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Abstract

Numerous pavement response models rely on constitutive relationships to describe the response
of granular materials. In this study, a nonlinear elastic constitutive model which is a function of
bulk stress and octahedral shear stress is proposed to describe the resilient behavior of thick granu-
lar base courses under flexible airfield pavements. Special features of this model are its accuracy
to predict the nonlinear resilient behavior, its simplicity to determine the material constants and
its ability to model the secondary effect of decreasing the resilient modulus due to shear effects.
In laboratory tests, the nonlinear resilient behavior of granular materials is investigated and values
of resilient moduli are determined to provide data for verifying the proposed model. It is found
that the resilient modulus is much more dependent on the states of stresses in terms of bulk
stress and deviator stress than any other factors. Result of comparison shows that predicted values
of resilient moduli are in good agreement with the measured values indicating that the proposed
model is suitable to describe the nonlinear resilient behavior of the granular material with wide
range of stress states which meet in airfield pavements.
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1. Introduction

It is well known that most pavement materials
do not respond to traffic loadings in a linearly
elastic manner as defined by the theory of elasti-
city. In recent years, highway engineers have de-
voted considerable effort to determining the non-
linear stress-strain characteristics of granular ma-
terials. Attempts have been made to formulate co-
nstitutive models for pavement materials to pre-
dict pavement response to loadings, but the st-
ress-strain relations formulated are generally ac-
curate only for a limited range of loadings and
boundary conditions.

Particular concern of this study is a flexible air-
field pavement constructed with asphalt concrete
surface and thick granular base under heavy loa-
dings. The resilient characteristics of untreated
granular materials are dependent on the applied
stresses. A number of different expressions have
been proposed to represent this stress depende-
ncy. Among them, two models have been popula-
rly and extensively used to describe the resilient
response of granular materials under repeated
loadings. The first equation (Eq. 1) expresses the
resilient modulus as a function of the applied con-
fining pressure (o3), and the second (Eq. 2) expre-
sses the modulus in terms of bulk stress (B=sum
of the principal stresses) as follows.”

MR: K[G:;Kz (1)
Mg =K, @

where My is the resilient modulus which is obtai-
ned by dividing a cyclic stress by the recoverable
strain and K’s are regression parameters.

These models have recently met with criticism
due to their inability to model certain type of be-
havior. The bulk stress model (Eq. 2) generally
results in a continually increasing modulus with
increasing bulk stress. However, it has been
shown that a decreasing modulus is measured
with increasing bulk stress if confining pressure
is held constant.” Moreover, the model has been
established from data that used a very limited
range of stress paths.

The objectives of this study are to investigate
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the behavior of granular materials under repeated
loading, to identify or develop the nonlinear elas-
tic constitutive relationship which best models the
actual stress or recoverable strain states in pave-
ment structures incorporating thick granular lay-
ers, and to verify the proposed constitutive model
by using laboratory data.

2. Nonlinear Elastic Constitutive Models

Two major categories of constitutive models will
be encountered. They are either empirically or
theoretically developed models. The theoretically-
developed models generally require statistical es-
timation of parameters using empirical data, while
the empirically-developed models rely on empiri-
cal results not only for the estimation of parame-
ters but also for formulation of the model itself.

2.1 Bulk Stress Mode!

One of the most widely used models expresses
the resilient modulus as a nonlinear funetion of
the first stress invariant (I,). This model is pri-
marily empirical in nature and has the form
shown in Eq. 3 in which B’'s are regression para-
meters.

Mg = .1, 3

This model has the advantages of simplicity and
widespread use. The regression parameters for
various granular materials are available in the li-
terature. A comprehensive summary of existing
data is presented by Rada and Witczak.™

2.2 May and Witczak's Model

May and Witczak® found that the deflections
predicted by Eq. 3 data did not match field mea-
sured deflections due to the shear strain induced
in the granular base course by surface loading.
They suggested adjustment to the bulk stress mo-
del in order to match field measured and predic-
ted values. Since the modulus was found to dec-
rease with increasing shear strain, they sugpested
the constitutive model of the granular materials
should be a function not only of the first stress
invariant, but also of the shear strain (g) as fol-
lows:
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M= Bohmf(ﬁsh) 4

2.3 Uzan's Model

Extending the work of May and Witczak, Uzan®
proposed the model as given in Eq. 5 in which
o4 is the deviator stress.

