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Experimental evidence of such irreversible changes in the contact angle was reported looking into the
behaviour of a liquid bridge being compressed and stretched between two solid surfaces (Fortes, 1982;
Hong et al., 2012; Longley et al. 2012, Chen et al., 2014). The results showed that the contact line can
expand or shrink, or remain pinned during compressing and stretching the liquid bridge while the contact
angles at the surfaces can change between their advancing and receding values (for details see Appendix
A).

Appendix A:

The contact angle between soil particles and water has been rarely measured and examined in the literature.
However, the hysteresis of the contact angle is known to be an important feature of water droplet interaction
with various solid surfaces. Different methods such as the captive bubble, evaporation technique, sessile
drop, and Wilhelmy technique have been used to measure the contact angle (e.g. Di Mundo et al., 2011, Eral
et al., 2013). Irreversible changes in the contact angle have been also reported due to the behaviour of a
liquid bridge when it is compressed and stretched between two solid surfaces (Figure A-1) (e.g. Fortes,
1982; Hong et al., 2012; Longley et al. 2012, Chen et al., 2014). Different advancing and receding contact
angles can be measured, depending on the roughness and the heterogeneity of the solid surface. Figure A-2
shows the variation of the contact angle between a water droplet and an acrylic glass surface when the
droplet was repeatedly stretched (the distance between the surfaces (d) increased) and compressed (d
decreased), as reported by Hong et al. (2012). During the first compression process, the contact angle was
the advancing contact angle (pinning, 6=0,~72) whereas 6 decreased during the first stretching process
(slipping). At the beginning of the following compression stages, the contact angle increased again to 6, in
the slipping regime and remained constant for further compression. However, 6 decreased to 8g~51 during
the last two cycles and remained equal to the receding contact angle for further stretching. This indicates that
the values of the contact angles at the surfaces are not necessarily constant but can change between their
advancing and receding values. Similarly, pinning and slipping can be also explored during compression and
stretching of two spherical solid particles, replicating soil volume changes during compression and swelling,
as shown in Figure 2 (b) in the main text by bringing the soil particles closer together or moving them apart,
respectively.

stretching a liquid bridge

compressing a liquid bridge
a liquid bridge between surfaces

A = B

Figure A-1. Schematic of compressing and stretching a liquid bridge between two surfaces.
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ABSTRACT

A comprehensive description of the water retention behaviour of unsaturated soils requires
accounting for the hysteresis caused by hydraulic and mechanical wetting-drying cycles. A
hysteretic water retention model is proposed by introducing the liquid-solid contact angle to
account for the dependency of the response on non-monotonic changes in suction and void ratio.
The proposed model reproduces main drying and wetting surfaces and also nonlinear scanning
curves during hydraulic or mechanical loading. Experimental tests and numerical simulations were
carried out to study the water retention behaviour of a clayey silt. The model simulations captured

the experimental results well.
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1. INTRODUCTION

The behaviour of unsaturated soils and its modelling are more complicated than those of saturated
soils, not only because of the complex role of suction but also due to the fact that the relationship
between suction and water content depends on several factors. Among them are the structure and
porosity of the soil, which descend from its history, and the direction of the hydraulic path — i.e.
wetting or drying. An accurate description of water retention is needed for modelling both two-
phase flow and mechanical behaviour, and advanced constitutive models explicitly require
information related to water content or degree of saturation (e.g. Jommi, 2000; Tamagnini, 2004;
Sun et al., 2007; Romero and Jommi, 2008; Della Vecchia et al., 2013; Zhou and Sheng 2015).

In the present paper, some existing water retention models are briefly discussed before introducing
the concept of contact angle hysteresis which describes changes in the contractile skin (the air-water
interface formed between soil particles) during wetting-drying and compression-swelling processes.
The concept is implemented to develop a water retention model (WRM) which accounts for the
hysteresis induced by changes in soil suction (hydraulic wetting-drying) and changes in soil volume
(compression-swelling or mechanical wetting-drying).

Experimental tests were carried out to study the water retention behaviour of a clayey silt during
hydraulic and mechanical wetting-drying cycles, and the proposed model was employed to predict
the experimental data. The experimental results showed a hysteretic behaviour which was well

predicted by the model.
1.1 SOIL WATER RETENTION

The relationship between the amount of water stored within pores of unsaturated soils and suction
(s) is known as the water retention curve. Different variables are used to describe the quantity of
stored water: e.g. gravimetric water content (w), volumetric water content (@), degree of saturation
(S,). First proposals of water retention models (e.g. Gardner, 1958; Brooks and Corey, 1964,
Campbell, 1974; van Genuchten, 1980; Fredlund and Xing, 1994) introduced a unique relationship
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between the amount of stored water (represented by S, in this paper) and suction, which can be

written as:

Sy =1(s) 1)

where 7”is a function relating suction to degree of saturation.

