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1. Introduction

Low traffic pavements with a thin bituminous surfacing, granu-
lar base and sub-base layers represent approximately 60% of the
road network in France. In these pavements, permanent deforma-
tions of the unbound layers and of the soil represent the main
causes of distress that lead to rutting of the pavement surface.

Recent studies [8], dealing with the improvement of design
methods for flexible pavements have pointed out that, in most
cases, when the water content increases in the unbound layers,
or the soil, on a permanent basis, the decrease in the bearing capac-
ity of these layers leads to rutting. This distress occurs mainly in
the granular base and sub-base layers. Despite this knowledge,
the rutting of unbound materials is still not well-understood, and
it is not taken into account in most pavement analysis and design
methods. In the French pavement design method ([16]), which is a
mechanistic-empirical design method that is based on linear elas-
tic calculations, the only rutting criterion concerns subgrade soil
and consists in limiting the vertical elastic strains at the top of
1

the subgrade. No criterion is applied for the unbound granular
layers.

The purpose of this work is to apply this knowledge to pave-
ment design with the aid of an appropriate theoretical analysis
and an understanding of the deformation mechanisms. Nonlinear
stress–strain relationships are a particular feature of the problem
and must be considered in pavement analysis and design. The
mechanical processes can be separated into two categories,
namely, (i) a short-term mechanical processes and (ii) a long-term
mechanical processes. The first category concerns the instanta-
neous behavior of a flexible pavement, as activated during the pas-
sage of a vehicle. The second category concerns the accumulation
of permanent deformations, which is not the point of this study.

Repeated load triaxial tests (RLTTs) are commonly used to
establish the mechanical characteristics of granular materials and
are used to describe either the resilient behavior [10,19,37,22,27]
or permanent deformation accumulation [20,2,33,15].

The behavior of unbound granular materials in roads is gener-
ally studied in the unsaturated state, but the modeling of this
behavior is generally based on total stresses. Nevertheless, a com-
plete description of the material behavior necessitates an effective
stress approach with the pore pressures (or pore suctions) are sep-
arately controlled or monitored from the applied pressures. Most
road materials are coarse-grained and are partially saturated
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Fig. 1. Particle size distribution curve of Missillac sand.
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Fig. 2. Distribution of incremental pore volume evaluated from the MIP results.
because they are positioned above the ground water table. How-
ever monitoring the pore suctions during each transient pulse of
the mechanical loading usually proves to be impossible. For this
reason, all testing programs (for example RLTT) determine param-
eter values for resilient and incrementally-developed plastic strain
models in terms of the total, not the effective, stresses. This last
point has been recently underlined in a synthesis of the various
modeling approaches developed for unbound granular materials
in roads [8]. One of the main conclusions from that study related
to future work was that the models could be improved by taking
into account the unsaturated state of the material and its influence
on the mechanical behavior. Experimental work shows that the
variation of the water content in cohesive soils and granular mate-
rials has a significant influence on their mechanical behavior espe-
cially on the resilient modulus, as reported by Rada and Witczak
[28], Li and Selig [24], Drumm et al. [10], Yuan and Nazarian
[37], Khoury and Zaman [22], Rababah [27].

Unsaturated soils exert an attraction on water, either by capillary
action in the pores, between soil particles, or through physico-
chemical effects. The variation of water content with suction is
generally represented by a SWRC in unsaturated soil mechanics.
To cover the whole suction range between 0 and 300 MPa, the salt
solution technique [12] is generally combined with either air
2

overpressure methods [30,11,3] with a maximum imposed suction
of about 14 MPa [36] or osmotic techniques [38,9,25]. A comparison
between the various methods of controlling suction (osmotic,
tensiometric plate, air overpressure, vapor equilibrium and thermo-
couple measurements) was conducted by Fleureau et al. [14] on a
kaolinite slurry over a wide range of suctions from 0.4 up to
180 MPa. The pressure necessary to extract water from unsaturated
soils, for example, from a densely compacted swelling clay used for
engineering barriers in nuclear waste, can be higher than 10 MPa.
However, a granular soil will have a suction of several tens of kPa;
consequently, the tensiometer method [31] is a good option for
measuring the suction in this range. The filter paper method
[18,13] can be used for any suction measurement, although this
method is less precise for the low suction values.

