg and G. W. Aitken. Some Passive Methods of 
Controlling Geocryological Conditions in Roadway 
Construction. In Permafrost: Second International 
Conference, North American Contribution, National 
Academy of Sciences, Washington, DC, 1973, pp. 
581-586. 

6. C. W. Fulwider and G. W. Aitken. Effect of Surface 
Color on Thaw Penetration Beneath an Asphalt Surface 
in the Arctic. Proc., International Conference on the 
Structural Design of Asphalt Pavements, Univ. of 
Michigan, Ann Arbor, 1962, pp. 958-963. 

7. F. B. Bennion and E. F. Lobacz. Corps of Engineers 
Technology Related to Design of Pavements in Areas of 
Permafrost. In Permafrost: Second International 
Conference, North American Contribution, National 
Academy of Sciences, Washington, DC, 1973, pp. 
658-664. 

8. J. T. Christison and B. P. Shields. Applications of 
Sulphur Foam for Road Insulation. Alberta Research 
Council, Edmonton, Project R3000 Rept., 1976. 

9. F. R. P. Meyer. Permanent Deformation Prediction of 
Asphalt Concrete Pavement. Univ. of Waterloo, 
Ontario, M .S. thesis, 197 4. 

10. F. W. Jung and W. A. Phang. Elastic Layer Analysis 
Related to Performance in Flexible Pavement Design. 
Ontario Ministry of Transportation and 
Communications, Toronto, Rept. RR191, 1975. 

11. H. W. Stevens. Viscoelastic Properties of Frozen Soil 
Under Vibra tory Loads. In Permafrost: Second 
International Conference;- North American 
Contribution, National Academy of Sciences, 
Washington, DC, pp. 400-409. 

12. G. H. Watson, R. K. Rowley, and W. A. Slusarchuk. 
Performance of a Warm-Oil Pipeline Buried in 
Permafrost. In Permafrost: Second International 
Conference, North American Contribution, National 
Academy of Sciences, Washington, DC, 1973, pp. 
759-766. 

13. U. Luscher and S. S. Afifi. Thaw Consolidation of 
Alaskan Silts and Granular Soils. In Permafrost: 
Second International Conference, North American 
Contribution, National Academy of Sciences, 
Washington, DC, 1973, pp. 325-334. 

Publication of this paper sponsored by Committee on Theory of Pavement 
Systems. 



36 Transportation Research Record 755 

Laboratory Investigation of Flexible-Pavement 
Response by Using Transfer Functions 

GALAL A. ALI, W. H. GOETZ, AND M. E. HARR 

Transfer-function theory was applied to examine the behavior of flexible high· 
way pavements. A numerical computation was used to derive pavement re
sponse functions from impulse testing of three-layer models of flexible pave
ments. Analytical computations formed the basis for calculating deflections 
that result from static and repeated loads. It was hypothesized that more·signif· 
icant parameters than are commonly used could be obtained under controlled 
laboratory conditions. By using nonlinear regression, the response functions 
were approximated by a mathematical model to include these parameters. The 
derived model was used as the input for the analytical computations. The 
adequacy of the developed model was verified by comparing predicted and 
measured deflections. A silty-sand subgrade, a crushed-aggregate base, and an 
asphalt-concrete surface were the components of the three-layer systems. Model 
pavements of two different surface-course thicknesses were tested statically and 
dynamically at three different stress levels. To permit the tests to be performed 
inside a constant-temperature room, the maximum possible size adopted for 
the model pavements was 0.8 x 0.8 x 0.6 m (32.5 x 32.5 x 23.25 in). Test 
temperatures were 10°, 24°, and 38°C (50°, 75°, and 100°F). Deflections 
were measured at five locations. It was shown that time-dependent behavior 
of flexible pavements can be represented by response functions . The param
eters in these functions are regarded as descriptors of pavement characteristics 
and have the capability of predicting pavement response. 

The pursuit of a rational method for the design and 
evaluation of pavements requires considerable knowledge of 
pavement response behavior to realistic loadings. Current 
mathematical models for prediction of pavement response 
and evaluation of its behavior generally evolve from 
classical (elastic and viscoelastic) theories. These models 
incorporate geometric aspects and material properties 
within a system of equations that, in turn, are solved so as 
to satisfy selected boundary conditions (1 ). In both elastic 
and viscoelastic theories, mathematical expediency has led 
to idealization of the constitutive relations. However, any 
predictive model must include in situ (global) material 
properties. Parameters or functions capable of describing 
time- and temperature-dependent material properties of 
pavements subjected to static or dynamic loads must be 
obtained. 

The purpose of this paper is to evaluate pavement 
behavior based on transfer-function theory that has been 
applied successfully to the solution of several problems in 
mechanical and electrical engineering (2-5). Swami, Goetz, 
and Harr (~) sought to chal'acterize "bituminous mixtures 
under a variety of test conditions. They concluded that an 
asphalt concrete at a constant temperature could be 
uniquely represented by a transfer function. 

Boyer and Harr applied transfer functions to airfield 
pavements and showed that the time-dependent behavior of 
a flexible pavement could be represented by time-dependent 
transfer functions (7). 

This investigation extends the transfer-function concepts 
to flexible highway pavements. More significant 
parameters, or indicators, than are usually hypothesized are 
defined and determined under controlled laboratory 
conditions. 

The procedure is depicted in the flowchart of Figure 1. 
A known impulse load, which corresponded to the signature 
left by a truck tire on a pavement system, was applied to a 
pavement system. The resulting output deflections were 
measured as functions of time at several locations on the 
pavement surface. The time-dependent input and the 
corresponding outputs were analyzed by using 
transfer-function theory to give response functions; a 
computer subroutine CON VLI was used (8). 

A mathematical model for the response functions was 
evolved by using a computer program labeled NONLINR. 
This model was computed analytically with step and 

repeated-load input functions. Computer programs STALOD 
and REPLOD facilitated the respective calculations. The 
adequacy of the developed mathematical-experimental 
model was evaluated by comparing predicted responses due 
to static and repeated loads with experimentally measured 
values. The effects of temperature, surface;!ourse 
thickness, and spatial location on the dynamic parameters 
and the predictions were examined. 

THEORETICAL ANALYSIS 

Transfer-Function Approach 

A dynamic system can be represented by a transfer function 
[G(s)] defined as the ratio of the Laplace transform of the 
output [O(t)] to the Laplace transform of the input [I(t)]. By 
this definition, 

G(s) = O(s)/ I (s) 

where 

O(s) = L[O(t)], 
l(s) = L[I(t)], 
s = Laplace transform parameter, 
L = Laplace transformation, and 
t = time variable. 

(I) 

Consider an impulse load input of peak value Fp that 
acts as a pomt x = xo = 0 on a pavement. The resulting 
deflection responses at points x = xi. x = xz, ..• , x = 
Xi along a line normal to the load represent the output 
functions. 

By using the definition of Equation 1, the transfer 
function at a point x = Xi on the pavement that is caused 
by the input load at x = xo can be written as 

Gx/s) = Ox;(s)/lx0 (s) 

where 

(2) 

Qx; (s) = Laplace transform of output response at x = Xj, 
Ix 0 (s) = Laplace transform of input load at x = xo, and 
Gx.(s) = transfer function between an operational output 

response at x = Xi and the operational input at x = xa. 

Thus, the transfer function characterizes the pavement 
system between points x = xo and x = Xi and provides a 
body concept for the pavement. This is in contrast to the 
point concept inherent in classical elastic and viscoelastic 
theories. 

After Equation 2 has been rewritten, it follows that 

(3) 

Equation 3 can be expressed in the time domain by using the 
computation of two functions (~): 

Dx;(t) = [ 

1 

Gx;(T) lx0 (t - T)dT (4) 

where • is the dummy time variable. The function G,.1(t) is 
the inverse transform of the transfer function ·G,.1(s) and is 
called the impulse response or the response function of the 
system. 
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Figure 1, Procedure for pavement evaluation. 
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The finite-difference solution ('U of Equation 4 to yield 
Gx;(t) gives Equation 5, provided that lx 0 (t) and C\.(t) are 
available as discrete values: ' 

(5) 

·where j, k = dummy variables that represent discretized 
units and tit= time interval. 