These models are simple and empirical but well applicable expressions which allow the model to fit
the experimental data with a limited number of parameters. However, the hysteresis associated with
drying and wetting of the soil ascertained that there is no unique soil water retention curve. There
are numbers of transitional drying and wetting scanning curves bounded between the main drying
and main wetting curves. These scanning curves become asymptotic to the main bounding curves.
Numerous models have been developed accounting for the hysteresis of soil water retention using
the one-dimensional elastoplastic framework in a way that the elastic (scanning) domain is bounded
by the main curves, which act as yielding limits in the S,.-s plane (e.g. Vaunat et al., 2000; Wheeler
et al., 2003; Tamagnini, 2004; Nuth and Laloui, 2008; Sheng and Zhou, 2011). Recent water
retention models have been formulated with differential equations, which provide more capability
to capture smooth nonlinear scanning curves without distinction between elastic and plastic zones
(e.g. Li, 2005; Pedroso and Williams, 2010; Liu et al., 2012; Zhou et al., 2012; Tsiampousi et al.,

2013). These models may be formulated in a rate form as below,

S, =1(s,3) (2)
Furthermore, the water retention behaviour depends also on mechanical variables (e.g. soil density
or void ratio, volumetric strain, stress variable). Any change in these variables influences the
amount of stored water, particularly in the low suction range, resulting mainly in changes in the air-
entry value of the drying water retention curve or the air-occlusion value of the wetting water
retention curve (e.g. Vanapalli et al., 1999; Romero and Vaunat, 2000; Ng and Pang, 2000; Miller

et al. 2002; Tarantino and Tombolato, 2005). Models have been proposed accounting for these

effects (e.g. Gallipoli et al., 2003; Sun et al., 2007; Nuth and Laloui, 2008; Tarantino, 2009; Masin,



2010; Zhou et al., 2012); they can be written as:

Sy =1(s,%) 3)

where ¢ is a mechanical variable.

The mechanical dependency and the hysteresis of water retention indicated that the main drying and
main wetting curves of deformable soils can be characterized by two surfaces in the S,-s-¢ space,
namely, the main drying surface and the main wetting surface (e.g. Tarantino et al., 2008; Salager et
al., 2010, Gallipoli et al., 2012), as shown in Figure 1, where the mechanical variable is assumed to
be the void ratio (e). The intersection of the main drying and wetting surfaces with the S,-e plane at
constant suction represents the main compression curve and the main swelling curve, respectively.
On the other hand, the intersections with the S,-s plane at constant void ratio represent the main

wetting curve and the main drying curve.

Gallipoli et al., (2003) proposed a model which accounts for the mechanical dependency of the
water retention behaviour by explicitly incorporating the effect of void ratio on the air-entry value,

in which the degree of saturation can be computed depending on suction and void ratio,

Sy =11s,e) = [1+ (ae®s)"|™ (4)
where n and m are parameters of the van Genuchten (1980) model, and a and « are two additional
parameters which introduce the dependency of the air-entry value on the void ratio. Therefore, the
model can reproduce the main drying or main wetting curve (depending on which water retention
curve the van Genuchten parameters are calibrated) and also the main compression curve. This
results in the definition of a water retention surface in the S,-s-e space, which allows the model to
predict irreversible changes of degree of saturation due to irreversible changes of void ratio.
However, this model is not appropriate for problems involving significant hysteresis since the latter

is not taken into account.
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Figure 1. Main drying and wetting surfaces and hysteresis induced by hydraulic and mechanical wetting-
drying cycles.
A general rate form expression for a WRM, which allows to account for mechanical dependency

and hydraulic hysteresis, is:

Sy =1(s5,5%) ()
According to the most existing rate form WRMs, the scanning curves can be predicted by a data-
fitting methodology, using the interpolation between the projections of suction or degree of
saturation on the main drying and main wetting branches. These water retention models have been
commonly derived by applying the capillary law to the cumulative distribution function of soil
pores while the contact angle was assumed to be constant. Zhou (2013) proposed a contact angle-
dependent WRM interpreting the hydraulic hysteresis in terms of contact angle hysteresis. The
proposed contact angle-dependent WRM also adopted the van Genuchten (1980) model to
reproduce the main drying curve, whereas scanning and main wetting curves were predicted
depending on the variation of contact angle. The model employs a single function including two
incremental terms. The first one describes the direct change in the effective degree of saturation

(S,) due to suction changes, and the second one stands for the variation of the effective degree of

saturation associated with the contact angle change (8) induced by suction changes.



S as, .
s+ =26 (6)

Se = 11s,0) =
This model was developed assuming that the value of the contact angle remains the lowest possible
along the whole main drying water retention curve whereas it keeps its highest value along the
whole main wetting water retention curve. Therefore, scanning curves were reproduced by
changing the contact angle between its minimum and maximum limits. However, the mechanical
dependency of the water retention behaviour was neglected in the model.
When matric suction is kept constant, loading and unloading induce an irreversible change in the
degree of saturation. This implies that the hydraulic hysteresis is not only associated with the
change in suction but also it can be induced by the volume change of the soil sample. Therefore, a
hysteretic WRM should be able to take into account the hysteresis caused by wetting-drying cycles
at constant volume and also the hysteresis caused by compression-swelling cycles at constant
suction. However, only a few models have considered the latter case (e.g. Khalili et al., 2008; Nuth

& Laloui, 2008; Tarantino, 2009; Gallipoli, 2012).
1.2 CONTACT ANGLE HYSTERESIS

As discussed by Hillel (1998), the hydraulic hysteresis may be caused by a combination of different
phenomena at the pore scale: non-uniformity of pores which is known as “ink-bottle” effect; air
entrapped in irregularly shaped pores; volume changes; and contact angle hysteresis. Although a
predominant effect has not been recognised, a pragmatic choice for the model formulation is to
ascribe the hysteresis to a single phenomenon, to keep the number of parameters of the model
limited. The contact angle hysteresis has been chosen for this purpose by several authors (e.g. Song
et al., 2012; Diamantopoulos et al., 2013; Zhou, 2013; Gan et al., 2013).