Mg = BI,*64% (5)

It is very simple to determine the parameters
for this model from most laboratory tests. This
model reflects the influence of deviatoric compo-
nents of the stress tensor. The limitations and
disadvantages of this model are similar to those
of all empirically based models, ie., the model
has been established from data that used a limited
range of stress paths.

In order to accommodate truly triaxial stresses,
Eq. 5 can be expressed in terms of the octahedral
shear stress, T, instead of the deviatoric stress,
o4, by using the following relationship.

1 -
T =g V(01— 02+ (0~ 037 + (03— 01

2
= %— 64 ®)
Therefore,
Mg = Bol,"(t,0" )

2.4 Lade and Nelson's Model

Lade and Nelson® developed a constitutive mo-
del which has a good theoretical basis and also
has the advantage that it contains explicitly not
only the first stress invariant (I;) but also Poisson’
s ratio and the second invariant of the deviatoric
stress tensor (J») as Eq. 8.

Mg = BoPa[(—Il;lﬂ— )2+ R -PJ:T ]Bl ®
where P, is the atmospheric pressure and R=6
1+v)/1—2v).

These terms of stress invariants and Poisson’s
ratio are highly desirable if the model is to ade-
quately consider state of stress. However, in order
to be valid, a constant Poisson’s ratio must be
used for a given stress state because the model
derivation assumes a constant value of this para-
meter.
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2.5 Lytton's Model

In order to eliminate the limitation of Lade and
Nelson’s model which assumes a constant Pois-
son’s ratio, Lytton® develop a Poisson’s ratio mo-
del of the form as Eq. 9.

2 m
In(1+v)=b( I; 1) )

This Poisson’s ratio model is developed theore-
tically as a function of I and J,. Lytton proposed
a new constitutive equation by replacing Poisson's
ratio in the term of R in Eq. 8 by the Poisson's
ratio in Eq. 9 which results in the following rela-
tionship.

o b(._I,LZ__J )l]l m
1n(MR)=a[—§;°;—g—g?—[;j— 12+) (10)

where a, b and m are regression parameters.
3. Selection of Constitutive Relationships

The constitutive model could be selected on the
basis of statistical analysis of the ability of the
model to define the constitutive relationship with
a minimum of variance and assessment of the dif-
ficulty associated with acquiring the data. The four
models, which are Bulk stress model (Eq. 3),
Uzan's model with octahedral shear stress (Eq.
7), Lade and Nelson’s model (Eq. 8) and Lytton’s
model (Eq. 10), are chosen in this study to be
assessed by various published experimental data
sets (Table 1) from repeated load triaxial tests
on granular materials,

3.1 Statistics

The results of regression analysis using the
above models are summarized in Table 2. Table
2 shows the R and F value of each model for
experimental data sets. From Table 2 it is clear
that Eq. 7 is superior to the other models.

Considering Eqs. 8 and 10 require additional
measurement of radial displacement in the labora-
tory, Eq. 7 is quite successful in modeling beha-
vior at no increase in laboratory equipment upgra-
ding costs. The subset of this model, which is
the bulk stress model, is presently widely used



Table 1. Information of Experimental Data Compiled from Literature

Data Materials Speimen Data Max. Min. Unit Wt.
Source Size Points Stress Stress (pch
Ratio Ratio
Monismith Well Graded 3.9" dia. )
_ 18 5 15 138.7
et al® Gravel 7.8" high
Crushed Limestone & di 17-19
ia.
Allen"® & Silicious . per each 10-8.5 24-15 139.2-129.7
10" high
Gravel set
Kalcheff & Grey Dolomitic 6" dia. v
. . . 37 6 3 1436
Hicks"? Limestone 10" high
o Well Graded 6" dia.
Pappin®? . . . 16 6 1.3 141.4
Crushed Limestone 12" high
Crushed Limestone 6" dia.
Cole et al™¥ ) 84 13 15 1114-135.2
& Gravelly Sand 10" high

and there is a substantial amount of data genera-
ted in the development as well as in the use of
the model. Also, it is anticipated that modification
to existing programs and analytical models which
use the bulk stress model to accept the Uzan's
model will be minimized. Therefore, in terms of
simplicity and economy, Uzan’s model seems to
be slightly superior.

