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SUMMARY To design and to analyse granular pavements requires resilient moduli and Poisson's ratios for the granular base and
sub-grade materials concemned. They can be obtained from repeated load friaxial tests. A typical basecourse crushed rock was
tested using a range of cyclic and static confining pressures and the resilient moduli were derived and fitted to available models for
resilient modulus. One of the models was found to produce comparable constants for both test types and, therefore, could provide a
basis for correcting the moduli obtained from different methods of applying confining pressure. All the models were used in the
program NONCGIRL to predict the lives of some typical granular pavements selected from the NAASRA Pavement Design Guide. The
predicted lives range from 0.3 to 3 times the NAASRA design lives and this indicates that the risks associated with the use of
different charactetisation models in pavement design and analysis are significant.

1. INTRODUCTION Altogether 9 granular pavements ware designed for three

subgrade types {namely CBR3, CBR5 and CBR19Q,
The recent widespread acceptance of new mechanistic resgnectively)Tand for three design traffics (namely 107,
pavement design procedures, such as those adopted In the 10° and 10/ ESAs, respectively). The NAASRA Design

1987 NAASRA Guide to the Structural Design of Road
Pavements (1), has led to a need for improved material
characterisation techniques for all classes of pavement
materials, particularly for unbound granular materials and
subgrades. At the National Workshop on Resilient Modulus
Testing of Unbound Pavement Materials and Subgrades
organised by the Australian Pavement Research Group
(APRG) in South Australia, in February 1991 (2}, there
were consensus statements that the repeated load triaxial

Chart (Figure 8.4 in the 1987 NAASRA Guide) was used
for selecting the total thicknesses of the base and sub-
base layers of the 9 granular pavemnents, which are given
w: Table I.

TABLEI

PAVEMENTS ADOPTED IN THE STUDY.

test with either cyclic or static confining pressure can be o
used to determine material resilient modulus and Poisson's F,'&V CBR thlzﬁéﬂ o Design life
rafio, which are used as input parameters in the (mm) (ESA)
mechanistic pavement design. However, as the two test
types could produce different modulus values at the same
stress levels (3, 4, 5, 8), their application to pavement 1 3 400 105
design and analysis could produce different end resuits. 5 3 520 106

7
This paper describes the results for a typical base crushed 3 3 640 10
rock determined by the two test types. Some available 4 5 300 105
non-linear material models are used to fit the results and 5 5 380 106
then incorporated in the program NONCIRL (7} to predict 6 5 480 107
pavement lives for some typical granular pavements
selected from the NAASRA Guide. Comparisons of 7 10 200 105
pavement fives calculated with NONCIRL to those 8 10 260 108
estimated by the NAASRA Guide enable identification of 9 10 220 107
the risk associated with the use of different test types and
different characterisation models in pavement design and
analysis.
2, THE DESIGNED PAVEMENTS 3. CHARACTERISATION OF THE GRANULAR

BASE/SUB-BASE MATERIAL
Granular pavernent structures as designed according to
the NAASRA Guide consist of a thin sprayed chip seal 3.1, Testing methods
surfacing of about 20 mm, a base layer and & sub-base

layer laying on the subgrade. The predicted pavement life
calculated using the NAASRA subgrade strain criterion is
expressed as:

N = (8511/¢e,)7 14 ™)

where N Is the number of Equivalent Standard Axles (ESA}
and g, the critical subgrade strain at top of the subgrade
cafculated with the program CIRCLY (B), using the
standard l[cading configuration as described in the
NAASRA Guide.
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Four samples of a typical basec%urse crushed rock, each
with specified density of 2.20 tY/m° and moisture content of
4 %, were prepared for repeated load friaxial testing to
provide data for examining the difference in resilient
medulus produced by the two test types.

For the samples 1 and 2, each sample was tested in
accordance with the SHRP Profocol P46 testing procedure
(9) using static confining pressures (ag) in the range of 20
kiPa to 68 kPa and vertical/radial stress ratios (o4/oq) in
the range of 2 to 10.
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Aftar the above test series, fhe same sample was
subjected to another test series using cyclic confinipg
pressures in the range of 20 kPa to 120 kPa and with
stress ratios in the range of 2 to 10, as suggested in the
ARRB testing procedures (10).