The contact angle (0) is defined as the angle formed by the intersection of the liquid-solid and the
liquid-vapour interfaces within the soil mass. The contact angle takes values between the maximum
contact angle (advancing, 6,) and minimum contact angle (receding, 8z), and the difference

between 8, and 6z is known as the contact angle hysteresis (e.g. Johnson and Dettre, 1964;
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Schwartz and Garoff, 1985; Gao and McCarthy, 2006; Krumpfer and McCarthy, 2010). The contact
angle hysteresis consists of two components: static and dynamic hysteresis. According to Rotenberg
et al. (1984), dynamic hysteresis can be neglected for a slow-moving liquid on rough solid surfaces
(e.g. soil particles). Therefore, static hysteresis is the dominant component under this condition
which arises from surface roughness and heterogeneity (Johnson and Dettre, 1964).

Figure 2 shows two hypothetical spherical soil particles linked by a water bridge while being
subjected to drying, wetting, compression, and swelling. The hydraulic wetting and drying
processes are displayed by means of changes in the water meniscus while the position of the soil
particles remains fixed. When the amount of water increases during wetting, the position of the
water meniscus initially remains unchanged and the contact angle increases. Once the contact angle
reaches the advancing contact angle (8=6,), the water meniscus starts moving upward while the
contact angle remains constant (Figure 2 (a)). In contrast, when the amount of water decreases
during drying, the contact angle initially reduces to the receding contact angle (6=6y). Upon further
drying, the contact angle remains constant and the water meniscus starts moving downward (Figure
2 (b)). The process in which the contact angle changes while the position of the water meniscus
remains unchanged is called pinning. The process in which the water meniscus moves while the
contact angle remains constant is known as slipping. Similarly, pinning and slipping occur when the
soil volume changes during compression and swelling. Compression and swelling can be replicated
by bringing the soil particles closer together (Figure 2 (c)) or moving them apart (Figure 2 (d)),
respectively. When the soil volume decreases (mechanical wetting), 6 increases to 84, followed by
slipping while 6 remains equal to 68, for further compression. On the other hand, when the soil
volume increases (mechanical drying), 8 decreases to 6y, followed by slipping while 6 remains
equal to 6 for further swelling.

Experimental evidence of such irreversible changes in the contact angle was reported looking into
the behaviour of a liquid bridge being compressed and stretched between two solid surfaces (Fortes,

1982; Hong et al., 2012; Longley et al. 2012, Chen et al., 2014). The results showed that the contact
8



line can expand or shrink, or remain pinned during compressing and stretching the liquid bridge
while the contact angles at the surfaces can change between their advancing and receding values

(for details see Appendix A).

Wetting
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Figure 2. Changes in the contact angle due to a) wetting b) drying c) compression d) swelling.

The water retention behaviour during wetting-drying and compression-swelling, together with
corresponding changes in the contact angle, are represented in Figures 3 (a) and 3 (b). The contact
angle changes between 65 and 6, (pinning) during hydraulic and mechanical wetting-drying when
the hydraulic state lies in the scanning domain, but it remains equal to 6, (slipping) during wetting
or compression upon the main wetting surface and it remains equal to 8 (slipping) during drying or

swelling upon the main drying surface.
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Figure 3. Water retention behaviour and corresponding changes in the contact angle
(a) drying and wetting in S,-log s plane (b) compression and swelling in S,- e plane.



In the following, a hysteretic WRM is proposed incorporating the dependency of the contact angle
and water retention on void ratio and suction. The contact angle approach (Zhou 2013) was
integrated into the WRM proposed by Gallipoli (2003), which was adopted as the reference model.
The rate form equation was derived introducing two hysteresis functions, which control the

hysteresis of water retention induced by wetting-drying and compression-swelling cycles.

2. AHYSTERETIC WATER RETENTION MODEL FOR DEFORMABLE SOILS

The cumulative function (F(R)) measures the amount of pores having the radius smaller than any
arbitrary radius R, and it can be derived by integrating the pore size distribution (f (r)) between the
minimum radius (R,,;,) and R,

F(R) = j f(r)dr (1)

Rmin

If the geometry of the pore network of unsaturated soils is simplified assuming different cylindrical
tubes having different sizes, the different pores are assumed to be sequentially filled starting from
the smallest one during a wetting process. The current degree of saturation (S, (R)) can be then
identified if the pores between R,,;, and R are filled with water,

S.(R) = j f@)dr = F(R) ®)

Rmin
The arbitrary pore radius R can be obtained by the inverse of the cumulative function,
R = F~1(S5.(R)) ©))
For a given degree of saturation, the capillary law can be used to relate an arbitrary suction (s) to

the suction on the main drying surface (sy):

_ 20 cosO _ 20 cosO (10)
"TTR O FIGR)
and,
20cos0y 20cos0p
Sq = e (11)
R F=1(S5-(R))
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where the contact angles for s and s, are 8 and 6y, respectively.

