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ABSTRACT: Soil suction plays a key role in the mechanical and hydraulic behaviour of unsaturated soils, as it greatly contributes
to the shear strength parameters. The scientific literature gives a rather broad, yet not full, understanding of an unsaturated soil
mechanics framework. For a number of reasons, most of the research has been mainly focused on investigating the behaviour of
cohesive material. However, granular soils are the material usually employed in the construction of many geotechnical structures
and are frequently subjected to hydraulic loading and stresses. The paper investigates shear strength at different suction ranges, for
tests performed on fine sand in a modified direct shear box. The aim of the study is to precisely examine the contribution of soil
suction to the failure envelope of granular material. The results reveal the contribution of suction to the increment of the shear
strength of the fine sand when the level of suction exceeds the High Air Entry (HAE) value. The tests were aimed at examination of
the curvature trend of the shear strength envelope for sandy soils, and whether the slope may become negative at suctions greater
than the residual value. The investigation of the mechanical behaviour of the granular soil also allowed verification of the suction
stress characteristic method, for which the validation has been so far very limited.

RESUME : La succion du sol joue un rdle clé dans le comportement mécanique et hydraulique des sols non saturés car elle contribue
largement aux paramétres de résistance du cisaillement. La littérature scientifique donne une compréhension assez générale, mais pas
complete, du cadre mécanique des sols non saturés. Pour nombreuse raisons, la plupart des recherches se concentre sur I'¢tude du
comportement des matériaux cohésifs. Cependant, les sols granulaires sont les matériaux principalement utilisé dans la construction de
structures géotechniques, et sont fréquemment soumis a des charges et des contraintes hydrauliques. L'article étudie la force de
cisaillement a différentes niveau d'aspiration, pour des essais réalisés avec du sable fin dans une boite de cisaillement direct modifiée.
L'objectif de 1'¢tude est d'examiner précisément la contribution de la succion du sol a la ligne de rupture de matériau granulaire. Les
résultats révelent la contribution de la succion a l'augmentation de la force de cisaillement du sable fin lorsque le niveau de succion
dépasse la valeur HAE. Les essais visaient a examiner la tendance de la courbure de I'enveloppe de la force de cisaillement pour les sols
sableux, et a déterminer si la tendance peut devenir négative, pour des succions supérieures a la valeur résiduelle. L'étude du
comportement mécanique du sol granulaire a également permis de vérifier la méthode des caractéristiques de la contrainte de succion,
dont la validation a été jusqu'a présent trés limitée.

KEYWORDS: Direct shear, suction, shear strength, unsaturated soils, granular soil.

performed due to the translation of the negative pore water
pressure into positive values. Full control of the suction range
could be only achieved if the fully saturated disc stays in

INTRODUCTION

A large number of geotechnical structures are either made of or
constructed on granular soils under unsaturated conditions.
Matric suction plays an important role in the shear strength of
these soils, yet it is often neglected at the planning phase of a
construction process. Even though the behaviour of cohesive
material is broadly covered in unsaturated soil mechanics, there
is a lack of understanding of the procedures involved in the shear
strength of granular soils under unsaturated conditions.

Many experimental studies have been conducted in the past
investigating the shear strength of unsaturated granular soils.
These studies involved unsaturated triaxial tests (e.g. Fredlund et
al. 1978; Leong et al. 2013) or a modified ring shear apparatus
(e.g. Vaunat et al. 2006 & 2007; Hoyos et al. 2014).

The most common method for controlling suction in
unsaturated soil testing is the axis translation technique
(Fredlund et al. 2012; Vanapalli et al. 2008). It is based on
controlling the water pressure using a saturated high air-entry
value (HAEV) ceramic disk. Using the increase of the
atmospheric air pressure, in which the soil is immersed, the
translation of the reference pore air pressure is achieved (Lipinski
et al., 2007, Delage et al. 2008). The measurement could be
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continuous contact with the soil sample, so no cavitation is
allowed (Osinski et al. 2016 and 2017). The reliability of the
results depends highly on the process of HAEV porous disc
saturation, which is why the disc preparation method is of great
importance. The main purpose of applying suction to the soil
samples is to determine hydraulic properties. In unsaturated soil
mechanics, the hydraulic characteristics are usually expressed in
the form of the Soil Water Retention Curve (SWRC) presented
in Figure 1. This curve gives valuable information, that together
with mechanical parameters analyses, creates a full picture of the
coupled soil behaviour (Tang et al. 2018).