In this context, this article initially presents the hydric charac-
teristics, through the SWRC, and the resilient behavior, through
the RLTT results, of a clayey sand (Miscillac sand). These results al-
low us to define the resilient behavior with the Boyce model [5] in
terms of the effective stresses (instead of total stresses as originally
developed) over a range of water contents (suction values). This
definition finally improves the determination of the model param-
eters since the same set of parameters can be used for the different
water contents (suction values).



2. Experimental program

2.1. Material

The Miscillac sand is a clayey sand that is often used as sub-
grade soil in low traffic pavement. It is sensitive to moisture, and
its in situ elastic modulus typically varies between 50 and
100 MPa.

The particle size distribution of this material presented in Fig. 1
is continuous (d60 = 1.10 mm; d30 = 0.48 mm; d10 = 0.01 mm), and
the maximum particle size is about 10 mm.

The pore size distribution of the Missillac sand was evaluated
by a mercury intrusion porosimetry (MIP) test. Fig. 2 presents
the variation of incremental mercury intrusion volume versus the
pore access diameter. This distribution reveals both micro- and
macro-structural levels. The dominant diameter of about 100 lm
corresponds to the macro-pores of the compacted soil, while their
microstructure presents its peak at 0.015 lm.

In the laboratory, the material was prepared in a Proctor mold
with a given water content and compacted with the normal Proctor
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Fig. 3. (a) Normal Proctor compaction a
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test procedure. Both the compaction curve and the CBR (California
Bearing Ratio) curve of the Missillac sand are shown in Fig. 3. The
optimum configuration of the normal Proctor compaction is
wopt = 9% and qd = 2.06 Mg/m3. The CBR curve normally shows a
different optimum point: wopt = 8% and CBR = 46%. The CBR curve
indicates a material that is sensitive to moisture when the loss of
CBR is between w = 8% and w = 11%.

In this paper, we suppose that the SWCC can be represented by
samples prepared at various compaction water contents. Effects of
compaction water content on the soil structure and the mechanical
behavior of the samples are assumed to be small.

2.2. Soil water retention curve (SWRC)

To determine the variation of suction with the water content of
the soil, laboratory tests were conducted using two methods: the
filter paper method [1] and the tensiometer method [23], [34],
[29].

The matrix (or matric) and total suction of all the samples,
which were statically compacted at the same initial dry density
Content [%]
9 10 11 12 13

9 10 11 12 13

content [%]

nd (b) CBR curve of Missillac sand.
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Fig. 4. Variation of the matrix and total suction versus the water content obtained with the filter paper method.
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Fig. 5. Comparison of matrix suctions obtained by tensiometer method with the filter paper method and fitted by the Brooks and Corey model [6].

Table 1
Parameters of SWRC of Missillac sand.

Parameter Value

wbM (MPa) 4.91
wbm (MPa) 39.25
kM 1.57
km 1.40
wrm (%) 5.25
wrM (%) 10.2
ws (%) 12.3
RMSE 0.035
of 2.0 Mg/m3, were measured for different water contents using
the filter paper technique. For this technique, Whatman No. 42 fil-
ter paper is enclosed with a soil specimen (without being in con-
tact) in an airtight container for at least two weeks, until the soil
reaches a state of equilibrium with the relative humidity (amount
of water vapor which exists in a gaseous mixture of air and water
vapor) in the measuring chamber, to measure the total suction. For
4

matrix suction measurements, the soil samples were compacted in
two layers of 1 cm thickness. A filter paper was inserted in be-
tween two pieces of protective filter papers with larger diameters.
The filter paper sandwich was placed between the two soil layers.
This test method takes into account the variability of the water
content of the filter paper in direct contact with the soil. Fig. 4 pre-
sents the variations of the matrix and total suction versus the
water content obtained with the filter paper method. Little differ-
ence was observed between the total and matrix suction.

The tensiometer technique permits measurements of the matrix
suction in the range from 0 to 100 kPa. The samples were all com-
pacted at the same initial dry density of 2.0 Mg/m3, at different
water contents, with a height of 2 cm and a diameter of 7 cm. Por-
ous ceramic cups for soaking up the water were carefully put into
contact with the samples. The measurements take a few hours to
reach an equilibrium state after the installation. Fig. 5 compares
the experimental results obtained by the tensiometer method
and the filter paper method, and a good correlation is obtained.

