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a b s t r a c t

The results of an experimental study on non-standard road granular materials are pre-
sented, including small strain precision triaxial tests under cyclic loading and wetting tests.
The materials have attrition coefficients, plasticity index, and fines content above the rec-
ommended limits. The influence of each parameter and the influence of the water content
were studied. This work emphasizes the role of suction in the interpretation of the results,
and the possibility to use an effective stress approach to express the changes in normalized
resilient modulus as a function of a single parameter representing both total stresses and
suction. Among the three effective stress definitions tested, those of Terzaghi and Taibi
were shown to yield satisfactory results. This approach noticeably simplifies the character-
ization of UGM specimens at different water contents in the perspective of a more rational
design of pavement layers.

� 2016 Elsevier Ltd. All rights reserved.

Introduction

The empirical nature of traditional pavement design
methods has been discussed in road engineering for many
years. These methods rely on rules based on experience
under particular conditions. The main limitation of empir-
ical methods is that they cannot be extrapolated with con-
fidence beyond the conditions in which they were
established (Lekarp et al., 2000). On the other hand, in
the analytical or mechanistic pavement design methods,

pavement is analyzed as a multilayer structure made of
materials remaining in the elastic domain. A conditional
prerequisite for the success of the mechanistic approach
is that the behavior of the constituent materials is properly
understood.

A lot of research has been conducted on the behavior of
unbound granular materials (UGM) used in flexible pave-
ments. Lekarp et al. (2000) summarized the main findings
about the effect of different material parameters on the
resilient response of unbound aggregates. However, most
of the research about resilient behavior has been carried
out on good quality granular materials whose index prop-
erties were selected according to empirical methods. As a
consequence even if the pavement is designed using
mechanical methods, the recommendations about their
index properties remain empirical.
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In many countries of the world, good quality UGM are
not easily available, and the use of non-conventional mate-
rials must be considered to reduce transportation cost and
damage to the environment. The trend towards increased
sustainability in the use of natural resources makes it
necessary to promote new technical solutions. Few investi-
gations have been carried out on the behavior of non-
standard granular materials having higher fine content,
higher plasticity index, higher methylene blue value and
more crushable grains than good quality UGM. A better
understanding of the role of the main state parameters
for those materials having properties beyond the limits
advised by the empirical methods is crucial to accept or
reject a granular material based on its mechanical
response.

Once compacted, UGM are subjected to seasonal
changes in water content due to their exposure to environ-
mental conditions. The increase in fines content, plasticity
index or methylene blue value increases the effect of water
on the mechanical behavior of UGM. Several authors
related the effect of water on the small strain behavior of
compacted granular materials to the changes in suction,
e.g. Brull (1980), Wu et al. (1989), Kheirbek-Saoud
(1994), Picornell and Nazarian (1998), Balay et al. (1998),
Khoury and Zaman (2004), Liang et al. (2008), Yang et al.
(2008), Cary and Zapata (2011), Khoury et al. (2011), Ba
et al. (2013), Ng et al. (2013), Nokkaew et al. (2014), and
Han and Vanapalli (2016). In most cases (e.g. Yang et al.,
2005; Caicedo et al., 2009; Khoury et al., 2011; Azam
et al., 2013; Gu et al., 2014; Han and Vanapalli, 2015),
the analysis of the results was made in total stresses, and
the role of the stress tensor was considered separately
from that of suction. Other authors (Wu et al., 1989;
Biarez et al., 1991; Coussy and Dangla, 2002; Fleureau
et al., 2003; Taïbi et al., 2008) showed that an effective
stress approach could be used to take into account the
effect of suction in the interpretation of the data in the very
small strains domain.

The aim of this paper is to highlight the effect of water
content on the resilient behavior of non-standard unbound
granular materials and to test several effective stress
approaches to take into account the effects of both total
stresses and suction on the secant moduli of the materials.
Various expression of the effective stresses were tested. If
confirmed by the experimental results, this approach
would simplify the modeling of the behavior of UGM and
noticeably decrease the number of tests that have to be
carried out on the materials. Instead of modeling sepa-
rately the behavior of the materials for each water content,
it would be possible to use a unique effective stress model
for all the water contents, and to derive the parameters of
this model from a reduced number of tests.

Materials, testing equipment and procedure

Materials

Different unbound granular materials from the ‘‘Sabana
de Bogotá” in Colombia were selected for this study. These
materials are gravels made of sandstones from tertiary

formations of the east subdivision of the Andes cordillera
in Colombia. The sandstones for the three gravels-Servitá
(S), Vista Hermosa (VH) and Soacha (So)-have different
degrees of cementation that affects their attrition resis-
tance or crushability, characterized in this study by the
Los Angeles (LA) and Micro-Deval (MDE) abrasion coeffi-
cients. Moreover, two alluvial sands, Guamo sand (GS)
and Suarez sand (SS), were added in order to prepare mix-
tures with controlled characteristics.

Different mixtures were prepared using the five basic
materials in order to obtain different properties. A total
of 20 mixtures were prepared by recombining the coarse
fractions (20/0.5 mm) and the fine fractions (smaller than
0.315 mm) of the basic materials. Table 1 shows the prop-
erties of each mixture: coarse and fine fractions, liquid
limit wL, plasticity index PI, methylene blue value VB, Los
Angeles LA and Micro-Deval MDE, grain size distribution
characteristic points after compaction, water content w,
dry specific density qd and Proctor Modified optimum
water content wopt (Coronado, 2005). The compaction dry
density is equal to 97% of the Proctor Modified maximum
density.

Small strain triaxial tests

The small strain cyclic tests were carried out in a triax-
ial cell for specimens of 150 mm in diameter and 300 mm
in height. This cell allows direct measurement of the stiff-
ness modulus and Poisson ratio for homogenous axial
strains ranging from 10�6 to 10�2. To be able to explore
the domain of the very small strains with sufficient accu-
racy, the force and strain measurements were done on
the specimen itself.

To prepare the specimens, water was added to the dry
mixture in a homogenous way. Dynamic compaction of
the specimen was achieved by means of a vibrating ham-
mer in 12 layers. This compaction method assures high
homogeneity in the measuring zone of the sample (Balay
et al., 1998).

The strain measurements were carried out using LDT
sensors. These sensors are constituted of 4 strain gauges
forming a complete Wheatstone bridge fixed on a deform-
able blade made of beryllium bronze (Fig. 1); they were
manufactured at the Ecole Centrale Paris on the model of
the sensors developed at the University of Tokyo (Goto
et al., 1991).

The measure of the axial strains was achieved by means
of three LDT strain sensors placed in the central zone of the
specimen, in order to avoid the influence of friction on the
bases. Radial strains were derived from the variations of
the perimeter of the specimen measured by a deformable
belt placed at mid-height and equipped with a LDT sensor.
The sensors were fixed to a set of specially designed sup-
ports which were placed in the specimen during the com-
paction process. The force transducer was placed inside the
cell directly on the head of the specimen, which permits a
precise measurement of the force applied to the specimen
and eliminates the bearing-piston friction problems. The
accuracy of the strain measurements is approximately
10�5 with a 21 bits Agilent A/D converter (Caicedo et al.,
2009).
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