Form of Response Function 

The experimental basis discussed here to obtain the response 
function is the impulse test. An impulse-load input of 
known peak value was applied for a short time to the system 
for which the response function was sought, Both the 
impulse input force and the output deflections were 
recorded as functions of time. By using a modified version 
of the computer program CONVLI (8), the computation of 
response functions in conjunction with-Equation 5 resulted in 
vector quantities of the response functions. These values 
were then approximated by a mathematical function that 
employed a nonlinear least-squares curve-fitting method 
(computer code NON LIN R). A study of the response 
functions suggested the equation 

Gx;(t) = cxexp(-~t) sin'Yt 

where 

Gx;(t) = response function, 
t =time, and 
a, I!, and y =parameters of the response function. 

Predict ion of Step-Load Response 

(6) 

Consider the step-function input Fx 0 (t) applied at a point 
xo on the pavement: 

Fx0 (t) = 0 for t = 0 

Fx0 (t) = Fo for t > 0 (7) 
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where Fo = magnitude of the static compressive force. If 
the corresponding output time function at x = Xi is YxJO, 
substitution of Equations 6 and 7 into Equation 4 yields 

Yx;(t) = J: 1 

Fx0 (t - T) cxexp(-~T) sin'YT dT (8) 

Prediction of Repeated-Load Response 

A haversine repeated load applied at x = xo is defined as 

Fx0 (t) = 0 for t = 0 

Fx
0
(t) = (Fo/2)[1 - cos (211"/p)t] fort> 0 (9) 

where p =period of loading. 
Substitution of Equations 6 and 9 into Equation 4 gives 

the repeated-load response Yx;(t) at x = Xi: 

Yx;(t) = (F0 /2) it cxexp(-~T) sin'YT[l - cos (211"/p)(t -T)] dT (IO) 

The detailed solutions of Equations 8 and 10 and the 
computer programs STALOD and REPLOD, respectively, 
may be found elsewhere(~). 

EXPERIMENTAL METHOD 

To investigate the developed theory of pavement behavior, 
controlled laboratory testing of three-layer models of 
flexible pavements was conducted. 

Scope of Testing 

A silty-sand subgrade, a crushed-aggregate base 88.9 mm 
(3.5 in) thick, and an asphalt-concrete surface course were 
the components of the three-layer systems. Surface-course 
thicknesses of 25.4 and 50.8 mm (1 and 2 in) were used. 
Static, impulse, and cyclic loadings were considered. 
Contact pressures of 103, 206, and 412 kPa (l4.93, 29 .86, 
and 59. 7 2 lbf/in') were applied over a circular loading 
plate of 101.6-mm (4-in) diameter at the center of the 
pavements. The tests were carried out in a 
constant-temperature room at 10°, 23.9°, and 37.8°C (50°, 
7 5°, and 100°F). 

Materials and Preparation of Pavements 

The model pavements were contained in a wooden box 
reinforced with steel angles. To conduct the tests inside the 
constant-temperature room, the maximum possible size of 
the box had to be 0.8 x 0.8 x 0.6 m (32.5 x 32.5 x 23.25 in) 
deep. The silty-sand subgrade was compacted into 20 lifts 
by using an air hammer. The average dry density as 
determined by the sand-cone method (AASHTO Tl9l) was 
1848 kN/m' (115.5 lbf/ft'), which was 101 percent 
of the standard AASHTO T99. The moisture content 
averaged 13.9 percent, which was close to the optimum 
moisture of 13. 7 percent. 

The base-course material was crushed-limestone 
aggregate conforming to Indiana specifications size 53. 
Tests performed according to T99 and Tl93 gave1 
respecti vely, an optimum density of 2022.4 k N/m 
(l:l6.4. lbf/ft'} at an optim um moisture of 6.2 percent 
and a soaked California bearing ratio of 51.3 percent. The 
aggregate was compacted to a total thickness of 88.9 mm in 
three lifts by means of the air hammer. The surface was 
leveled with a vibrator. 

The bituminous mixture used for the surface course was 
prepared from crushed limestone and sand blended according 
to Indiana type-B gradations. Asphalt cement was used that 
had a 6 percent (by weight of aggregate) penetration value 
of 60-70. The surface course was compacted and leveled by 
the air hammer and vibrator for a predetermined time. The 
density obtained for the 25.4- mm asphalt concrete wa.s 
239.6.8 k N/m' (149.8 lbf/f t'>. The in-place void 
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Figure 2. Generation of impulse. 
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Figure 3. Overall view of test setup. 

content corresponding to this density was calculated to b·e 
4.6 percent. Hveem tests on laboratory-mix specimens 
yielded a unit weight of 2408 kN/m' (150 lbf/ft'), 
Hveem stability of 48.l, and air voids of 4.2 percent. 

On completion of the tests on the pavement that had 
25.4-mm surfacing, the surface-course thickness was 
increased to 50:8 mm. 

Instrumentation 

Instrumentation was devised that would record the 
time-dependent input and output functions. A crucial part 
of the instrumentation technique was to devise a system 
capable of applying an impulse force of desired magnitude 
and duration and of detecting the surface motion at any 
required location on the pavement surface. 

The equipment consisted of a steel loading frame 
coupled to a Material Testing System (MTS) electrohydraulic 
actuator. A mechanical holder was devised to hold the 
Servoram while the !VJTS console was being programmed in 
tension prior to application of a compressive square wave. 
The generation of an impulse by this technique is illustrated 
schematically in Figure 2. 
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Figure 4. Closeup view of test setup. 

Table 1. Summary of data coding. 

Surface-Course Test 
Thickness Temperature Input Function Load Intensity• 

Code mm Code oc Code Loading Code kPa 

I 25.4 L 10 I Impulse I 103 
2 50.8 M 23.9 s Static 2 206 

H 37.8 R Repeated 3 412 

Note: 1 mm= 0.04 in; t°C = [t°F- 32)/1.8; 1 kPa = 0.145 lbf/in'. 

a Applied to a plate 101.6 mm (4 in) in diameter, these pressures amount, respectively, 
to 0.8, 1.7, and 3.3 kN. 

Loads were applied by the MTS machine and measured 
with a FLIU 4.4-k N ( l 000-lbf) capacity Strainsert load cell 
mounted between the hydraulic actuator and the loading 
plate. The output of the load cell was recorded with a Brush 
Mark 280 two-channel recorder. 

Five Sanborn Linearsyn linear variable differential 
transformers (LVDTs) were used to sense the deflections. 
One LVDT was located 82.6 mm (3.25 in) from the center of 
the loading plate. The other four were spaced 63.5 mm (2.5 
in) apart along the same radial line. The outputs were 
amplified and recorded by an eight-channel Sanborn 
recorder. 

The LVDTs were fixed to the pavement surface by 
screwing one end of a brass extension rod into the LVDT 
core and the other end into a brass plate 19 x 12. 7 x 3. 2 mm 
(0.75x0.5x0.l25 in) thick. The plate was then glued to the 
appropriate location on the pavement surface by using 
Eastman 910 adhesive. The LVDTs were supported by 
aluminum channels and Plexiglas beams connected to the 
top angles of the box. Figure 3 shows the overall view of 
the test setup inside the constant-temperature room; a 
closeup of the LVDTs is show in Figure 4. 

Test Procedures 

Impulse-load magnitudes of 0.8, l.7, and 3.3 kN (187.5, 
375.0, and 750.0 lbf) were applied for about 0.16 s. The load 
input and the output responses formed the data for 
determination of the response functions. Static compressive 
forces of the same magnitudes were applied and held until 
the deflections were almost constant with time. This was 
found to be of the order of a few minutes. The 
repeated-load tests were conducted at a rate of 15 
cycles/min for 250 cycles. The data coding shown in Table 1 
summarizes the tests that were performed. For example, 
one series of tests might be represented by the code "series 
lLil ". 
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Figure 5. Input-load and output-deflection functions: data for series 1Hl1 . 
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Typical plots of the inputs and outputs from impulse tests 
are shown in Figures 5 and 6, and the corresponding response 
functions are illustrated, respectively, in Figures 7 and 8. It 

Figure 7. Response functions: data from series 1Hl1. 
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is seen that the response functions reach a peak and then 
oscillate with time. In general, the peak occurred in the 
time band of 0.04-0.08 s. The general shape of the response 
functions and the corresponding results agreed with those 
obtained from mechanical models (10-12). However, when 
mechanical models are used to descrfuepavement behavior, 
the parameters must first be defined, usually in the form of 
differential equations, and no reliable method now exists by 
which to determine them. The consistency of the response 
functions obtained in this study appears to validate the 
hypothesis that a determinable relationship exists between 
input and output of a pavement system. 
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Table 2 summarizes four response-function parameters 
for a surface-course thickness of 25.4 mm and a test 
temperature of 37 .8°C (100°F). It is evident from this table 
that these parameters do not change significantly as the 
peak impulse load is changed. These results are quite 
similar to those found by Boyer and Harr in prototype 
testing of an airfield pavement (7). 

