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Zusammenfassung

In der klassischen Bodenmechanik wird Boden als homogenes pordses Material idealisiert. Es wird angenommen,
dass seine Porengrofie einer unimodalen Verteilungsfunktion folgt. Die in geotechnischen Anwendungen
anzutreffenden Boden sind jedoch selten homogen, sondern durch eine heterogene Mikrostruktur gekennzeichnet,
z.B. verdichtete Boden (z. B. in Stralenddmmen), weitgestufte Boden (z. B. Dichtungsmaterial in der Deponie fiir
radioaktive Stoffe) und Oberbdden in der Natur. Die Saugspannungs-Wassergehalts-Beziehung (SWCC) dieser
Boden, das den Zusammenhang zwischen Saugspannung und Wassergehalt beschreibt, weist ebenfalls eine
ausgepragte multimodale Charakteristik auf, da es stark mit der Porenstruktur zusammenhéngt. Die SWCC nimmt
eine bedeutende Rolle bei der Beschreibung von hydro-mechanisch gekoppelten Fragestellungen in ungesittigten
Boden ein, da wichtige hydraulische und mechanische Bodeneigenschaften, wie effektive Spannung,
Scherfestigkeit, Kompressionsverhalten, Schubmodul und ungesittigte hydraulische Leitfdhigkeit von der
Saugspannung bzw. dem Wassergehalt abhéngig sind. Fiir unimodale Bdden wurden zahlreiche empirische und
semiempirische Ansitze zur Beschreibung der bodenmechanischen Eigenschaften auf Basis der SWCC entwickelt.
Fiir Boden mit heterogener Porenstruktur konnen diese Beziehungen mit den fiir unimodale Boden entwickelten
Ansdtzen nichtzutreffend beschrieben werden. Daher ist ein umfassendes Verstdndnis und eine zutreffende
Beschreibung der PorengroBenverteilung (PSD) und der SWCC von multimodalen Bdden fiir Standsicherheits-
und Verformungsbetrachtungen, bei denen der ungeséttigte Zustand der Bdden einen mafigeblichen Einfluss hat,
erforderlich. Bisher fehlt in der Literatur noch ein allgemeines (d. h., die Modalitétszahl kann eine beliebige ganze
Zahl sein) Konzept zur Quantifizierung der heterogenen Porenstruktur und der daraus resultierenden komplexen

Saugspannungs-Wassergehalts-Beziehung von multimodalen Boden.

Der erste Teil dieser Arbeit zielt darauf ab, ein allgemeines Porengréflenverteilungsmodell zu entwickeln, welches
es ermdglicht, Boden mit heterogener Struktur zu beschreiben. Basierend auf einer mathematischen Definition des
Porenradius 7 in einem pordsen Medium wird eine probabilistische PSD-Funktion vorgeschlagen. Die Parameter
im Modell haben dabei eine eindeutige physikalische Bedeutung. Das vorgeschlagene Modell wird anhand einer
Reihe von PSD-Messungen an verschiedenen Boden validiert, die von verdichteten Tonen bis hin zu weitgestuften
grobkdrnigen Boden reichen. Die Ergebnisse des Modells zeigen eine starke Ubereinstimmung zwischen den
rechnerisch bestimmten Kurven und den gemessenen PSD-Daten. Die Entwicklung der Mikrostruktur von tonigen

Boden entlang verschiedener hydromechanischer Belastungspfade wurde ebenfalls analysiert.

Der zweite Teil der Arbeit widmet sich der Erstellung eines SWCC-Modells, um die Beziehung zwischen
Wassergehalt und Saugspannung fiir einen multimodalen Boden zu simulieren. Die vorgeschlagene
kontinuierliche Gleichung besitzt eine einfache mathematische Form. Basierend auf den Formmerkmalen der
SWCC, die in einem doppelt logarithmischen Diagramm dargestellt sind, wurde ein einfaches Verfahren zur
Parameterkalibrierung entwickelt. Die FEinzigartigkeit des Parametersatzes bietet die Moglichkeit, das
vorgeschlagene Modell zu verbessern, indem die Parameter mit Bodeneigenschaften (z. B. Dichte) und
Zustandsparametern (z. B. mittlerer Druck) korreliert werden. Um das Modell zu validieren, wurde eine Reihe von
SWCC-Messungen aus verschiedenen Béden mit den angepassten Kurven verglichen. Es wurde dabei eine gute

Ubereinstimmung zwischen den Messungen und den angepassten Kurven festgestellt.

Herkdmmliche experimentelle Methoden zur SWCC-Messung sind zeitaufwéndig und teuer. Im dritten Teil der

Arbeit wird eine Methode zur Prognose der SWCCs direkt aus PorengroBenverteilungsdaten formuliert. Die
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Bodenmikrostruktur wird dabei durch zwei unabhdngige Zustandsvariablen quantifiziert: eine fiir das
Gesamtvolumen (Porenzahl e) und die andere fiir die Porengroflenverteilung (ein neuer mikrostruktureller
Zustandsparameter Q). Eine einzigartige PSD-Flache verbindet die SWCC und die Mikrostrukturentwicklung mit
der Saugspannung wéhrend des Be- und Entwésserungsprozesses. Das Modell wurde validiert, indem die SWCCs
von vier verschiedenen Boden prognostiziert wurden, inklusive einem gering kompressiblen schluffigen Sand und
drei kompressiblen tonigen Bdden. Die entwickelte SWCC-Funktion in geschlossener Form erleichtert die

Implementierung des Modells fiir praktische Anwendungen.

In dieser Arbeit bildet das vorgeschlagene PSD-Modell und die entwickelten SWCC-Modelle die Grundlage, um
die Mikrostruktur in Béden mit heterogenen Porenstrukturen zu analysieren und die damit verbundene SWCC
zutreffend zu beschreiben. Es wird erwartet, dass das vorgeschlagene Konzept in konstitutive Modelle zur
Beschreibung der Eigenschaften von multimodalen Bdden (z. B. ungesittigte hydraulische Leitfahigkeit und

effektive Spannungsparameter) integriert wird.
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Abstract

In classical soil mechanics, soil is idealized as a homogenous porous material, and its pore size is assumed to obey
a unimodal distribution function. However, many soils encountered in geotechnical and geo-environmental
engineering applications are rarely homogenous but are characterised by a heterogeneous (or multimodal)
microstructure, e.g., the compacted soils as construction material in the road embankment, gap-graded soils as
sealing material in nuclear waste repository and topsoil in nature. The water retention behaviour (or soil water
characteristic curve, SWCC) of these soils, which describes the relationship between soil suction and water content,
also exhibits a distinguishing multimodal characteristic, as it is strongly related to the pore structure. In unsaturated
soil mechanics, SWCC plays a crucial role in the hydro-mechanical coupling of unsaturated soils, since important
hydraulic and mechanical soil properties, such as the effective stress, shear strength, compression index, yielding
stress, shear modulus and unsaturated hydraulic conductivity are often related to suction or water content. For
unimodal soils, numerous empirical and semi-empirical expressions have been developed to predict these
unsaturated soil properties based on SWCC. However, for soils with a heterogeneous pore structure, these
relationships may differ from those deduced for unimodal soils. For instance, a bimodal SWCC, resulting from a
bimodal pore structure, may cause the bimodality in permeability function. Therefore, a comprehensive
understanding and precise description for the pore structure and SWCC of multimodal soils is necessary for the
safety- and stability-assessment of the geotechnical and geo-environmental facilities in the vadose zone. So far, a
general (i.e., the modality number can be any positive integer) framework to quantify the heterogeneous pore

structure and the consequent complex water retention behaviour of multimodal soils is missing in literature.

The first part of this thesis aims to develop a general pore size distribution model to describe the heterogeneous
soil pore structure. Based on a mathematical definition of pore radius r in a porous medium, a probabilistic pore
size distribution expression is proposed. The parameters in the model possess a clear physical meaning. The
proposed model is validated using a set of pore size distribution (PSD) measurements from different soils, ranging
from compacted clayey soils to gap-graded soils, yielding a strong consistency between the fitted curves and the
measured PSD data. The microstructure evolution of clayey soils along different hydro-mechanical loading paths

is analysed.

The second part of the thesis is devoted to advancing a SWCC model to precisely simulate the relationship between
water content and soil suction for a multimodal soil. The proposed continuous equation possesses a simple
mathematical form. A convenient parameter calibration method has been developed based on the shape features
of the SWCC presented in double logarithmic diagram. The uniqueness of the parameter set provides the possibility
to improve the proposed model by correlating the parameters to soil properties (e.g., density) and state parameters
(e.g., mean pressure). To validate the model, a set of SWCC measurements from different soils are compared to

the fitted curves. A good agreement is observed between them.

Traditional experimental techniques for SWCC measurement are time-consuming and expensive. In the third part
of the thesis, a method to predict the water retention behaviour directly from pore size distribution data is
developed. Soil microstructure is quantified by two independent state variables: void ratio e for the overall volume
and a new microstructural state parameter Q for the pore size distribution. A unique PSD-surface links the water
retention curve and the microstructure evolution with suction during wetting and drying process. The model is

validated by predicting the water retention curves of four different soil types, including a low compressible silty
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sand and three compressible clayey soils. The closed-form water retention expression facilitates the

implementation of the model in practical applications.

In this thesis, the proposed PSD model, the empirical and predictive SWCC models establish a general framework
to quantify the evolving microstructure and the related water retention behaviour of soils with heterogeneous pore
structure. The framework is applicable for all soil types. The proposed framework can be incorporated in thermal,
hydraulic and mechanical constitutive models of multimodal soils, e.g., to define unsaturated hydraulic and thermal

conductivity and effective stress variables.
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1. Introduction

1.1. Motivation and objectives

In conventional soil mechanics, soil is idealized as a porous material with homogeneous fabric. The void space is
characterised by the state variable void ratio e (the ratio of the void volume to solid volume) or porosity n (the
ratio of the void volume to total volume). However, many soils encountered in practical geotechnical, geo-
environmental and agricultural engineering applications possess a heterogeneous fabric and pore structure

(Carminati et al., 2008).

In clayey soils compacted at dry side of optimum water content, particle aggregation leads to a bimodal pore
structure consisting of two sub-porosities, i.e., the interaggregate porosity (or macro-porosity) between the
aggregates and the intra-aggregate porosity (micro-porosity) within the aggregates (Cai et al., 2020, Birle, 2011,
Romero et al., 1999, Diamond, 1970). This bimodal pore structure is different from the matrix type fabric (i.e., a
unimodal porosity) in the reconstituted sample of the same soil. The discrepancies in the microstructure of the
same soil cause a remarkable difference in the macroscopic hydro-mechanical behaviour, such as the water
retention properties (Cai et al., 2020, Vanapalli et al., 1999, Birle, 2011), the unsaturated hydraulic conductivity,
the apparent pre-consolidation stress (Koliji et al., 2010), the unsaturated shear strength (Chowdhury and Azam,
2016, Della Vecchia et al., 2013, Zhai et al., 2019), the effective stress (Alonso et al., 2010) and the swelling

pressure (Manca et al., 2016), among others.

In nuclear waste repositories, bentonite-enriched soils, e.g., sand-bentonite mixtures, are often utilized as an
engineering barrier and backfilling material to delay the migration of nuclides due to their low water permeability
and swelling potential (Watanabe and Yokoyama, 2021, Nagra, 2008). In these soils, three distinguishing pore
families can be identified, including the pore space between sand grains and bentonite aggregates (interaggregate
porosity), the voids between individual clay particles within aggregates (intraaggregate porosity) and the planar
void space between the clay layers (i.e., smectite sheets) within clay particles (interlayer porosity). Numerous
experimental studies have testified that the overall soil pore structure can significantly change upon thermo-hydro-
chemo-mechanical (THMC) loadings (Abed and Sotowski, 2017, Manca et al., 2016, Wang et al., 2014). For
instance, during hydration, water molecules enter the planar interlayer voids, resulting in an increase in the distance
between the smectite sheets and overall expansion of the bentonite aggregates. This swelling behaviour of
bentonite reduces the water permeability and alters the macroscopic hydro-mechanical behaviour of the material.
Therefore, a good understating of the microstructure and its evolution along THMC loading paths of these soils is
crucial for the safety assessment of the nuclear waste repositories. So far, a large amount of pore size distribution
(PSD) data has been experimentally determined and is currently available in the literature, while a general PSD
model to quantify the multimodal pore structure is still missing, which limits the incorporation of the
microstructure effect in the hydraulic and constitutive modelling of soils with heterogeneous pore structure (Koliji

etal., 2010, Della Vecchia et al., 2013).

The soil water characteristic curve (SWCC), also known as the water retention curve (WRC), is a constitutive
law that describes the relationship between soil suction and water content, expressed in terms of gravity water
content w (the ratio of water mass to solid mass), volumetric water content 8 (the ratio of water volume to total

soil volume), water ratio e,, (the ratio of water volume to solid volume), or degree of saturation S, (the ratio of

1



water volume to void volume). SWCC plays a key role in geotechnical and geo-environmental applications in the
unsaturated zone, as many important soil properties are closely related to the water retention behaviour (Fredlund
and Rahardjo, 1993). For instance, unsaturated hydraulic conductivity is a function of soil suction or water content.
The direct measurement of this parameter in laboratory is especially time-consuming and costly (Van Genuchten,
1980, Leong and Rahardjo, 1997a). Therefore, numerous analytical expressions from the more easily measured
SWCC and the saturated permeability coefficient have been developed to estimate the unsaturated hydraulic
conductivity at any suction level or water content, e.g., Burdine (1953), Mualem (1976) and Fredlund et al. (1994),
among others. The knowledge of SWCC is hence necessary to quantify the water distribution and to simulate the

multiphase fluid flow and the material transportation in unsaturated soils (Lu, 2016).