Tha samples 3 and 4 were tested in the reversing order,
ie. to start with the test series with cyclic confining
pressures and then following with the test series with static
confining pressures. The emphasis was to show the
negligible effects of loading history on the resilient maduli
derived in the tests.

The difference between the siress paths of the two test
types can ba seen In Figure 1, where they are pictted in
the stress space of folal siress, = {gq + 2. og), and
deviator stress, q = (o - g3) . As shown in Figure 1, the
two test types have the same peak total stress and
deviator stress, but different initial static total stresses and
different cyclic total stresses.

DEVIATOR [
STRESS,

q = (04 - T3)

.
Cyclic confining
stress (1)

Static confining
stress (2)

1 T
Static Static A Peak

stress (1) stress (2} ! stress
]

\ I' Cyolic stress (2!
R L LY
; Cyclic stress (1)

TOTAL STRESS, 8 = (o4 + 2. 63)
Figure 1 Stress paths for the two repeated load triaxial
test ypes
3.2, Testresults

The resilient modulus (E;) and Poisson's ratio {v,) were
calculated using the generalised Hooke's law as:

Er=(o1-0ar).(01+2.03/(e1 (01 +o3)-2 8311037 (2)
vp = (&1 -Sar€ar-01MEq (01 p+030)-2.Ear1 -Oar) @)

where o, and op, are the cyclic vertical and radial
stresses, respectivefy; and g and ey, are the measured
radial and vertical resilient strains, respectively.

In the test with static confining pressure, ag; = 0, the above
equations are simplified as:

Er=0oqrfeqr=arfeqr )
V= E3r/Eqr (8)
The moduli obtained from a typical test are plotted against

peak mean stresses, o, = 0/3, as shown in Figure 2. The
results indicate that, for the same peak mean stresses, the
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Figure 2 Typical results fitted with chacraterisation Model
1 {(Sample No. 3)

modulus obtalned from the tests with static confining
prassure are generally higher than those obtained from the
tests with cyclic confining pressures.

3.3. Characterisation models for granular materials

There have been many characterisation models developed
for different granular base materials using different testing
techniques (3, 4, 5, 11). They are often expressed as
functions of some common stress parameters, such as
confining stress, og, deviator stress, q = oy - og, tetal
stress, 6 = oy+2.04, mean stress, oy = 6/3, and siress
ratio = o4/0q. This study considers four models, which are
closely fitted to the test resulls, as described below.

3.3.1 Model 1: Meodulus Vs peak mean stress (for tests
with constant confining pressure)

Past studies of resilient response of granular material
using the method of applying static confining pressure (11)
reported that the resilient modulus is a function of the peak
{otal stress; i.e.

E, = Ko.8K1 )

To allow Ko to have the same unit as E, (MPa), Equation 6
can be expressed in another form of

E = |<2.((:i‘n-]l'(?5[.:ief)K.E {7

where oy = 0/3 is the peak mean stress and opgy is the
reference stress of 100 kPa,

Typlcal resufts fitted by Modet 1 are shown in Figure 2,
Average values of Ky and Kp obtained from all the tests
are 0.70 and 340 MPa.

3.3.2. Model 2: Modulus Vs peak mean stress and stress
ratio (for tests with cyclic confining pressure)

Studies for various granular materials carried out at ARRB
using the test with cyclic confining pressure (12, 13, 14,
15) reported that the resilient modulus Is a function of both
paak mean stress and stress ratio (54/03).