Typical values of the a-,- a-, and y-parameters of 
Equation 6 are shown in Table 3, in which it is indicated 
that, in general, the parameters for a given test 
combination do not vary appreciably as the magnitude of 
load changes. In a few cases, distinct variability was 
evident in the a-values. It is possible that this 
discrepancy may be reduced if more parameters are 
included in the response-function model. Continuation of 
this research is already under way by using the following 
proposed equation: 

Gxi(t) = cxexp(-/3t) sin'Yt + li coset {I I) 

where a, a, y, o, and £ are parameters. 
Preliminary analysis indicated that the squared correlation 
coefficient (R') was iml?roved. 

Parameters a, a, and y are measures of the peak 
of the response function Gxi(t) and the variability of G.i(t) 
with time. As such, a can be regarded as representing the 
stiffness characteristics of a pavement system, whereas a 
and y reflect the damping characteristics of the system. 
Pavement materials that have large a-values will provide 
less resistance to imposed loads. 

From the plots of a versus temperature shown in 
Figure 9, it is observed that temperature plays an important 
role in the response function of pavement systems. Since 
flexible-pavement components (asphalt concrete in 
particular) are thermoplastic, they yield increased response 
for increases in temperature and hence increased a-values. 

Figure 9 indicates that when x = 82.6 mm (3.25 in) and 
146 mm (5.75 in) the value of a decreases with increases 
in surface-course thickness at all temperatures. However, 
at x = 209.6 mm (8.25 in) a increases slightly with increase 
in thickness. This trend reflects the slablike action of the 
system in which a thicker pavement responds more at 
remote locations than does a thinner one. The value of a 
decreases with increasing values of x; thus the attenuation 
of the magnitude of a with spatial location is depicted. 

The interaction between surface-course thickness and 
temperature is exhibited by the shape of the curves in 
Figure 9. For the 25.4-mm surface, the bottom layers (the 
response of which constitutes most of the total deflection) 
are less affected by temperature changes than is the surface 
course, and hence the rate of increase in a decreases with 
increasing temperature (convex curves). In the case of the 
thicker pavement, increasing temperature raises the rate of 
increase in a (concave curves) due to the temperature 
susceptibility of asphalt concrete. Note that this trend is 
practically negligible at x = 209.6 mm, at which the effect 
of load is small. 

Table 2. Comparison of response functions. 

First Positive Peak First Negative Peak 

x Fp Magnitude Time Magnitude Time 
(mm) (kN) (mm/kN·s) (s) (mm/kN·s) (s) 

82.6 0.8 0.0480 0.06 -0.0190 0.20 
1.7 0.0713 0.06 --0.0300 0.22 
3.3 0.0634 0.06 -0.0250 0.22 

146.0 0.8 0.0297 0.04 -0.0075 0.22 
1.7 0.0369 0.04 -0.0094 0.24 
3.3 0.0343 0.04 -0.0118 0.22 

209.6 0.8 0.0094 0.06 -0.0022 0.22 
1.7 0.0125 0.06 -0.0043 0.22 
3.3 0.0128 0.06 -0.0031 0.24 

Note: 1mm=0.04 in; 1 kN = 225 lbl; 1mm/kN·s=1.75 x 10-4 in/lbf·s. 
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Table 3. Descriptive parameters in the response functions at 10 and 37.8°C. 

Thickness x Fp ex {3 'Y R2 
(mm) (mm) (kN) (mm/kN·s) (1/s) (1/s) (%) 

Response Functions at 10°C 

25.4 82.6 1.7 0.035 9 10.764 13.382 85.73 
3.3 0.059 4 10.551 15.848 87.48 
Avg 0.047 6 10.658 14.615 

146.0 1.7 0.007 8 7.127 14.593 78.09 
3.3 0.020 6 8.784 17.285 86.79 
Avg 0.014 2 7.956 15.939 

209.6 1.7 0.002 7 6.140 14.470 75.86 
3.3 0.004 I 8.195 15.716 86.32 
Avg 0.003 4 7.168 15.093 

50.8 82.6 0.8 0.030 8 12.879 12.336 92.39 
1.7 0.020 4 9.847 12.709 87.60 
3.3 0.030 8 8.785 16.018 84.34 
Avg 0.027 3 10.504 13.688 

146.0 0.8 0.013 8 11.302 14.222 83.88 
1.7 0.009 7 7.517 12.988 83.16 
3.3 0.020 0 7.540 16.406 84.82 
Avg 0.014 5 8.786 14.539 

209.6 0.8 0.004 0 9.610 12.598 65.68 
1.7 0.002 9 7.409 12.996 73.44 
3.3 0.008 9 8.792 16.824 83.86 
Avg 0.005 3 8.604 14.139 

Response Functions at 37.8°C 

25.4 82.6 0.8 0.011 05 8.953 16.968 84.62 
1.7 0.014 88 7.950 15.353 83.28 
3.3 O.Q15 03 8.633 15.334 84.30 
Avg 0.013 65 8.512 15.885 

146.0 0.8 0.070 6 10.044 15.383 88.75 
1.7 0.012 65 12.506 12.335 82.95 
3.3 0.085 3 9.478 14.911 81.78 
Avg 0.094 1 10.676 14.210 

209.6 0.8 O.Q25 2 10.523 15.061 88.57 
1.7 0.035 I 10.951 14.452 78.24 
3.3 0.036 9 10.659 12.977 85.20 
Avg 0.032 4 10.711 14.163 

50.8 82.6 0.8 0.010 02 11.273 14.046 83.11 
1.7 0.013 29 13.187 13.870 86.90 
3.3 0.011 05 12.960 12.700 80.87 
Avg 0.011 45 12.473 13.539 

146.0 0.8 0.062 2 9.051 14.274 87.87 
1.7 0.063 3 8.779 12.825 89.93 
3.3 0.089 5 12.068 13.983 89.15 
Avg 0.071 7 9.966 13.694 

209.6 0.8 0.026 I 8.202 13.798 84.81 
1.7 0.042 6 11.846 11.680 92.34 
3.3 0.038 2 11.081 13.015 93.19 
Avg 0.035 6 10.376 12.831 

Note: 1 mm= 0.04 in; 1 kN = 225 lbf; 1 mm/kN•s = 1.75 x 10-4 in/lbl·s. 

Figure 9. Curves of a-parameter versus temperature. 
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Figure 10. T,}"pical predicted and measured static-load deflections, 25.4-mm 
surfaco, 37.8 C. 
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Figure 11. Typical predicted and measured static-load deflections, 50.8-mm 
surface, 10°C. 
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Examination of Table 3 reveals that changes in ll and 
y are small when temperature, thickness, or location 
change. This is possibly due to the fact that no significant 
change is observed in the shapes of the response-function 
curves. Furthermore, the slight variations in the values of 
these parameters are not critical, since they appear as 
exponential and sinusoidal functions, respectively, in the 
response-function model (Equation 6). 

Pavement Response 

Typical plots of predicted and measured deflections are 
shown in Figures 1 O and 11 for static loads and in Figures 12 
and 13 for repeated loads (total deformation). Close 
agreement is observed in almost all cases. The results 
indicate that static and repeated-load responses can be 
predicted by using the theory developed in this investigation. 

For the application of the procedure to prototype 
flexible highway pavements, catalogs of response functions 
and pavement systems must be obtained by using, for 
example, a standard (or test) vehicle. Once sufficient 
information has been gathered, responses due to any 
stationary or moving vehicle can be computed by using 
computer programs STALOD and REPLOD, respectively. 