SWCC also significantly influences the mechanical parameters of unsaturated soils such as the effective stress
parameter (Bishop, 1959, Khalili and Khabbaz, 1998, Khalili et al., 2004, Lu et al., 2010, Alonso et al., 2010), the
shear strength (Gao et al., 2020, Zhai et al., 2019, Vanapalli et al., 1996, Sheng et al., 2011) and the compression
index (Zhou et al., 2012), which are often dependent on the soil suction or the water content. For this reason,
SWCC is required for the ultimate limit state (ULS) and serviceability limit state (SLS) analysis of the geotechnical
engineering infrastructure based on unsaturated soils, for example, the slope stability analysis of the earthwork

embankments that lie above the groundwater level (Angerer, 2020, Zhang et al., 2014).

The heterogeneous pore structure of the soil causes a multimodality in its water retention behaviour. On the
one hand, the conventional unimodal SWCC expressions are unable to describe the soil suction — water content
relationship precisely for these soils. On the other hand, the relationships between the SWCC and the hydro-
mechanical properties deduced from unimodal soils may fail in bimodal or multimodal soils. For these reasons, a
general multimodal SWCC model is needed not only for assessing the dependency of hydraulic and mechanical
properties on suction and water content, but also for the hydraulic and constitutive modelling to solve the boundary
value problems of heterogeneous soils in geotechnical and geo-environmental engineering applications (e.g.,

stability and water flow analyses for the embankments and dams in vadose zone).

The objectives of the study are divided into three parts: (I) Developing a general multimodal pore size distribution
model based on probability theory to quantify the soil pore structure and characterise its evolution along hydro-
mechanical loading paths; (II) Developing an empirical SWCC model with an efficient and convenient parameter
calibration approach to describe the soil suction — water content relationship of soils with heterogeneous
microstructure; (IIT) Establishing a framework to predict the water retention behaviour of multimodal soils based
on PSD measurement, considering the effects of volume change and the associated microstructure change during
SWCC testing. By combining the proposed empirical and predictive SWCC models as well as the PSD model, a
novel approach is developed in this thesis to quantify the soil suction, water content, and microstructure for the

multimodal deformable soils in a unique framework.
1.2. Outline

This thesis is structured as follows: chapter 1 describes the motivation and objectives of the thesis. Chapter 2
introduces the experimental techniques for PSD measurement and presents the state-of-the-art experimental results
for the microstructural evolution along mechanical, hydraulic and chemical loading paths. Chapter 3 reviews the
basics of water retention behaviour and the relationship between SWCC and PSD. Chapter 4 describes the

methodology for developing the SWCC and PSD models for multimodal soils. Chapter 5 summarises three

2



publications, including the development of the general multimodal PSD model based on probabilistic concept
(Paper I), the empirical multimodal SWCC model with a convenient and efficient parameter calibration method
(Paper II), and the predictive SWCC model based on the pore size distribution data of deformable multimodal soils

(Paper III). Chapter 6 draws conclusions and proposes an outlook on further development and implementation of

the proposed framework.



2. Basics of multimodal soil microstructure

2.1. Introduction

Porous material is widespread in industry (e.g., activated carbons, concrete, and ceramic), in the natural
environment (e.g., wood, soils, and rocks), and even in biological tissues (e.g., human bones) (Yan and Cudmani,
2022a). The pore structure dominates the physical and chemical properties of porous material. For instance,
experimental studies have shown that the in-situ strength of concrete depends significantly on its pore size
characteristics and porosity (Kumar and Bhattacharjee, 2003). In this section, the focus is on the features of soil

pore structure and the characteristics of the microstructural evolution along hydro-mechanical loading paths.

The soil microstructure characterised by the pore size distribution (PSD) has been widely investigated over the
past decades, as it plays an essential role in the macroscopic hydro-mechanical behaviour of unsaturated soils, e.g.,
effective stress (Alonso et al., 2010), shear strength (Ng et al., 2020), compressibility (Mun and McCartney, 2015),
swelling behaviour (Lloret et al., 2003), gas and liquid permeabilities (Mualem, 1976, Juang and Holtz, 1986a,
Garcia-Bengochea, 1978) and material transport properties. Soil microstructural information is of great interest to
geotechnical, geo-environmental, agricultural and mining engineers as it is very relevant to the practical
applications in these engineering fields. For example, the microstructure of barrier soils (e.g., sand-bentonite
mixtures or compacted bentonite) used as the sealing material in the nuclear waste containment structure,
dominates the gas and liquid permeabilities of the material and evolves remarkably along hydro-mechanical,
chemical and thermal paths (Manca et al., 2016, Lloret and Villar, 2007). In order to simulate the enrichment and
migration of methane in the coalbed, the pore size distribution of coal has been extensively studied for the
understating of multiphase flow in mining engineering (Xiong et al., 2020, Liu et al., 2020, Zhang et al., 2020).
The pore structure of the soils and rocks encountered in these engineering fields is heterogeneous. Although a
large number of PSD data (discontinuous data points) have been determined over the past few decades, a closed-
form PSD expression, which facilitates the implementation of PSD information in constitutive and numerical

modelling for these engineering applications, is still lacking.
2.2. Literature review

2.2.1. Experimental techniques and basics of soil pore structure

To date, a variety of testing techniques have been developed to measure the soil pore structure, which can be
divided into two categories: image analysis and indirect approach (Xiong et al., 2020). The imaging technique
includes, among others, scanning electron microscopy (SEM) (Romero et al., 1999, Cui et al., 2002, Manca et al.,
2016, Cai et al., 2020, Collins and McGown, 1974), environmental scanning electron microscopy (ESEM)
(Romero et al., 2011, MUSSO et al., 2013, Villar and Lloret, 2001, Sun et al., 2019), X-ray computed tomography
(Gebrenegus et al., 2006) and nuclear magnetic resonance imaging (Wang and Ni, 2003, Serland et al., 2007,
Benavides et al., 2020). On the one hand, in order to obtain high-resolution photomicrographs, imaging techniques
usually require sophisticated experimental facilities and hence are expensive. On the other hand, imaging

techniques solely provide qualitative microstructural information of the limited observation area of the soil sample.
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Fig. 2.1. MIP test data for a sand-clay mixture (70% sand + 30% clay) a) cumulative mercury intrusion curve b)
pore size density curve (data from Juang and Holtz (1986b))

The indirect approach includes, among others, gas adsorption (GA) method (e.g., carbon dioxide adsorption
and nitrogen adsorption) and mercury intrusion porosimetry (MIP) tests. Since the 1970s (e.g., Diamond (1970),
Diamond (1971), Ahmed et al. (1974)), MIP tests, which are relatively less expensive, have been widely used in
geotechnical and geo-environmental engineering to determine the pore size distribution data of soils and rocks. A
small piece of specimen of a dried sample is placed in the penetrometer where a vacuum is applied to allow mercury
to fill the chamber. Afterwards, the mercury pressure is incrementally raised, and mercury penetrates the voids
from the larger to the smaller (Monroy et al., 2010). The volume of mercury intruded into the specimen and the
corresponding pressure in mercury are continuously recorded. The relationship between the applied mercury

pressure Py, and the entrance pore radius 7 can be expressed by the Washburn equation (Washburn, 1921):

B 2Tyg4 cos by, 2.1

P, =
Hg r

Here, Tyg (= 0.484 N/m at 25°C) denotes the surface tension of mercury and 8y, (=~ 140°) represents the contact
angle between mercury and soil particle surface. Equation (2.1) indicates that mercury, as a non-wetting fluid,
cannot enter the cylindrical capillary channel of radius r unless a pressure Py is applied. Converting the mercury
pressure to the entrance pore radius via Eq. (2.1), MIP test data is conventionally presented in the plane of

cumulative pore volume versus the entrance pore radius, referred to as the cumulative intrusion curve.

The cumulative intrusion curve from the MIP test can be expressed in terms of intruded void ratio e.y,
(Romero et al., 2011, MUSSO et al., 2013, Monroy et al., 2010), intruded porosity n,,, (Birle, 2011), the
normalized void ratio e.,m/emax (€max = Maximum intruded void ratio, i.e., the initial void ratio of the sample
before MIP test) (Juang and Holtz, 1986a) or the normalized pore volume in one gram dry soil V,,, (in cm®/g,
Voum = €cum/ Ps» Ps = soil particle density) (Li and Zhang, 2009, Romero et al., 1999, Juang and Holtz, 1986b).
Fig. 2.1a shows a cumulative mercury intrusion curve in terms of V,,,,, () for a sand-clay mixture (70% sand +

30% clay).

Another useful information attained from the MIP test is the pore size density data f(r) (i.c., the first derivative

of the cumulative curve). When the pore radius is expressed in an arithmetic scale, the density data yields



i1
T 3 N® (2.2)

Here, e, is the initial void ratio of the soil sample, and N* denotes the data points number of the MIP tests.
According to Juang and Holtz (1986a), as the investigated soil pore radius usually covers several orders of
magnitude, it is more convenient to express the pore radius in a logarithmic scale. Then the density data can be

presented in a dimensionless w(r) form (Angerer, 2020, Juang and Holtz, 1986a):

(U(T") - _ Vchm - Vch_ni &
g log(ri/r=1) eyi=2,3,..,N* 2.3)

= i i1
1 ri-r

Fig. 2.1b demonstrates a pore size density curve in terms of w(r) determined by the MIP test for the sand-clay

mixture.

In conventional soil mechanics, the change of the void space is usually characterised by the volumetric state
parameters, while the explicit morphological information of the void space, for example the change of the pore
size distribution, is rarely considered. To better understand the hydro-mechanical behaviour of soil in saturated
and unsaturated states, numerous studies have been undertaken to investigate the microstructure of different soil
types. The experimental results have shown that the soil pore structure is heterogeneous in nature and can be

unimodal, bimodal and even multimodal (i.e., more than two sub-porosities).

It is well known that clayey soils display a matrix-type structure when compacted on the wet side of optimum
water content and a granular aggregate-type structure when compacted on the dry side of optimum water content
(Delage and Lefebvre, 1984). The void space between the aggregates is denoted as interaggregate (or macro)
porosity, and that within aggregates is denoted as intraaggregate (or micro) porosity. The “double structure”
(Alonso et al., 1987) of compacted clayey soils was first reported in the pioneering work of Diamond (1970) and
Barden and Sides (1970), and then confirmed in different clayey soils by other research, e.g., Sridharan et al. (1971)
(kaolinite clay), Delage and Lefebvre (1984) (Champlain clay), Romero et al. (1999) (Boom Clay), Birle (2011)
(Lias clay), Monroy et al. (2010) (London clay), MUSSO et al. (2013) (FEBEX bentonite), and Wang et al. (2014)
(MX-80 bentonite), among others. Fig. 2.2 shows the PSD data determined by MIP tests conducted on two samples
(Pm1 and Pm8) of Lias clay (liquid limit w;, = 46.5 %, plastic limit w;, = 19.5 %, particle density ps = 2.78 g/cm?’,
standard proctor optimum water content w,,,; = 20.8 %). The sample Pm1 was compacted on the dry side of the
optimum water content (compaction water content w = 16%) and the sample Pm8 on the wet side of the optimum
water content (W = 23.2%). The mercury intrusion curves in terms of V,,,,,, and the dimensionless pore size density
curves are shown in Fig. 2.2a and 2.2b, respectively. In the sample PmS, the single pore family possesses a
dominant pore radius of 63 nm. The pore structure of the sample Pm1 exhibits a distinct bimodal characteristic.
The interaggregate porosity is characterised by a dominant pore radius of 6 um, which is much larger than that in

the intraaggregate regime of 30 nm (see Fig. 2.2b).
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Fig. 2.2. MIP test data for fine-grained and coarse-grained soils a) cumulative mercury intrusion curves of Lias
clay b) pore size density curves of Lias clay soils (data from Birle (2011)) ¢) cumulative mercury intrusion curves
of Ottawa sand b) pore size density curves of Ottawa sand (data from Juang and Holtz (1986b))

A similar microstructural phenomenon was also found in compacted silts. Delage et al. (1996) observed two
sub-porosities in the Jossigny silt (w, =37.0 %, w;, =19.0 %, ps = 2.78 g/em’, w,p,: = 18.0 %) samples compacted
at dry of optimum and a matrix type microstructure in the samples compacted at wet of optimum. Recently, Ying
etal. (2021) investigated the microstructure of a compacted sandy silt (w;, =29.0 %, w, =19.0 %, ps =2.71 g/cm?,
Wopt = 17.0 %) by means of MIP tests and ESEM micrographs. They reported that a granular aggregate structure
with bimodal pore size distribution was well developed in the samples compacted at optimum water content and
the dry side of optimum water content. These results revealed the fact that sample preparation conditions (e.g.,

compaction water content) can significantly influence the pore structure of fine-grained soils.

