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Abstract. Retaining structures often interact with soils in unsaturated conditions and their
performance is influenced by environmental actions. Currently, geotechnical analysis and design
approaches mainly consider the soils either totally dry or totally saturated. Environmental actions, like
infiltration due to rainfall, can significantly affect the lateral earth pressure of soils, influencing the
performance of both temporary or permanent retaining structures. This paper deals with the
investigation of the water retention behaviour of a silty soil for the computation of the soil thrust on
a retaining wall during rainfall events. In this regard, the retention property of the involved
geomaterial is investigated in laboratory through the combined use of high capacity tensiometers
(HCT) and a dew-point hygrometer (WP4C). Considering drying and wetting paths, the experimental
results are employed to calibrate the water retention behaviour for the computation of the failure shear
strength of the geomaterial. The importance to monitor volume change during the characterization of
the water retention behaviour of fine soils is highlighted. A series of analytical uncoupled hydro-
mechanical analyses is performed to estimate the changing in the thrust of an unsaturated soil on a
retaining wall under several infiltration rates. An appropriate modelling of the soil water retention

behaviour is resulted to be crucial for the computation of lateral earth thrust.

1 Introduction

Retaining structures often retain soils that are in partially
saturated conditions and, these conditions may be present
during part or all of their design life [1]. Regardless, their
performance is influenced by the environmental actions.
Rainfall events can induce significant changes in the
resulting thrust on the geostructures. Current geotechnical
procedures consider the soils either totally dry or totally
saturated. The latter condition can lead to a non-optimized
design of the retaining structures [2].

During drying periods, evaporations occur in the
retained soils, as a consequence, the shear strength of the
geomaterial increases due to the increase of matric
suction, inducing a reduction of the thrust on the retaining
structures. On the other hand, during wetting periods, the
infiltration rates lead to a reduction of the matric suction
resulting in an increase of the lateral earth thrust. In this
regard, the characterization of the water retention
behaviour of the involved soils plays a fundamental role.
Indeed, the water retention behaviour controls the
infiltration through the dependency of the hydraulic
conductivity on the degree of saturation (and then on
suction). In general, the analysis of the earth thrust for un
unsaturated soil can be performed by considering the
influence of suction on the shear strength, and this can be
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achieved by computing the effective stress considering
the product between suction and degree of saturation (see
section 2.1). In this work, the retention properties of a silty
soil are investigated through a laboratory experimental
programme. The experimental steps to characterize the
water retention behaviour of the tested soil are described.
Both wetting and drying path are investigated through the
combined use of high capacity tensiometers (HCT) and a
dew-point hygrometer (WP4C).

The water retention properties of soils depend on void
ratio e.g. [3], for this reason the volume changes of the
specimens are assessed by a photogrammetric technique.
The achieved experimental results are employed for the
modelling of the water retention behaviour of the tested
soil and then to compute the available shear strength. A
series of analytical uncoupled hydro-mechanical analyses
has been performed and the effects of infiltration on the
earth thrust are considered by performing steady state
analyses. Rankine’s theory and Coulomb’s method are
employed to estimate the lateral earth thrust of
unsaturated soils on the retaining structure at different
seepage rates.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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2 Materials and methods

2.1 The computation of the lateral earth thrust for
unsaturated soils

In the literature, examples showing the interactional
behaviour between retaining structures and unsaturated
soils can be found in [4-7]. These works have mainly
provided the extension of the classical theories (i.e.
Rankine’s theory and Coulomb’s method) for the estimate
of the lateral earth thrust taking into account Unsaturated
Soil Mechanics principles. These approaches are here
employed for the computation of the lateral earth thrust
acting on the retaining structure reported in Fig.1. The
height of the considered retaining wall is 4 m and is
imposed equal to the depth of the groundwater table (Y).

H=4m

VAR
Fig. 1 Geometry of the investigated problem.

Selecting an adequate effective stress definition, it is
possible to compute the available shear strength at failure
(tr). Here, the generalized effective stress [8] is selected
among the others available in the literature:

!

o; =(0; —u,0;)+S,(u, ~u,)J; M
where 6';j is the effective stress tensor, oj; is the total stress
tensor, S; is the degree of saturation, u, is the air pressure,
u,, is the water pressure and §;; the Kronecker’s delta.