In this case, the model has the same form as that of
Equation 7 and with the same value for Kq, but Ko is a
function of peak stress ratio {o¢/0g), i.e
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Kp = Komax - S1-{Log7-Log(o/03)} (8)
for (o4 %3 <

Kg = ' (9)
fo7 (o4 0ney

Typical resulis fitted by Model 2 are shown in Figure 3.
A)\/fgrage values of K and Sq obtained from all the
tests are 270 and 230 MPa, respectively.
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Figure 3 Typical results fitted with chacraterisation Model
2 {Sample No. 3)

3.3.3. Model 3: Modulus Vs average mean stress (for both
test types)

Vuong (6} also reported that the two test types could
produce comparable moduli at the same average mean
stress, Smave. = (Omstatic + Smpeak)/2. Providing that the
peak siress ratios {c ?03) in tgsts with cyclic confining
pressures are greater than 5. The relationship is expressed
as

Er=K3.(om Ave/oRet’ (10)

Typical results fitted by Model 3 are shown in Figure 4.
Average value for Kq obtained from all the tests is 430
MPa.

3.3.4. Model 4: Modulus Vs average mean stress and
stress ratio {for tests with cyclic confining pressure)

To fit more closely the results obtained from tests with
cyclic confining pressure, the parameter Ky in Equation 10
is expressed as a function of peak stress ratio (oy/eg), ie.

Ka = Kamayx - Sz.{Log7-Leg(c/o3)} {1
for (oy/oa)<

Kaq = (12)
fo? (o4 %rg%

Typical results fitted by Model 4 are shown in Figure 5.
Average value for Kamay is the same as the average value
for Kg in Model 3, whereas the average value for Sp
obtained from all the tests Is 360 MPa
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Figure 4 Typical results fitted with chacraterisation Model
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4. CHARACTERISATION OF THE SUBGRADES

In the NAASRA Guide, the subgrade materials are
assumed to be elastic and cross-anisotropic of Ev/Eh=2.0
and the vertical modulus of a subgrade can be determined
fram the empirical relationship of

Ev=10.CBR (13)

However, Vuong (13, 14, 15) reported that resilient
modulus of subgrades can reduce with increasing deviator
stresses. Generally the subgrade modulus can be
expressed as:
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Er = Emax (1~ d/arep)® (14)

and
Er2 Emin = Emax/ (15)

where q is the dgvlator stress; Y4 is the reference stress
of 300 kPa; and Epa¢ and p are the material constants

Vuong (16) also suggested typical Emgy values of 32 MPa,
61 MPa and 145 MPa for the subgrades of CBR 3, 5 and
10, respectively, and a typical p value of 2. The Poisson's
ratio for the subgrade is assumed to be a constant of 0,45,

5, STRUGCTURAL ANALYSIS USING NONCIRL
5.1 Brief description of NONCIRL

in order to carry out structural analyses of flexible
pavements, the NAASRA Guide uses a computer program
CIRCLY (8}, which is based on linear elastic layer theories.
To make this program more versatile, it has been medified
to NONGIRL (7} for analysing pavements having non-linear
maierial characteristics. NONCIRL uses CIRCLY in the
iterative process to calculate layer moduli of pavement
layers and subgrades for given modulus-siress
relationships. 1t also considers correction for tensile
siresses in unbound layers and for overburden: static
pressures.

The computing process used in NONCIRL has the flow
chart shown in Figure 6.

Selacted non-linsar |
materlal models &
values for model

Load and pavement
configurations
(with sub-ayers}

parameters
Moduli for the " initial values
current lteration | of moduli and
l Poisson's ratios
Stresses
calculated with
CIRCLY

!

Correct for tensile
stresses and overburden
static stresses

|

MNew estimates of
sub-fayers moduli

Check for error in
atl sub-layer meduli

Em>0 Err=0

|| Correct sub-layer moduli
to new values

Calculate pavement
response and
performance

|

Figure 6 Flow chart for calculation of elastic moduli for
materials having stress-dependent characteristics using
NCNCIRL.

To calculate the modulus values, Ep, for the final main
analysis, & number of iterations were performed with E,
being calculated and updated based on the exisling peak
mean siress, average mean stress and peak stress ratio
for each sub-layer. These are also checked for tensile
stresses.
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in the program, the cyclic stresses are the stresses
incduced from the applied wheel load; whereas the static
stresses are the earth pressures at rest, which are
assumed to be the same as the gverburden pressure, i.e.