Direct shear tests in unsaturated soils have an important
advantage against the triaxial tests since the length of the
drainage path is significantly shorter. Therefore, drainage and
pore water pressure equalisation are procedures that require a
considerably shorter time. When it comes to principal
mechanical parameters determination, this method appears to be
very efficient. Having the soil partially saturated, the pore water
pressure becomes negative compared to the pore air pressure and
is driven by tensile forces within the soil profile.
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Figure 1. Standard characteristics of Soil Water Retention Curve (Toll et
al. 2016).
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This imposes an extra cohesive strength between the soil grains
and eventually causes the increment of the shear strength of the
soil. However, shear strength does not increase linearly with
suction. The presence of pore water, which can be expressed by
the degree of saturation S, plays an important role in this process.
Thus, the higher the S; of the unsaturated soil, the more impact
the negative pore water pressure has on its shear strength. Figure
2 presents the overall idea behind shear strength development
with suction, where @ is the shear strength angle indicating any
changes occurring due to suction.

This paper presents the results of an experimental investigation
regarding the shear strength of granular soil in partially saturated
conditions. A series of direct shear tests under controlled suction
was performed in a specially designed direct shear apparatus.
The entire testing procedure is described by paying attention to
HAEV porous disc saturation procedure, which is crucial to
obtain reliable data. The results are compared with direct shear
tests on the same material under dry and fully saturated
conditions, performed for reference purposes. The main goal of
this study is to look deeper into the impact of suction on the shear
strength of granular materials.

saturated

>0
<

unsaturated

>

+
+rrrrir

.

AirEntry

’
Value 7
7,

3
r+rrr

Shear strength

Suction

Figure 2. A typical graph of shear strength development for saturated and
unsaturated conditions (modified after Tekinsoy et al. 2004).

2  EXPERIMENTAL PROCEDURES

2.1 Direct shear testing apparatus for unsaturated soils

The unsaturated direct shear device is designed and
manufactured by VJ Tech Ltd in the U.K. The shear box is
circular shaped with the soil specimen having dimensions of 75
mm in diameter and 25 mm in height. The two halves of the shear
box are locked together for the consolidation stage using a pair
of locking pins and are slightly separated by 0.5 mm, before the
start of the shear stage, using two lifting bolts, to avoid the
contact of the metal surfaces. The shear plane is passing through
the midplane of the initial specimen height. A HAEV ceramic
disc is implemented at the base of the shear box to allow
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separation between the pore air (gas) and the pore water (liquid)
phases. The HAE disc must be fully saturated prior to soil testing
and throughout the test duration, while it is in contact with de-
aired water at the bottom through a spiral grooved compartment.
This compartment allows the efficient removal of trapped air
bubbles under the HAEV disc, as it can be flushed through a
flushing valve. The load is transferred to the specimen through a
solid, perforated top cap which allows the air pressure to pass
through to the sample. The whole shear box is enclosed into an
air-tight chamber to maintain the elevated air pressure. The entire
set-up of the direct shear device is presented in Figure 3.
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Figure 3. Modified Direct Shear testing apparatus for unsaturated
soils manufactured by VJ Tech Ltd (not in scale).

Hydraulic Pressure
Controller

Suction is applied to the specimen using the axis translation
technique (Lu 2019). The pore air pressure uq is controlled by the
pneumatic pressure controller, which utilises compressed air to
achieve the necessary pore air pressure within the air-tight
chamber and to apply the target suction value. The air used is
dried out before it enters the air-tight chamber using a micro-filter.
The pore water pressure uy is controlled by a Hydraulic Pressure
and volume Controller (APCH) which maintains the water
pressure within the HAE disc constant throughout the test. In this
way, suction can be adjusted only by regulating the air pressure.
The difference between the pore water and the pore air pressure
defines the applied suction y (Eq.1):

W = Ua - Uw (1)

The APCH can measure water volume changes with a
resolution of 103 cm? while water pressure can be controlled
with a resolution of 0.1 kPa. Apart from the calibration and
linearisation of the two pressure controllers, these were also
cross-checked using an air-water interface to ensure that air and
water pressures match even at low pressures. In this way, the
accuracy of the applied suction is achieved.

