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The paper presents an accessible approach for preliminary hydraulic and mechanical characterisation of
unsaturated soils and stability analysis of geo-structures under unsaturated conditions. The approach is
‘accessible’ in the sense that the laboratory investigation and geotechnical analyses can be completed in a rel-
atively short time and at a reasonable cost. The overall philosophy behind this approach is that laboratory
testing should not be eliminated but kept to a minimum and that any simplification introduced should be
conservative. The paper illustrates that shear strength can be characterised conservatively by performing
constant water content tests with no facilities to control/monitor suction and that water retention behaviour
can be predicted successfully by performing a single water retention measurement. The paper also demon-
strates that stability analyses can be carried out within the classical framework of limit analysis. We show
that a preliminary analysis of the influence of infiltrating rainwater on suction can be carried out using a sim-
ple and conservative method that makes use of solutions available in ‘saturated’ geotechnical textbooks. Such
an approach may be used to assess when it is worthwhile or necessary to conduct further time consuming
and costly unsaturated experimental testing, field monitoring and numerical analyses when considering
the stability of geostructures.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Geotechnical structures like embankments, cuttings, earth dams,
retaining structures, slopes, and foundations are very often located
above the groundwater table and their response therefore involves
layers with negative pore-water pressures, which are generally unsatu-
rated. The effect of negative pore-water pressure is very often neglected
in engineering practice because either i) the ground water table is
assumed conservatively to be at the ground surface or at the surface
of the retained material (e.g. shallow and deep foundations, retaining
structures) or ii) the soil above the water table/phreatic surface is
assumed to be dry in the sense that pore-pressure is set to zero in the
analyses (e.g. back-analysis of failures, embankments).

Assuming that the ground water table is at the ground surface can
result in significant over-design of engineering structures, and cost sav-
ings could be possible if a proper assessment of the unsaturated behav-
iour and hydraulic boundary conditions (e.g. rainfall) was made. In
many cases, cost savings would also be accompanied by a reduction in
the energy and carbon ‘embodied’ in the geotechnical structure.

On the other hand, the design of remediation and upgrademeasures
for geotechnical structures is often based on the back-analysis of
existing geotechnical structures, which can be misleading if the influ-
ence of suction above the water table is ignored. For example, steep
artificial and natural slopes, including vertical and near-vertical cuts,
are often stable because of the suction generated by partial saturation.
If this effect is not understood and quantified, an effective cohesion
can misleadingly be assigned to the soil.

Overall, neglecting the unsaturated aspects of behaviour can lead
to problems associated with ground–atmosphere interactions being
overlooked, which may be costly to remedy at a later stage. These in-
clude foundation subsidence associated with shrinkage after prolonged
periods of dry weather, heave in swelling soils, volumetric collapse of
meta-stable open soils, and instability of natural and artificial slopes
triggered by rainfall.

To implement unsaturated soil concepts into current geotechnical
practice, simple tools need to be developed for ‘preliminary’ assessment
of the effect of suction on the response of geostructures. As a first step in
this direction, this paper focuses on the pre-assessment of stability of
‘routine’ geotechnical structures in unsaturated soils based on simple
analytical procedures using a very limited set of laboratory data. This
approach is ‘accessible’ in the sense that the laboratory investigation
and geotechnical analyses can be completed in a relatively short time
and at a reasonable cost. The overall philosophy is that laboratory
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testing should not be eliminated but kept to a minimum and that any
simplification introduced in data interpretation and analyses should
be conservative. This approach is intended to be used to identify (and
not replace) when amore accurate design based on appropriate labora-
tory testing, field monitoring, and numerical analysis is required.

2. An accessible and inexpensive approach to unsaturated shear
strength characterisation

A shear strength equation is required to analyse the stability of
geotechnical structures. There is no unanimous consensus concerning
the relationship to model the effect of partial saturation on the shear
strength of unsaturated soils. Two shear strength criteria are there-
fore identified and validated in this paper, which will serve as the
basis to discuss an approach for a low-cost estimation of unsaturated
shear strength.

For the sake of simplicity, the paperwill focus on the critical (ultimate)
shear strength, which in general enables a conservative estimate of the
factor of safety against instability to be made. It is assumed here that
the parameters characterising the shear strength at the critical state are
independent of void ratio, similar to saturated soils.

2.1. Ultimate (critical) shear strength criteria for unsaturated soils

Shear strength criteria for unsaturated geomaterials proposed in the
literature generally fall into two broad categories. The first approach
assumes that the contribution of partial saturation to shear strength is
only dependent on suction (Fredlund et al., 1978; Alonso et al., 1990;
Khalili and Khabbaz, 1998). In this case, shear strength is expressed by
Eq. (1)

τ ¼ σ tanϕ′ þ Δτ sð Þ or q ¼ Mpþ Δq sð Þ ð1Þ

where τ is the shear strength, σ is the total stress normal to the failure
plane, ϕ′ is the ‘saturated’ angle of shearing resistance, Δτ is the contri-
bution of partial saturation to shear strength, s is the suction, q and p are
the deviator and total mean stress at the ultimate state respectively, M
is the slope of the ‘saturated’ critical state line, andΔq is the contribution
of partial saturation to deviator stress at the ultimate state.

