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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. 
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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. 

80 

~ 
"' ' 0 

70 

60 

3 50 

" .s ... 
u 

" ~ .... 
" 0 40 

'" " ... 
"' .. 
"' "' 0 

"" 
"' 30 
" ... 
.~ 

"' " '" "-

0 

• 

19 

Rd=4 . : 
I , 

I , 
I 
I 
I 
I 
I ., 

I , . 
I 
I 
I 
I • 
I 

• 

• 

N=l80 

Note: 1 mm= 0.039 in. 

20 30 40 

Measured Road Rater Deflection (xl0- 3 mm) 

23 

(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 6. Ki-factor at 1.0 deflection ratio versus mean surface 
deflection for US-1, MD-97, and San Diego test·roed sections. 
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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. 

soo .. ~,...,...,....,...., ______ .., __ .., __ ,....,..,...,....~,..----..... ---. 

100 

Note: Equations in U.S. Customary Units (6 min inches) 

-2. 872 

K~Md=J . 0)=1.64lxl0-96m 

r
2
=0. 87 

IO 

• f=25 cps 

Amp=l.473 mm 
(0.058 in) 

Note: 1 mm= 0.039 in . 

100 

Mean Surface Deflection (xl0-
3 

mm) 

Note: 1 mm = 0.039 in; 1 kN = 224.B lbf . 

10 10!1 1000 :moo 

Mean Surface Ocflection (xl0-
3 

mm) 

300 



26 Transportation Research Record 755 

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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Figure 12. Relationship between mean granular base moduli 
predicted from measured deflections and moduli computed from 
theory. 
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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 