Comparing Eqgs. (10) and (11) gives a relationship between s and s; (Zhou, 2013),

scosBy (12)

Sa = cos6
The WRM proposed by Gallipoli (2003) is adopted as the reference model, which can be written as
below (according to Eq. (4)),

Sy =1+ (ae%sy)" ™ (13)
where s=s,; for the main drying curve.

If s, is replaced according to Eq. (12),

m

« -
ae%scosOy n] (14)

Sr = [1 +( cos6O

The incremental form of Eq. (14) can be obtained by differentiation with respect to s, e and 69,
which explicitly shows the changes in the degree of saturation (S,.) induced by changes in suction

($), void ratio (é) and contact angle (),

. 0S aS aS.. .
S, = aer aere‘+ agre (15)

Differentiation of Eq. (14) gives:

aS mn rae%scosOp\" [ ae*scosO,\"]
_1:___0____9 1+(____£> _¢ (16)
s S cos0 cos0 S
as scosOp\" [ scos0p\"] "
r__mna (ae scos R) - (ae scos R) _ af 17
de e cosf cosf e
- -m—1
aS, ae*scosOp\" ae®scosOp\"
il —, 9@————0 1+(—————> = ¢ tand 18
26 mntan cos@ cos0 ¢ tan (18)

ae%s cosO
(———"

c0s0 for simplification.

where ¢ is definedas ¢ = —m

[1 +_(ae scosGR) ]

cos6

Hence, the incremental form of the degree of saturation can be rewritten as:

§r=%§+a%é+¢tan09 (19)

11



where the contact angle changes with suction and void ratio,

. 00 a6
- - 20
0 ass+aee (20)

Eqg. (15) can be then rearranged in the form:

asr as, 90 asr as, 90

— TN 21
S =Gyt 3095 T e t 30 90° @)
Substituting Egs. (16), (17) and (18) into Eq. (21) yields:
06 etan 6
¢[1+—stan9]s+a¢[1 ¢ c;n ]e (22)

The first term of Eq. (22) contributes to the change in the degree of saturation when suction
changes, in which %s tan 6 is employed to reproduce the hysteresis during hydraulic wetting-

drying cycles. The second term of Eq. (22) accounts for the effect of void ratio on the variation of

the degree of saturation, and the hysteresis during compression-swelling cycles is introduced by

z;_ze £an9 | the derivatives of the contact angle with respect to suction and void ratio take the form:
a0 1
— = —H,5 23
ds 0 (s tan 9) @3)
and,
a0 a
—=—H,¢ 24
de 0 (e tan 9) 24)

where the hydraulic hysteresis function (Hg®) and the mechanical hysteresis function (H,°) are
incorporated to model the hysteresis of water retention due to changes in suction and void ratio,

respectively, Eq. (22) can be rewritten as:

U:|~e.

When the hysteresis functions (Hy) are 0, the variation of the contact angle does not contribute to
changes in the degree of saturation (§=0). This implies that the water retention curve lies on the

main wetting or drying surfaces where the contact angle is 68, or 8y, respectively. Moreover, Eq.

12



(25) predicts no changes in the degree of saturation if the hysteresis functions are 1. Hence, changes
in the degree of saturation are declined by the variation of the contact angle as the hysteresis
functions decrease from 1 to O during wetting-drying or compression-swelling processes, resulting
in reproducing smooth nonlinear scanning curves as shown in Figure 4. It means that the hysteresis
functions can be defined in such a way that their value remains 0 on the main wetting and drying
surfaces whereas they shift to 1 at any turning point, where either wetting (or compression) occurs
on the main drying surface or drying (or swelling) occurs on the main wetting surface. When the
contact angle is 6z on the main drying branch, the water retention curve lies on the main drying
surface for the following swelling process. Hence, the hysteresis functions are not employed since
swelling affects the contact angle in the same way as the drying process does. However, the water
retention state moves toward the main wetting surface if compression occurs, so the contact angle
increases from 0y to 8, and Hy® shifts from 0 to 1. When the initial hydraulic state lies on the main
wetting branch, the opposite occurs. Accordingly, the hysteresis functions can take the same

mathematical form for drying and swelling or wetting and compression.

Turning Point ~ Ho™1
Hy shifts to 1 o777

.
.
------

Hy=1 decreas:
Main Wetting Surface

Figure 4. Evolution of hysteresis functions during wetting-drying and compression-swelling.

A physical model for the hysteresis functions based on the geometrical-mechanical relationship
between soil particles and connected water bridges would be desirable. However, simple
logarithmic equations are hereby proposed for the aim of simplicity having the same shape for

drying and swelling, and for wetting and compression:

13



cosO 4 cosf 4
o8 (COSQR 08 (COSGR)

cosO ﬁS cosO 'Be
Hgs:[llog(cﬂ] ,§>0 anngez[:og(Cﬂ] 6> 0 (26)

Bs e

0 cos0

logCo®| logCo|

Hgs=[lc+seeA ,$ <0 and Hy® = +596A ,e <0 (27)
Og(coseR Og(coseR)

where S, and S, are model parameters.