3.2 Model Generality

When the analysis is to cover a wider range
of materials and conditions, more independent va-
riables are required to reflect different specimen
conditions. Unit weight (y) of the granular mate-
rials is one of the parameters to be considered
in this model generality.

In addition to the unit weight, during the course
of this study, it becomes obvious that moisture
plays an important role in the behavior of granular
material base courses. For analyzing the multiple
data sets with different moisture conditions, mois-
ture term must be included among the indepen-
dent variables. For the gradation typically used
in USAF base courses, it seems reasonable to ex-
pect that a partially saturated condition will pre-
vail. Therefore, either moisture tension (also cal-

led matric suction or potential) and/or moisture
content will need to be included in the model.
According to Lamborn™ the following term
should be subtracted from the first stress inva-
riant for the partially saturated condition.

Vw h».
v Iy an

/

3

where V,./V, is the volumetric water content and
v is the suction which has stress unit. Since suc-
tion is treated as a negative value, the term in
Eq. 11 is added to the first stress invariant of
Eq. 7. Therefore, one possible form of the model
to be used is given in Eq. 12.

\ ,
M=ol + 3y —5* P2y (12)

Although very few studies report suction at this
time, it has been shown that suction can be rela-
ted to moisture content (@) which means that y
may be replaced with w in the constitutive equa-
tion for certain ranges of suction!” Due to the
lack of published data on suction, the final form
of the model chosen in this study is Eq. 13 to
include independent variables for unit weight and
moisture content.
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Table 2. Results of Regression Analysis of Propo-

sed Modeis
Data Set Model R? F
Bulk Stress 0.707 33.72
. Uzan 0.988 541.02
Pappin
Lade & Nelson| 0927 178.86
Lytton 0.775 3198
Bulk Stress 0.745 36.76
o Uzan 0.877 53.39
Monismith
Lade & Nelson| 0514 16.95
Lytton 0.594 2342
Bulk Stess 0.980 1752.54
Kalcheff & Uzan 0.988 1251.66
Hicks Lade & Nelson| 0.968 1050.19
Lytton 0.958 958.40
Bulk Stress 0.746 248.32
Uzan 0.872 246.66
Cole
Lade & Nelson| 0.793 317.30
Lytton 0.782 297.37
Bulk Stress 0.736 4450
Uzan 0.954 195.79
Allen
L.ade & Nelson| 0.925 197.86
Lytton 0.903 109.60
Mg = Bol,  toc’ 0™ (13)

If fixed or constant moisture content is of inte-
rest or the model has been developed at certain
moisture content, the moisture content term of
Eq. 13 may be eliminated.

4. Laboratoty Tests

The repeated load triaxial test is essential to
evaluate the resilient modulus of granular base
materials. Several researchers have conducted test
on granular materials and have provided a comp-
rehensive picture of the influence of various fac-
tors such as type and gradation of the aggregate,
dry density (void ratio), degree of saturation {moi-
sture content), and magnitude of applied load on
resilient modulus.“%%-1® In the laboratory testing
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program, at least two factors, stress states and
moisture content, must be considered. Accordingly
several stress states will be induced in the labora-
tory testing program such as AASHTO T-274 sta-
ndard, a general guideline for the resilient modu-
lus test.

4.1 Madification of the AASHTO T-274 Test
Procedure

In this study, the materials used in the resilient
modulus test are specified for Air Force applica-
tions. Since the AASHTO standard was designed
for highway applications and the contact pressures
of truck tires are much lower than those of USAF
aircraft,"” it is necessary to modify the AASHTO
standard testing procedure. In order to encompass
the desired range of stress states for the base
course of the airfield pavement for Air Force app-
lications, the stress combinations of the testing
sequence are determined from the result of the
triaxial test according to ASTM D3397-81 and em-
ploying Mohr-Coulomb failure envelope concept
and resulted in higher stress state and stress ratio
being applied to the specimen. Although sand ma-
terial is tested using the standard stress sequence,
the stress combinations for the base material are
reestablished as shown in Table 3.