The vertical load is applied with a pneumatic motor that utilises
compressed air to move a loading piston. The horizontal load is
applied through a stepper motor which is located outside the air-
tight compartment. Two load cells are located inside the air-tight
container and are used to measure the vertical and horizontal
loads, hence determining the normal and shear stresses
respectively. The direct shear apparatus includes an internal data
logger, which collects the raw data from all the sensors and
transfers them to a PC for further analysis. An integrated software
package, Clisp studio, allows the control of the shear device and
pressure controllers while it collects the raw data and provides
integrated graphs and analysis tools.

For reference, the tests for dry and saturated samples were
performed in an automatic direct shear apparatus for rectangular-
shaped specimens with dimensions of 60 mm X 60 mm and a
height of 20 mm. This type of apparatus uses two stepper motors
to apply the vertical and horizontal loads. The shear box



construction allows the sample to be fully submerged under de-
aired water when it is tested in fully saturated conditions.

2.2 SATURATION OF THE HAEV DISC

When investigating the mechanical behaviour of unsaturated
soils the crucial process is to separate the gas and the liquid
phases. Only then, can the axis translation technique for suction
control be successfully applied. To achieve this, the HAEV disc
needs to be fully saturated prior to the start of the test. For the
saturation of the HAEV disc the following method was adopted:
the spiral compartment, under the HAE disc, was first flushed
with de-aired water. The HAE disc, which was kept submerged
in de-aired water for 24 hours prior to its installation in the shear
box, was then fixed in place at the bottom of the shear box. Using
the hydraulic pressure controller, de-aired water was flushed
through the HAE disc from the bottom with a pressure of 40 kPa
for 24 hours. With this procedure, most of the trapped air bubbles
within the disc were pushed upwards and removed. At the same
time, this procedure provides a reliable check of the disc
condition, and any deficiencies will be shown if water appears
first on weak points rather than the main body of the disc. After
24 hours, water pressure under the disc returned to 0 kPa and de-
aired water was added above the disc to a height of
approximately 12 mm. The shear box was assembled, without a
soil sample in, and the top lid was securely sealed. The air
pressure inside the air-tight chamber was increased to 100 kPa
while the pressure controller was set to maintain a constant water
volume. Therefore, any remaining air bubbles inside the HAEV
disc dissolved prior to the soil testing (Hoyos et al. 2014). After
48 hours, air pressure was removed from the chamber and the
compartment underneath the disc was flushed using the flushing
valve to remove any remaining trapped air bubbles. By following
these steps, the HAE disc was considered fully saturated. A de-
aired water bubble remained on top of the disc until the
installation of the specimen to prevent its exposure to the ambient
air and thus to prevent its cavitation.

2.3 Testing material and methodology

Leighton Buzzard sand, Fraction E (LB-E), was used in the
present study. The granular material is classified as fine, uniform
sand with a uniformity coefficient U=1.37. All the characteristic
soil parameters are listed in Table 1. Its effective internal angle
of friction in a fully saturated state was determined from direct
shear tests at ¢ = 32° (Matziaris 2019).

Table 1. Leighton Buzzard of Fraction E (fine sand)— soil characteristics.

Parameter Unit Value
Permeability, k (m/s) 1.44%107*
]p)ry density maximum, (Mg/m’) 1.61

dmax
]p)ry density minimum, (Mg/m’) 133
'dmin
Optimum moisture (%) 11
content, Wop
emax - 0.99
Emin - 0.65
G - 2.65
Dso (mm) 0.12
E - 0.735