When the deflection profiles of Figures 10-13 are 
plotted, the section from the innermost LVDT to the edge of 
the loaded plate was extrapolated by using the following 
equation(~, H): 

y(x) =Yo exp(-Dx2
) (I 2) 

where 

y(x) = deflection at a distance x from the load center, 
YO = maximum deflection of the deflected basin, and 
D = a constant that reflects the attenuation of the 

deflected basin with x. 
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Figure 12. T,}"pical predicted and measured repeated-load deflections, 25.4-mm 
surface, 23.9 C. 
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Figure 13. Typical predicted and measured repeated-load deflections, 50.8-mm 
surface, 10°C. 
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It may be observed in Figures 10-13 that the portion of the 
pavement surface under the loading plate was considered to 
have experienced constant displacement. This was a 
consequence of using a rigid loading plate, which was chosen 
to obtain a distinct trace of load duration during impulse 
tests. 

SUMMARY AND CONCLUSIONS 

Pavement parameters were determined from impulse-load 
tests and by using transfer functions. The derived 
parameters were used in conjunction with a formulated 
theory to predict static- and repeated-load deflections for 
various test conditions. Close agreement was observed 
between predicted and measured values. 

From the results and analyses of the data and within the 
scope of this investigation, the following conclusions can be 
drawn: 

1. The time-dependent behavior of a flexible pavement 
can be represen led by a set of response functions Gxi(t), 
which are functions of time (Equation 6). It is possible to 
obtain these functions from impulse tests on the pavement. 

2. Parameters in the response functions are believed to 
be descriptors of pavement behavior. These parameters are 
generally independent of type or magnitude of input load. 

3. Temperature, surface-course thickness, and spatial 
location have their respective influences on the response 
functions. Increases in temperature increase the value of 
the a-parameter in the response functions, whereas 
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increases in surface-course thickness or in the distance from 
the load center decrease the a-value. The a- and 
y-parameters do not seem to be affected appreciably by 
the above factors. 

4. It is believed from the favorable agreement between 
calculated and measured responses that transfer-function 
theory appears to be capable of predicting static- or 
repeated-load deflections of flexible pavements. 
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Evaluation of Pavement in Florida by Using the 
Falling-Weight Deflectometer 
JATINDER SHARMA AND R. N. STUBSTAD 

A method is presented by which mechanical properties of a pavement system 
can be determined by using nondestructive test methods that are now avail
able. The ultimate goal is the establishment of rehabilitation criteria for eKiSt· 
ing fleKible pavements that use purely analytical (as opposed to empirical I re
lationships. More specifically, the use of the falling-weight deflectometer 
(FWDI is discussed. Several sections of Interstate 75 in Florida were chosen 
in order to determine material characteristics of the pavement layers. These 
sections were also tested with the Dynaflect apparatus. Data developed from 
the FWD and Dynaflect deflections were accumulated and elastic moduli for 
the typical section were determined by using a computer program dovolopcd 
at the Florida Deponment of Transponation: in situ stress-dependent elastic 
moduli, four layers (ISSEM4). The elastic moduli were then compared with 
other test results, and a good correlation was indicated. How such mechanical 
properties may be used in an appropriate structural analysis to better locate 
and control distress parameters in the pavement system is outlined. Such anal
ysis is possible from the knowledge obtained in situ of the various structural 
layers involved. 

For many years the Florida Department of Transportation 
(FDOT) has u ed various deflection concepts to monitor both 
local a nd Interstate road networks. Generally, it has been 
found that deflection alone is not an adequate indicator o'f 
pave ment performance or loss of servi.ceabilily . For 
example, many situat ions have been observed in which 
deflections remained low, even though significant 
Load-associated pavement deterioration was visibly ta king 
place. 

Surface deflection may be interpreted as the sum of the 
vertical strains throughout each structural layer below. If a 
weakness should develop in one or more of these layers, it 
may not necessarily change the total deflection 
s ignificantly; e.g., a relatively thin laye r might contribute 
lit tle change to the center measurement of a 
deflection-measuring device. A more-indicative measure of 
distress is thus necessary. 

In order to further understand and evaluate pavement 
deterioration and ulti mately recommend corrective 
rehabili tation and management strategies, it was decided to 
try to isolate problem areas in terms of which layer or 
layers were instru mental in the deteriora ion of Intersta te 
75 in northern Florida. Also, it was hoped that perfor mance 
criteria based on derived ma terial properties could be 
developed. 

On the basis of work done in Europe, the fall ing-weight 
deflectometer (FWD) was chosen to carry out a 
layered-system (mechan istic) analysis of t he pave ment 
structure. Approximately 180 lane-km (110 lane-miles) of 
Interstate were tested and analyzed (see Figure 1). 

FWD AND ASSOCIATED EQUIPMENT 

Use of the FWD has been well documented elsewhere (1-3). 
Briefly, the basic idea behind the development of the FWD 
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Figure 1. Falling-weight deflectometer (FWD) on 1-75 near Gainesville, Florida. 

Figure 2. ,Dynatest 7800 registration equipment for FWD testing. 

was attractive, i.e., to simulate the effect of a 
moving-wheel load with a nondestructive test apparatus. 
This is accomplished in terms of both stress and load and, to 
a lesser degree, in terms of duration of load. Not simulated 
is the rotation of principal stresses as they occur under a 
moving-wheel load. Although the FWD satisfactorily 
simulates the duration of load near the surface, when the 
moving-wheel load is measured at greater depths, there is a 
somewhat longer duration than that measured by the FWD. 

Nevertheless, the possible shortcomings of the 
wheel-load-simulating FWD loading system have been 
largely dispelled by several research projects (4,5). In these 
projects the deflections, stresses, and strains throughout the 
pavement systems were compared for similar 
moving-wheel-load and FWD-imposed forces. The 
correspondence of the two was remarkably satisfactory for 
all three parameters (within 1 O percent). Therefore, it was 
felt that the FWD system would be beneficial to the state of 
the art. Features of the FWD are (a) a capable load range 
of about 13-50 kN (3000-11 000 lbf), (b) an associated 
loading time (approximately half-sine-formed) of 26 ms, and 
(c) vertical deflections that may be taken at any desired 
position from the center of the loading plate outward along 
the deflection basin. The peak value of the stress level 
under the loading plate and the corresponding peak values of 
deflection are digitized and recorded on the Dynatest 7800 
registration equipment (Figure 2). 

On the assumption that the elastic moduli of materials 
may be derived from deflection tests, it was felt that the 
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FWD would correspond better to conditions that would be 
appropriate for properties relevant to the wheel (axle) load 
than would the several available steady-state loading 
systems now in use in the United States, provided that an 
appropriate structural analysis based on surface deflections 
could be carried out. 

MULTJLAYERED REVERSE-ITERATIVE COMPUTER 
PROGRAM 

Although approximate methods that can be performed on a 
calculator. have been devised and documented for deriving 
stiffness values based, on deflection measurements (G), it 
was felt that a· quicker and more foolproof method would be 
the development of a reverse elastic-system computer 
program. Such ·an approach was attractive because the 
derived parameters, due to the similarity between FWD and 
moving-wheel-load effects, would be relevant for direct 
measurement of p·~rformance criteria of traffic:...associated 
loadings. 

Although a finite-element program, in which each 
element would have been modeled by using the best 
information available for each respective structural 
material, would have been best suited to derive values of 
stiffness of modulus, such an approach would have required 
too much computer time per analysis to ascertain these 
stiffness relationships from each set of FWD deflection 
data. At the same time, it should be pointed out that most 
road-building materials do not respond linearly; i.e., 
different states of stress result in different apparent 
stiffnesses (secant moduli) for the same material. If a 
linear-elastic program, in which calculated versus measured 
deflections are matched by juggling E-values, is used to 
model the pavement system, gross errors will result even if 
the stress-dependent nature of the materials (especially the 
semi-infinite subgrade) are comparatively minimal. 