The second approach assumes that the contribution of partial
saturation to shear strength is independently controlled by both suction
and degree of saturation (Toll, 1990; Vanapalli et al., 1996; Öberg and
Sällfors, 1997) according to Eq. (2)

τ ¼ σ tanϕ′ þ Δτ s; Srð Þ or q ¼ Mpþ Δq s; Srð Þ ð2Þ

where Sr is the degree of saturation.
Eq. (2) suggest that different degrees of saturation at given level of

suction lead to different values of ultimate shear strength. Different
degrees of saturation may occur at the same suction because of the
effect of void ratio on the water retention curve (Romero and Vaunat,
2000; Karube and Kawai, 2001; Gallipoli et al., 2003) or hydraulic hys-
teresis. The variation in ultimate shear strength at a given suction asso-
ciated with a change in the degree of saturation may be significant.
Fig. 1 presents the contribution of partial saturation to ultimate shear
strength for reconstituted BCN clayey silt samples (Boso, 2005). Three
series of samples were tested in the direct shear box. Each series was
obtained by consolidating samples from a slurry state to different verti-
cal stresses, σcons (100, 300, and 500 kPa). Samples from each series
were subjected to different values of suction by air-drying to target
water contents; samples were subsequently sheared in a suction-
monitored shear box. The three different initial pre-consolidation
stresses generated different initial void ratios and, hence, three different
water retention curves (Tarantino, 2009). As a result, samples from
these three different series showed, at the same suction, different
degrees of saturation at the ultimate state as shown in Fig. 1a. This

resulted in significantly different critical state shear strength at a given
suction. It is worth noticing that if shear strength data are plotted against
the product of suction s times the degree of saturation Sr as shown in
Fig. 1b, differences tend to disappear suggesting that suction and degree
of saturation independently control shear strength according to Eq. (2).

The independent effect of suction and degree of saturation is also il-
lustrated in Fig. 2a, where the contribution of partial saturation to the
ultimate deviator stress Δq is plotted against suction for compacted ka-
olin samples dried froma saturated state orwetted after beingdried to a
given degree of saturation (Uchaipichat, 2010). At the same suction, the
degree of saturation is higher along a drying path than on a wetting
path (hydraulic hysteresis) and this results in a higher deviator stress
contribution as shown in Fig. 2a. Again, if the contribution to deviator
stress Δq is plotted against suction weighted by an ‘effective’ degree of
saturation, differences between samples on the drying and wetting
curve disappear (Fig. 2b).

The concept of effective degree of saturation has been discussed
by Tarantino and Tombolato (2005) and Tarantino (2007). They ob-
served that the shear strength of unsaturated compacted clay could
be modelled using the following equation:

τ ¼ σ þ sSrMð Þ tan ϕ′ or q ¼ M pþ sSrMð Þ ð3Þ

where the contribution of partial saturation to shear strength is
proportional to suction weighted by the degree of saturation of the
macropores, SrM. This is defined as:

SrM ¼ ew−ewm

e−ewm
ð4Þ

where e is the void ratio, ew is the water ratio (i.e. ew is the volume of
water per volume of solids, ew = wGs), and ewm is the microstructural
water ratio, which is associated with the adsorbed water stored in the
saturated aggregates (Eq. (4) is only valid for ew N ewm). The rationale
behind this approach is that only capillary water in the macropores,
i.e. the water in the pore space between the aggregates, contributes to
shear strength. Tarantino and Tombolato (2005) determined themicro-
structural water ratio ewm as a best-fit parameter using Eqs. (3) and (4)
and found this value to be in very close agreementwith themicrostruc-
tural water ratio inferred from the measured pore size distribution
(Tarantino and De Col 2008). A similar idea can be found in the Soil Sci-
ence literature. Nearing (1995) analysed unconfined compression data
on compacted ‘aggregated’ clay and also speculated that shear strength
is only controlled by inter-aggregate water.

An approach based on an ‘effective’ degree of saturation was also
presented by Vanapalli et al. (1996):

τ ¼ σ þ sSkr
� �

tanϕ′ or q ¼ M pþ sSkr
� �

ð5Þ

where the degree of saturation is scaled through the exponent k. Eqs. (3)
and (5) suggest that only one parameter is sufficient to model unsaturat-
ed shear strength, in addition to the ‘saturated’ parameters and can there-
fore in principle be determined by performing a single shear test. To
assess the capability of Eqs. (3) and (5) tomodel the shear strength of un-
saturated soils, 18 datasets were examined in this paper. Reconstituted,
compacted andnatural soilswere consideredwith grain size distributions
ranging from clayey to sandy soils (Table 1). Parameters ewm and kwere
obtained by best-fitting using the least square method and are also
reported in Table 1. Ultimate (critical) state data were considered.

The validation of Eqs. (3) and (5) is presented in Figs. 3 and 4. It can
be observed that the twomodels fit the experimental data in a very sim-
ilarway and that bothmodels performquitewell. These twomodels are
indeed very similar at relatively high degrees of saturation as discussed
by Alonso et al. (2010). It is interesting to note that when the clay
fraction is negligible or absent and little or no aggregation is expected,
data are fitted by ewm = 0 and k = 1 (Fig. 4). This corroborates the
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