U5 = Ogg =0-H {18)

where g is the specific density of the material (in kNIma)
and H is the depth to the point where the stresses are
calculated.

Equilibrium is alse checked after each iteration using the
following measure of error in the calculated sub-layer
moduli:

Etror = SUM (E; - Ej.1)2/E2 (17)

where E; and Ej.q are the sub-layar moduli for the current
and previous iterations, respectivaly.

5.2 Pavement and loading configurations

The granular layers and the subgrade were divided into
sub-layers and the modulus of each sub-layer was then
caleulated accordingly to maximum stresses at the middle
of the sub-layers, usually occurring at the vertical loading
axis through the loading centre or through the centre of the
loading group. The number of sub-layers of the base and
sub-base layers for the nine pavements were 4, 5, 6, 4, 5,
6, 4, 4 and 4, respectively; whereas the subgrade was
divided into 4 sub-layers having thicknesses of 250 mm,
350 mm, 500 mm and a semi-infinite bottom layer.

The Eguivalent Standard Axie load (ESA) applies a
uniform pressure of 550 kPa applied on two circular areas,
each with an radius (R) of 0.107 m and a spacing between
the leading centres of 0.330 m.

5.3.  Analyses using different charactetisation models for
unbound materials

As shown in section 3, it is uncertain which testing method
and material model for unbound material would be
appropriate for use in NONCIRL. To show the risks
associated with the use of different test types and different
characterisation models in pavement design and analysis,
five analyses were considered:

(a) Analysis 1 (AN1): This analysis uses Model 1 for the
base material and assumes that the material is
weightless and can have tensile stress. The purpose
of this analysis is to demonstrate that the above
assumptions can significantly affect the results.

(b} Analysis 2 (AN2): This analysis uses Model 1 for the
base material and assun'ées that the material has a
unit weight of 22.5 KN/m* and that tensile stress is
unable to develop in the material. These assumptions
are more realistic than those used in AN1.

(c) Analysis 3 (AN3): This analysis uses Model 2 for the
base material and the same assumptions as made in
ANZ,

{d) Analysis 4 (AN4): This analysis uses Model 3 for the
E)\E'{Jsze material and the same assumptions as made in

(e} Analysis 5 (ANS): This analysis uses Model 4 for the
t&?\lse material and the same assumptions as made in

2.

All analyses used Equation 14 for subgrade modulus and a
typical value of E,/E, of 2 for all granular and subgrade
sub-layers (E, is vertical modulus and Ep is horizontal
modulus} as suggested by the NAASRA Guide.

The input parameters for the material models for the base
material and the subgrades are given in section 3 and
section 4, respectively.
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6. COMPARISON OF MODULI

The percentage differences between the calculated moduli
for the five analyses and the NAASRA estimates, for a
typical pavement, are ploited in Figure 7 for examination.
In this case the NAASRA estimates for the 6 granular sub-
tayers, from top to bottom, are 500, 340, 232, 158, 108,
73 Mpa, respeactively.

As shown in Figure 7, all analyses produced different
modull as compared to those estimated by the NAASRA
Guida. The results also show that the analysis AN1
produced the lowest moduli, particularly at depihs below
100 mm, because it assumed weightless materials and
allowed tension in the base sub-layers and hence reduced
significantly the peak stresses and sub-layer moduli

By considering the overburden pressures and by correcting
tensite stresses in the granular sub-layers, the analysis
ANZ produced much higher maduli than those estimated
by AN1.

The analysis AN3 (characterisation Model 2) produced
very conservative estimates for all sub-layers as compared
1o those estimated by AN2 (characterisation Model 1). This
reflacts the difference in the constant Ko in the models
determined by the two test types.

The analyses AN4 and ANS preduced similar estimates of
moduli for all sub-layers, except the top sub-layer. This
indicates that the characterisation Model 3 and Model 4
could provide a basis for correcting the moduli obtained
from different methods of applying confining prassure.