Various empirical equations have been suggested to describe
the SWRC. Among these equations, the relationships proposed by



Table 2
Initial state parameters of the tests.

Water content,
w (%)

Dry density,
qd (g/cm3)

Void ratio, e (–) Degree of
saturation, Sr (%)

7 2 0.33 56
8 2 0.33 65
9.6 1.9 0.39 65
10 2 0.33 80
11 1.9 0.39 74

Table 3
The water contents and the stress paths followed with repeated load triaxial tests
(RLTTs).

Initial water content (%) Initial suction (kPa) Stress paths (Dq/Dp)

7 90 0, 0.5, 1, 2, 3
8 60 0, 0.5, 1, 2, 2.5, 3
9.6 45 0, 0.5, 1, 2, 3
10 40 0, 0.5, 1, 2, 2.5, 3
11 9 0, 0.5, 1, 2, 3
Brooks and Corey [6], van Genuchten [35] and Fredlund and Xing
[17] have been used in geotechnical engineering. In particular,
the Brooks and Corey [6] simulation is simple, and its parameters
are physically meaningful. The Brooks and Corey equation for the
SWRC is written as follows:
w�wr
ws�wr

¼ ðwb
w Þ
�k w P wb

w ¼ ws w 6 wb

(
ð1Þ
in which w is the water content; w is the suction; k is a fitting
parameter, which represents the slope of the curve in a logarithmic
space; ws is the saturated water content; wb is the bubbling pres-
sure (or air entry pressure); and wr is the residual water content.
Time 
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Fig. 6a. Principle of a repeated load triaxial test (RLTT).
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For dual porosity soils like the sand studied here (Fig. 2), when
the suction exceeds the first air entry value, air starts to fill the
macro-pores. At this stage, the micro-pores remain saturated until
the suction reaches the second bubbling pressure. Hence, to deter-
mine the volumetric water content in bimodal SWRCs, one can em-
ploy the superposition principle [7]. In other words, the residual
water content of the macro-pores can be used as the saturated
water content of the micro-pores. Thus, to adapt the original for-
mula of Brooks and Corey to bimodal SWRCs, the original function
is replaced by a three-part equation as follows:

w ¼
ws w < wd

wrM þ ðws �wrMÞðwbM
w Þ

�kM wbM < w < wbm

wrm þ ðwrM �wrmÞðwbm
w Þ

�km wbm < w

8><
>: ð2Þ

where ws, wrM, wrm, wbM and wbm are, respectively, the saturated
water content, the residual water content of the macro-pores (sat-
urated volumetric water content of the micro-pores), the residual
water content of the micro-pores, the bubbling pressure of the
macro-pores and the bubbling pressure of the micro-pores. To find
a proper curve for the bimodal SWRC that describes the double
porosity of the sand employed in this study, wbM, wbm and ws were
directly determined from experimental data, and wrM, wrm, km and
kM were determined by fitting Eq. (2) with the data points. All these
parameters are reported in Table 1.

To assess the precision of the Brooks and Corey model for the
soil tested, the root-mean-square error (RMSE) was defined as
follows:
80 100 120 140

kPa)

q/p = 0

q/p = 0.5

q/p = 1

q/p = 2

q/P = 2.5

q/p = 3

maximum strength line

The maximum strength line obtained 
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ssillac sand for different constant water contents.
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RMSE ¼
P w�wsim

w

� �2

n

" #0:5

ð3Þ

in which n is the number of experimental data points, w is the vol-
umetric water content measured for each specimen and wsim is the
volumetric water content simulated by Eq. (2). The RMSE was min-
imized to define the parameters of the curves presented in Table 1.
The fitted curves are also shown in Fig. 5. It can be concluded that a
good agreement is obtained between the model (Eq. (2)) and most
of the experimental data.

2.3. Repeated load triaxial tests (RLTT)

In laboratory testing procedures, it is well-known that the size
of the sample may have an important influence on the results. To
minimize size effects, the sample size must be sufficiently large,
with regard to the microstructure of the material. For Missillac
sand, the samples had a diameter of 76.2 mm and a height of
147.2 mm. The samples were compacted in a rigid mold using a
hammer that is similar to a Proctor hammer in three layers for five
different water contents: 7%, 8%, 9.6%, 10% and 11% and a dry den-
6

sity of 1.9–2.0 Mg/m3. These samples were different from those
used to measure the SWRC. Table 2 presents the initial state of
all the studied samples.