It is worthwhile pointing out that such a model can be represented in a rate form as:

S, =1I(se0,0) (28)

where changes in the contact angle depend on changes in suction and void ratio,

0=Y(,é) (29)

where Y'is a function relating changes in the contact angle to changes in suction and void ratio.
3. PARAMETERS CALIBRATION

The parameters of the adopted reference model (n, m, a, a) can be calibrated by performing a best
fitting least-square procedure, in the S,-s-e space, on the parameters for the main drying and the
main compression curves. As proposed by van Genuchten (1980), the number of independent

parameters can be reduced by fixing m as a function of n,

m=1-_ (30)
Together, Egs. (23) and (24) show that the contact angle varies in a domain between two horizontal
planes formed by 8, and 6y in the 8-s-e space. The contact angle lies on the upper plane (6=6,)
when the water retention curve rests on the main wetting surface, and it lies on the lower plane
(6=6R) when the water retention curve rests on the main drying surface, while it varies between

these two planes when hydraulic states are represented by scanning curves.

For most soils 85 is very low and it can be assumed to be null (e.g. Ethington, 1990; Bachmann et

al., 2003; Shang et al., 2008), which reduces the number of unknown parameters (Zhou, 2013). The
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advancing contact angle, 64, can be calibrated using the main wetting curve and it controls the
position of the main wetting surface. The proposed model predicts the wetting branch by
incorporating the effect of changes in the contact angle on the air-entry value of the drying branch
(for details see Appendix B). Thus, the air-entry value (w,.), and the air-occlusion value (w,,) can

be used to provide an initial estimation of 6,:

wao

0, = Arccos(

) (31)

(‘)ae

Further calibration by a best-fitting approach can improve the initial estimation.

The water retention behaviour of Viadana silt was investigated in the present research and the
experimental results were compared to model predictions. For the tested soil w,, and w,, were
detected to be 44 kPa and 5.5 kPa, respectively, and Eq. (31) gave 6, equal to 82.8 degrees, which
adequately predicted the main wetting surface of the water retention test results.

The parameters S, and S, control the rate of the contact angle variation, and in turn, govern the
curvature of the scanning curve in the S,-s and S,-e planes. S, can be calibrated using a scanning
curve resulting from changes in suction at constant volume, and g, from loading-unloading at
constant suction. It was found that good accuracy in the reproduction of both wetting-drying and
compression-swelling cycles could be obtained using the same value for both parameters
(Bs=B.=B). Eventually, only five parameters listed in Table 1 were employed to predict the
experimental results. Nonetheless, the model was able to nicely predict the soil water retention
behaviour in the S,-s-e space including the main curves, nonlinear scanning curves and the
hysteresis induced by compression-swelling and wetting-drying cycles.

Table 1. Parameters of the proposed model for Viadana silt.
Parameters ’ n a a 04 B

Viadana silt | 138 0.12 512 828 042
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4. EXPERIMENTAL PROGRAMME

Oedometer tests were carried out to study the hysteresis of the soil water retention behaviour and to
evaluate the predictive capability of the proposed WRM. The description of the experimental tests
Is presented in Table 2. The Oe-WR test was performed to obtain the main drying and main wetting
curves by means of changing suction at constant axial net stress. The Oe-LU test was carried out to
detect the main compression curve where the axial net stress increased at constant suction.
Scanning curves were also detected while applying wetting-drying and loading-unloading cycles.
The parameters of the model were calibrated using the experimental behaviour observed in these
two tests. Two other tests (Oe-DW and Oe-LU-CW) were performed starting from different void
ratios and applying different load paths. The parameters obtained from the previous calibration
were introduced in the model to simulate these last two load paths, leading to blind predications that
were compared to the experimental results.

The sample of the Oe-DW test was prepared at a lower density (higher porosity) compared to the
one of the Oe-WR test. The experimental result and numerical simulation of the Oe-DW test
showed the capability of the model to predict the water retention behaviour when volume changes
(changes in void ratio) considerably contribute to changes in the degree of saturation during
wetting-drying cycles. In the last test (Oe-LU-CW), the sample was subjected to loading-unloading
cycles at constant water content while suction was measured. The model was then employed to
predict suction at changing void ratio and degree of saturation.

It has to be pointed out that the experimental values of void ratio were adopted in the simulations,
instead of predicting them from a coupled mechanical model. This choice was dictated by two main
reasons: (a) ideally, the formulation should serve any mechanical counterpart, able to provide an
estimation of the change in void ratio as a function of suction and degree of saturation, and (b) the
use of a mechanical model to predict the change in void ratio, instead of directly using experimental
data for void ratio, would hinder a detailed analysis of the approximation resulting from the water

retention part on the prediction of the coupled response. However, the implementation of the
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proposed model in geotechnical practice needs coupling with a mechanical counterpart (see e.g.

Azizi, 2016).
Table 2. Description of the experimental tests.
Initial condition Loading path
Test title S Opner ¢ S Tyt Water
kPa  kPa r kPa kPa content
10—350—10 .
Oe-WR 10 50 0.62 1.00 59200010 Constant Evolving
10—»600—10 .
Oe-LU 50 10 0.97 0.52 Constant 1600510 Evolving
Oe-DW 400 10 0.93 0.30 | 400~10—400—5 Constant Evolving
10—»150—-»10—
Oe-LU-CW | 200 10 091 0.36 Measured 500—510—1500-10 Constant

4.1 TESTED MATERIAL AND SAMPLE PREPARATION

The soil used in the experimental study is a clayey silt, called “Viadana silt”. Its silt fraction is
79.6%, whereas the clay fraction is 20.4%. The grain specific gravity (Gs), liquid limit (w;) and
plasticity index (PI) were found to be 2.73, 32.6% and 8.3%, respectively.