These factors predicted that the linear-elastic ELSYM5 
program (7) could nevertheless be employed, although it 
would have to be modified so that variable stiffnesses that 
depended on the state of stress under each corresponding 
deflection sensor could be used for calculating the total 
deflection. The individual solution is valid for that 
particular deflection position only. A separate calculation 
is necessary for each measured deflection along the 
deflection basin. 

By using principles of the method of equivalent 
thicknesses as well as Boussinesq's equations, the iteration 
procedure was streamlined and implemented so that a 
unique solution could be quickly obtained. The program is 
known as in situ stress-dependent elastic moduli, four layers 
(ISSEM4), documented elsewhere (!!)· 

The only additional input quantities needed, other than 
those normally used in the ELSYM5 input format, are the 
measured deflections at the design or FWD load, the load 
magnitude and radius, and the Kz-values for the second 
(base), third (subbase), and fourth (subgrade) layers, where 
the stiffness or resilient modulus (E) assumes the form 

(I) 

where 

ax= some selected dynamic stress parameter in the 
modeled material, 

E =element (cylindrical column the height of the 
structural layer) modulus, 

Eo =surface (i.e., subgrade surface) or composite 
modulus, and 

Kl and K 2 =material characterization constants. 

The Kz-values can be obtained through FWD tests that 
are conducted at different stress levels. 

Finally, the iterative ISSEM4 program is seeded with a 
set of E-values to start the iteration process. The results 
are output in the form of derived variable stiffnesses for the 
three unbound structural layers and an E1-value for the 
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centerline; all of these are characterized by the 
corresponding measured versus derived deflections at 
several distances r from the load (up to seven positions). 
The derived K 1-values for each structural material (layer) 
are also listed in the output. 

The most useful and interesting aspect of the results of 
these calculations is, of course, the centerline stiffnesses, 
which can be used in the calculation of critical stresses and 
strains for a given design-load configuration. If the design 
load is significantly different from the imposed FWD load 
level used in the analysis, the centerline E-values may be 
altered according to the Equation 1 relationship(s) 
mentioned above. 

BASIC APPROACH TO ISSEM4 PROGRAM 

As the ISSEM4 program now exists, it is necessary to assign 
certain stiffness model parameters (K 2-values) for layers 
2, 3, and 4 in the pavement structure. Again, a model of the 
form specified by Equation 1 was chosen. This model may 
be used to assist in the optimal use of the ISSEM4 program 
as follows. 

Generally speaking, the farther a deflection reading is 
from the load, the deeper the materials in the structure 
affect that deflection. In fact, as Ullidtz (6) has shown, if 
the equivalent thickness (he) of the pavement structure 
above the subgrade is defined as 

which is equal to or less than the distance r from the center 
of the FWD load to a deflection sensor, the surface modulus 
(Eo) of the subgrade will be very close to 

where 

ao =the loading-plate stress level, 
a= radius of the plate, 
v =Poisson's ratio, and 
so,r =deflection reading at position r. 

(3) 

Since the falling weight may be used over a wide range of 
stress levels, the Kz-value associated with the subgrade 
may now be easily calculated from FWD test results alone 
by calculating the Eo,m-values for a series of stress levels 
ao. 

Since ox in Equation 1 is approximately proportional 
to ao, a regression analysis (in a log-log form) between 
the variables oo and Eo,m will yield the subgrade 
slope K2. 

By selecting proper deflection sensor positions, the 
K 2-values associated with other areas of the pavement 
structure can be deduced, and this process generally results 
in a better-than-educated-guess estimate of the three 
K2-values needed for the ISSEM4 input format. 
Furthermore, since the effective layer stiffnesses that 
correspond to the various distances r from the actual load 
associated with the FWD or other deflection-testing devices 
vary significantly, even for very small values of K2, an 
educated guess at these values will produce far more 
reliable centerline stiffness results than if no stress 
sensitivity were considered. This illustrates a fundamental 
error normally inherent in most nondestructive-testing 
analysis techniques, namely, that the layered-system 
E-values are typically modeled as constant in a horizontal 
direction. This assumption, especially with regard to the 
subgrade, will result in gross errors when the deflection 
basin is used to derive centerline stiffness. 

SAMPLE ~UNS OF ISSElVJ4 

The structural dimensions and materials of one of the areas 
of I-75 that was investigated are as follows (1 mm =0.039 in); 

Material 
Asphalt concrete, h1 
Lirnerock base, h2 
Subbase, h3 
Subgraae, h4 

Transportation Research Record 755 

Thickness (mm) 
178 
265 
310 

FWD test results at a typical point in the inner-wheel path 
of the traffic lane gave the set of measured deflections 
shown below for a plate diameter of 300 mm (11. 7 in) (1 
mm= 0.0 39 in; 1 kPa = 0.145 lbf/in2

}. 

Distance from 
Load, 1· (mm) 

0 
300 
450 
750 

1200 

Deflection, So ,r 
ao - 695 kPa 

205 
150 
118 

77 
41 

93 
66 
51 
32 
18 

By using Equation 3, the values of Eo m that correspond 
to the subgi·ade at two stress levels may be calculated with 
the deflections at r = 1200 mm (47 in}. For oo-values of 
695 am.I 354 kl'a (l.0 0.8 and 51.3 lbf/in 2

), Eo m = 279 and 
3z4 iViPa (40 455 and 46 980 lbf/in 2 ), respectively. By 
using the model depicted in Equation 1, the K2-exponent 
of oo versus Eo m then becomes K2 = -0.22. This 
value is rounded to -0.20. 

If we keep in mind that the determination of a 
K z-value that corresponds to a distance r "' he above 
layers 2 or 3 will produce a composite slope, which includes 
the materials below the layer in question, the K2-values 
may nevertheless be estimated by considering the 
superposition nature of the Ea-values thus obtained. 
Initially, this is carried out in a qualitative manner, but 
finally the whole deflection basin can be compared with the 
final calculated deflection values to obtain the best solution. 

In this case, the final K 2-values and the estimates of 
Poisson's ratio were 

Layer \) K2 

0.35 
2 0.25 -0.20 
3 0.35 -0.40 
4 0.35 -0.20 

Figure 3 shows how the layered-syslern E-values vary 
according to the E =Kio. _;2 relations hip for all 
r's she above the layer in question. The results are 
quite reasonable; the average asphalt temperature was about 
l 8°C (64°F) (tested in January 1979). Interestingly, the 
same series of FWD tests was run about seven months later, 
during the summer of 1979. The average asphalt 
temperature was then about 27°C (80°F), an increase of 9°C 
(l 6°F). 

tly using· the method outlined above, the K2-values 
were fixed, and the resulting ISSEi\114 output is shown in 
Figure 4. 

It is significant to note that even though the asphalt 
modulus E1 was lower during the summer, as expected, 
the center FWD deflection actually decreased, which 
indicates a sti fler overall surface modulus (co mposite 
sti ffness) . A com parison of the two ISSEi\114 outputs reveals 
why: The stiffnesses of the unbound materials increased 
during the summer, whereas the stiffness of the asphalt 
concrete (AC) decreased. The overall effect at this test 
point and most others on I-75 was a lower deflection; this is 
quite the opposite of what one would expect by regarding 
changes in asphalt stiffness due to temperature variation 
alone. This was the general tendency for all sections that 
were investigated along I-75. 

Thus, it was possible to see clearly what was happening 
seasonally on this Florida section of Interstate roadway, 
which enabled a more rational use of critical stresses and 
strains relative to performance criteria through what is now 
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Figure 3. ISSEM4 outputs that depict derived stiffnesses for a four-layer system from FWD tests : winter analysis. 