The pore size distribution of compacted coarse-grained soils is relatively simple and uniform. Juang and Holtz
(1986b) performed MIP tests on two compacted samples of Ottawa sand (poorly graded clean quartz sand, dio/
d3o/ dso / dioo = 0.30 /0.40/ 0.60/ 0.80 mm) with different initial dry densities, 1.62 g/cm? (for the loose sample)
and 1.72 g/cm?® (for the dense sample). The mercury intrusion curves and the dimensionless pore size density
curves are demonstrated in Fig. 2.2c and 2.2d, respectively. Both samples show a remarkable unimodal
characteristic. Compared to the compacted Lias clay samples, the pore size distribution of Ottawa sand, on the one
hand, covers a narrower range from about 20 um to 300 um (see Fig. 2.2d). On the other hand, the dominant pore
sizes of both samples (77.3 um for the dense sample and 97.3 um for the loose sample) are much larger than those
of the inter- (= 6 um) and intra-aggregate porosities (= 30 nm) in sample Pm1 of Lias clay. It is also noted that the
peak value of the density curve at the dominant pore radius in Ottawa sand (between 2.0 to 3.0) is much higher

than that in the inter- and intra-aggregate pore regime in Lias clay (between 0.4 to 1.0). All of these features in the



soil microstructure could be attributed to the uniformity of the grain size distribution and the relatively large mean
grain size of Ottawa sand. As a poorly graded clean quartz sand, the uniformity coefficient Cy; (= deo / dio) of

Ottawa sand is equal to 2.0.
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Fig. 2.3. MIP test data for a sand-bentonite mixture (80% quartz sand + 20% MX80 bentonite) after compaction
a) cumulative mercury intrusion curve b) pore size density curve (data from Manca et al. (2016))

The pore structure of gap-graded soils or mixed soils is of great interest to geotechnical and geo-environmental
engineers. For example, sand-clay mixtures have been widely used as a self-sealing material for engineering
barriers in deep geological nuclear waste repositories due to their low liquid and gas conductivity and swelling
potential (Nagra, 2008, Manca et al., 2016). Knowledge of the microstructure of sand-clay mixtures is necessary
to understand their macroscopic hydro-mechanical behaviour, which plays an essential role in evaluating the
performance of the engineering barriers and the safety assessment of the overall repository (Wang et al., 2013).
Manca et al. (2016) analysed the evolving microstructure of a sand-bentonite mixture (i.e., a mixture of 80% quartz
sand and 20% MX-80 bentonite, p, = 2.67 g/cm?®) under hydro-chemo-mechanical loadings by means of SEM
photomicrograph and MIP tests. The mercury intrusion curves and the pore size density curves determined on an
as-compacted sample (initial dry density p; = 1.8 g/cm?, initial suction s, = 280 kPa) are shown in Fig. 2.3a and
2.3b, respectively. As can be seen, the pore structure demonstrates a clear bimodal characteristic. The pore radius
of 1 um is approximated as the delimiting value to distinguish the inter- and intra-aggregate porosities. The
interaggregate porosity presents the pore family between the clay aggregates and sand grains, and the intra-
aggregate porosity corresponds to the void space within clay aggregates. The intra-aggregate dominant pore radius
is equal to 144 nm, which is close to that of the compacted Lias clay (see Fig. 2.2b). The interaggregate dominant

pore radius is equal to 46 um, which is greater than that of the Lias clay and close to that of the Ottawa sand.

In Fig. 2.3a, one sees that the maximum intruded mercury volume (= 0.16 g/cm?®) does not reach the total void
volume of the sample (V. = €o/ps = 0.18 g/cm?). Manca et al. (2016) ascribed the gap to the planar inter-layer
void space between the smectite sheets within the clay platelets. During hydration, due to the invasion of water
molecules, the distance between the smectite sheets varies from a minimum of 0.3 nm to a maximum of 1.2 nm,
which is far lower than the minimum detectable pore size of mercury intrusion porosimetry (= 4 nm) (Manca et
al., 2016). The increase of the inter-layer pores results in the expanding of the aggregates, and hence is directly
related to the macroscopic swelling behaviour and the “self-sealing” ability of the soil. For this reason, the

existence of the inter-layer porosity cannot be neglected for the bentonite-enriched soils, although they are
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undetectable in MIP tests. Thus, three pore families exist in the sand-bentonite mixture, namely the interaggregate,
the intra-aggregate and the inter-layer porosities. The interaction of the sub-porosities, which significantly evolves

along hydro-chemo-mechanical loading paths, leads to a complex microstructural behaviour of the soil.

By analysing the MIP data of fine-grained, coarse-grained and gap-graded soils, following primary conclusions

can be drawn on the basics of soil microstructure:

e The maximum or mean pore radius of the soil is closely related to the grain size distribution. In general,
the dominant pore radius of a coarse-grained soil is larger than that of a fine-grained soil with a single
pore mode (e.g., reconstituted sample or the sample compacted at wet of optimum) and the inter- and
intra-aggregate porosities of a fine-grained soil with a bimodal pore mode (e.g., the sample compacted at
dry of optimum).

e The microstructures of the soils encountered in geotechnical and geo-environmental engineering
applications are heterogencous. On the one hand, the modality number N is a varying integer: the
microstructure can exhibit unimodal (N = 1, e.g., Ottawa sand, and Lias-clay compacted at wet side),
bimodal (N = 2, e.g., Lias-clay compacted at dry side) and even multimodal (N > 3, e.g., sand-bentonite
mixture) characteristics. On the other hand, the pore size can range from one to several orders of
magnitude. For example, the pore size of Ottawa sand ranges from 20 um to 300 um, while that of the
sand-bentonite mixture ranges from 0.002 ym to 500 um.

e The maximum frequency of the density curve at the dominant pore radius is highly related to the
uniformity of the grain size distribution, e.g., the poorly graded Ottawa sand possesses the highest peak

value of the density curve at the dominant pore radius.

2.2.2. Microstructural evolution

Inrecent years, particular attention has been paid to the microstructural evolution induced by mechanical, hydraulic
and chemical loadings. In this section, the influence of compaction effort, hydration and water salinity on the soil

pore structure is discussed.

In general, an increase in the compaction effort or the consolidation pressure on a single pore mode soil results
in a decrease in its dominant pore size (or mean pore size), accompanying a reduction in the overall void volume.
For instance, the dominant pore radius of Ottawa sand decreases from 97.3 um to 77.3 um due to the increased
compaction effort. Correspondingly, the pore size density curve shifts along the abscissa, as shown in Fig. 2.2d.
In addition, the shape of the pore size density curve remains unchanged as it is related to the soil grain size

distribution, which is not affected by mechanical loading without the occurrence of particle breakage.
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Fig. 2.4. Influence of compaction on soil microstructure a) pore size density curves for FEBEX bentonite (data
from Lloret et al. (2003)) b) pore size density curves for a sand clay mixture (data from Li and Zhang (2009))
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Fig. 2.5. Influence of suction on soil microstructure a) microstructural evolution of unsaturated compacted London
clay during wetting under a constant vertical load (data from Monroy et al. (2010)) b) microstructural evolution of
an unsaturated compacted sand bentonite mixture during wetting under isochoric condition (data from Manca et

al. (2016))

In bimodal soils, numerous experimental studies have shown that both the volume and the mean pore radius of
the interaggregate porosity decrease with increasing compaction effort or consolidation pressure, while the intra-
aggregate pore structure remains almost unaffected. Lloret et al. (2003) investigated the influence of compaction
effort on the bimodal microstructure of FEBEX bentonite (w, = 102 + 4 %, w, = 53 + 3 %, p; = 2.70 g/cm?,
montmorillonite content > 90%, specific surface area S = 32 £ 3 m?/g). MIP tests were carried out on two samples
compacted to very different dry densities, i.e., 1.5 g/cm?® and 1.8 g/cm?>. The pore size density curves in terms of
—dey, /dlogr (ey, represents the mercury intrusion volume in terms of void ratio) are demonstrated in Fig. 2.4a,
showing a remarkable bimodal characteristic. A delimiting pore radius to distinguish the inter- and intra-aggregate
porosity is approximated at about 0.1 um. From Fig. 2.4a one sees that the interaggregate pore volume (i.e., the
area under the interaggregate sub-curve) remarkably decreases with increasing compaction effort and dry density.
Simultaneously, the interaggregate dominant pore radius decreases from 16.3 um to 5.7 um. In contrast, the intra-
aggregate porosity is not affected. Both the intra-aggregate pore volume and the dominant pore radius (= 4.6 nm)

remain constant.
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Li and Zhang (2009) reported a similar characteristic in the microstructural evolution of a lean clay with sand
(W, =47.0 %, wp, =32.0 %, ps = 2.64 g/cm®, Wy, = 20.5 %) during compaction, as shown in Fig. 2.4b. MIP tests
were carried out on a loose (e, = 0.76) and a dense sample (e, = 1.13), and both samples demonstrate a clear
bimodal pore size distribution due to the existence of aggregates formed by the fine contents. A delimiting pore
radius of about 1 um is estimated to separate the inter- and intra-aggregate parts. Again, the reduction of the overall
volume during compaction is attributed to the decrease of the interaggregate porosity, while the intra-aggregate
pore volume remains unchanged. The interaggregate dominant pore radius decreases from 5.3 um to 1.7 um as the
interaggregate pore volume decreases. These observations in FEBEX bentonite and the lean clay with sand imply
that in bimodal soils the compaction procedure (at dry side of proctor optimum) solely causes the rearrangement
of the sand grains and clay aggregates with a constant intra-aggregate porosity. The interaggregate void space

progressively reduces with increasing compaction effort, leading to a decrease in the interaggregate dominant pore

radius.
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Fig. 2.6. Influence of pore water salinity on microstructure evolution of sand bentonite mixture during hydration
(initial dry density ps= 1.5 g/cm?) a) cumulative curves of as-compacted samples b) pore size density curves of as-
compacted samples ¢) cumulative curves of saturated samples d) pore size density curves of saturated samples
(data from Manca et al. (2016))

The soil microstructure also alters strongly with hydraulic loading. Fig. 2.5a reveals the evolving pore structure
of compacted London clay (w, = 83.0 %, w, = 29.0 %, p; = 2.70 g/cm?) during a wetting process (data from
Monroy et al. (2010)). The soil shows a typical bimodal pore structure at the as-compacted state with an initial
suction of 996 kPa. A delimiting pore radius of 2.0 um is approximated for distinguishing the inter- and intra-
aggregate porosity. The compacted sample was then progressively wetted to different suction levels, i.e., 470 kPa,
150 kPa, 40 kPa and 0 kPa (saturated state) under a constant vertical stress of 7 kPa (i.e., free swelling condition).
The soil microstructure at each suction level was measured by MIP tests, and the pore size density curves are
presented in Fig. 2.5a. As can be seen, the intra-aggregate pore volume increases with decreasing suction, which

could be attributed to the expansion of aggregates. It is also noted that the interaggregate pore volume is almost
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constant in the suction regime from 996 kPa to 40 kPa and decreases dramatically with decreasing suction from
40 kPa to 0 kPa. In the saturated state, the interaggregate pores almost vanish, and the pore size distribution turns

into a unimodal pattern, meaning that the modality number N decreases from two to one along the wetting path.

The sand-bentonite mixture used as the “self-sealing” material in the nuclear waste disposals, usually
undergoes hydraulic, thermal and chemical loadings (e.g., water salinity) due to the surrounding hydro-geological
environment, resulting in a complex evolution of microstructure. Manca et al. (2016) investigated the
microstructural evolution of a compacted sand-bentonite mixture (80% quartz sand + 20% MX-80 bentonite, p; =
2.67 g/cm?) along a wetting path under isochoric condition. The as-compacted sample was then progressively
wetted from an initial suction level at 280 kPa to 85 kPa, 40 kPa and 0 kPa in a constant volume cell. Fig. 2.5b
shows the MIP test data at various suction levels, and a delimiting pore radius of 3.0 um. Similar to London clay,
the aggregates in the soil expand during the wetting process. This leads to an increase in the intra-aggregate void
space, whilst the interaggregate pore volume decreases due to the isochoric condition. In the saturated state, the
interaggregate pore mode vanishes because the macro voids formed by sand grains are fully filled with clay

particles, resulting in a unimodal pore size distribution.

In nuclear waste storage applications, saline water from the supporting concrete structure or the host rock can
inhibit the “sealing ability” (i.e., the expansion of bentonite) of the sand-bentonite mixture and consequently affect
its liquid and gas conductivity. Therefore, the influence of the water salinity on the soil microstructure evolution
is especially concerned. Fig. 2.6a and 2.6b show the MIP data of the as-compacted samples of sand-bentonite
mixture prepared with different types of pore fluids, namely distilled water, 1M sodium chloride (i.e., NaCl
solution at 1 mol/L concentration) and 4M sodium chloride. It is found out that the cumulative PSD curves and
the density curves for the samples prepared with distilled water and 1M sodium chloride are almost identical. This
means that the soil pore structure is not affected by the water salinity at low concentrations of 0 to 1 mol/L.
However, as the water salinity increases from 1 mol/L to 4 mol/L, the total pore volume as well as the intra-
aggregate porosity degrades, whilst the interaggregate pore volume is slightly affected. This observation reveals
the fact that saline water with high concentration significantly inhibits the initial swelling of aggregates during the

mixture preparation (Manca et al., 2016).