The RLTTs were carried out at the Laboratoire Central des Ponts
et Chaussées (LCPC) with a cyclic triaxial apparatus for soils, which
has a pneumatic loading system. A test procedure with a variable
confining pressure (VCP) has been developed, where both the axial
load and the confining pressure are cycled. VCP loadings simulate
stress paths in unbound pavement layers under wheel loads better
than constant confining pressure tests. The tests were performed at
a frequency of 1 Hz, with stress-controlled sinusoidal loadings
(Fig. 6a). The axial and radial strains of the specimens were mea-
sured during the tests using the sample instrumentation.

To study the resilient behavior of the material, the following
procedure was used:

– The RLTT is a triaxial test (with open valve) and the water con-
tent was measured before and after the repeated loadings.

– The sample was first subjected to conditioning, which consists
of applying 104 loading cycles at a frequency of 1 Hz, to stabilize
the permanent deformations (at the end of this conditioning,



Table 4
Results of the parameter optimization of the Boyce model based on the total stress concept.

Initial water content (%) Suction (kPa) Stress paths (Dq/Dp) Model parameters

Ka Ga n c CC

7 90 0, 0.5, 1, 2, 3 10.56 28.85 0.30 0.50 0.82
8 60 0, 0.5, 1, 2, 2.5, 3 15.85 30.60 0.39 0.60 0.83
9.6 45 0, 0.5, 1, 2, 3 13.92 24.47 0.37 0.59 0.88

10 40 0, 0.5, 1, 2, 2.5, 3 18.10 37.65 0.35 0.65 0.93
11 9 0, 0.5, 1, 2, 3 11.32 19.21 0.35 0.48 0.79
Average value 13.95 28.16 0.35 0.56 –
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Fig. 8. Evolution of the ev and eq values based on the total stress concept for Dq/Dp = 0, 0.5, 1, 2, 2.5 and 3 at two different water contents: (a) w = 7% and (b) w = 11%.
the increase in the axial plastic deformation was lower than
10�8 per cycle). The cyclic stresses applied during the condition-
ing were (Dp, Dq) = (40 kPa, 80 kPa) from an initial state of
stresses (p0, q0) = (10 kPa, 5 kPa),where p is the mean normal
stress and q is the deviatoric stress. For a triaxial test, p and q
are defined by:

p ¼ ðr1 þ 2r3Þ=3 ð4Þ

and

q ¼ r1 � r3 ð5Þ
7

where r1 and r3 are the major and minor principal stresses.
– Then, to study the resilient behavior, a series of short loadings

(100 cycles) were applied with different stress paths (Dq/Dp)
and different maximum stress levels (pmax, qmax). Six stress
paths were studied (Dq/Dp = 0; 0.5; 1; 2; 2.5; 3) (Fig. 6b) and
three or four stress levels were applied for each stress path.
For each load sequence, the last cycle was used to determine
the resilient behavior.
Table 3 summarizes the five or six stress paths for each value of

the water content. The SWRC was used to estimate the suction cor-
responding to each value of the water content because the water



Table 5
Results of the parameter optimization of the Boyce model based on the effective stress concept.

Initial water content (%) Suction (kPa) Stress paths (Dq/Dp) Model parameters

Ka Ga n c CC

7 90 0, 0.5, 1, 2, 3 1.31 20.00 0.07 0.59 0.76
8 60 0, 0.5, 1, 2, 2.5, 3 2.00 20.65 0.07 0.62 0.80
9.6 45 0, 0.5, 1, 2, 3 1.13 19.10 0.04 0.59 0.86
10 40 0, 0.5, 1, 2, 2.5, 3 3.81 25.02 0.11 0.65 0.88
11 9 0, 0.5, 1, 2, 3 3.63 20.31 0.10 0.50 0.80
Average value 2.38 21.01 0.08 0.59 –
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Fig. 8 (continued)
content of the sample was not modified during the cyclic tests and
the suction was assumed to be constant during the loading.
Additionally, the small volumetric and deviatoric strains will
modify slightly the initial void ratio equal to 0.33. In other
words, assuming the void ratio values being equal to their initial
values, the loading over the various stress paths was assumed to
not result in significant changes of the degree of saturation in the
samples.