ELASTIC SYSTEM 2 - I-75 ALACHUA COUNTY SBT STA 3A, WINTER FWD ANALYSIS 

R2 R3 RS RS 

MEASURED DEFLECTIONS: MICRO-METERS 205.00000 150 . 00000 118.00000 (not used) 77 .00000 41.00000 
CALCULATED DEFLECTIONS: MICRO-METERS 206. 25656 150 . 06708 121.14775 96.80402 77.14532 40.96275 

MEASURED DEFLECTIONS: MILS 8.07085 5.90550 4. 64566 0.0 3 .03149 1.61417 
CALCULATED DEFLECTIONS: MILS 8.12032 5.90814 4.76959 3.81117 3 . 03721 1.61270 

SIG12, MAX PRIN, CENTER LAYER 2, MPA -0.06465 -0.04620 -0.03283 -0 .02300 -0.01604 -0.00543 
SIG12, ~ PRIN, CENTER LAYER 2 , PSI -9.37737 -6.70052 -4.76113 - 3.33518 - 2. 32585 -0.78771 

SIG13 , MAX PRIN, CENTER LAYER 3 , MPA -0.02559 -0.02235 -0.01900 -0.01561 -0 . 01253 -0 .00602 
SIG13, MAX PRIN, CENTER LAYER 3, PSI -3.71122 -3.24114 -2 . 7 5626 -2. 26336 -1.81660 - 0 .87314 

SIGZZ4, VERTICAL, TOP OF gUBGRADE MPA -0.01855 - 0.01581 -0.01297 -0 . 01007 -0.00749 -0.00264 
SIGZZ4, VERTICAL, TOP OF SUBGRADE PSI -2.69113 - 2.29343 -1 . 88047 -1 .45987 -1.08562 -o. 38249 

El, MPA 7080 . 953 6573.000 6573.000 6573.000 6573.000 6573.000 
El, PSI 1027005.063 953332.688 953332.688 953332. 688 953332.688 953332.688 

E2, MPA 466 . 953 505 . 624 504.000 504 .000 504 .000 504 .000 
E2, PSI 67725 . 688 73334.438 7 3098 . 938 7 3098. 938 73098. 938 73098. 938 

E3, HPA 203.698 215 . 804 230.120 249 . 089 273.972 351.000 
E3, PSI 29543. 840 31299 . 742 33376.059 36127 . 344 39736.254 50908. 22 7 

E4, MPA 195.188 201.737 209.933 221.027 234.335 284 . 363 
E4 , PSI 28309.563 29259.527 30448 .125 32057.297 33987.344 41243.391 

Kl 0. 0 273. 37109 o.o o.o 47 .51357 88 . 24374 

K2 0.0 -0 . 20000 0.0 0 .0 -0.40000 -0.20000 

Figure 4. ISSEM4 outputs that depict derived stiffnesses for a four-layer system from FWD tests: summer analysis. 

ELASTIC SYSTEM 2 - I-75 ALACHUA COUNTY SBT STA 3A, SUMMER FWD ANALYSIS 

MEASURED DEFLECTIONS: MICRO-METERS 
CALCULATED DEFLECTIONS: MICRO-METERS 

MEASURED DEFLECTIONS : MILS 
CALCULATED DEFLECTIONS: MILS 

SIG12, MAX PRIN, CENTER LAYER 2, MPA 
SIG12, MAX PRIN, CENTER LAYER 2, PSI 

SIG13, MAX PRIN, CENTER LAYER 3, MPA 
SIG13 , MAX PRIN, CENTER LAYER 3, PSI 

SIGZZ4, VERTICAL, TOP OF SUBGRADE MPA 
SIGZZ4, VERTICAL, TOP OF SUBGRADE PSI 

El, MPA 
El , PSI 

E2, MPA 
E2, PSI 

E3, MPS 
E3, PSI 

E4, MP S 
E4, PSI 

Kl 

K2 

Rl R2 R3 

179.00000 106.00000 80.00000 
178 .13080 106.07993 83.79709 

7. 04723 4.17322 3. 14960 
7. 01301 4.17637 3.29909 

-0 . 09798 - 0.05942 -0.03792 
- 14.21110 -8.61764 - 5.49914 

-0 . 03472 - 0.02778 -0.02315 
-5.03517 - 4 .02954 -3.35733 

-0.02399 -0.01871 - 0.01487 
-3.48009 -2.71427 -2.15716 

4043 . 707 4414.000 4414.000 
586489.813 640196.313 640196 . 313 

627.082 692.286 601 . 000 
90950 .438 100407 . 563 87167 . 625 

342.268 365. 723 396.537 
49641.625 53043.602 57512.859 

316.127 322.367 330.644 
45850 . 355 46755.355 47955.883 

0.0 393 . 61084 o. o 

0.0 - 0 . 20000 o. o 

R4 RS RB 

(not used) 51.50000 30.00000 
64 .86893 51. 30841 29. 98637 

0.0 2.02755 1 .18110 
2.55389 2.02001 1 .18056 

-0.02420 -0 .01546 -0.00462 
- 3.51018 -2.24263 -0.67034 

- 0 .01813 -0.01388 - 0 . 00601 
-2.62971 -2.01253 -0 .87237 

- 0 .01085 -0 . 00757 -0 .00243 
-1.57306 - 1.09823 - 0 .35287 

4414.000 4414.000 4414 .000 
640196.313 640196.313 640196.313 

601.000 601.000 601.000 
87167 . 625 87167 . 625 87167 . 625 

437 . 514 489 . 461 518 .000 
63456.004 70990. 188 75129.500 

341 .415 353.473 389 . 366 
49518 . 012 51266.855 56472.738 

0.0 88 .43462 217 . 11929 

0 . 0 -0.40000 -0.10000 

45 

viewed as a relevant mechanistic analysis at the proper 
time, i.e., the season. 

strategically placed, approximately as outlined in the 
preceding discussion. 

It must be emphasized here that, on the assumption that 
(a) elastic (linear or nonlinear) theory holds, (b) the material 
characterization models employed are valid, and (c) the 
FWD force and deflections are accurate, the solution 
derived through this iterative technique is unique to the 
accuracy allowed in the iterative process . The criterion for 
uniqueness is that there must be one or more deflection 
readings per structural layer and that these must be fairly 

COMPARISON OF FWD WITH OTHER AVAILABLE TEST 
RESULTS 

The temperature- modulus curve for the unaged asphalt mix 
that was used on the section of I- 75 in the preceding sample 
run may be seen in Figure 5. A plot of the two E1 - values 
from the FW D tests shown in Figure 4 is also shown in 
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Figure 5. Relationship between temperature and complex modulus for the 1-75 Figure 5. As expected, the mix is harder now, and the 
points fit the shape of the curve remarkably well. asphalt-concrete mix. 
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Figure 6. FWD and Dynaflect deflection basins. 
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A few static plate-bearing tests run on the trenches of 
I-75 subgrade compared favorably with the results derived 
from the FWD surface tests, although only when the change 
in stiffness according to Equation 1 was considered. This is 
in fact very important, because static plate-bearing tests 
are usually run at stress levels that are much higher, i.e., 
10-100 times as high as those that actually occur under the 
completed pavement structure. The resulting difference in 
subgrade stiffness (depending on the magnitude of the 
K z-value) may be of the order of a factor of 2 or 3. 

On selected sections, the Dynaflect and FWD deflection 
basins "were compared. Several of these sections are shown 
in Figure 6. The FWD deflections are normalized to units 
per 1000 lbf (units per 4.45 k N) to make the comparison 
clearer. In some cases, it may be seen that the comparison 
is reasonable in view of the lesser applied-load magnitude of 
the Dynaflect apparatus; in others, the comparison is poor. 

Even though in principle the same approach may be used 
for evaluating Dynaflect data by using the ISSEM4 program 
(provided that some means of assigning Kz-values can be 
found) , even a moderately different deflection basin will 
yield appreciably different stiffness values. An analysis of 
this sort was attempted that used the Kz-values derived 
from FWD tests. In accordance with the indications in 
Figure 5, it was found that the results often compared 
favorably with the FWD-derived values at a low stress 
level. In other cases, the derived values diverged from the 
FWD counterparts, most often on the high side for E1, 
E2, and E3 and on both sides for Eo,4· 

0.40 0.60 0:80 1.00 1..20 

,...____ 
FWD .. 1 rapolat~-

to 1000 lbt. 

OAO 0.60 0.80 I.DO l.2D 

FWD:3,800 lbf. , --( f) 
FWD utrapola~------
to 1,000 lbf. 