The available shear strength on the failure plane can
be then computed as

t,=c'+[(c, —u,)+S,(u, —u,)tang’ )

where o, is the total stress acting perpendicular to the
considered plane, ¢’ and @' are respectively the intercept
cohesion and the shear strength angle. Starting from the
shear strength of the material it is possible to extend the
classical theory of lateral earth thrust to unsaturated soils.
For the active case, the resulting thrust (PA) computed
according to the Coulomb’s methods can be derived:
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where W is the weight of the sliding block, while C and
U are respectively the resultant of the cohesion and the

contribute provided by the matric suction along the failure
surface. The latter can be computed as follows:
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While, the Ilateral earth pressure according to
Rankine’s theory can be computed as follows:

o, —u,=(o,~u)K, —ZC'JKA -S (u,-u,)1-K,)
Q)

where ona is the active total lateral earth pressure, oy the
vertical total stress and Ka the active earth pressure
coefficient defined as follows:

!
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It is important to highlight that the two methods are
comparable only in the condition of the validity of the
Rankine’s theory. In particular, the soil-structure friction
is not considered in the present work.

As introduced before, during wetting periods, the
infiltration rates lead to a reduction of the matric suction
resulting in an increase of the lateral earth thrust. For this
reason, infiltration analyses have to be performed.
According to [4, 6, 7], the evolution over depth (z) of the
matric suction at constant infiltration rate (i) can be
achieved coupling the Darcy’s law with an exponential
model of the hydraulic conductivity [9]:

(u,—u, )= _ 1 In[(1 +L)efy“’aw(yfz) —L] @)
c a k k

w N N

where ks is the saturated hydraulic conductivity, vy the
water specific weight and a., the calibration parameter of
the exponential model of the hydraulic conductivity

Once the hydraulic part of the model is solved, the
achieved matric suction distribution is employed for the
computation of the lateral earth thrust of the retained soil.
The modelling of the retention behaviour of the soil plays
a crucial role. For this reason, it has been decided to
investigate the water retention behaviour of a silty soil,
evaluating the effect on the shear strength and on the
active lateral earth thrust.

2.2 The investigated soil

The material tested in the laboratory is the Sion Silt
characterized by 72% of silt, 20% of sand and 8% of clay,
and it can be classified as a clayey sandy silt (CL/ML) in
the Unified Soil Classification System (USCS). Table 1
summarizes some features of the soil where p; is the solid
density, wi and w, are respectively the liquid limit and
plastic limit.

Previous works (e.g. [10]) investigated the mineralogy
of the clay fraction concluding that the geomaterial can be
considered as non-swelling material. The intercept
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cohesion and the shear strength angle are equal to 0 and
32° respectively.

Table 1. Soil parameters.

Ps wp wi c’ o’
@em’) | (%) (%) (kPa) )
2.7 16.7 254 0 32

2.3 Experimental determination of the water
retention curve

The soil has been compacted in a conventional Proctor
apparatus to produce several specimens characterized by
the same void ratio. An initial sample was created with an
initial water content (wo) of 21.1% and an initial void ratio
(eo) equal to 0.63 (average of the specimens). Afterwards,
the specimens were extruded from the sample and placed
in 60 mm diameter (D) and 15 mm height (h) rings. The
bottom of the rings was closed with a filter paper and the
top of the specimens was carefully smoothed. The
specimens were covered with a plastic cover to prevent
evaporation from the top and they were placed in a box
partially filled with water to saturate them via capillary
rise.

The experimental setup (Fig.2) is characterized by: an
electronic balance (resolution of 0.01g), a series of HCTs,
a HCTs’ saturation chamber connected to a pressure
volume controller, a data acquisition system for the HCTs,
a digital camera fixed on a still frame placed above the
electronic scale. On the scale, a circular plastic container
was glued to host one of the specimens to record the
change in water mass during both drying and wetting
paths. A second similar container was employed to host a
second specimen, to record the evolution of matric
suction. In this regard, a hole at the bottom of the second
container was created in order to allow the hydraulic
contact between the ceramic of the HCT and the
specimen. The surface contact between the HCT and the
container was sealed with a mastic paste during the
experiments in order to prevent water leaks or preferential
evaporation channels. The employed HCTs are described
in [11]. The HCTs are calibrated in the positive range of
water pressure. The positive pressure was applied through
the pressure/volume controller connected to the saturation
chamber where HCTs were allocated. A discussion about
the limits of this calibration methods can be found in [12].
HCTs are capable to measure matric suction theoretically
up to the ceramic air entry value (1500 kPa), even if
cavitation after the test has happened for a suction value
higher than 2000 kPa.

Moreover, to explore the water retention behaviour of
the tested soil at higher suction values, a third specimen
has been initially subjected to the same paths as the other
two and after, WP4C was used to record higher suction
values (total suction in this case). Two tests have been
performed simulating both drying and wetting paths. The
drying path was simulating leaving the three specimens in
contact with the laboratory atmosphere. This method, also
known as “continuous drying”, has been investigated by
[13-14].

An overestimation of suction values is possible
especially if the tensiometer is placed at the evaporation
surface. This is because while the evaporation happens,
the whole specimen has not time to get the equilibrium.
For this reason, it has been decided to place the
tensiometer at the bottom of the specimen. A different
method, known as “drying by step”, can be applied
preventing continuous evaporation and allowing the
specimen to get the equilibrium [13]. As it will be
discussed after in the paper, the soil water retention model
needed for the modelling of the seepage is related to the
wetting path; for this reason, it has been decided to adopt
a continuous drying method and a wetting by step method
for the present experiment.