100
m AN 5= AN2 3 ANZ ES
80-+---f OO AN4 X ANS  {e-emremmmrnccaeaaad
g 60_ ‘.w ---------------------------------
[42]
=2
L
S 5 =
Z 20 - -
% -
§ oy — R
E . S . T, m o
5 '20 | x x
% m n
T DO . T
803 100 200 300 400 500
DEPTH (mm)

Figure 7 Percamage difference in modulus as compared
with NAASRA estimates

7. COMPARISCN OF CRITICAL STRAINS AND
PAVEMENT LIVES

Pavement life is defined in the NAASRA Guide as a
function of the maximum vertical compressive strain on the
top of the subgrade (see Equation 1). The vertical strains
at the top of the subgrade estimated by the five analyses
are tabulated in Table II. It should be noted that the critical
maximum vertical strains can ocour at either the vertical
axis through the load centre or the vertical axis through the
centre of the loading group.

Tha pavement lives estimated by the five analyses are
given in Table I, They vary from 0.3 to 3 limes the
NAASRA design lives and this indicates that the risks
associated with the use of different characterisation
medels in pavement analysis and design are significant.
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The results also Indicate that the analyses AN1 and AN3
produced more conservative prediclions than ofher
analyses; whereas the analysis AN2 couid Involve higher
risk by producing high design lives for all pavements. The
analyses AN4 and AN5 proeduced less conservative
predictions, except for pavements with very thick
basecourse layers (Eqg. pavements 2 and 3).,

8. SUMMARY AND CONCLUSIONS

Resllient modulus testing of the typical base crushed rock
were carried out Using two repeated load triaxial test types
{l.e. with constant and cycllc confining pressures) and the
resilient moduli were derived and fitted to available models
for resllient medulus. It was found that the constant {Ko) of
the 'modulus-peak mean stress' model (Model 1) is
different for different test types and this indicates that the
effects of static confining pressure on the mode! constant
may be significant.

It was also found that the ‘modulus-average mean stress'
model (Made! 3) produced the same constants (Kg) for
both test types (oroviding that stress ratios in the test with
cyclic confining pressure are greater than 6). This model
can provide a basis for correcting the moduli obtained from
different methods of applying confining pressure.

Ko and Kg were also expressed as a funclion of stress
ratio in order to fit more closely the test results obtained
from tests with cyclic confining stress (Model 2 and Model
4},

The characterisation models were used in the program
NONCIRL to calculate sub-layer moduli for their stress
dependent characteristics and to predict pavement lives for
nine typical granular pavements, It was found that besides
the effect of different characterisation medels dstermined
from the repeated load triaxial tests, pavement analysis
should take inte account the effect of no-tension in the
base layers and the effect of earth pressure at rest.

Far the pavements studied, the pavement lives catculated
with NONGIRL for different characterisation models ranged
from 0.3 to 3 times the NAASRA design lives. This
indicates that the risks associated with the use of different
charasterisation models in pavement analysis and design
are significant.

Although the results in this study supporied the use of the
‘modulus-average mean strass’ models (Model 3 and
Model 4) for reducing the difference in the predicted
pavement lives, the differences between the two models
are still very high for some pavement configurations. In
addition, this study does not take into account
experimental errors invelved in the tests. Therefore, there
Is scope for further studies to identify the risks involved in
applying the repeated load triaxial tests into practice and to
minimise them, paricularly in the area of evaluating the
performance of new and marginal materials.
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TABLE I

VERTICAL STRAINS ON TOP OF SUBGRADE CALCULATED WITH NONCIRL

VERTICAL STRAIN CALCULATED AT TOP OF THE SUBGRADE (microstrain)

ANS R=

Pav, No. 1 2 3 4 5 6 7 8 9
Depth (mmj) 400 520 640 300 390 480 200 260 32
AN1 R= j [ 805t 1 :

H:
AN2 R=0mm

R=
AN3 R=0mm

R=165m
AN4 R=0mm

R:

Gray shade = maximum critical strain
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