Fig. 2.6¢ and 2.6d demonstrate the cumulative and density curves of the saturated samples (wetted from as-
compacted state under isochoric condition) at different sodium chloride concentrations. In comparison with Fig.
2.6a and 2.6b, respectively, the influence of the water salinity on the microstructural evolution during wetting is
assessed. For the sample hydrated with distilled water, the maximum mercury intrusion volume is close to the total
void volume of the soil (the dashed line in Fig. 2.6¢). This phenomenon implies a complete swelling of the
bentonite assemblage and a subsequent splitting of the smectite sheets, resulting in the vanishing of inter-aggregate
and inter-layer porosities. Eventually, a monomodal porosity at the intra-aggregate scale is formed, which can be
fully detected in MIP tests. For the sample hydrated with saline water at 1 mol/L concentration, there is a
distinguishing gap between the total mercury intrusion volume and the total void volume of the soil. The
interaggregate porosity is preserved when the sample is wetted from the as-compacted state to the fully saturated
state. A similar pore structure is also shown in the sample hydrated with saline water at 4 mol/L concentration.
Based on these experimental results, it can be concluded that the water salinity retards the swelling of the bentonite

at both the intra-aggregate and the interlayer levels.
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2.2.3. Existing multimodal PSD models

From the experimental evidence in the previous sections, one sees that soil pore size distribution can cover several
orders of magnitude and vary from a unimodal mode (e.g., granular soils) to a bimodal (e.g., compacted clayey
soils) or even a multimodal mode (e.g., sand-bentonite mixture). In deformable soils, the pore structure alters
remarkably along mechanical, hydraulic and chemical loading paths. Therefore, a general multimodal pore size
distribution model is needed to quantify the heterogeneous pore structure and capture the essential features of the

microstructural evolution.

Ross and Smettem (1993) proposed that a multimodal pore size distribution expression could be derived from a
multimodal soil water characteristic curve model, which is a superposition of several unimodal sub-curves (Yan

and Cudmani, 2022a):

N
dS, i(s)
f(s) = Z b o)

Here, S, ;(s) represents the SWCC (in terms of effective degree of saturation) dominated by a sub-porosity and ¢;

is the weighing factor fulfilling the condition:

N
QHi=t 2.5)

where N is the modality number. Experimental results in the literature, e.g., Monroy et al. (2010), Zhai et al.
(2020b) and Cai et al. (2020), have shown that the microstructure of deformable soils highly depends on suction
and hence can alter significantly during the SWCC testing. This means that the PSD-curve derived from a SWCC
measurement is not representative of a rigid soil pore structure (Yan and Cudmani, 2022a). Additionally, the Ross
and Smettem model is incapable of accounting for the changes in microstructure during hydro-mechanical-
chemical loadings. A further modification is also difficult since the parameters of the model are fitting parameters

and cannot be determined independently from one another.

2.3.  Summary

The soil microstructure is a fundamental property dominating the essential features in the hydro-mechanical
behaviour of fully and partially saturated soils, which is necessary in various practical applications in geotechnical,
geo-environmental, mining and agricultural engineering. In the past decades, MIP tests have been widely used to
determine the pore size distribution of different kinds of soils, varying from a simple general soil to a complex

mixture of fine-grained and coarse-grained soils.

In general, the soil pore size distribution covers a wide range with several orders of magnitudes and consists
of several sub-porosities, for instance, interlayer, intra-aggregate and interaggregate porosity. The multimodal soil
pore structure significantly evolves when the soil is subjected to mechanical (e.g., compaction, consolidation,
shearing), hydraulic (e.g., wetting and drying cycles), chemical (e.g., different salt concentration in pore water) or
even thermal loadings (Houhou et al., 2021). The microstructure evolution is characterised by the changes in the

volume, maximum and dominant pore radius, the maximum frequency (i.e., the peak value of the density curve at
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the dominant pore radius) of each sub-porosity as well as the modality number of the overall pore size distribution.
Although a large amount of soil pore size distribution data has been experimentally determined in the past decades,
a general multimodal pore size distribution model that is capable of precisely describing the soil pore size
distribution is still missing. To solve this problem, a general multimodal PSD framework was developed in Paper

I (Yan and Cudmani, 2022a), which is summarised in section 5.1.
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3. Basics of multimodal water retention behaviour

3.1. Introduction

Transition zone

Boundary :
effect zone :

Residual zone

Sr,res- € KRRt v

Sae Sres Smax  l0g'S Smax  lOQg'S

Fig. 3.1. Schematic illustration for water retention behaviour of unimodal soils a) a typical soil water characteristic
curve for desiccation b) hydraulic hysteresis

The soil water characteristic curve (SWCC) is a mathematical function describing the water content held by the
soil at a given suction level (Abed and Sotowski, 2021). SWCC plays a key role in practical applications of
unsaturated soils, as many important hydraulic and mechanical properties such as the unsaturated hydraulic
conductivity (Leong and Rahardjo, 1997a, Fredlund et al., 1994, Rahimi et al., 2015, Zhai et al., 2017) and the
shear strength (Lin et al., 2022, Vanapalli et al., 1996, Zhai et al., 2019, Sheng et al., 2011), are closely related to
the suction or the water content of the soil. Thus, SWCC is one of the most fundamental hydraulic characteristics

of the soil (Assouline et al., 1998).

Fig. 3.1a schematically shows a typical SWCC for desiccation in terms of the degree of saturation S,.. The
matric suction s, defined as the difference between pore-air pressure and pore-water pressure ( S = Uy — Uy,
where u, and u,, represent the pore-air and pore-water pressure, respectively), is traditionally expressed in a
logarithmic scale. Three special suction values, i.e., the air entry suction s,,., the residual suction s, and the
maximum suction S,,,,, can be identified based on the graphical properties of SWCC (Vanapalli et al., 1999). The
air entry suction s, represents the suction value required to desiccate the largest pore in the soil, also referred to
as the “bubbling pressure” (Brooks and Corey, 1964). For a given SWCC, the air entry suction s, is
conventionally identified as the suction value at the intersection between the tangent line of the constant slope part
of the SWCC and the horizontal line at 100% saturation (see Fig. 3.1a). The maximum suction S,,,, represents the
suction value at which the SWCC ends in a completely dry state (i.e., zero water content). Fredlund and Xing
(1994) proposed a maximum suction of 1000 MPa for all soil types based on the thermodynamic consideration of
Richards (1965). The residual suction s,..s corresponds to the suction value from which the liquid phase becomes
discontinuous (Vanapalli et al., 1999). A very large reduction in suction is required to remove the remaining water
in the soil (Fredlund and Xing, 1994). However, this definition is ambiguous. To quantify the residual suction s,
of'a given SWCC, Vanapalli et al. (1999) proposed to extend a second tangent line from the end part of the SWCC
through the maximum suction (see Fig. 3.1a). Then the suction value and water content at the intersection of the

two tangent lines are defined as the residual suction s,..; and the residual degree of saturation S, ..., respectively.
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According to Vanapalli et al. (1999), the whole desiccation process can be divided into three stages, i.e., the
boundary effect zone, the transition zone and the residual zone (see Fig. 3.1a). In the boundary effect zone (suction
lower than air entry value), the soil remains fully saturated (i.e., S, = 1), and all pores are filled with water. After
the air entry suction is surpassed, the curve enters the transition zone (suction between air entry value and residual
suction). In this stage, the water stored in the capillary channels is rapidly drained along with a strong reduction in
the liquid phase connectivity as the suction increases. The desiccation process in the transition zone is dominated
by the capillary effect (i.e., the presence of menisci) and hence strongly depends on the soil pore size distribution.
The suction regime between the residual suction and the maximum suction is defined as the residual zone where
the liquid phase becomes discontinuous and soil desiccation is controlled by adsorption effect. As shown in Fig.
3.1a, a large change in suction is needed to drain the water from the soil until maximum suction is reached at a

completely dry state.

Fig. 3.1b schematically presents typical soil water characteristic curves in a wetting and drying cycle: one
determined by drying a fully saturated sample (i.e., the main drying curve depicted in solid line) and the other by
wetting a fully dry sample (i.e., the main wetting curve depicted in dashed line). It is not hard to find out that the
soil water content is lower in the wetting curve than in the drying curve at a given suction level. This phenomenon
is referred to as “hydraulic hysteresis”, which can be attributed to the following reasons: (I) The non-uniformity
in the pore sizes of the connected capillary channels causes the so-called “ink-bottle effect” (Haines, 1930). (II)
The drying contact angle is smaller than the wetting contact angle at the soil solid-pore water interface (Fredlund
and Rahardjo, 1993). (IIl) Irreversible changes in pore size distribution and volumetric deformation during a
wetting-drying cycle. If one re-saturates a sample from a hydraulic state at the main drying curve (e.g., point A in
Fig. 3.1b), the subsequent suction-water content relationship for the rewetting follows a loop within the main
wetting and drying curves and eventually lands on the main wetting curve (e.g., point B in Fig. 3.1b). A similar
phenomenon can also be observed by re-desiccating a sample from a hydraulic state at the main wetting curve
(e.g., the loop from point B to point A in Fig. 3.1b). These rewetting and redrying loops within the main wetting

and drying boundaries are called “scanning curves”.

To facilitate the implementation of water retention behaviour in practical applications, SWCC is usually
expressed as an equation. So far, numerous empirical models to simulate the unimodal soil water characteristic
curve have been developed. Among them, the Brooks and Corey model (BCM) (Brooks and Corey, 1964), the van
Genuchten model (VGM) (Van Genuchten, 1980) and the Fredlund and Xing model (FXM) (Fredlund and Xing,
1994) are most widely used. BCM (Brooks and Corey, 1964) is a piecewise SWCC function with two fitting

parameters which can be expressed as

1, S < Sge

S.(s) = (=) 3.1

2
) , 5> Sge

Sae

Here, A is a fitting parameter related to the soil pore size distribution, s,, represents the air entry suction and S, is

the effective degree of saturation defined as

5.(s) = SrS) = Srres (3.2)

Sr,max - Sr,res
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where S, a0y 1 the maximum degree of saturation at zero suction. Van Genuchten (1980) improved BCM and

proposed a SWCC expression with three fitting parameters in a continuous form:

Se(s) = [1+ (@)™ ™ G

Here, the parameter a represents the inverse of the air entry suction in the unit [P'], n and m are two fitting
parameters related to the soil pore size distribution. Later, Fredlund and Xing (1994) pointed out that VGM (Eq.
(3.3)) curve drops to zero in a narrow suction range, and hence is not suitable to describe the suction-water content
relationship at high suction regime (i.c., greater than residual suction). Moreover, the SWCC should end up in a
completely dry state at the maximum suction. Based on these considerations, Fredlund and Xing (1994) suggested

the following closed-form expression to describe the soil water retention behaviour:

In(1 + 5/Sres) e (3.4)
ln(l + Smax/sres) {ln[e + (S/a) ]}

S.(s)=[1-

Here, a is a fitting parameter related to the air entry suction, n is a fitting parameter reflecting the soil pore size
distribution, and m is a fitting parameter dominating the asymmetry of the curve in the conventional logs — S,
plane. These unimodal SWCC models have been successfully applied to many geotechnical and geo-
environmental problems, such as the simulation of water distribution or movement in the vadose zone (Lu, 2016).
However, they are limited for simulating the water retention behaviour of the soils with heterogeneous pore

structure, which is introduced in the following sections.

3.2. Literature review

3.2.1. Water retention behaviour of soils with heterogeneous pore structure

Experimental evidence in recent studies has shown that two or more independent sub-porosities (see section 2.2.1),
resulting from fine particle aggregation or gap-graded grain size distribution, can exist in compacted fine-grained
soils (Romero et al., 2011, Lloret and Villar, 2007), mixed soils (Juang and Holtz, 1986b, Burger and Shackelford,
2001b) and undisturbed natural soils (Othmer et al., 1991, Durner, 1994). As a result, the water retention curves
of such soils show bimodal or even multimodal characteristics, which cannot be accurately described by the

empirical unimodal SWCC models, e.g., BCM, VGM and FXM.