Fig. 7 shows examples of cycles of the volumetric strain ev and
shear strain eq that were obtained for the different stress paths for
the tests with a water content of 8%. The cycles show that the
behavior of the soil is nonlinear, and depends on the mean stress
p and the stress path Dq/Dp.
8

3. Modelling results

3.1. Boyce model

If routine pavement design is based on linear elastic calculation
using constant Young modulus and constant Poisson ratio for each
layer, then advanced pavement design requires improved
elasticity models that account for nonlinear behavior with finite ele-
ment calculations. A comparison of the most widely used elasticity
models in pavement design can be found in the following Ref. [8].

Consequently, the nonlinear elastic model of Boyce [5] is a good
option for pavement modeling to ensure that the evaluation of the
stress, strain, and deflection in the pavement is valid.
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Fig. 9. Evolution of ev and eq values based on the effective stress concept for Dq/Dp = 0, 0.5, 1, 2, 2.5 and 3 at two different water contents (a) w = 7% and (b) w = 11%.
In 1980, Boyce presented some basis for subsequent work on the
stress-dependent modeling of the resilient response of cyclically
loaded unbound granular materials. The anisotropy of the pavement
materials is increasingly being recognized as a property that must
be modeled to adequately describe the pavement mechanical
behavior [32]. The Boyce model was modified to include the
anisotropy in the early 1990s [21]. Hornych and co-workers
introduced the anisotropy by multiplying the principal vertical
stress, in the expression of the elastic potential by a coefficient of
anisotropy c so that p and q are redefined as follows:

p� ¼ c � r1 þ 2 � r3

3
ð6Þ

and

q� ¼ c � r1 � r3; 0 < c < 1 ð7Þ

and the stress–strain relationships are defined as:

De�q ¼
2
3
� ðDe�1 � De�3Þ ¼

Dq�

3 � Gr
ð8Þ

and

De�v ¼ De�1 þ 2De�3 ¼
Dp�

Kr
ð9Þ

These relations yield Krr and Gr, the bulk and shear moduli, respec-
tively as [21]:
9

Kr ¼
p�

pa

� �1�n

1
Ka
� b

Ka
� q�

p�

� �2 ð10Þ

and

Gr ¼
p�

pa

� �1�n

1
Ga

� � ð11Þ

and

b ¼ ð1� nÞ Ka

6Ga
ð12Þ

where pa is the atmospheric pressure and Ka, Ga, c, and n are model
parameters, which are determined with the least square method.

The suction s can be taken into account by the following equa-
tions [4] where

r0ij ¼ ðrij � uadijÞ þ v � ðua � uwÞdij ¼ ðrij � uadijÞ þ v � sdij ð13Þ

and

s ¼ ua � uw and 0 6 v 6 1; i ¼ 1;2; or3 ð14Þ

where ua is the pore air pressure, uw is the pore water pressure, v is
the bishop parameter (taken equal to the degree of saturation of the
soil), and r0ij is the effective stress tensor. Actually there are lots of
propositions for the v parameter in the literature [26]. Since our
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Fig. 9 (continued)
material is a granular one, we choose the simplest assumption
v = Sr.The following expressions can be proposed for the effective
stress and the volumetric and deviatoric strains:

