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Nonlinear Characterization of Granular Materials for

Asphalt Pavement Design

A. F. STOCK AND S. F. BROWN

In view of the well-established nonlinear resilient properties of unbound granular
materials, analytically based p t-design procedures should take proper ac-
count of this characteristic. The importance of including a failure criterion in
the nonlinear model 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-slastic analysis. The results

show that the thickness and quality of granular material have only a minor in-
fluence 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 (l). 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 been reinforced by
measurements in test pavements.

The most common form of relationship reported is

E=K,\K2 1)
where

E = resilient modulus,
X = stress funetion, and
K1, K9 = material constants.

Various stress functions have been used, including the
normal stress (8 =01 +09 +03) as proposed by
Hicks (2) and the mean value of the mean normal stress for
any stress path as proposed by Boyee, Brown, and Pell (3)
(mean normal stress p = 6/3). Since Hicks (2) studied a
variety of materials and his stress function is a simple one,
the modulus relationship that he proposed was adopted for
this work:

E=K,0K2 @

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 Kj.
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 restrietions
imposed by Smith's simplification were considered
unaceceptable.

DEVELOPMENT OF THE NONLINEAR MODEL

The philosophy of the approach was similar to that originally
proposed by Monismith and others (ﬁ), 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 respeet 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 (Kg),
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which, for a linear-elastic system, is given by
Ko =vp/(1 -v) 3)

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

Ko=1 -sing’ C)]

where ¢'=angle of shearing resistance for cohesionless
soil. For overconsolidated clays, values greater than unity
oceur, 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 Ky from the
overconsolidation 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 Kg and the overconsolidation ratio (7)
provided the data from which K 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 K values for
each of these sublayers in a granular layer, which varied in
thickness between 100 mm and 700 mm, were estimated
from the Ky-depth relationship and are shown in Figure 1.

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 ineluding a failure
eriterion in the form of a limiting oy/eg ratio
(where o] and oy are the major and minor principal
stresses, respectively). Boyee (8) undertook tests to failure
by following several stress paths and noted that the
g1/o3 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 g/p, a value
close to 2.2 applied for all cases. In general,

4= (1A/D) [0y - 02)? + (07 - 03)* + (03 - 011 % ©)

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 eriterion.

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
physieally 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=1 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=1 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 g/p=1 for applicability of
Equation 1 was selected after consideration of the
experimental evidence, which suggests that it is only
appropriate for stresses well below failure (2,3).
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Ko values for calculation of horizontal stress due to the effects
of compaction
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Figure 2. Derivation of granular material modulus for the three stress zones.
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The Nonlinear Model

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 flowehart 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 (hg) have Dbeen

Total Cranular Layer Thickness

Figure 3. Flowchart for the modulus iteration procedure.
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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 g/p stress ratio does not exceed 2.2. However, in
this structure the failure ecriterion still has a significant
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Figure 4. Stress distribution within the granular layer for a structure with
50 mm of asphalt surfacing.

qlp =22
100 -
o5
qlp=1
50
Structure 1
== — No failure criterion
Failure criterion
% Sub layer 1
+ Sub layer 2
O  Sub layer 3
O Sub layer 4
0 25 50 75
p (kN/m?)

effect on the stress distribution, mainly by reducing g.

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 }) 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 g increases.
This results in a stress distribution that becomes more
severe with depth, the gq/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-mm 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 effeet 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. Struecture 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
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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 NONLINEAR 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 effeet of nonlinear modeling of the granular layer for a
wide range of parameters. The variables studied were
subgrade  modulus  (Es), granular material quality
characterized by variation in K] (Equation 1), granular
layer thickness (hg), and bitumen content and void eontent
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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Figure 9. Effect of the failure criterion on subgrade 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 (Kj}). The effect of
variation in Kj is very small, so a constant value of 400
was used for subsequent studies. For the lowest subgrade
modulus (Eg =20 MPa), linear and nonlinear characterization
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produced identical design thicknesses. As the subgrade
modulus inereases, 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=80MPa) and for thick granular layers (hg=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 (11). 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:

Binder Contents (%)

VMA (%) 3 45 6

s "o 55 1.8
19 12.4 100 5.3
22 15.6 12.3 8.8

Figure 11 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 required for a highway projeet, nonlinear
characterization of the granular layer is highly desirable.
The findings generally confirm those obtained by Dehlen and
Monismith (12).