Once the HAE disc is fully saturated, any excess water that
remained on top of it to prevent cavitation was removed with a
suction probe. Instantaneously, a set amount of de-aired water
was added on top of the disc, corresponding to the mass of water
my for the tested sample. Next, a set amount of oven-dried sand
was added inside the shear box by pouring it from a specific
height and at a constant flow. In all specimens, the same drop
height and flow were used to achieve uniformity between the
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prepared samples. The sand was finally tapped slightly on top to
form a flat surface and the height of the sample was measured to
ensure that the achieved dry density was the pre-defined one. A
coarse porous stone was then placed on top of the specimen to
ensure a uniform distribution of the elevated air which fills the
chamber. Unsaturated specimens were all prepared to the same
initial dry density ps= 1.50 Mg/m? and initial gravimetric water
content w= 0.29. The corresponding initial degree of saturation
S=1 and void ratio eo=0.76. Dry and saturated samples of the
same fine sand were tested in a square-shaped shear box with
dimensions 60 mm X 60 mm and a height of 20 mm. A set
amount of oven-dried sand was poured from the same height and
at the same flow rate to ensure that the achieved dry density was
1.50 Mg/m? and the void ratio equals 0.76. While the dry samples
were tested without the presence of water, fully saturated
specimens were submerged underwater when the consolidation
stage started, by filling the water bath which contains the shear
box with de-aired water.

The unsaturated sandy specimens were first subjected to
controlled suction conditions using the axis-translation
technique. The air pressure was elevated inside the sealed
chamber, while pore water pressure was kept constant at 30 kPa
by the hydraulic pressure controller and applied through the
HAEV disc. The water volume change was measured by the
hydraulic pressure controller by automatically adjusting the
position of the piston internally to maintain constant pore water
pressure. Volume is then determined by translating the
revolutions of the stepper motor into cubic centimetres of water
volume. At the same time, the sample was subjected to a target
normal stress to consolidate. Three different normal stresses were
applied to each set of specimens, i.e. 100 kPa, 200 kPa and 400
kPa. Pore water volume and vertical strain changes were
recorded constantly. The procedure was considered complete
once the water volume change was small enough to indicate the
end of the drainage and the sample reached equilibrium. Once
the consolidation stage was completed the locking pins were
removed and shear stress was applied to the bottom half of the
shear box. The horizontal load was measured by determining the
resistance of the top half of the shear box to the movement. The
shear rate was identical for all specimens and was set to the
calculated value of 0.05 mm/min. Shear displacement continued
until the peak and the residual shear stress of the sample were
able to be determined.

The drying branch of the Soil Water Retention Curve
(SWRC) for LB-E at a void ratio of 0.78 was previously
determined with the tensiometer method and is presented in
Figure 4 (Matziaris 2019). A fitting curve (van Genuchten 1980)
was obtained from the experimental data to represent the full
extent of the drying SWRC. The Air Entry Value ysev of LB-E
sand was found to be 3.5 kPa and the residual suction, yres, was
equal to 10 kPa under these packing conditions. Based on these
data, it was decided to perform three sets of unsaturated direct
shear tests which could then be compared to the results from
direct shear tests in dry and saturated samples. Each set was
performed at a suction level that corresponds to a different zone
within the SWRC of the particular soil. In the first set, specimens
were subjected to s= 2 kPa (KAEV) which would allow the soil
voids to be almost fully saturated (Sr ~ 90-100%) as the sample
will fall within the saturation zone. In the second set, the applied
suction was 5 kPa (>AEV, but less than the residual suction)
which falls within the transition zone and indicates a condition
where soil pores contain both, air and water (Sr ~ 15-90%). In the
transition zone, the fluid-phase within the soil pores is
continuous. Finally, the third set of the test was performed at s=
10 kPa (residual suction) indicating that the specimen will fall
into the residual zone of the SWRC and the liquid phase within
the soil pores will exist in a discontinuous form.
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Figure 4. SWRC of the Leighton Buzzard fine sand, fraction E (Matziaris
2019). The corresponding points from the current study have been
implemented to the graph.

3 RESULTS & DISCUSSION

The water volume change of the unsaturated specimens, at three
suction levels, is presented in Figure 5. The drainage took place
during the first stage of the tests, i.e. during consolidation. For
low values of suction, below the AEV, the volume change was
negligible. Pore water drains faster out of the specimen when the
suction level exceeds the AEV. Equilibrium is achieved once the
change in water volume becomes constant through time. For
suction s= 10 kPa, equilibrium is achieved after about 180 hours
while the required time is reduced for lower suction levels.
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Figure 5. Water volume changes during the specimen consolidation at the
suction value of 2, 5 and 10 kPa.