020 D.4D D.60 D.8D I.OD 1.20 

Distance from centtr of load(1), meter• 

Note: Sections from 1·75 northbcxmd. outer wheel path, at Alachuo, os fo llows: fol FWO n otion 9. 0 fox tra-tlllcknuss ttlit section). 
longiludino l cnck lng under plate: (bl FWD station !Oc, longiludlnnl crack ing under p loto tstrong<n t embankment encountered); 
(c) FWD smlon 13b. longhudlnal 11nd tronsvcrse craoklng under plato ; (d) FWD station 13c. no crQcking undBI' p lo10. longl!Ud lnal 
croclclng; tel FWD >1atlon l'4b. lo llQltudlnat crocking 50 mm (2 In) from plo1e: (fl FWD station Mb .. ~Q ft ( 12 ml. longjiudlnat 
cradcing under plate. 



Transportation Research Record 755 47 

Figure 7. Stiffness values for four layers as a function of distance from FWD-ISSEM4 analysis. 
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Table 1. Observed surface cracking for 24 test sections at Chiefland, Florida. 

Cracking (%/ 1000 ft2) Limerock 
Base 

SO-mm 7S-mm Thickness Sub base Subgrade 
Section AC Layer AC Layer (mm) LBRa LBR 

IB, IA 0 0 22S 32 18 
!OB, JOA 4 49 ISO SS 18 
JIB, !IA 8 33 22S 18 18 
12A, 12B I 90 300 32 18 
2A,2B I 0 300 55 18 
3B, 3A 3 I 150 32 18 
4B, 4A 6 7 300 18 18 
SA, SB 3 112 150 55 18 
6B,6A 5 118 225 32 18 
7A, 7B 7 93 300 18 18 
8B,8A 139 28 150 18 18 
9A,9B I 28 225 55 18 

Note: 1 mm= 0.04 in; 1 ft' = 0.09 m2
• 

8 LBR -= limerock bearing ratio. 

At this time it is not exactly clear why this happens or 
which factors are causing these differences. However, 
stress sensitivity does not appear to be the only factor. 

USE OF FWD-DERIVED STRUCTURAL PARAMETERS 

The derived FWD E-values (centerline) are plotted for part 
of the roadway tested (Figure 7). It can be seen here that 
the embankment subgrade is fairly uniform; there is a 
subgrade surface stiffness of about 200 MPa (29 000 
lbf/in') under the maximum FWD load of 50 kN 
("' 11 000 lbf) imposed at the surface of the pavement. 
Both directions of traffic were tested independently and 
plotted so that the longtitudinal locations of points match 
up. A significant correlation between trends in Eo 4 for 
both directions may be shown, which indicates that this 
procedure is able to detect variations in E-values that are 
caused by moisture content or suction variations as a 
function of the natural landscape and geophysical conditions. 

The E1 (asphalt) values correlate well with the 
magnitude of cracking; low values generally had class 2 
fatigue cracking, and high values had either class 1 or no 
cracking. In some cases, the E1-value was high in spite of 
class 2 surface cracking that was associated with 
non-load-associated cracking. In those cases, cores revealed 

that the cracks appeared to extend only about 25 mm (1 in) 
downward from the surface. 

CONCLUSIONS 

Determining in situ elastic moduli from FWD deflections by 
using the ISSEM4 program is of great significance and 
interest to the highway designer from several viewpoints: 

1. The need for triaxial testing, which is required in 
the procedures developed by Austin Research Engineers (9) 
or Resource International (! O), would be eliminated. For 
triaxial testing one has to use destructive techniques, obtain 
enough laboratory samples, and recompact the specimens 
for testing, In Florida, limerock material is widely used, 
and our experience and a considerable amount of testing 
during the past 15 years have shown that limerock gains 
strength with time. Plate-bearing E-values have often 
increased by 100 percent after construction. During the 
recompaction and testing for triaxial tests, we feel that the 
added stiffness due to cementing action is not taken into 
account; hence the idea of extensive destruction testing that 
has been suggested by other researchers becomes fruitless. 

2. It is imperative that we begin to shift our design 
technique from purely empirically based models (AASHTO) 
to mechanistically based models that may help explain 
several distress phenomena such as the one illustrated in 
Table 1. In this table, the magnitude of the 
cracking-percentage/ 1000 ft' [percentage/90 m•]--is 
shown for sections with 50 mm (2 in) and 75 mm (3 in) of 
asphalt concrete over 150, 225, and .300 mm (6, 9, and 12 in) 
of limerock base, and 300 mm of three different strengths 
of subbase. It is clear that in 90 percent of the cases, the 
50-mm sections have cracking that is less than or equal to 
that of the 75-mm sections, contrary to what the AASHTO 
model would predict. Such phenomena can only be explained 
by a critical stress-and-strain type of analysis and, as can be 
shown for a given stiffness, the tensile strains at the bottom 
of asphalt concrete are higher for 7 5 mm than for 50 mm; 
hence the cracking is greater (Figure 8). 

3. Once we know the proper E-values of all the layers 
and can attribute the variations in E-values to the known 
causal variables, it will help the designer to make better 
decisions about choice of rehabilitation alternatives, which 
may extend from doing nothing to resurfacing or recycling 
or both. The designer can then calibrate the fatigue and 
rut-depth criteria by knowing the history of traffic on the 
facility and by incorporating the stiffness values in the 
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Figure 8, Tensile strain at the bottom of the asphalt-concrete layer as a 
function of thickness. 
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Note: 1 cm = 0.39 in; 1 kg - 2.2 lb. 

l<nown pavement-design models like PDMAP and VESYS. 
Once the model has been calibrated at that location of the 
roadway, the designer can calculate a thickness of overlay 
or recommend recycling with a greater degree of certainty. 
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Reinforcement of Transportation Support Systems Through 

Fabric Prestressing 

LUTFI RAAD 

This paper investigates the mechanism of fabric reinforcement of transporta
tion support systems in which significant rutting during the service life of the 
system is unacceptable, in particular, the concept of fabric prestressing. An 
analysis is used that incorporates the finite-element method, the nonlinear 
stress-strain properties of granular and subgrade soils, and stiffness (i.e., tension 
modulus), creep, and frictional properties of the fabric. Results of such an 
analysis performed on a two-layer system that consists of a granular base over 
a soft-clay subgrade indicate that prestressed fabrics would reduce resilient de
formations or vertical stresses in the subgrade. Fabric prestressing can be ap
plied to improve the shear strength and load-deformation behavior of granular 
layers in transportation support systems. The allowable prestressing tension 
in the fabric is limited by fabric slippage relative to adjacent soil layers or pas
sive failure in the granular layer. Although more experimental work is required 
to verify analytical predictions of the beneficial effects of fabric prestressing, it 
appears that this concept will improve the performance of transportation sup
port systems under applied traffic loads. 

Engineering fabrics (i.e., geotextiles) have been used to 
improve the performance of transportation support systems 
under repeated traffic loads. Although a fabric could act as 
a separation medium between the subgrade soil and the 
granular layer, it could also improve the load-bearing 
capacity of the systems. The reinforcing effect of fabrics 
in high-deformation systems, such as haul roads and 
temporary-access roads, where significant rutting is 
acceptable has been demonstrated by many investigators 
(1,2). 
- -In low-deformation systems such as pavements and 

railroads, where significant rutting during the service life of 
the system is unacceptable, fabric prestressing can be 
applied to enhance structural capacity and improve 
performance under applied traffic loads. Here the fabric is 
placed over the subgrade, stretched, and then released after 
construction of the granular base so that the tension in the 
fabric helps increase the confinement of the base. Model 
tests performed by Barvashov and others (~) show that 
fabric prestressing could reduce surface deflections by as 
much as 40 percent. 

In this paper the mechanisms of fabric reinforcement in 
low-deformation systems through prestressing will be 
studied. Analysis that incorporates the finite-element 
method, the nonlinear stress-strain behavior of subgrade and 
granular soils, and stiffness, creep, and frictional properties 
of the fabric will be used. 

METHOD OF ANALYSIS 

The analytical procedure summarized in the following can 
be used to investigate the prestressing reinforcement of 
fabrics in low-deformation systems. 

A two-layer system that consists of a granular base over 
a subgrade is considered in this case. The fabric, which is 
assumed to have been stretched before placement of the 
base, is placed at the interface of the subgrade and the 
granular layers. After construction of the granular base, 
the applied tension is released and transferred to the soil 
layers adjacent to the fabric as shear stresses. This 
mechanism is illustrated in Figure l. 