All samples were prepared using the static compaction technique. First, the dry soil powder was
hand-mixed with demineralized water to reach the target water content. It was then sealed in a
plastic bag and placed in a humid container for 48 hours allowing for water content equilibration.
Next, the moist powder was placed in a hermetic mould with a diameter of 50 mm where it was
compacted at constant water content by gradually increasing the axial force until the desired height

of the specimen (20 mm) was achieved.
4.2 EXPERIMENTAL EQUIPMENT AND TECHNIQUES

The suction-controlled oedometer and axis translation technique were used to perform tests in
which imposed and measured suction was smaller than 400 kPa. The vapour equilibrium technique
was also used to study the water retention behaviour for s>4 MPa. In the latter case, the sample was
placed in a closed desiccator and supported above a saturated saline solution. Different saturated

solutions were used to control the air relative humidity (RH) in the closed desiccator. The weight
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and the size of the sample were frequently measured. About one month was needed to achieve
water content equilibrium under specified RH. The used saturated solutions (and corresponding
suction as reported by Romero (2001)) were K;SO4 (4 MPa), KNO3 (11 MPa), KCI (24 MPa),

NaNO; (41 MPa) and Ca(NO3)-4H,0 (92 MPa).

5. EXPERIMENTAL RESULTS AND MODEL VALIDATION

5.1 TEST Oe-WR AND MODEL PREDICTIONS

Figure 5 shows the experimental result of the Oe-WR test compared to the model predictions. The
sample was compacted at a water content of 20.2% and a dry density of 1650 kg/m® (corresponding
to e,=0.66 and S,,=0.84), and it was then placed in the oedometer and subjected to an axial net
stress g, _n.=50 kPa and an initial suction s=10 kPa. The water retention behaviour was studied by
increasing the suction to 350 kPa, followed by a wetting-drying cycle where the suction decreased
to 10 kPa and then increased to 400 kPa. The sample was then unloaded, removed from the
oedometer and eventually placed in the desiccator. An axial net stress of o,_,..=20 kPa was
applied by means of a dead weight placed above the sample. The void ratio change recorded during
unloading and subsequent reloading was very small (see Figure 5 (b)), hence it was assumed to
have no influence on the hydraulic response. In the desiccator, the sample was subjected to drying
followed by wetting. The wetting path continued by placing back the sample in the oedometer and
decreasing the suction from 400 kPa to 10 kPa. The applied loading path is shown in Figure 5 (a).
Figure 5 (b) shows that the sample experienced insignificant and mainly reversible volume changes
during the wetting-drying paths. The main drying and wetting curves and also two scanning curves
were detected (Figure 5 (c)).

As shown in Figure 5 (c), the proposed model was used to capture the experimental water retention
behaviour. The experimental void ratio was adopted in the numerical computation and the degree of
saturation was predicted. Figure 5 (d) shows the evolution of the contact angle with suction and

void ratio during the wetting-drying cycles. The volume change of the sample was negligible, hence
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the variation of the contact angle and the irreversible change of the degree of saturation mostly
resulted from changes in suction. It can be observed that the contact angle was 65 (lower plane)
during the initial drying path, but the hysteresis induced by the first wetting-drying cycle was
predicted by the variation of the contact angle, represented by the loop formed between the two
planes (6z and 8,) in Figure 5 (d). The contact angle remained on the lower plane during further
drying. The degree of saturation at the maximum imposed suction, s=92 MPa, was very low
(5,=0.06). At the beginning of the subsequent wetting path, the contact angle increased and the
point representing the state of the sample followed a scanning curve until 8 reached 6, at a suction
of about 7000 kPa. From this point onward, the main wetting branch was followed, and the contact
angle remained equal to 6, (upper plane). The model was able to consistently predict the main

wetting curve and the hysteresis of water retention by introducing the variation of the contact angle.
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Figure 5. Computed and experimental behaviour during wetting—drying cycles at constant axial net stress
(a) applied loading path (b) void ratio-suction data (c) degree of saturation-suction data and predictions
(d) evolution of the contact angle with suction and void ratio.

5.2 TEST Oe-LU AND MODEL PREDICTIONS

Figure 6 presents the results of loading-unloading cycles at constant suction of 50 kPa (Oe-LU test).
The sample was prepared at a dry density of 1370 kg/m® and a water content of 23.3%
(corresponding to e;,=0.99 and S,.,=0.66). First, the sample was subjected to an initial suction s=50
kPa while the axial net stress was a,,_,.:=10 kPa. The sample was initially dried and contracted due
to the increase in suction from the post-compaction value to the imposed one. During the first

loading-unloading cycle the axial net stress increased to o,_,..=600 kPa and then decreased to
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0,-ne:=10 kPa. During the second loading-unloading cycle the axial net stress increased from
Oy—net=10 kPa to o,_,.:=1600 kPa and it was then brought back to ¢,_,.:=10 kPa. The suction
was kept constant at 50 kPa during both loading-unloading cycles (Figure 6 (a)). The void ratio
decreased as the axial net stress increased (Figure 6 (b)), with a simultaneous increase of the degree
of saturation (Figure 6 (c)). The increase in the degree of saturation was amplified as the water
retention state approached the main compression curve for further volume reduction. On the other
hand, the degree of saturation gently decreased due to volume expansion as it was being
mechanically dried during unloading.