The relationship between the applied suction and the
corresponding moisture content in equilibrium is shown in
Figure 4. The data from the current study show a very good
match with the previously reported experimental data for the
SWRC of LB-E sand. The suction of 2 kPa did not cause
desaturation of the specimens which had a final Si= 1. The
specimens subjected to 5 kPa of suction achieved S,= 0.91 and
those with s= 10 kPa had S.= 0.13. The corresponding
gravimetric water content for the three values of suction was
0.29, 0.25 and 0.04, respectively. These results confirm the initial
statement that the three suction values correspond to three
different hydraulic conditions of the particular soil.

The shear stress 7 against the horizontal shear displacement d
for normal stresses g» between 100 kPa and 400 kPa is shown in
Figures 6, 7 and 8.
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Figure 6. Results from the direct shear tests in LB-E sand (6=100 kPa).

As can be seen in the plots, fully saturated conditions result in
lower shear strength under any normal stress condition.
Comparing the stress-displacement curves for the unsaturated
conditions, it appears that when suction is 5 kPa the peak shear
stress was higher compared to suctions of 2 kPa and 10 kPa. This
indicates the importance of the presence of water in the soil pores
to the impact of suction on the shear strength of granular soils. A
higher value of suction, i.e. 10 kPa, which is causing lower
gravimetric water content, seems to have less impact on the peak
shear strength.
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Figure 7. Results from the direct shear tests in LB-E sand (=200 kPa).

350

5kPa
Nk 2kPa
300 o] e 700 /
g 3 — —— -
250
.............. |
©
)
> 200 Saturated
3
I
e
& 150
©
2
“ 100
50
5 =400 kPa
0 1 2 3 4 5 6

Horizontal Shear Displacement, d(mm)

Figure 8. Results from the direct shear tests in LB-E sand (6=400 kPa).

The peak shear stress 7r has been plotted against the net
normal stress on - uq in Figure 9 to determine the failure
envelopes, and allow following the peak shear stress behaviour
depanding on net normal stress developed in tested samples.
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Figure 9. Failure envelopes for the LB-E sand for different .

The angle of friction ¢ was determined at 32° under fully
saturated conditions. Suction seems to cause an increment of ¢,
especially in lower suction levers where the saturation of the
specimen is still high. At a residual value of suction, the angle of
friction reduces almost back to the value that was determined
under fully saturated conditions. Moreover, the suction seems to
have a clear impact on the determined cohesion ¢ of the soil
sample. While cohesion was found to be 0 kPa for fully saturated
conditions, it increases when suction was imposed and reached
its maximum value of 32 kPa when y= 10 kPa. Table 2 presents
the determined parameters for all the performed tests, that could
be used directly for further potential modeling purposes.

Table 2. Mechanical parameters of tested material for different test
conditions.

Test conditions Parameters
4 [ c
[kPa] [°] [kPa]

Saturated 0 32 0
Dry 0 37 0

2 38 14
Unsaturated 5 37 19.1

10 33 32

4 CONCLUSIONS

A series of direct shear tests were performed in fine, uniform
sand in order to determine the effect of suction on its shear
strength. The tests were performed in a modified direct shear
testing apparatus for unsaturated soils. The entire set-up and
testing procedure were presented paying attention to HAEV
porous disc saturation. The sand was tested under three different
hydraulic conditions, i.e. at dry, fully saturated and partially
saturated state. The comparison of the results revealed the
significance of partial saturation to the shear strength of granular
materials. The transition from a fully saturated state (= 0 kPa)
to a partially saturated state (w> 0 kPa) caused an excessive
increase of the angle of friction ¢, from 32° to 38° whereas there
were signs of the apparent cohesion increment. The transition
from suction lower than the AEV (y= 2 kPa) to suction higher
than the AEV (y= 5 kPa) caused an increase in the apparent
cohesion, while the angle of friction was not affected
significantly but remained at values higher than in the fully
saturated state. When suction increased to a residual value (y=
10 kPa), the angle of friction reduced to a value similar to the
saturated condition, while the apparent cohesion increased to 32
kPa. These results reveal the importance of the air entry value
Waev to the evaluation of the shear strength for granular soils.
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