4.2 Material and Specimen Preparation

The materials to be tested are a well graded
crushed limestone as base and a very uniform
fine beach sand as subbase supplied by Tyndall
Air Force Base (AFB). The details of the proper-
ties of these two materials are summarized in Ta-
ble 4.

The crushed limestone specimens are 12 inches
in length and 6 inches in diameter and are moul-
ded by impact compaction in seven layers with
the compaction effort designated CE55 of MIL-
STD-621A, Method 100. This compaction effort is
the same as that designated by ASTM D1557. In
this study, two different moisture contents are
used for the base course sample. One is a relati-
vely wet base course in which the moisture con-
tent is the same as optimum moisture (4.76%),
and the other one is a fairly dry base course in
which the moisture content (1%) is the same as
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Table 3. The Proposed Stress State and Sequence

Table 4. Properties of the Base and Subbase Ma-

for the Base Material terials
Confining Pressure | Deviator Stress | Stress Ratio : Crushed Sand
(psi) (psi) {o3/ay) Properties Limestone for
— for Base | Subbase
120 4 Apparent specific gravity 2.68 2.655
30 180 6 Uniformity coeficient 107 ! 185
270 9 Coefficient of curvature 1.37 0.96
- S Plastic index ] NP NP
40 2 AASHTO classification Ada | A3
60 3 Unified classification CoGw sp
20 ?0 4 Optimum moisture content ((Vr)l 4.76
1_20 6 Maximum dry density {(pcf) 1408 |, -
1 180 9 Minimum index density (pcf) - P83
20 2 Maximum index density (pcf) - 102.19
0 1 5 ~ e I .
10 ‘ 40 ' 4
| . RUBBER __ lrm~
| 60 6 MEMBRANE
90 9 RINGS O
e SEAL MEMBRANE T eh
10 2 ne
! . ALUMINIUM
15 r 3 PLATE O~
5 20 | 4 SUPPORT LYOT's [ ™~ &, L
30 | 6 RING TO TIE ™ S »
UP THE PLATE
45 ‘ 9
6 | 6 LVDT"s 3
=2
9 ; 9
1 14 i 14 e
17 o i
24 24
that measured in the field at Tyndall AFB. —
I\_/_\/\.J

Since the uniform sand is not suitable for im-
pact compaction, a vibrating compaction method
is used. The sand is compacted in five layers
using a vibratory table in accordance with ASTM
D4253. For the subbase material, two different
moisture contents are used. These include the
moisture content (14.3%) at the depth near Multi-
Depth Deflectometer anchor and the field mois-
ture content (3.8%) at the depth near the upper
part of the subbase layer.

4.3 Deformation Measurement
Axial deformation is measured by three linear

—832--

Fig. 1. Side View of Setup for Vertical Displace-
ment Measurement

variable differential transformers (LVDT’s} with
0.1 inch full scale linear range, which are equally
spaced around the circumference of the specimen
as shown in Fig. 1. A 4 inch gauge length is used
to minimize significant errors due to the interac-
tion between the platen and the specimen.®”
Three radial displacement non-contact transdu-
cers are used for radial deformation as shown in
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CYLINDRICAL SAMPLE OF GRANULAR MATERIAL

MEMBRANE

TARGET

NONCONTACT SENSOR

Fig. 2. Top View of Setup for Radial Displacement
Measurement

Fig. 2. Radial deformation is measured by detec-
ting the relative movement between the radial
transducers and the circular aluminum targets
which are anchored at the middle of the specimen.
The non-contact transducers are calibrated to fun-
ction with non-magnetic aluminum targets at 0.02
inch offset and 0.1 inch full scale displacement.

5. Experimental Results of Resilient Modu-
lus Test

Followings are the results of resilient modulus
tests of dry and wet samples of base and subbase
materials.