A first test has been performed drying two specimens
up to almost 1000 kPa. The matric suction was recorded
in one specimen while the changes in water content were
measured in the other. At different time steps, pictures
were taken in order to monitor changes in volume. Fig.3
shows the evolution of the matric suction with time during
the drying path. Shrinkage of the specimen could be
observed with the naked eye.

At 1000 kPa the wetting path was started and the
whole amount of the evaporated water was added in ten
steps in both the specimens with a syringe. As mentioned
before, during each step, evaporation was prevented
covering the specimens allowing for the equalization.
Fig.4 shows the evolution of the matric suction during the
wetting path.

The test was repeated (Test2) involving three
specimens. Matric suction was recorded up to the
cavitation of the tensiometer while, the specimens have
been exposed to

Data acquisition
¢ . system
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Fig. 2. View of the experiment setup.
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Fig. 3. Matric suction evolution with time, wetting - Test1.
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Fig. 4 Matric suction evolution with time, drying - Test1.

the laboratory atmosphere for few days in order to get
them close to the residual water content. A part of the third
specimen was prepared to be placed in the WP4C. A
similar approach can be found in [15]. The wetting path
was started again but values of matric suction could be
recorded only once they were inside the operative range

of the HCTs.

Also during the wetting path volume changes could be
casily noticed. In this regard, deformation records are
needed to follow the evolution of the degree of saturation
The pictures from the top were analysed via a
photogrammetric technique, and the changes of the

average diameter were measured.

The resolution of this method has been estimated to be
around 0.1 mm. Fig.5, shows some examples of the
shrinkage and swelling of a specimen observed during the

experiments.

The assumption of isotropic behaviour is done in order
to get the changes in volume. It is assumed that, for each

step, the radial deformation is equal to the vertical.

3 Results and discussion

The performed experiments have allowed to characterize
the water retention behaviour and to get the shrinkage and
the swelling curve of the investigated soil. The results,
presented in the next subsections, are analysed in the
framework of the lateral earth pressure for unsaturated
soils under rainfall events. Moreover, they are needed to
identify some key parameters to perform steady state

hydro-mechanical analyses.

3.1. The water retention behaviour

In Fig. 6 the results of the tests are reported in terms of
degree of saturation and suction. They are plotted in terms
of suction, since data referring to HCTs correspond to
matric suction while WP4C data correspond to total
suction. The overlap with the two techniques suggest that

osmotic suction is marginal.

The experimental results have been fitted via a Van
Genuchten [16] model for both the main drying and the

main wetting curve:

m

S = !
(+[a(u, —u,)"]

®)

The parameters of the fitting models for wetting and
drying paths are summarized in table 2.

Fig.7 shows the shrinkage and the swelling curve for
Test 1. It is possible to observe that the majority of the
deformation happens before the air entry value and the

Table 2. Parameters of the Van Genuchten fitting models.
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Fig. 5. Shrinkage and swelling during drying and wetting paths,
zoom on the specimen border.
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Fig. 6. Experimental results and fitting with a Van Genuchten
model.
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shrinkage limit is achieved after few hundreds of kPa. For
this reason, high suction values measured with the WP4C
have been associated to the degree of saturation
considering the volume of the specimens at the shrinkage
limit.

Moreover, the swelling curve has shown that the initial
void ratio is not totally recovered during wetting.

Trying to interpret the results in the framework of the
performance of a retaining wall in unsaturated soils, it is
possible to observe that during wetting and drying
periods, the retained soils would be subjected to the
hysteretic behaviour well shown in Fig.6. More likely,
during longer or shorter drying periods, the suction will
reach respectively higher or lower values. Depending on
the starting point of the wetting path, the relation between
the degree of saturation and the suction could follow
either a scanning wetting curve or the main wetting curve.

3.2 Impact of the water retention behaviour on
the shear strength and the lateral earth thrust

The computation of the lateral earth thrust of unsaturated
soils during rainfall events is influenced by the choice of
the model that describe the water retention behaviour. In
particular, it will affect both the hydraulic and the
mechanical step of the analysis. In this regard, Fig.8
shows the evolution of the failure shear strength of the
investigated soil with the suction. Three reasonable
vertical net stress values were chosen compatibly with the
dimensions of the involved case study. It is immediately
noticeable that the failure shear strength adopting the
main drying Van Genuchten curve is always higher than
that obtained with the main wetting curve. As a
consequence, the lateral earth actions will result in higher
values. Modelling analytically a scanning wetting path the
analysis will be placed in the middle of this two scenarios.