A mechanical hysteresis and an irreversible change of the degree of saturation occurred when the
sample was subjected to the loading-unloading cycle (Figure 6 (c)). The predicted degree of
saturation is also plotted in Figure 6 (c). It can be observed that the water retention lied in the
scanning domain during the unloading-reloading cycle, which was predicted by the model. The
contact angle is represented in Figure 6 (d) where it increased to 8, during the first loading path,
and the contact angle hysteresis induced by the unloading-reloading cycle can be appreciated.

The importance of the effect of the mechanical hysteresis depends on the range of loading-
unloading and also on the mechanical response of the material. Although Viadana silt is not an
expansive soil and the volume change experienced during unloading-reloading was limited, the
mechanical hysteresis noticeably impacted on water retention. If H,®=0 were assumed, the model
would predict the same curve for the compression and swelling paths, represented by the main

compression curve in Figure 6 (c). Introducing the effect of hysteresis (Hy+0) allows consuming a

portion of S, as a consequence of the variation of the contact angle due to changes in void ratio,
which results in predicting irreversible changes in the degree of saturation. It can be appreciated
that neglecting the effect of the hysteresis would result in underestimating the degree of saturation
at the end of unloading, particularly for the second unloading path. This difference in S, might

cause relevant errors in the prediction of the hydromechanical behaviour of unsaturated soils since
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both the mechanical and the hydraulic behaviour are dependent on S,. Such evidence would be

even more pronounced in the case of expansive soils.
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5.3 TEST Oe-DW AND MODEL PREDICTIONS

In order to study the experimental behaviour and evaluate the model performance where both

mechanical and hydraulic hysteresis considerably contribute to the water retention behaviour, two

cycles of wetting-drying were applied to the loose sample while the axial net stress was kept

constant at 10 kPa (Oe-DW test). The sample was prepared at a dry density of 1380 kg/m®and a
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water content of 24.6% (corresponding to e,=0.98 and S,,=0.69). It was then placed in the
oedometer and subjected to s=400 kPa. As shown in Figure 7 (a), the first cycle included wetting,
I.e., decreasing the suction from s=400 kPa to s=10 kPa (A-B), followed by increasing suction to
s=400 kPa (B-C). The second cycle included decreasing the suction to s=5 kPa (C-D) and then
increasing to s=400 kPa (D-E). The sample experienced volume collapse during first wetting (A-B)
whereas its volumetric change was mainly reversible when being subjected to the subsequent
drying and wetting paths (Figure 7 (b)). Figure 7 (c) shows the measured and the predicted degree
of saturation in the S,-s-e space, in which the main drying and wetting curves varied during the
wetting-drying cycles because of continuous changes in the void ratio. Figure 7 (d) shows the
evolution of the contact angle in the 6-s-e space, indicating that the irreversible change of the
contact angle allowed the model to properly capture the transition between the scanning domain and
the main wetting surface, consistently with the experimental results. The degree of saturation
increased in the scanning domain approaching the main wetting surface due to the volumetric
collapse experienced by the sample during the first wetting path (A-B), as shown in Figure 7 (e).
The hydraulic state approached the scanning domain as the sample was dried (B-C). The degree of
saturation increased earlier during the second wetting path because of the smaller void ratio. This
resulted in a shift of the main wetting curve to the upper position in the main wetting surface, while
consequently the contact angle reached earlier the 8, value. Figures 7 (e) and 7 (f) show the degree
of saturation in terms of void ratio and suction, respectively. A very good reproduction of the

experimental data was obtained.
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54 TEST Oe-LU-CW AND MODEL PREDICTIONS

In the last test, the sample was subjected to loading-unloading cycles at constant water content (Oe-
LU-CW test). The dry density and the water content of the sample at preparation were 1370 kg/m?
and 24%, respectively (corresponding to e,=1.00 and S,,=0.66). The sample was placed in the
oedometer and the suction was increased to 200 kPa, at constant axial net stress a,_,.:=10 kPa.
After equilibrium was established, the water drainage was closed and the water pressure was
measured while the air pressure was kept constant. The sample was then subjected to loading-
unloading cycles where the water content remained constant (w=11.8%), as shown in Figure 8 (a).
The maximum axial net stress of each cycle was a,,_,.:=150, 500, 1500 kPa, while the minimum
axial net stress of each cycle was g,,_,.:=10 kPa. The loading-unloading steps were applied very
slowly to guarantee that the measured water pressure was in equilibrium with the water pressure
acting within the soil sample.

Figure 8 (b) shows the volume change of the sample in terms of void ratio and axial net stress. The
sample was mechanically wetted when experiencing volumetric contraction during the increase of
the axial net stress, and the measured suction decreased as shown in Figure 8 (c). Conversely,
suction increased when the sample was subjected to unloading. The water retention state initially
lied very close to the main drying surface and the degree of saturation increased slightly, whereas it
approached the main wetting surface at lower suction where the degree of saturation started
increasing rapidly.