5.1 Base Material _

The resilient modulus tests are conducted with
wide range of principal stress ratio. The influence
of applied stresses on the resilient modulus for
base materials is shown in Figs.3 to 5. Fig.3
shows the effect of confining pressure on the resi-
lient modulus for the dry and wet base material
and indicates that the resilient modulus increases
with increasing the confining pressure. However,
the axial stress also influences on the modulus.
At the same confining pressure, the resilient mo-

HUE BIN-1MFTH
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Fig. 3. Variation of Mg with Confining Pressure for
Base Material
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Fig. 4. Variation of Ma with Principal Stress Ratio
for Base Material
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Fig. 5. Variation of Mr with Bulk Stress for Base
Material

dulus varies with varying the axial stress. The
effect of the axial stress (or principal stress ratio)
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on the resilient modulus is clearly seen in Fig. 4.
This figure shows that the resilient modulus inc-
reases with increasing confining pressure at a co-
nstant stress ratio. The trend of decreasing the
resilient modulus at constant confining pressure
with increasing major principal stress is also obse-
rved. However, additional trends are also obser-
ved in this study. For principal stress ratios grea-
ter than 4.0, there is always an increase in the
modulus with increasing axial stress except when
the confining pressure is 30 psi for the dry base
material. For wet specimens, it is clear that the
resilient modulus decreases with increasing axial
stress for the ratios less than 3.0 and then always
increases with increases in axial stress. When the
confining pressure is held constant, the resilient
modulus decreases with increasing the deviatoric
stress at the lower bound of the deviatoric stres-
ses and increases with increasing the deviatoric
stress at higher bound of the deviatoric stresses.
This trend continues until failure occurs.

The effect of bulk stress on the modulus is illu-
strated in Fig. 5. In this figure, the data points
for the dry base specimen and the wet one have
been plotted to show that the resilient modulus
increases with increasing bulk stress and the mo-
dulus decreases and then increases with increa-
sing the stress ratio at constant confining pres-
sure. Based on the laboratory studies, the full set
of curves of constant confining pressure behavior
is shown in Fig. 6. There are three curves with

Resilient Modulus (logarithmic)

Bulk Stress (logarithmic)
Fig. 6. A Schematic Diagram of Variation of Mg
over the Full Range of Stress State for
Base Material

thicker line width and one curve with thinner line
width. The essentially linear portion of the thin
line is the locus of points that would be proposed
for use in the traditional bulk stress model. The
set of three curves predicts the response at cons-
tant confining pressures. The region to the left
of the inflection point is the region where deviato-
ric stress has an effect on reducing the resilient
modulus.

In comparison with the dry base material, the
wet base material is relatively softer because the
resilient moduli are smaller than those of the dry
ones at the same stress states. This fact shows
that the moisture condition in the specimen affe-
cts the stiffness of the specimen. Under undrained
conditions, a lower degree of saturation brings
about higher stiffness due to the effects of suction.

5.2 Subbase Material

The effect of the axial stress on the resilient
modulus of subbase material is shown in Fig. 7.
This figure indicates that the resilient modulus
decrease lots with increasing axial stress at low
level of axial stress. The resilient modulus dec-
reases until the stress ratio is 4.0 for both dry
and wet sample. In case of dry sand, the resilient
modulus still decreases slightly with increasing
the stress ratio above 4.0 of stress ratio. On the
other hand, the resilient modulus of wet sand inc-
reases slightly with increasing the stress ratio
above 4.0 as in the hase material.

100000 =
“\- g
Y DRY SAND
\i €. -
8 ANRNE
S w
E] N
3 s
- b
o] Q\ MM
2 1
- TT———
c
g
]
O
o Figures besides curves refer io the
confining pressure (psi).
100007 2 4 5 8 10 12

Principal Stress Ratio
Fig. 7. Variation of Mg with Principal Stress Ratio
for Sand
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Resilient Modulus (psi)
1+

Figures besides curves refer to the
confing pressure (psi).