Consider the forces that act on an element of fabric (dx) 
of unit width at equilibrium (Figure 2a); then 

(T + dT)-T = -(ru + rL)dx (I) 

dT/dx = -(ru +rd= -r, (2) 

where 

Tu =shear stress at upper interface of fabric, 
TL= shear stress at lower interface of fabric, and 
T =tension in fabric due to prestressing. 

If we assume that Tr varies linearly from zero at the 
center of the section (because of symmetry) to a maximum 
of Tf at the ends of the fabric, as shown in Figure 2b, 
then for O.;x ".L, 

T = -fr,dx = - frr(x/L)dx 

lfT=Oatx=L, 

If T p is equal to the applied pres tressing force, 

Tp = TrL/2 

(3) 

(4) 

(5) 

(6) 

(7) 

The finite-element analysis is used to predict the 
response of the system that uses prestressed fabric- In the 
analysis, the prestressing effect for a given prestressing 
force (T p) is determined before applicat ion of traffi c 
loads. Shear stresses transmitted by the rabric to adjacen t 
soil layers are replaced by equivalent nodal forces that act 
at the interface of these layers. The magnitude of each 
nodal force is determined by using Equation 7. The 
hyperbolic stress-strain model suggested by Duncan and 
Chang (4) is used to define the constitutive relation for the 
granular- and subgrade layers. The load is applied in 
increments, and a ta ngential modulus (Et) and Poisson's 
ratio (vt) for each increment are given by 

Et= KP(a3/P)P [ l - l [Rr(l - sin¢)(a1 - a 3 )] /(2c cos¢+ 2a3 sin¢) f ] 2 (8) 

(9) 

where 

fl, K, G, Rf, F, d =material constants, 
c,q. =total stress parameters corresponding to cohesion 

anungle of friction, respectiv,ely, 
p =atmospheric pressure, and 
01, a3 =major and minor principal stresses, 

respectively. 

Stresses induced by fabric prestressing are then used as 
initial stresses to predict the response of the system under 
repeated loads. The stress-deformation characteristics of 
base and subgrade in this case are expressed in terms of the 
resilient modulus (MR), which is defined as the ratio of 
repeated deviator stress (a1 - a3) to the recoverable 
strain. 

For granular soils (_~), 

(10) 
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Figure 1. Mechanism of fabric prestressing. 
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where 

k, n =material constants, 
a =a1 +a2 +a3, and 
al, a2, a3 = principal stresses. 

For fine-grained soils (~, 

( 0) 

MR= K1 - K3 [K1 - (01 - 03)) Ki > (01 - 03) 

MR=K1 +Ki [(oi -03)-KiJ Ki< (01 -03) 

(I Ia) 

(I lb) 

where Kl, K2, KJ, and K4 are material constants. 
KJ and K4 are equal to the rate of change of MR 
with repeated deviator stress. · 

The base and subgrade are divided into sublayers, and the 
system is discretized into a set of elements that are 
connected at their joints or nodal points. A modulus of 
elasticity in compression is determined for each sublayer 
from Equations 10, l la, and l lb. The granular and subgrade 
soils are assumed to be unable to accommodate tensile 
stresses and are therefore assigned low values of modulus in 
tension. The fabric is modeled as a series of truss elements 
that can carry tension but not compression. Plane strain 
conditions are assumed in the analysis. An iterative 
technique is used by which the load is applied in one 
increment and the modulus in compression is used for all 
elements on the first iteration. On successive iterations, 
the state of stress at the center of each sublayer is used to 
calculate a new modulus in compression and the modulus in 
tension is substituted in directions of principal tension. 
Three or four iterations are usually sufficient to attain a 
reasonable degree of convergence. 

LIMITING CRITERIA 

The max imum fabric prestressing for ce (T ) corresponds 
to the tensile force that could be retained by ~he fabr ic i f it 
did not slip relative to the base and subgrade or induce 
passive failure in the granular layer. 

Slippage of fabric is assumed to occur when the 

Subgrode 

L 

Tu = Shear Stress at Upper Interface 

TL= Shear Stress at Lower Interface 

( b) Release of Fabr ic Tension 

( b) 

Subgrode 

maximum shear stress hr) that acts on the fabric 
exceeds the frictional resistance between the fabric and 
adjacent soil layers, i.e., 

Tr > a,, tanll + Ole (12) 

where 

av =overburden pressure on fabric, 
6 =angle of friction between fabric and granular layer, 
a= adhesion factor between fabric and subgrade, and 
c = cohesion of subgrade soil. 

On the other hand, passive failure in the granular base 
would occur when 

Oi = o3 tan2 [45 + (</l/2)] (13) 

where a1 and a3 a re major and minor principal 
stresses, respectively, induced by the prestressed fabric. 

The beneficial effects obtained are maintained as long as 
the fabric is capable of retaining the tensile force applied 
during prestressing. Since fabrics in general exhibit creep 
behavior under sustained loads, it is possible that they 
cannot retain the prestressing force after a certain time. 
Results of creep test published by Kinney (l) show that the 
tested fabrics could retain 67 percent of the initial tension 
for loading periods greater than 30 min. Based on these 
results, a creep factor (Cf) can be defined such that 

(14) 

where Tf =initially applied fabric tension and 
T p = prestressing force retained by fabric. 

The prestressing e ffec t of the fabric is a function of 
Tp. For a given system , higher values of Tp can be 
attained if frictional properties of the fabric rela ti ve to 
adjacent soil layers are improved. However, if the value of 
T p is limited by the passive failure in the granular base, 
further improvement of frictional properties will not 
increase the allowable value of Tp. 
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Figure 3. Finite-element representation of sample problem. 

Granular 
ea .. 

SubQracle 

203mm 

102mm 

102mm 

508mm 

1018mm 

51 

1524 mm 1524 mm 

~ tm P•207kPa 
-, I 

, ~ 

. 
·' l "' 

Note: 1 kPe "" 0.145 psi; 1 mm • 0.039 In. 
>>X;;;A(f ACQ A O>A<O>+ A\Y» CO>rn>X«>A(( 

·: .. 
(al 

Table 1. Material properties used In finite-element analysis. 

Soil Properties Under 
Soil Properties Under Static Repeated Loading 
Loading 

Soft-Clay 

Soft-Clay Granular Subgrade Granular Fabric 
Parameter Subgrade Base (MPa) Base Properties 

13 0 0 .30 Ki = 0.04 1 k = 876 tr= 0.63 mm 
K 200 3000 Ki=41.3 n = 0.65 Er "' ~07 MPa 
Rr 0.90 0. 70 K3 = 1170 0 = 45° 
F 0.10 0.10 K4 = -143 C< = 0.40 
G 0.35 0.20 Cr= 0 .67 
d 5.0 6.40 Tp = 13.2 

kN/m 
c (MPa) 0.069 0 
</> (°) 0 45 
I' (MPal 0. 10 0. 10 
')' (kN/ m3 ) 15.8 20.4 
Ko 0.5 0.5 

Notes: 1 MPa = 145 psi; 1 kN/m3 = 6 .37 lbf/ft3; 1 mm = 0.039 in; 1 kN/m = 0.69 lbf/lt, 
)'=density; Ko= coeff icient of at-rest pressure; Et= fabric stiffness; tf =fabric 

thickness. 

SAMPLE PROBLEM 

The analytical procedure that has been presented is applied 
to investigate the reinforc.ing effect of a two-layer system 
that consists or a granular base over a soft-clay subgrade, as 
shown in Figure 3. Material properties are summarized in 
Table 1. 

Results of the analysis (Figure 4) indicate that fabric 
prestressing would reduce resilient surface deflections and 
maximum shear stresses in the subgrade. Consequently, it 
will improve the performance of the system under applied 
traffic loads. 

CONCLUSION 

The mechanism of fabric prestressing in low-deformation 
systems has been studied by using the finite-element method 
of analysis. Fabric prestressing seems to increase the 
confining stresses in granular layers; their shear-strength 
and load-deformation characteristics are thereby improved. 
The maximum allowable prestressing tension is limited by 
fabric slippage relative to adjacent soil layers or passive 
failure in the granular layer. Additional experimental work 
is required to verify analytical predictions of the beneficial 
effects of fabric prestressing. 
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