Fig. 3.2 demonstrates the multimodality in SWCCs resulting from the heterogeneous pore size distribution.
Zhao et al. (2013) performed a comprehensive study on the bimodal hydraulic and shear behaviour of an
unsaturated, well-graded sand with silt and gravel (SW-SM with gravel, fine content = 10%, Wy, = 10%, ps =
2.64 g/cm?). The samples tested were compacted to a target initial void ratio of 0.62 at a saturation degree of 39.8%.
Mercury intrusion porosimetry tests were conducted to detect the soil pore structure. The pore size density data of
a saturated sample and an oven-dried sample (first saturated before oven drying) are shown in Fig. 3.2a. One sees
that the pore structure in the saturated state consists of two sub-porosities, one originating from the void space
between the gravel and sand particles (interaggregate porosity, dominant pore radius is equal to 28 um), and the

other from the void space within the aggregate of fines (intra-aggregate porosity, dominant pore radius is equal to
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1.04 um). A delimiting pore radius is identified at about 3.0 um. From the pore size distribution curve of the oven-
dried sample, it is observed that the bimodal characteristic of the microstructure remains unchanged during the
drying process. However, the volume of the aggregates decreases from saturated to completely dry states, which
is reflected by the remarkable reduction in area under the intra-aggregate sub-curve. Simultaneously, the intra-
aggregate dominant pore radius decreases from 1.04 yum (in the saturated state) to 0.52 um (in the completely dry
state). In contrast, the area under the interaggregate sub-curve is nearly unchanged, and the interaggregate
dominant pore radius increases slightly from 28 um (in the saturated state) to 40 um (in the completely dry state).
This means that the interaggregate porosity within the skeleton of grain-to-grain contact is almost unaffected by

oven drying.
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Fig. 3.2. Bimodal SWCC induced by bimodal pore structure a) bimodal pore size distribution of SW-SM with
gravel in the saturated and completely dry states (data from Zhao et al. (2013)) b) SWCC measurement of SW-
SM with gravel ¢) bimodal pore size distribution of compacted Guilin lateritic soil at high (S; = 0.89) and low (S;
= 0.12) water content d) bimodal main wetting and drying curves of compacted Guilin lateritic soil (data from Cai
et al. (2020))

As a result of the bimodal pore structure, the water retention behaviour shows distinct bimodal characteristics
as shown in Fig. 3.2b. The SWCC measurement was performed on a sample that was saturated from the as-
compacted state. The maximum degree of saturation (S ;45 = 0.9) of less than 1.0 at very low suction level (s =
0.02 kPa) could be attributed to the entrapped air in the soil sample. After the imposed suction surpasses the

interaggregate air entry value (s,,1 = 0.08 kPa), the water stored in the interaggregate pores is first drained with
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increasing suction. Due to the relatively uniform pore size distribution, the interaggregate porosity is fully drained
in a narrow suction range. At this stage, the aggregates remain saturated because the current suction is lower than
the air entry value of the intra-aggregate porosity (Sge, = 0.9 kPa). Afterwards, the water retention curve enters a
transition stage where the overall water content is almost constant as the intra-aggregate porosity remains saturated,
as shown in Fig. 3.2b. The onset of the secondary reduction in the overall water content is observed at the air entry
suction of the intra-aggregate porosity. The drainage of intra-aggregate pore water with increasing suction is
apparently linear in the semilogarithmic plot. Moreover, we see that the drainage of the intra-aggregate is much
slower than that of the interaggregate porosity (i.e., the slope of the curve is much smaller than that of the
interaggregate porosity), which is ascribed to the relatively dispersed pore size distribution of the intra-aggregate

porosity (see Fig. 3.2a).

Cai et al. (2020) investigated the bimodal water retention behaviour and the pore size distribution of compacted
Guilin lateritic soil (high plastic clay, w;, = 67.3 %, wy, = 38.1 %, Wy, =26.0 %, pg = 2.74 g/cm?). The soil pore
structure was measured by means of MIP tests. Fig. 3.2c demonstrates the pore size distributions of the compacted
samples at high (S, = 0.89, initial suction s = 71120 kPa) and low (S, = 0.12, initial suction s = 50 kPa) water
content, which exhibit a distinct bimodal characteristic. A delimiting pore radius of 0.1 um is approximated to
separate the intra- and inter-aggregate porosities. The intra-aggregate porosity possesses a dominant pore radius
of 0.01 um and remains almost unchanged when suction increases from 50 to 71120 kPa. In contrast, the
interaggregate dominant pore radius increases from 1.1 to 6.4 um with decreasing water content, indicating the
presence of fissures in the compacted lateritic soil in a relatively dry state. Again, the bimodal soil microstructure
causes a bimodal water retention behaviour, as shown in Fig. 3.2d. The pore water stored in the voids between
clay aggregates is drained after surpassing the interaggregate air entry value (S,.; = 10 kPa), whilst the intra-
aggregate porosity remains saturated. Different from the observation in SW-SM with a gravel soil, the water
content of the compacted lateritic soil decreases slightly with the suction in the transition stage, which corresponds
to the overlapping of the pore size distributions of the inter- and intra-aggregate porosities. A rapid drainage of
pore water from the clay aggregates is observed after the current suction surpasses the intra-aggregate air entry
value (Sgpp = 2.6 x 10° kPa). In addition, the main wetting curve shows a similar shape as the main drying curve
with a distinct bimodal characteristic. Hydraulic hysteresis was also observed in compacted lateritic soils, i.e., the
main wetting curve is not consistent with the main drying curve, especially in the range controlled by the

interaggregate porosity and the transition stage (i.e., the suction range s < 2.6 x 103 kPa, see Fig. 3.2d).

The experimental results in Fig. 3.2 reveal the fact that multimodal pore size distribution leads to a
multimodality in the water retention behaviour. Conversely, the multimodality in the water retention behaviour
indicates the presence of a multimodal pore size distribution in soil. On the one hand, the multimodal water
retention behaviour cannot be accurately quantified by conventional unimodal expressions. On the other hand, the
relationship between the SWCC and the hydro-mechanical properties (e.g., unsaturated hydraulic conductivity and
shear strength) deduced from unimodal soils may be invalid for multimodal soils. Thus, a general multimodal
SWCC expression is needed to precisely describe the water retention behaviour of soils with heterogeneous pore

structure in the practical geotechnical and geo-environmental engineering applications.

To date, intensive efforts have been made to develop bimodal and multimodal SWCC equations to simulate

the water retention behaviour of soils with heterogeneous pore structure, which can be categorized into three
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groups: the piecewise form, the continuous form using the volumetric fraction approach, and the models using the
unique parameter approach (Wijaya and Leong, 2016). Burger and Shackelford (2001a) proposed a piecewise

bimodal SWCC expression using a delimiting point to separate the SWCC into a macro- and micro-sub-curve:

S = { S‘r,j + (Sr,max - S‘r,j)S‘r,lﬁ fOT s < Sj (3.5)
" Sr,res + (Sr,j - Sr,res)Sr,Zr fOT' 52 S]'

Here, s; and S, ; represent the suction and degree of saturation of the delimiting point, respectively. S,.; and S,

are the local degree of saturation in the macro- and microporosity described by a unimodal SWCC equation.

It is noted that the discontinuity feature of the bimodal SWCC equation in piecewise form is inconvenient for
numerical applications and the incorporation into a constitutive modelling. Therefore, continuous equations for
bimodal soils were advanced using a “volumetric fraction approach” (Coppola, 2000, Dexter et al., 2008, Durner,
1994, Othmer et al., 1991, Ross and Smettem, 1993), regarding the overall soil pore structure as the superposition

of the micro- and macro-sub-porosity:

Sr = (Srmax = Srres) (RaSra + RoSp2) + Sy res .6)

Here, R; and R, represent the volumetric fractions of the micro- and macro-sub-porosity, respectively, which fulfil
the condition R; + R, = 1. For instance, Othmer et al. (1991) developed a continuous bimodal SWCC function
based on the SWCC data obtained from undisturbed soil samples. It was reported that the accuracy of predicting
undisturbed soil unsaturated permeability (measured in filed) was significantly improved compared to using a
unimodal SWCC function. Durner (1994) proposed a bimodal SWCC expression constructed by a linear
superposition of two van Genuchten-type sub-curves (i.e., substituting VGM into S,.; and S, , of Eq. (3.6)).
However, the model parameters should be considered as curve shape coefficients with no physical meaning. To
calibrate the model parameters, the bimodal function is fitted to SWCC data using a specific best-fitting procedure,
which requires a proper initial approximation of the parameters and appropriate constraint conditions beforehand.
The difficulties in determining the parameters of the bimodal SWCC models developed under the “volumetric
fraction approach” have two reasons: (I) A larger number of parameters have to be calibrated simultaneously by a
single best-fitting approach based on one SWCC data set, leading to convergence problems in the optimization
process; (II) The values of the parameters may not be unique for an identical SWCC data set due to the
intercorrelation between the parameters (Gitirana Jr and Fredlund, 2004, Wijaya and Leong, 2016, Satyanaga et

al., 2013, Sillers et al., 2001).

Recently, to overcome the shortcomings of the volumetric fraction models and retain the SWCC equation in a
continuous form, several bimodal SWCC models based on a “unique parameter approach” (i.e., relate the
independent model parameters to shape features of SWCC) have been developed. For instance, Gitirana Jr and
Fredlund (2004) advanced a bimodal model based on the parameters with a clear physical and graphical meaning.
Only one additional curve-fitting parameter is required in their model. Wijaya and Leong (2016) presented an
empirical bimodal SWCC model by considering the SWCC as an assemble of several linear segments. The
Heaviside function was employed to smooth the junctions of the linear segments. All model parameters could be
determined directly based on the graphical properties of SWCC. Although the SWCC models in the unique

parameter approach framework facilitate the parameter calibration procedure and ensure a unique parameter set,
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they usually require a relatively complex mathematical form involving a large number of model parameters.
Further details of the existing bimodal and multimodal SWCC models, developed in piecewise form, continuous

form and unique parameter approach, was presented in Yan et al. (2021a) (Paper II, see Appendix).

A continuous SWCC equation with a simple mathematical form and a convenient parameter calibration method,
which is able to precisely simulate the water retention behaviour for the heterogeneous pore structure soils
encountered in many geotechnical and geo-environmental applications, is still missing in the literature. Such a

general multimodal SWCC model was proposed in Yan et al. (2021a).
3.2.2. Predicting multimodal water retention curve from PSD data

Conventional experimental techniques to measure the SWCC are expensive and time-consuming, especially for
fine-grained soils (Aubertin et al., 2003, Prapaharan et al., 1985). In the absence of a SWCC measurement,
predictive models are needed to describe the water retention behaviour and other associated hydraulic properties
(e.g., unsaturated hydraulic conductivity). In the past decades, numerous predictive SWCC models have been
advanced based on other, more easily obtained soil properties, e.g., grain-size distribution and bulk density, which
are referred to as “Pedo-transfer functions” (Arya and Paris, 1981, Gupta and Larson, 1979, Scheinost et al., 1997,
Vereecken et al., 1989, Aubertin et al., 2003, Li et al., 2014, Zhai et al., 2020a). However, the influence of the
heterogeneous pore structure on soil water retention behaviour was not considered in most Pedo-transfer functions,
leading to remarkable discrepancies between the predicted and measured SWCCs. For example, Cai et al. (2020)
reported that the SWCC measured on a compacted Guilin lateritic soil displays a distinct bimodality, while that of
a reconstituted sample shows a unimodal characteristic. The different water retention behaviour of the same soil
can be ascribed to the different pore structures formed in the sample preparation procedure, i.e., a bimodal porosity
in the compacted sample and a matrix-type porosity in the reconstituted sample. This means that the water retention
behaviour is directly related to the soil pore structure, but not to material constants (Birle, 2011). Compared to
conventional SWCC measurement methods, experimental techniques to detect the pore size distribution, e.g., MIP

test, are relatively simple and fast (Prapaharan et al., 1985).

For a given MIP test data set (Pf,g, Vi), a SWCC can be deduced by applying Kelvin’s capillary law
(Prapaharan et al., 1985, Romero et al., 1999, Sun and Cui, 2020, Zhai et al., 2020b):

C 2T cosH (3.7)
r=—=——
s s

Here, C is a constant equal to 2T cos 8, where T is the surface tension of water (0.072 N/m at 25 °C) and 8 is the
contact angle between soil and water (8 = 0° for desiccation) (Fredlund and Rahardjo, 1993, Lu and Likos, 2004).
From Egs. (2.1) and (3.7), the SWCC (sp, Sr"‘M,P) can be derived directly from the MIP data (P,f,g, Vim
(Prapaharan et al., 1985):

T cos @ i (38)

i
Smip = Hg

Thg cOSOyg

and

21



_ Vium (3.9)
€o/Ps

i —
Srp = 1

It is noted that the contact angle between mercury and the soil is greater than 90°. The intrusion of mercury is
hence similar to the ejection of water from soil, indicating that the SWCC derived from Egs. (3.8) and (3.9)
corresponds to the drying curve (Prapaharan et al., 1985). Furthermore, the derived SWCC is a discrete

representation with a limited number of data points, and hence is inconvenient for practical applications.

To acquire a continuous SWCC from PSD, the soil pore structure is conventionally assumed as a bundle of
capillary tubes with circular cross section. For a rigid soil pore structure (i.e., no volume change and microstructure
evolution during SWCC testing), the closed-form SWCC equation in terms of effective degree of saturation S,

gives (Fredlund and Xing, 1994, Zhang and Chen, 2005)

r=C/s

Se(s) = f (&) dE (3.10)

Here, ¢ is a dummy variable of integration for pore radius, and f (&) represents the soil pore size density function.
Eq. (3.10) means that for a given suction level s, the capillary channels whose radius is equal to or smaller than r
(= C/s) are filled with water. The approach in Eq. (3.10), where a SWCC equation is directly derived from the
pore size distribution function based on Kelvin’s capillary law, is referred to as the “direct transformation method”
(Yan et al., 2021b). In the last decades, unimodal SWCC equations have been inferred based on Eq. (3.10). Kosugi
(1994) proposed a unimodal SWCC expression using a lognormal distribution law for f(&). The parameters of the
derived SWCC model possess clear physical meanings. Fredlund and Xing (1994) substituted an empirical

unimodal pore size distribution function in f(§) to derive a unimodal SWCC equation.