p0 ¼ ðcr1 � uaÞ þ v � sþ 2 � ðr3 � uaÞ þ 2v � s
3

¼ ðp� � uaÞ þ v � s ð15Þ

q0 ¼ c � r1 � uað Þ þ v � s� r3 � uað Þ � v � s ¼ c � r1 � r3 ¼ q� ð16Þ

ev ¼
p0n

pn�1
a
� cþ 2

3 � Ka
þ n� 1

18 � Ga
� cþ 2ð Þ � q�

p0

� �2

þ c� 1
3 � Ga

� q
�

p0

" #
ð17Þ

eq ¼
2
3
� p0n

pn�1
a

� c� 1
3 � Ka

þ n� 1
18 � Ga

� c� 1ð Þ � q�

p0

� �2

þ 2 � cþ 1
6 � Ga

� q
�

p0

" #
ð18Þ
3.2. Modeling based on total stress concept

The Boyce model is based on the total stress (r0ij ¼ rij, v = 0 in
Eqs. (13)–(16) and was first applied separately for all the stress
paths Dq/Dp = 0, 0.5, 1, 2, 2.5 and 3 for each water content. To im-
prove the determination of the Boyce model parameters for the
tested soils, a correlation coefficient CC was maximized for both
the ev and eq values with a single regression. The parameters Ka,
10
Ga, n, c are determined with the least square method, and they
are shown in Table 4 together with the CC values for the different
suctions. Note that three experimental values of ev and eq were
used for the parameter determinations for each value of the water
content and along each stress path. These values were determined
at three different mean stresses. The optimized parameters pro-
duce a good correlation between the estimated and experimental
ev and eq values (based on Eqs. (17) and (18) for all water contents.
Fig. 8 shows the results for the samples with 7% and 11% water
content.

3.3. Modeling based on effective stress concept

The effective stress concept was used with the Boyce model
(Eqs. (17) and (18)). The same procedure was then applied to
determine the Boyce model parameters. To obtain the effective
stress values, two assumptions were made:

� Because the water contents of the sample were not modified
during the cyclic triaxial tests, the suction values were assumed
to be constant throughout the loading and equal to their initial
values presented in Fig. 5.
� The v parameter was taken to equal to the initial degree of sat-

uration of the samples (Table 2) based on the Bishop equation
(Eq. (13)).

Table 5 summarizes the optimized parameters Ka, Ga, n, c as
well as the CC values for different initial water contents. A good
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Fig. 10. Variation of Ka, Ga, n and c (parameters of the Boyce model) with suction.
agreement between the experimental and predicted ev and eq val-
ues (Eqs. (17) and (18)) for the different stress paths at different
water contents was obtained based on these optimized parame-
ters. Fig. 9 shows the results for samples with 7% and 11% water
content.
3.4. Comparison between the two concepts

The variation of the Ka, Ga, n and c parameters with the suction
based on the total and effective stress concept are presented in
Fig. 10. The average value of each parameter is also reported in
Fig. 10 and in Tables 4 and 5. For the model developed in terms
of the total stress concept, the parameters Ka, Ga, n rise then fall
as the suction increases, while c remains almost constant with suc-
tion. On the other hand, for the model developed in terms of the
effective stress concept, the suction seems to have less influence
on the parameters and less deviation from the average value, espe-
cially for Ka and Ga.
11
In other words, the Boyce model with constant Ka, Ga, n and c
parameters can be applied for unsaturated soils by simply consid-
ering the effective stresses for all the experimental water contents.
Consequently, the number of tests used to predict the resilient
behavior can be significantly reduced for practical applications.
4. Conclusion

This article initially presents the main path of the SWRC of a
compacted natural sand (Miscillac sand) using two different suc-
tion methods (filter paper and tensiometer) to measure the matrix
and total suction range between 0 and 100 kPa. These techniques
allow one to obtain the SWRC of the compacted samples and to de-
duce the suction corresponding to a given water content. Note that
all the samples were compacted at a similar dry density. These
experimental results, in addition to their applications to modeling,
provide a good database for comparing the accuracy of each suc-
tion measurement method in a range near the saturated state.
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Fig. 10 (continued)
Generally, we can find a good correspondence between the suction
curves.

Next, the resilient behavior of these samples was studied with
RLTTs at different water contents and six stress paths with stress
ratios Dq/Dp varying from zero up to three. The suction values
were assumed to be equal to their initial values because no loss
of water was observed at the end of the experiments.

Finally, suction was added in the nonlinear elastic model pro-
posed by Boyce [5], to determine the effective stress state for the
different cyclic triaxial tests. The simulations of the resilient
behavior with the model, expressed in terms of effective stresses,
confirms the capacity of the model to capture the general trend
of the experiments. Furthermore, the effective stress concept leads
to a less variable set of parameters than the total stress concept for
all water contents. This suggests that the number of tests used to
predict the resilient behavior for different moisture conditions
can be reduced.

The influence of the water content on the bearing capacity of
low traffic pavements is not currently taken into account. How-
12
ever, the water content of the unbound layers changes in a year,
for example between summer and spring (thaw period) in cold re-
gions or if the pavement drainage is not efficient. It has been pro-
ven that there is a strong link between the variation of the bearing
capacity of low traffic pavement and the water content of the un-
bound layers. The use of the proposed model will assist in deter-
mining the critical water contents for the design.
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