Moreover, infiltration rate plays a crucial role. Fig.9a
and Fig.9b show the evolution over the depth of the degree
of saturation and the matric suction for different
infiltration rates respectively. If the infiltration rate is
imposed equal to the saturated hydraulic conductivity the
resulting lateral earth actions are higher than those of the
soil considered totally dry and lower than the soil
considered totally saturated with ground water table at the
top of the geostructures. Fig.9d, shows the comparison
between the integral of the lateral earth pressure
distribution (Fig.9c) achieved following the Rankine’s
theory and the resultant force calculated via the
Coulomb’s method (it corresponds to the maximum value
of the parabola). Focusing on the condition of the soil
either totally dry or totally saturated the Rankine theory
and the Coulomb’s methods leads exactly to the same
results. Under infiltration rates lower than the saturated
hydraulic conductivity, the Coulomb’s method provides
lower thrust values. This is due to the fact that, if the
lateral earth pressure is computed according to the
Rankine’s theory, only positive values are considered
because a negative value will result in a pulling of the
geostructure toward the retained soil which would be a
physically not acceptable.

4 Summary and conclusions

In this work the retention properties of a silty soil were
studied via laboratory experimental analysis. Both drying
and wetting path were investigated.

The HCTs are confirmed to be a good tool for a direct
measurement of the matric suction in their operative
range. To well characterize the water retention behaviour
of fine soils the measure of volume changes is crucial
especially before the air entry suction value.
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Fig. 8. Evolution of shear strength with suction at different net
stress.

The achieved results have been employed for the
implementation of a closed form analytical hydro-
mechanical analyses.

Despite the important assumptions, the results have
shown that attention must be paid in the choice of the soil
parameters when Unsaturated Soil Mechanics principles
are employed in geotechnical analyses. The behaviour of
unsaturated soils is hysteretic under drying and wetting
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paths

and it should be taken into account in

geoengineering applications.

Anyway, more sophisticated fully coupled hydro-

mechanical analyses are needed to better understand the

Depth - z [m]

interaction between unsaturated soils and retaining
structures during both drying and wetting periods.

— D —— —
0.0 o 0.0 o
[ a) i 4 o1 = Ksat b) ot : mis
r i = Ksat L 05 —i=1,00E-09
05 o 0.5 o 10 —i=2,50E09
¥ 15 ——i=5,00E09
1.0 10 o g20r ——i=7,50E-09
: w25 b GWT .
£ ta0 | at the Top i=1,00E-08
; £ i = 2,50E-08
15 15 & B45 | =
[ 8 i = 5,00E-08
[ 'g' 2 40 + L
20 [ S 508 a5 | Rankine\ \%, i=7.508-08
O r NS R 5.0 Dy . °i=1,008-07
' -] . -k
[ [mis] I [ -30-20-10 0 10 20 30 40 50 60 70 80
25 | B 25 'y Lateral earth Pressure o, [kPa]
[ ——i=1,00E-09 3 & [mis] 76 ) < ) i . e
[ — = L L 5 *+ Rankine Sat
30 i=2,50E-09 305 —i=1,00E-09 I et LR LS Coulomb Sat
[ —i=5,00E-09 & —i=2,50E-09 . o ‘- i o . d) * Rankine i=1*10°7 [m/s]
[ ——i=7,50E-09 a5 s ——i=5,00E-09 € 50/ * Coulomb i=110°7 [mls]
[ 5 = " ’
351 i=1,00E-08 ok ——i=7,50E-09 3 ol +Rankine i=5"10'8 [m/s]
i = 2,50E-08 t i=1,00E-08 £ Coulomb i=5"10°8 [ms]
40 [ _ 40 5 £ |reeeeeepoooogreseees || painei=1108 ms)
Or i = 5,00E-08 9t i = 2,50E-08 g 30 o® ) SR ms
b i= g = R Coulomd =110°8 [mis]
[ i=750E-08 C i=5,00E-08 T 20 [ AA AL S A A A RO p bAoA *Rankine i=1*109 [ms]
45 [ e i=100E07 45 & i = 7,50E-08 < 4 0% * Coulomb i=1*10'9 [m/s)
F g o i=1,00E07 of g o +Ranking Dry
L v N 0 Y “n = Coulomb Dry
50 L L L o 50 o L L L L 0 d . " 6N \.
60% 70% 80% 90%  100% 0 10 20 40 50 60 A0 a0 a0  ee Jo B

Degree of saturation Sr [-]

Suction (uz-uy) [kPa]

Imposed inclinations of the failure surface [deg]

Fig.9 a) Evolution of degree of saturation with depth at differ infiltration rates, b) evolution of suction at different infiltration rates, c)
lateral earth pressure distribution for dry, unsaturated and saturated case, d) comparison between Coulomb and Rankine’s method.
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