However, the assumption of a rigid monomodal pore structure during SWCC testing in Eq. (3.10) is not
adequate for deformable soils, e.g., clayey soils. Experimental results in the literature have shown that both the
overall soil volume and the pore size distribution evolve significantly along the wetting and drying paths (see
section 2.2.2). Recently, different approaches have been developed to derive the water retention curve directly
from pore size distribution data. For example, Simms and Yanful (2002) developed a pore-network model based
on suction-induced pore shrinkage and pore trapping from the PSD curves. Lately, Della Vecchia et al. (2015)
derived the water retention curve for compacted Boom clay from a bimodal pore size distribution expression, using
an empirical correlation between aggregate porosity and current water content based on the activity of clay
fractions. However, the microstructure of the soils encountered in geotechnical and geo-environmental engineering
applications can consist of several independent sub-porosities. So far, a predictive SWCC model based on PSD
data for a general multimodal soil (i.e., the modality number can be arbitrary positive integer) is still lacking in the

literature.

For the most general case, it is necessary to modify the approach in Eq. (3.10) to derive SWCC from the PSD
measurement, which needs to take into account the multimodality of the pore structure, the changes in the overall
volume and the microstructure evolution during wetting and drying cycles. Paper III (Yan and Cudmani, 2022b)
advanced a novel and comprehensive framework to predict the water retention behaviour of multimodal

deformable soils based on the pore size distribution (PSD) measurements.
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3.3. Summary

The soil water retention curve plays a key role in geotechnical and geo-environmental applications in unsaturated
zone as it significantly influences the hydro-mechanical behaviour of unsaturated soils. The heterogeneous pore
structure causes a distinct multimodal characteristic of the water retention behaviour, which cannot be accurately
described by conventional empirical unimodal SWCC models. Moreover, the dependencies of important hydraulic
and mechanical properties (e.g., unsaturated hydraulic conductivity and shear strength) on SWCC of a multimodal
soil may differ from those derived from a unimodal pore structure. For instance, a bimodal PSD in soil and the
consequent bimodal SWCC result in the bimodality of the permeability function (Li et al., 2014). Thus, a general
multimodal SWCC model is required to accurately simulate the complex water retention behaviour of soils with
heterogeneous microstructure. To overcome the shortcomings of the existing bimodal and multimodal SWCC
equations, a general N-modal continuous SWCC function was developed in Yan et al. (2021a) (Paper II, see

Appendix).

To calibrate the model parameters, empirical SWCC equations are usually fitted to SWCC data. Thus, they can
only be implemented in practical applications if the SWCC data is available in the suction range of interest.
However, the process of SWCC measurement is tedious, expensive and time-consuming, especially for fine-
grained soils due to their low permeability. In the absence of SWCC data, a predictive model based on other, more
easily determined soil properties would be useful. In Yan and Cudmani (2022b) (Paper 111, see Appendix), we

developed a predictive model to estimate water retention curves based on pore size distribution data.
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4. Methodology

4.1. Modelling multimodal pore size distribution

Fig. 4.1. Definition of pore radius according to Scheidegger (2020)

In most soils encountered in geotechnical and geo-environmental engineering applications, the soil microstructure
is generally heterogeneous and can consist of several sub-porosities, resulting from irregular pore shapes, various
pore sizes of widely varying magnitudes, gap-graded grain size distribution, and aggregation of fines. To develop
a general multimodal PSD model, a probabilistic distribution of pore sizes based on the concept of Scheidegger
(2020), i.e., a mathematical definition of the pore radius r in a porous medium, is assumed. The pore radius r
denoted to a point in pore space is defined as the radius of the maximum sphere containing that point in pore space
(i.e., the sphere cannot touch the solid particle) (Yan and Cudmani, 2022a). It is worth noting that the point does
not have to be centred on the maximum sphere. Fig. 4.1 demonstrates an example of the definition of the pore
radius under the Scheidegger’s framework. One sees that the point P; lies within its maximum sphere and the point
P; locates exactly on the boundary of its maximum sphere. The pore radius (r;) denoted to point P; is much larger
than the pore radius (77) of point P;. This indicates that the pore radius r is a non-negative random variable
depending on the position of the point in the pore space (Yan and Cudmani, 2022a). Based on the probabilistic

concept, the pore size density function must hold the following condition:

fo f(r)dr=1 (4.1)

The microstructure of an idealised porous medium, represented by a representative elementary volume (REV)
with a spherical pore in the centre, is demonstrated in Fig. 4.2a. In Scheidegger's framework, the pore radius
denoted to each point within the pore space is r;, and hence the pore size density function f(r) gives (Yan and

Cudmani, 2022a)
fr)=6(0—-m) (4.2)

where 6 (x) is the Dirac delta function defined on the non-negative domain:
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(4.3)

+oo, x=0

5(")={0, X #0

and
(4.4)

+00
f f(x)dx =1

0
If the pore space in a REV is an assembly of N individual isolated spherical pores (see Fig. 4.2b), the pore size

density function f(r) yields
(4.5)

N
f0) =) R8G =)
i=1

Here, 1; is the radius of the i™ spherical pore, and R; represents the volumetric fraction of each spherical pore

fulfilling the following condition:
(4.6)

N
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Fig. 4.2. Schematic for pore size distribution curves of a) an idealised porosity as a single spherical pore in
representative elementary volume (REV) b) an idealised porosity as a set of individual spherical pores in REV c)
a unimodal porosity d) a multimodal porosity (Figure adapted from Yan and Cudmani (2022a), copyright © 2022

Elsevier. Reprinted with permission)
Applying Scheidegger's concept to a unimodal soil, the pore size density function is a continuous expression

fulfilling the condition of Eq. (4.1) (see Fig. 4.2¢c). An appropriate unimodal PSD-function f(r) is proposed
(derived from the van Genuchten model (Van Genuchten, 1980)):

25



!y
f@r) = mr/n) T 4.7
r(l-m) |1+ @/ /r)T-m

where m (0 <m < 1) is the unitless pore size spectrum number, and r/ represents a reference pore radius
proportional to the maximal pore radius 7,4, (i.e., 7/ X T,4,) (Yan and Cudmani, 2022a). When presenting the
pore radius r on a logarithmic scale (Juang and Holtz, 1986a), the condition in Eq. (4.1) could be expressed

equivalently as
+00
J- w(r)dlogr=1 (4.8)
0
and the dimensionless pore size density function w(r) gives

1
(In10)m; (rif/r)l__mi

w(r) = 1 m;+1
A—m |1+ (rl.f/r)l__mi] (49)

Applying Scheidegger's concept to a multimodal soil (see Fig. 4.2d) and quantifying each sub-porosity with

the unimodal pore size density function, we obtain a general multimodal pore size distribution function

1

N (A f 1 \T=mg
f@) =ZRi (i /r) (4.10)

1 ]mi+1

Elor(-m) |1+ (rif/r)l__mi

and the dimensionless PSD expression

W) =) R o
=@ -m) |1+ (rif/r)l_—mi]

(In10)m; (rif/r)l_—mi

4.11)

Here, R;, m; and rl.f are the volumetric fraction, unitless pore size spectrum number, and reference pore radius of
each sub-porosity, respectively. In MIP tests, since the larger pores are intruded first, the mercury intrusion curve

corresponds to the complementary cumulative function and hence gives (in terms of V,,,,,)

1 7™

eO N r.f 1-m;
chm(r) =—q1- Z R |1+ (L—> (4.12)
Ps pr r

To validate the multimodal PSD model (Eq. (4.11)), the PSD curves (determined by MIP tests) of soils with a
heterogeneous pore structure, including Boom clay (Romero et al., 1999), MX80 bentonite (Wang et al., 2014)
and a sand-clay mixture (Juang and Holtz, 1986b), were simulated. The model parameters were determined by
fitting the multimodal PSD expression to pore size distribution data measured in MIP tests. A good agreement

between the reproduced PSD curves and the measurements was observed.
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4.2. Modelling multimodal soil water characteristic curves
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Fig. 4.3. Schematic of the soil composition with N-modal pore structure (Figure from Yan et al. (2021a))

To simulate the water retention behaviour of multimodal soils, a new SWCC model, referred to as the “discrete-

continuous multimodal van Genuchten model” (D-CMVGM), was advanced.

In a multimodal soil, the whole pore space consists of three parts, the permanently saturated part V.. (volume
of adsorbed water), the permanently dry part V., (volume of isolated pores), and the unsaturated part Vy,;54¢, as
schematically shown in Fig. 4.3. The void volume V54, is regarded as an assembly of N sub-porosities. For such
a N-modal soil, its SWCC can be divided into N sub-curves using N-1 delimiting suctions s; (i = 2, ..., N). The
desiccation process of the i sub-porosity corresponds to a suction range [s;, S;,1), where s; = 0 and sy, = +o.
This means that for an imposed suction s € [s;, s;,1), the first to the (i-1)" sub-porosities are completely dry, and
the (i+1)™ to the N™ sub-porosities are fully saturated (Yan et al., 2021a). The discrete bimodal SWCC model by

Burger and Shackelford (2001a) is extended to a multimodal case

i
1

—m;
Sy = (Sr,max - Sr,res) 1- Z Ri |+ R; [1 + (a;s)tmi ] + Srres for s € [si,Si11)
1

(4.13)

Here, R; represents the volumetric fraction, a; and m; are the van Genuchten model parameters of the i sub-
porosity. The discontinuous multimodal SWCC function in Eq. (4.13) is named as the “discrete multimodal van

Genucthen model” (DMVGM).

To obtain a continuous multimodal SWCC equation, the whole pore space of the soil is regarded as a
superposition of several overlapping sub-porosities (Ross and Smettem, 1993). Using the van Genuchten model to
quantify the water retention curve of each sub-porosity, a continuous N-modal SWCC equation yields (Yan et al.,

2021a):

1

N -m;
g 4.14
Sr = (Sr,max - Sr,res) Z Ri [1 + (ais)l_ml ] + Sr,res ( )
1
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which is named as the “continuous multimodal van Genucthen model” (CMVGM). The continuous feature of
CMVGM facilitates its implementation in numerical modelling and practical applications. However, problems
arise in parameter calibration in CMVGM. Since the model parameters (a total of 3N+2 parameters) are strongly
intercorrelated, on the one hand, parameter determination using solely the least square fitting approach can lead to
convergence problems and inefficiency of the optimization process (Wijaya and Leong, 2016). On the other hand,

a unique set of parameters may not exist (Satyanaga et al., 2013, Leong and Rahardjo, 1997b, Sillers et al., 2001).

To solve the problems in CMVGM, the parameters in DMVGM (except for the delimiting suctions) are adopted
in CMVGM to describe a continuous multimodal SWCC. This novel method, which takes advantage of both
DMVGM (convenient parameter determination method) and CMVGM (simple and continuous mathematical

function), is named as the D-CMVGM framework.

A convenient parameter calibration approach for D-CMVGM framework was developed and summarised in
Yan et al. (2021a) (Paper II). The model was validated using nine bimodal and three trimodal water retention
curves of different soils varying from clayey soils to artificial soil mixtures. The fitted curves show very good

agreement with the measured SWCC data.

4.3. Predicting multimodal water retention behaviour based on pore size distribution

data

To predict the water retention behaviour of multimodal deformable soils directly from their pore size distribution
data, the full picture of the soil microstructure is quantified by the void ratio (for the overall void volume) and a

new microstructural state parameter  (for pore size distribution) defined as

Q:Qk ={R1,r1f,m1, ...,RN,rI\{,mN} (415)
where R;, m; and rif are the parameters of the general multimodal PSD model proposed by Yan and Cudmani
(2022a) (Paper II). To characterise the microstructure evolution along hydro-mechanical loading paths, the
microstructural state parameter Q is assumed to be suction-, stress- and loading-history- dependent

Q= Qk(o.l]’]l:et’pg’s) (416)

Here, Ji'}” is the net stress tensor, and pg represents the pre-consolidation pressure at saturated state. Considering
that SWCCs are traditionally measured under zero or very low net stress, it is reasonable to assume that the pre-
consolidation pressure p; is unaffected by suction during SWCC testing (i.e., no wetting-collapse phenomenon).

Thus Eq. (4.16) degrades to
Q=0 (4.17)
Substituting the suction-dependent multimodal PSD function in Eq. (3.10), the drying branch of the water retention

curve in terms of the effective degree of saturation gives

2T cosB4/s

C
54(s) = f F@us), P dr = F (2(5),-2) (4.18)

0
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where 0 is the soil-water contact angle during drying and C; is a constant equal to 2T cos 8.
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Fig. 4.4. a) interpretation for water retention curves and PSD curves by a unique surface in the r —s — F (= S¢)
space b) water retention curves in the conventional log s — S. plane ¢) PSD curves in the log r — F plane (Figure
from Yan and Cudmani (2022b))

To account for the hysteresis effect, two additional parameters B, and Sy are introduced in the wetting
process. The parameter f5;,,, (0 < Binre < 1) is a scaling factor to take the “ink-bottle effect” into account. The

parameter By reflects the effect of different contact angles in the wetting and drying processes, which is defined

as

cos 8,

, (4.19)

cosf, —

where 6,, is the soil-water contact angle during wetting. Assuming reversible microstructure evolution in wetting

and drying cycles, the wetting branch of the water retention curve yields

2T cos Oy, /s

F(Q(s),7) dr = B F (Qk 5,58 Cd) (4.20)

S

S = Binkf
0

Considering the residual state of the soil (i.e., S, = 7% as s = +00), the SWCC model in terms of degree of

saturation gives
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C
(1 - Sr*)F (Qk(s),?d) + 573, for drying

S.(s) = B (4.21)
(1 - S7°)Bink F (Qk (s),T) + 57, for wetting
and in terms of gravity water content yields
ea(s) res Ca res ;
< (1 —-Sr*)F Qk(s),? + 574, for drying 429
w(s) = s (4.22)
ew (S) res BB Cd res .
7 [(1 — S7)Bink F (Qk(s)'T> + 57 ], for wetting
N

Here, e,(s) and e, (s) represent the shrinkage and swelling curves, respectively. The proposed model (Egs. (4.21)
and (4.22)) quantifies the relationship between the multimodal water retention behaviour and the pore structure of
multimodal deformable soils, in which the overall volume change (characterised by the void ratio €) and the
microstructural evolution (characterised by the state parameter Q) during SWCC testing have been taken into

account.