It is not the purpose here to discuss the implications for
asphalt-mix design of the results plotted in Figure 11, but
we feel that an explanation for the deecrease in design
thickness with increase in bitumen content is required.
Increasing the bitumen econtent in a mix decreases the
stiffness of that mix and inereases 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 mueh
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 ecriterion 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 failure stress state with a consequent
reduetion in modulus.

3. Nonlinear characterization of unbound granular
layers is required for accurate designs, particularly when
thin asphalt surfacings are eontemplated.

4. In pavement structures that have asphalt layers of
about 300 mm, the required thickness of the asphalt layer is
not greatly affected by the thickness of the granular layer.

ACKNOWLEDGMENT

The work on which this paper is based was conducted at the
University of Nottingham during a period when one of us
(A.F. Stock) was employed as a senior research assistant.
The project was undertaken as part of a contract with the
Asphalt and Coated Macadam Association. We are grateful
for the advice of P. S. Pell and the provision of facilities by
R. C. Coates. The assistance of the staff of the Cripps
Computing Centre is also gratefully acknowledged.

REFERENCES

L. S. F. Brown, P. S. Pell, and A. F. Stock. Application

Transportation Research Record 755

of Simplified Fundamental Design Procedures for
Flexible Pavements. Proc., 4th International
Conference on the Structural Design of Asphalt
Pavements, Univ. of Michigan, Ann Arbor, Vol. 1,
1977, pp. 327-341.

2. R. G. Hicks. Factors Influencing the Resilient
Response of Granular Materials. Univ. of
California, Ph.D. thesis, 1970.

3. J. R. Boyce, S. F. Brown, and P. S. Pell. Resilient
Behaviour of a Granular Material Under Repeated
Loading. Proc., Australian Road Research Board,
Vol. 8, 1976, pp. 8-9.

4. E. Smith. Prediction of Equivalent Granular Base
Moduli Incorporating Stress Dependent Behavior in
Flexible Pavements. Univ. of Maryland, College
Park, M.S. thesis, 1977.

5. C. L. Monismith, H. B. Seed, F. G. Mitry, and C. K.
Chan. Predictions of Pavement Deflections from
Laboratory Repeated Load Tests. Proc., 2d
International Conference on the Structural Design
of Asphalt Pavements, Univ. of Michigan, Ann
Arbor, 1967, pp. 109-140.

6. E. W. Brooker and H. O. Ireland. Earth Pressures at
Rest Related to Stress History. Canadian
Geotechnical Journal, Vol. 2, No. 1, Feb. 1965, pp.

1-15.

T T. W. Lambe and R. V. Whitman. Soil Mechanies.
Wiley, New York, 1969.

8. J. R. Boyce. Behaviour of a Granular Material

Under Repeated Loading. Univ. of Nottingham,
Ph.D. thesis, 1976.

9. J. H. Maree. Discussion of paper, South African
Mechaniste Pavement Design Procedure, by R. N.
Walker, W. D. O. Paterson, C. R. Freeme, and C. P.
Marais. Proc., 4th International Conference on the
Structural Design of Asphalt Pavements, Univ. of
Michigan, Ann Arbor, 1977.

10. M. G. F. Peutz, H. P. M. Van Kempen, and A.
Jones. Layered Systems Under Normal Surface
Loads. HRB, Highway Research Record 228, 1968,
pp. 34-45.

1.1. D. Leech and W. D. Powell. Levels of Compaction
of Dense Coated Macadam Achieved During
Pavement Construction. U. K. Transport and Road
Research  Laboratory, Crowthorne, Berkshire,
England, TRRL Rept. 619, 1974.

12. G. L. Dehlen and C. L. Monismith. Effect of
Nonlinear Material Response on the Behavior of
Pavements Under Traffiec. HRB, Highway Research
Record 310, 1970, pp- 1-16.

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

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 obtainequality between predicted and measured deflections,
the granular-layer modulus was adjusted by using a Kq-factor. A linear log-log
relationship was evident when the Kq-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-