The unloading path changed the degree of saturation while the water retention state lied inside the
scanning domain. However, the scanning paths were reversible and they approached the main
wetting surface during subsequent reloading. The predicted suction showed good agreement with
the experimental values and the model was able to reproduce the loops induced by loading-
unloading paths (Figure 8 (c)). Figure 8 (d) also shows the water retention behaviour in the S,-s-e
space and it demonstrates the increase in the degree of saturation resulting from the reduction in the

void ratio, while the corresponding decrease in suction was well predicted by the proposed model.
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6. CONCLUSIONS

The hysteresis associated with the water retention behaviour is not negligible and it has to be taken
into account to properly model the hydro-mechanical behaviour of unsaturated soils. This hysteresis
can be described in terms of contact angle variations. The contact angle changes with suction and
with the volume of the soil, while it can take values between the advancing contact angle (64) and

the receding contact angle (6). The contact angle hysteresis was introduced into a WRM in order
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to account for the hysteresis induced by wetting-drying and compression-swelling cycles, in which
6=0, at the main wetting surface and 8=6y at the main drying surface.

The model proposed by Gallipoli et al. (2003) was adopted to account for the effects related to void
ratio variations, and a differential equation was derived in which two hysteresis functions were
proposed to independently reproduce the hysteresis of water retention caused by wetting-drying and
compression-swelling cycles. The hysteresis functions were introduced on an empirical basis
relying on a conceptual framework which describes the variation of the contact angle with suction
and void ratio. However, the proposed framework is open to possible improvements coming from
the introduction of different mechanical and hydraulic hysteresis functions obtained by
geomechanical or geometrical features of soil-water interface relationships. The proposed WRM is
able to reproduce the main wetting and drying surfaces and nonlinear scanning curves in the S,-s-e
space where both mechanical and hydraulic hysteresis of the water retention behaviour can be
reproduced.

A series of experimental tests was carried out to study the water retention behaviour of a clayey silt
and to investigate the hysteresis induced by wetting-drying and loading-unloading cycles. The
proposed model was also used to predict the experimental results after the calibration of only five
parameters, which were enough to reproduce the main water retention curves as well as the
nonlinear scanning curves. The model predictions, based on the experimental values of void ratio,
showed good agreement with the experimental results. The results suggest that the proposed WRM
might be coupled efficiently with mechanical models, to properly reproduce the behaviour of

unsaturated soils undergoing cyclic hydraulic and mechanical load paths.
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Appendix A
The contact angle between soil particles and water has been rarely measured and examined in the

literature. However, the hysteresis of the contact angle is known to be an important feature of water
droplet interaction with various solid surfaces. Different methods such as the captive bubble,
evaporation technique, sessile drop, and Wilhelmy technique have been used to measure the contact
angle (e.g. Di Mundo et al., 2011; Eral et al., 2013). Irreversible changes in the contact angle have
been also reported due to the behaviour of a liquid bridge when it is compressed and stretched
between two solid surfaces (Figure A-1) (e.g. Fortes, 1982; Hong et al., 2012; Longley et al. 2012,
Chen et al., 2014). Different advancing and receding contact angles can be measured, depending on
the roughness and the heterogeneity of the solid surface. Figure A-2 shows the variation of the
contact angle between a water droplet and an acrylic glass surface when the droplet was repeatedly
stretched (the distance between the surfaces (d) increased) and compressed (d decreased), as
reported by Hong et al. (2012). During the first compression process, the contact angle was the
advancing contact angle (pinning, 6=60,~72) whereas € decreased during the first stretching process
(slipping). At the beginning of the following compression stages, the contact angle increased again
to 6, in the slipping regime and remained constant for further compression. However, 6 decreased
to 8z <51 during the last two cycles and remained equal to the receding contact angle for further
stretching. This indicates that the values of the contact angles at the surfaces are not necessarily
constant but can change between their advancing and receding values. Similarly, pinning and
slipping can be also explored during compression and stretching of two spherical solid particles,
replicating soil volume changes during compression and swelling, as shown in Figure 2 (b) in the

main text by bringing the soil particles closer together or moving them apart, respectively.
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Figure A-1. Schematic of compressing and stretching a liquid bridge between two surfaces.
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Figure A-2. Changes in the contact angle due to repeated compressing—stretching
(redrawn from Hong et al., 2012).

Appendix B
When the water retention lies on the main wetting surface, the contact angle is the advancing

contact angle (8=86,). This implies that both H,® and H,® are 0. Therefore, changes in the degree of

saturation S, with respect to Eq. (25) is predicted by

S, = ?s' + aiée' (B-1)
S e
ae®s cosOr.\ ae%s cosOr.\ —-m-1
cosOp ) [1 +( cosOp ) ]

where ¢ = —mn(

The above incremental equation is the rate form of Eq. (14) while §=0 and 6=6,. Therefore, S, on

the wetting branch is obtained by:

A

ae%*scosfp 1 cosO

[

Wge €0SO,

Sr=1[1+( 1" B (B-2)

cosf,

This equation reminds the van Genuchten model while the effect of the air-entry value (w,,) is not

expressed by 1/wg.=ae® only (Gallipoli’s model) but it is also weighted by cos8y /cos8,.
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If we assume that the wetting branch of the water retention curve can be reproduced by the van
Genuchten model accounting for the effect of hysteresis only on the air-entry value (while n and m

remain constant), S, can be expressed as below:

S, = [1 + (= s)"]_m (B-3)

wao

where w,, IS the air-occlusion value.

Considering equation (B-2) and (B-3),

1 cosfy

o] = [re o] B-4)

wao

1+

Wge €0SOy

Assuming 8;=0, the relationship between the advancing contact angle and the air-entry and air-

occlusion values can be derived:

= cosl, (B-5)
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