The key idea of the proposed method is to characterise the unique PSD-surface by the microstructural parameter
Qinr —s—F (= S,) space, which represents the reversible microstructure evolution during drying and wetting.
Fig. 4.4a demonstrates an example of a PSD-surface. The PSD curve varies from a unimodal mode in the saturation
state (i.e., the cumulative PSD curve at s = 1x 102 kPa) to a distinct bimodal mode in the completely dry state (i.e.,
the cumulative PSD curve at s = 1x 10 kPa). Kelvin’s capillary law (Eq. (3.7)) for wetting and drying is presented
by two lines in the logr —logs plane. Then the water retention curves can be visualized as the cross-sections
between the PSD-surface and the capillary planes (Fig. 4.4a). Projecting the cross-sections onto the logs — S,
plane gives the conventional main drying and main wetting curves in terms of the effective degree of saturation
(see Fig. 4.4b). In Fig. 4.4c, the projection of the drying cross-section onto the log r — F plane is equivalent to the
PSD curve derived from the main drying curve, which crosses the PSD curves at different suction levels
determined by the microstructure parameter . This implies that for deformable soils, the pore size distribution
derived from their macroscopic SWCC is not representative of the microscopic pore structure dominated by the

current soil suction.

To calibrate the model, a set of PSD curves at different suction levels is needed to track the microstructure
evolution of deformable soils during SWCC testing. The proposed model was validated using SWCC
measurements and PSD data of four different soils, including Silty Sand (Angerer, 2020), Lateritic soil (Cai et al.,
2020), Sandy Loam (Cuisinier and Laloui, 2004) and London Clay (Monroy et al., 2010). The predicted SWCCs

are in good consistency with the measurements.
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5. Summaries of publications

Three relevant publications are briefly summarised in this section.

5.1.  Paper I: A general analytical expression for pore size distribution based on

probability theory

Yan, W., & Cudmani, R. (2022). A general analytical expression for pore size distribution based on probability
theory. Engineering Geology, 297. doi:10.1016/j.enggeo.2021.106501

5.1.1. Summary of the publication

A precise description of the pore size distribution of soils and rocks is essential for understanding the fundamental
features of the thermo-hydro-mechanical behaviour of unsaturated soils and for geotechnical, geo-environmental
and geological engineering applications. A large amount of PSD-data of soils is currently available in the literature,
while a general expression to simulate these PSD curves is still lacking. In this paper, we proposed a multimodal
PSD model (i.e., the modality number can be any positive integer) based on the probability theory. The
mathematical definition of the pore radius in a porous material according to Scheidegger (2020) was adopted, and
the pore radius r was regarded as a non-negative random variable. The PSD expression for a multimodal soil was
obtained by a linear superposition of several sub-curves derived from van Genuchten model. The model was
validated with MIP test data sets from three different soils, i.e., compacted Boom clay (bimodal PSD, data from
Romero et al. (1999)), MX80 bentonite (trimodal PSD, data from Wang et al. (2014)) and a sand-clay mixture
(unimodal and bimodal PSDs, data from Juang and Holtz (1986b)). A good agreement between the reproduced
PSD curves and the measurements was observed. The parameters in the proposed multimodal PSD expression
have clear physical meanings, enabling a modification of the model by relating the PSD-parameters to other soil
properties. The model was extended to predict the relationship between water content, soil suction and dry density
of Boom clay after compaction and the time-dependent microstructure evolution of MX80 bentonite after
saturation under isochoric conditions. In addition, the influence of the fine content on the overall microstructure
of the sand-clay mixture was analysed. The proposed general framework is a powerful tool to precisely quantify
the heterogeneous soil microstructure. It can be further incorporated into the existing permeability functions,
effective stress parameter formulation as well as constitutive and hydraulic models of unsaturated soils. Besides
soils, the proposed pore size distribution model can also be applied to simulate the pore structure of other porous

and granular materials, since the underlying physics are the same for all (Yan and Cudmani, 2022a).

5.1.2. Individual contributions of the candidate

The article Yan and Cudmani (2022a) (Paper I) was published in the international peer-reviewed journal
Engineering Geology. Contributions to this article by first author Wei Yan include concept and method
development, programming and coding, data and results analysis, model validation, and original manuscript

writing.
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5.2.  Paper II: A new framework to determine general multimodal soil water

characteristic curves

Yan, W., Birle, E., & Cudmani, R. (2021). A new framework to determine general multimodal soil water
characteristic curves. Acta Geotechnica, 16(10), 3187-3208. doi:10.1007/s11440-021-01245-2

5.2.1. Summary of the publication

The soil water retention curve is a fundamental soil property as it strongly influences the hydro-mechanical
behaviour of unsaturated soils. Numerous empirical unimodal and bimodal SWCC equations have been developed
over the last decades and successfully applied in practical applications in the vadose zone. However, soils
encountered in modern geotechnical and geo-environmental engineering applications can possess a heterogeneous
pore structure (more than two sub-porosities), which causes multimodal water retention behaviour. So far, a
general multimodal SWCC model is missing in the literature. The prediction of the hydraulic and mechanical
properties of such soils in the unsaturated state is still challenging. In this paper, a new SWCC model (D-CMVGM)
was advanced to simulate the general water retention behaviour of multimodal soils. Based on the graphical
properties of the SWCC in the double logarithmic diagram, a convenient parameter calibration method was
advanced, ensuring the stability of the best-fitting procedure. The proposed model was validated using a set of
bimodal and three trimodal water retention curves of different soils varying from clayey soils to artificial soil
mixtures. A good agreement between the measured SWCC data and the reproduced curves was observed. The
major advantages of the proposed model over the existing bimodal and multimodal SWCC models are summarised

below:

e The proposed model is able to quantify the multimodal SWCC very accurately and possesses a simple
mathematical function.

e The modality number can be any positive integer, and hence the SWCC equation is capable of simulating
the water retention behaviour of all soil types.

e The parameter calibration method is simple and convenient. Most parameters can be determined
graphically (R; and m;). Only one curve fitting procedure is required, which is rapid and stable thanks to
the previously determined parameters.

e The proposed parameter calibration approach ensures unique values in the parameters.

e A modality number reduction method (MNRM) was developed to minimize the modality number N and
the number of parameters by presenting the SWCC data in a double logarithmic plot.

e The parameters possess clear physical meanings and can be determined individually, allowing further

improvement by correlating the parameters to other soil properties or state parameters.

5.2.2. Individual contributions of the candidate

The article Yan and Cudmani (2022a) (Paper II) was published in the international peer-reviewed journal Acta
geotechnica. Contributions to this article by first author Wei Yan include concept and method development,

programming and coding, data and results analysis, model validation, and original manuscript writing.
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5.3. Paper III: A novel framework for predicting water retention behaviour based on

pore size distribution data of multimodal unsaturated soils

Yan, W., & Cudmani, R. (2022). A novel framework for predicting water retention behaviour based on pore size

distribution data of multimodal unsaturated soils. submitted to Acta geotechnica.
5.3.1. Summary of the publication

When using empirical SWCC models, e.g., VGM and FXM, the water retention data in the suction range of interest
are required to determine the model parameters via a best-fitting procedure. However, current experimental
methods for SWCC measurements are time-consuming and tedious. This problem is even more acute in
multimodal soils, since SWCC data over the full suction range is necessary to identify the modality number and
the water retention behaviour characteristics of all sub-porosities. The existing “direct transformation method”
(Fredlund and Xing, 1994, Kosugi, 1996, Prapaharan et al., 1985), which predicts SWCC directly from a single
unimodal PSD data set using Kelvin’s equation, assumes a rigid unimodal pore structure and ignores the
multimodality of pore structure and the evolving microstructure during SWCC testing for deformable soils. To
address these shortcomings, a new predictive multimodal SWCC model based on the probabilistic PSD model was
developed (Yan and Cudmani (2022b)). The relationship between the microscopic evolving PSD curves and the
macroscopic SWCC was interpreted by a unique PSD-surface characterised by the microstructural parameter € in
r—s—F (=S,) space, and a reversible microstructure evolution during drying and wetting was assumed. The
model was validated by predicting the water retention curves of four different soils based on their PSD data at
different suction levels (i.e., Silty Sand (Angerer, 2020), Lateritic soil (Cai et al., 2020), Sandy Loam (Cuisinier
and Laloui, 2004) and London Clay (Monroy et al., 2010)). The predicted SWCCs show a good agreement with
the measurements. For practical unsaturated soil applications, conventional SWCC measurements are time-
consuming and tedious, especially for deformable fine-grained soils due to their low permeability. The proposed
framework provides a feasible approach to predict the water retention behaviour of all soil types based on their
PSD data. The determination of PSD, for example by means of MIP tests, can be accomplished much faster than
conventional SWCC measurements (Prapaharan et al., 1985). For non-deformable soils (e.g., gravel and sand),
only one PSD data set is sufficient. For deformable soils, a set of PSD curves at different suction levels is needed

to track the microstructure evolution during SWCC testing.

5.3.2. Individual contributions of the candidate

The article (Paper III) has been submitted to the international peer-reviewed journal Acta geotechnica (under
review). Contributions to this article by first author Wei Yan include concept and method development,

programming and coding, data and results analysis, model validation, and original manuscript writing.

33



6. Conclusions and outlook

In classical soil mechanics, the soil is usually idealized as a homogenous porous material. However, many soils
encountered in geotechnical and geo-environmental engineering applications are rarely homogenous, but are
characterised by a heterogeneous microstructure (Carminati et al., 2008). For example, top-soils in nature, gap-
graded soils and compacted soils possess a bimodal or even multimodal pore structure. A complex interaction
exists between the soil hydro-mechanical behaviour and its microstructure. In addition, Experimental studies have
shown that hydraulic and mechanical loadings cause significant changes in the soil pore structure. Conversely, the
PSD strongly influences the hydraulic and mechanical properties of soils, e.g., the effective stress parameter, the
unsaturated shear strength, the water retention behaviour and the unsaturated hydraulic conductivity. Therefore, a
general framework for quantifying the heterogeneous microstructure is necessary for a better understanding of the
hydro-mechanical behaviour of these soils, as required for the design of geotechnical and geo-environmental

structures.

In Yan and Cudmani (2022a) (Paper I), a general analytical expression for the multimodal pore size distribution
is developed based on probability theory. The parameters in the proposed model have a clear physical meaning,
allowing the model to be modified to characterise the evolving microstructure of the soils subjected to hydraulic
and mechanical loadings (e.g., compaction, consolidation, wetting and drying cycles). The model was validated
using the PSD data of different soils varying from compacted clayey soils to mixed soils. The simulated PSD
curves show strong consistency with measurements. It is shown that the pore size spectrum number m; remains
unchanged along mechanical (e.g., compaction) and hydraulic loading (e.g., desiccation and hydration) paths. In
contrast, the volumetric fraction R; and the reference pore radius rif vary remarkably with density and suction.
This important finding provides new insights into the dependencies of other hydraulic and mechanical properties
(e.g., water retention behaviour) on the soil microstructure. In principle, the PSD model is capable of describing
the pore structure of arbitrary porous and granular materials, since the underlying physical and statistical concepts

are the same.

The multimodal pore structure causes multimodality in soil water retention behaviour. Conventional unimodal
SWCC equations (e.g., BCM, VGM and FXM) are unable to accurately describe multimodal SWCCs. Furthermore,
the dependencies of the soil hydro-mechanical properties on its water retention behaviour can be different in soils
with heterogeneous pore structure than in unimodal soils. In Yan et al. (2021a) (Paper II), an empirical SWCC
model (D-CMGVM) was developed, which is a powerful tool to precisely describe a general multimodal water
retention curve (the modality number N can be any positive integer). Compared to the existing multimodal SWCC
models, the proposed continuous SWCC equation possesses a relatively simple mathematical form. A convenient
and efficient parameter calibration approach has also been developed based on the linearization of SWCC
presented in the double logarithmic plot. The unique values in the parameters facilitate the implementation of the
model in practical applications and further improvement by correlating the parameters with other soil properties

or state parameters.