10000 T

o T 100 1000
Bulk Stress (psi)

Fig. 8. Variation of My with Bulk Stress for Sand

The resilient modulus versus bulk stress for
dry and wet sand specimens are shown in Fig. 8.
Generally, the resilient modulus increases with
increasing bulk stress, but the modulus decreases
with increasing bulk stress at constant confining
pressure. The wet sand specimen shows that the
resilient modulus decreases and then increases
with increasing bulk stress at constant confining
pressure. This trend is observed in most cases
in this study.

6. Comparison of Lab. Measurement With
Prediction by the Chosen Model

6.1 Resilient Modulus

Fig. 9 shows comparison of the measured resi-
lient moduli with those predicted by Eq. 13 for
the base material. The result of regression analy-
sis is presented in Table 5. From regression anal-
ysis, high values of R* are obtained and all para-
meters in the model are significant. This means
that predicted values match the measurements
very well and the proposed model is suitable to
describe the nonlinear resilient behavior of granu-
lar material with wide range of stress states which
meet in airfield pavements.

The sign of the coefficient of first stress inva-
riant (I, in this model is positive and that of octa-
hedral shear stress (t..) is negative. The trend
of decreasing resilient modulus is due to the ef-
fect of T« and the trend of increasing resilient
modulus is due to the effect of I;. For the dry

BUE FAR-19UF TH

Table 5. Regression Analysis of the Proposed Co-
nstitutive Model

Material Model R®
Dry Base Mg = 3718 [,}1620,, ~ 05926 0.947
Wet Base | Mg=6672 1%, ~0206% 0.895
Dry Sand Mg == 9728 06866 0374 0.976
Wet Sand Mg = 12445 [ 05854, 03539 0.993

o
ORY (Measurad)
-
WET (Messured)
e
": DAY (Prediciad)

Resitient Modulus (psi)

10000

o qe0 {000
Bulk Stress (psi)

Fig. 9. Measured and Predicted Mg Variation with
Bulk Stress for Base Material

250
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«
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Q §
8 150
g +
= +
3 I
2 1004
3 . . Regression Line
5 o
3 sl
e -
0 v y y y
<} 50 100 150 200 250

Measured Resiiient Modulus (ksi)

Fig. 10. Comparison of Measured Mg with Predic-
tion for Base Mateiral

material, the predicted Mg by Eq. 13 matches al-
most perfectly measured Mg at midium range (5
to 20 psi) of confining pressure. In case of wet
base material, the modulus predicted by Eq. 13
is still good, and the equation slightly overestima-
tes at midium range (5 to 15 psi) of confining
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ress for Sand

pressure. The degree of accuracy of the proposed
model can be seen in Fig 10. The model tends
to underestimate the resilient modulus at the high
level of resilient modulus.

Fig. 11 shows the comparison of measured mo-
duli with prediction for beach sand. It can be seen
that the best result is obtained for the wet sand.
Since the constitutive model, which is used in
evaluation of field data, does not consider the va-
riation of moisture content in a given layer, signi-
ficant changes in moisture content within a given
layer must be approximated by subdividing the
original layer into two or more layers that add
up to the same thickness as the original layer.
Each of the sublayers has different parameters
which reflect the change of moisture content with
depth.

6.2 Poisson’'s Ratio

The ‘resilient’ Poisson’s ratio is defined as the
ratio of recoverable radial strain (g) to recovera-
ble axial strain (g,). This definition can be applied
to an ideal isotropic material subjected to a uni-
form principal stress state. However, laboratory
results indicate the granular materials do not be-
have as an ideal elastic solid because many of
measured values of Poisson’s ratio are greater
than 0.5 due to the anisotropic response nature
and dilatancy of the granular material. Therefore,
it is desirable to use the ‘elastic’ Poisson’s ratio
defined as Eq. 14 from triaxial compression condi-
tion, considering the anisotropic response nature
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Table 6. Regression Analysis of Poisson’'s Ratio by
Eq. 9

Pisson's | Materials | R? Model Parameters
Ratio log b m
(p v§lue)‘ (p value)
~-0.68684 | —0.03382
Dry Base | 0.2741 i
(0.0001) (0.0074)
‘Elastic’ —0.55659 | —0.04664
] Wet Base | 0.8775
Poisson’s (0.0001) (0.0001)
Ratio . ~0.69339 | —0.03497
(Eq. 14) | Dry Sand | 0.4748 )
(0.0001) (0.0045)
. --(.59020 | —0.05527
Wet Sand | 0.7297
‘ (0.0001) (0.0001)

: p value is the level of significance of a statistical test.
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Fig. 12. Measured and Predicted Poisson’s Ratio
with Bulk Stress for Base Material

and dilatancy of the granular material.

[o PR SNl o ¥ -
v
[zorer o Ea(ca + 01‘)..} (14)

where o, and o, are axial and radial stress, g,
and ¢, are axial and radial strain, and v is ‘elastic’
Poisson’s ratio.

The result of the regression analysis of Lytton’s
model (Eq. 9) for Poisson’s ratio on laboratory
data is shown in Table 6 which indicates Lytton’s
model predicts the ‘elastic’ Poisson’s ratio of the
wet materials fairly well.

Fig. 12 shows the comparison of measured Pois-
son’s ratio with prediction by Lytton’s model for
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base course material. As shown in Fig. 12, Poisson’
s ratio predicted by Eq. 9 decreases with increa-
sing bulk stress under constant confining pressu-
res, and this trend is also observed in the beach
sand. Fig. 12 also shows ‘elastic’ Poisson’s ratio
decreases with increasing confining pressure and
is not sensitive to the stress ratio.

7. Conclusions

The resilient modulus of granular materials is
a function of the stress state. It is inadequate to
define the stress state only in terms of the first
stress invariant. Some explicit form of the devia-
toric stress must be included to describe the state
of stress more completely.

The resilient modulus of granular materials is
more sensitive to stress states than to the degree
of saturation. However, for analyzing the multiple
data sets in which moisture conditions are diffe-
rent, mositure term must be included among the
independent variables.

The final form of the model chosen in this
study is given by following:

Mz= ﬁollﬂltmﬁzyﬁawm

Special features of this model are its accuracy
to predict the nonlinear behavior, its simplicity
to determine the material constants and its ability
to model the secondary effect of decreasing mo-
dulus due to shear effects.

Modification to AASHTQ T-274 test procedure
is necessary to more closely reflect actual states
of stress occurred on the airfield pavements.

The behavior of granular material under repea-
ted loading is nonlinear rather than linear. It is
found that the resilient modulus is dominantly
dependent on the states of stresses in terms of
bulk stress and deviator stress. Through the resi-
lient modulus test for the base material and sand,
as shown in Fig. 6, the resilient modulus decrea-
ses at the lower bound of stress ratio, and then
gradually increases until shear failure occurs as
increasing the deviator stress under the constant
confining pressure.

Another aspect of the resilient modulus test in
this study is to use non-contact transducers for
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radial deformation to measure the Poisson’s ratio.
Investigation on the Poisson's ratio of granular
materials reveals that the Poisson’s ratio is some-
how dependent on the state of stress and dilative
behavior is also observed in the laboratory test.
A Poisson’s ratio model (Eq. 9) proposed by Lyt-
ton, a theoretically developed model, predicts Poi-
sson’s ratio fairly well.

The precise determination of the Poisson’s ratio
of pavement materials is of vital importance in
formlilating appropriate constitutive relations. For
a linear elastic material, it is true that the compu-
ted vertical stresses depend very little on the Poi-
sson’s ratio, but this does not necessarily mean
that the response of the pavement to loads is in-
sensitive to the volume change of the material
In fact, when the constitutive relation of a material
is mathematically formulated such as Lytton's mo-
del, the modulus of the material depends very
much on the manner in which the material cha-
nges its volume. Although Lytton's model gives
the value of the Poisson’s ratio, the model is still
subject to the limitations of the testing conditions
because material constants in the model must be
determined from regression analysis on experi-
mental data.
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APPENDIX

1in.=0.0254 m, 11bs.==0.45359 kg, 1 psi=0.0697
kg/cm?
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