In the absence of SWCC data, the water retention behaviour can be predicted from other soil properties, for
example, pore size distribution. In Yan and Cudmani (2022b) (Paper III), we proposed a novel framework to

predict the multimodal water retention curve for deformable soils from their PSD measurements. The full picture
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of the soil pore structure is characterised by a volumetric state variable e and a new microstructural state variable
Q from the multimodal PSD model of Yan and Cudmani (2022a) (Paper I). Assuming reversible microstructural
behaviour, a unique PSD surface for wetting and drying in the r —s — F (= S,) space is derived based on PSD
curves at different suction levels. Then water retention curves are acquired from the cross-section of the PSD
surface and the plane of Kelvin’s capillary law. The framework quantitatively describes the relationship between
the macroscopic water retention behaviour and the microscopic evolving microstructure for a general multimodal
deformable soil. It was validated using SWCC measurements from a variety of soils. The predicted water retention
curves from PSD data are in good agreement with the measurements. The proposed model, on the one hand,
provides new insights into the incorporation of SWCC into other unsaturated soil property formulations. On the
other hand, it offers a feasible approach to predict the water retention behaviour of all soil types, providing an

alternative to the time-consuming and expensive direct SWCC measurements.

The proposed PSD model as well as the empirical and predictive SWCC models are applicable for all soil types.
These models establish a general framework to analyse the evolving microstructure and precisely describe the
related water retention behaviour for the soils with heterogeneous pore structure. Nonetheless, the proposed

framework can be further improved, and subsequent research is summarised below.

e  The general multimodal PSD model is developed based on probability theory. Besides soils, it can also
be utilized to quantify the pore structure of the other porous and granular materials, for example, concrete
(Fujikura and Oshita, 2011), coal (Zhang et al., 2020, Liu et al., 2020), and rocks (Burdine et al., 1950),
among others.

e In the predictive SWCC model, a reversible microstructure evolution during wetting and drying cycles is
assumed. Further experimental evidence is needed to check the validity range of the assumption.

e Irreversible changes in the soil pore structure can take place due to the plastic deformation resulting from
hydro-mechanical loading (e.g., wetting collapse process). New techniques and experimental results are
still missing in the literature to explore the relationship between the soil microstructure and a general
hydraulic and mechanical state (e.g., net stress, suction and loading history).

e In Paper III, the water retention curves are predicted based on the PSD data determined by MIP tests. In
principle, the proposed framework is still valid using the PSD data obtained from more advanced
experimental techniques, reducing the cost and experimental time.

e The proposed framework can be incorporated into the effective stress formulation (Alonso et al., 2010)
and the constitutive modelling (Koliji et al., 2010) of unsaturated aggregated soils, where both the
multimodal water retention behaviour and the microstructure evolution along hydro-mechanical loading
paths should be taken into account.

e  The pore structure in compacted fine-grained soils (e.g., London Clay (Monroy et al., 2010)) exhibits a
unimodal characteristic (a matrix-type pore structure) in the saturated state and a distinct bimodal
characteristic at high suction levels (an aggregated-type pore structure). The dependencies of the
unsaturated shear strength and the failure mechanism on the microstructure evolution should be further
investigated. For example, the shear strength of a matrix-type fabric at low suction level is mobilised by
the friction between the particles of fines, and that of a distinct aggregate fabric at high suction level is

provoked by the friction between aggregates of fines. Experimental results for the microstructure-based
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unsaturated shear strength and failure mechanism at a moderate suction level are still lacking in the
literature.

In conventional permeability functions, a rigid pore structure is assumed, and hence a constant PSD is
deduced from the water retention curve. For multimodal deformable soils, both the overall volume and
the microstructure alter remarkably during SWCC testing. Thus, a new relationship between the
permeability function and the macroscopic SWCC as well as the microscopic evolution in the pore

structure can be further investigated.
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Abstract

The pore structure of soils and rocks plays a crucial role in geotechnical, geo-environmental and geological
engineering, as it dominates the hydro-mechanical behaviour, gas- and liquid-permeability as well as material
transport property of soils and rocks. A large amount of pore size distribution (PSD) data of porous materials have
been experimentally determined in the past decades and are currently available in the literature. However, a general
expression to parameterize these PSD curves is still missing. In this study, a general multimodal PSD model is
developed based on the probability theory, which is a strong tool to quantify the complex soil microstructure
precisely. The parameters in the model possess a clear physical meaning. The model is validated by reproducing
the PSD curves of two clays and a sand-clay mixture having a complex pore structure. The parameterized PSD
curves demonstrate a strong consistency with the measurements. In addition, the model is applied to predict the
PSD evolution under hydro-mechanical processes (e.g., compaction, saturation- swelling-process), the water
content — soil suction — dry density relationship of Boom clay after compaction and the time-dependent PSD
evolution of MX80 Bentonite. Beside soils, the proposed general multimodal PSD relationship can describe the
pore structure of any other porous and granular material, as all the underlying physics is the same for all of them.
The proposed model can be incorporated into the existing effective stress parameter formulation, permeability

models and constitutive models of unsaturated multimodal soils.

Keywords

Pore size distribution; multimodal; unsaturated soil; microstructure; probability; porous material
1. Introduction

Porous materials exist widely in natural environment (e.g., soils and rocks), industry (e.g., concrete, ceramic and
membrane) and biological tissues (e.g., human bone (Wang and Ni 2003)). A precise description of pore size
distribution (PSD) of porous materials is essential for understanding the fundamental features of their thermo-
hydro-mechanical behaviour and for their applications in various engineering fields. For instance, comprehensive
information of the microstructure of bentonites under different thermo-mechanical conditions is required for its
applications in high-level radioactive waste repositories (e.g., as sealing materials) (Lloret and Villar 2007); the
properties of the pore structure in petroleum reservoir rocks are significant in petroleum industry for a better
interpretation of the flow process in the porous matrix (Burdine et al. 1950); the pore size distribution of human

bone has been investigated to assess the age - influence on the bone pore structure (Wang and Ni 2003).

Especially, the pore size distribution of soils and rocks plays a crucial role in the geotechnical, geo-
environmental, geological and mining engineering applications, since it dominates the gas- and liquid-permeability
as well as material transport property of soils and rocks (Burdine et al. 1950; Juang and Holtz 1986a; Mualem
1976). For geologic carbon sequestration, the pore size distribution of storage rock is used to predict the capillary
pressure-saturation relationship, model the multiphase fluid flow and estimate the storage capacity (Cheng et al.
2017; Liu et al. 2013). In jet grouting approach, soil microstructural information (e.g., the maximum and mean
pore radius) is needed to approximate the applying pressure of cement and the grouted soil geometry. In mining
engineering, the coal pore structure is pivotal for the simulation of the enrichment and migration of methane in
coalbed (Cai et al. 2020; Zhang et al. 2020). Therefore, a general analytical pore size distribution expression, for
describing soil and rock microstructure precisely, is necessary to improve the techniques in these engineering

applications.
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Numerous PSD models have been developed to describe unimodal microstructure of soils (e.g., pure sand). In
the simplest case, soil pore size is usually assumed to obey Gaussian distribution (Milligan and Adams 1954),
lognormal distribution (Kosugi 1996) or empirical unimodal distributions (Brutsaert 1966; Fredlund and Xing
1994). However, these unimodal models are incapable of precisely describing the pore structure of fine-grained
soils with complex pore structure (e.g., clayey soils compacted at the dry side with interaggregate and
intraaggregate porosities (Alonso et al. 1987; Delage and Lefebvre 1984)). In the past decades, the bimodal
microstructure of compacted clayey soils has been confirmed by a large number of research works by means of
mercury intrusion porosimetry (MIP) as well as scanning electron microscope (SEM) (Birle 2011; Burton et al.
2014; Diamond 1970, 1971; Gao et al. 2019; Griffiths and Joshi 1989; Monroy et al. 2010; Romero et al. 1999;
Sun et al. 2019). Similar bimodal pore structures have also been detected in gap-graded soils (Angerer 2020;
Satyanaga et al. 2013) and artificial mixture of fine-grained and coarse-grained soils (Juang and Holtz 1986b).
Based on the experimental evidence, a number of bimodal models have been developed to describe the “dual-
structure” of soils (Jensen et al. 2019; Li et al. 2014a; Li and Zhang 2009; Ross and Smettem 1993). For example,
Li and Zhang (2009) proposed a bimodal PSD model by regarding the bimodal pore size distribution as a
superposition of two lognormal distributions. Afterwards, Li et al. (2014b) extended this model by integrating an

examination of the density dependency of PSDs for clayey soils into this model.

Recently, several research works have shown that the soil porosity can be more complex than bimodal. Wang
et al. (2014) observed that the microstructure of compacted MX80 bentonite consists of four sub porosities during
a hydration process. Similarly, Pfikryl and Weishauptova (2010) also observed four pore categories in a bentonite-
sand mixture through adsorption technique and MIP tests. Except for soils, the pore structures of other porous
materials, e.g., shale (Liu et al. 2019) and cement-based materials (Fujikura and Oshita 2011; Zhu et al. 2019), are
even more complex. These experimental results indicate that a general multimodal pore size distribution model,
in which the number of sub porosity counts as a varying integer, is required to describe the complex pore structures

of porous materials.

So far, the attempts to find an analytical expression to describe the general multimodal pore size distribution
for porous materials, including different soil types, have been unsuccessful. Durner (1994) pointed out that a
multimodal pore structure could be regarded as an assemblage of several sub porosities. Ross and Smettem (1993)
proposed an analytical expression for a multimodal PSD by superposition of several unimodal PSD functions.
However, the parameters in their model are fitting parameters without physical meaning. As a result, further
modifications of the model, which are necessary to account for the variations in pore structure along mechanical

and hydraulic paths, are difficult.

In summary, a general multimodal pore size distribution model able to simulate experimental PSD for different
porous materials available in the literature is still missing. The main goals of this contribution are to develop and
validate a general multimodal PSD model for porous materials based on the probability theory and show its
application to the analysis of the PSD evolution along hydro-mechanical paths. Providing the quantitative analysis
of soil microstructure, the proposed PSD model can be incorporated to existing permeability models (Childs and
Collis-George 1950; Juang and Holtz 1986a; Kosugi 1996) and constitutive models (Alonso et al. 2013; Gens and

Alonso 1992) or used to assess the effective stress parameter of unsaturated multimodal soils (Alonso et al. 2010).
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2. Theoretical basis for a multimodal PSD model

2.1. Definition of pore radius and pore size density function

The complex pore structure in a porous material (e.g., soils) results from the irregular shapes and various sizes of
pores, which can be interconnected (accessible from outside) or isolated (not accessible from outside). To develop
our multimodal PSD model, a probabilistic distribution of the pore sizes based on the concept of Scheidegger

(2020) and Juang and Holtz (1986a) is assumed.

Scheidegger (2020) introduced a mathematical definition of pore radius r in a porous medium. In a
representative elementary volume (REV), the pore radius r denoted to a point of the pore space is defined as the
radius of the maximum sphere containing this point within the pore space (i.e., the sphere cannot touch the solid
particle, and the point can locate at any position in the sphere). In this framework, the pore radius r is a non-
negative random variable depending on the position of the point in the pore space. Thus, the term f (r)dr, where
f(r) represents the pore size density function, describes the occurrence probability of a sphere with a radius r —

r + dr in a porous medium. Based on probabilistic concept, following condition must be hold:

f+mf(r) dr = 1. (1)

2.1.1. Idealized case: isolated spherical void space in soil

@) O
@® OO

A f(r) 4 f(n) 4 f(r)

i J
-y
Y

a) b) c)

Fig. 1. Schematic representation of pore size density functions for idealized cases

I I

Fig. 1a illustrates the microstructure of a porous medium, which is represented by a REV with a spherical pore
in the centre (i.e., an idealized case). The radius of the sphere is denoted with r;. According to Scheidegger’s
definition, the pore radius denoted to each point within the pore space is r;. Thus, the pore size density function

f(r) can be expressed as

@) =80 —m), @
where 6 (x) is Dirac delta function defined as

_ (too, x=0 3)
() = {0, X %0

and
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f s dx = 1. @)

Considering the non-negative nature of pore radius, Eq. (4) can be rewritten as

f S dx = 1. )
0

From Egs. (3) — (5), it can be easily shown that the pore size density function f(r) defined in Eq. (2) fulfils the
condition in Eq. (1).

When the pore space in an REV consists of N individual isolated spherical pores, as shown in Fig. 1b and Ic,

the pore size density function f(r) can be expressed as:

N
f@r) = Z Ri6(r — 1), (6)
i=1

ith

where R; and 7; represent the volumetric fraction and the radius of the i™ spherical pore, respectively. The

volumetric fractions R; must fulfil the following condition:

N

ZRi -1 )

i=1
A schematical illustration of the pore size density functions f (r) for a REV with two and more isolated spherical

pores are shown in Fig. 1b and Ic, respectively.
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2.1.2. Realistic cases: interconnected irregular void space in soils
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Fig. 2. Schematic representation of pore size density functions for different soil types

The pore structure of a soil consists of interconnected and isolated pores with irregular shapes and different sizes.
Applying Scheidegger’s definition for soil void space, the pore radius r is a nonnegative continuous random
variable, and the pore size density function f(r) is a nonnegative continuous function (Juang and Holtz 1986a).

Considering that there must be a maximal spherical pore in the void space, we have:

f rmaxfs(r) dr=1 (8)
0
and
fs(r) = 0,Vr € (0, Ty ]- )

Herein, f5(r) is the pore size density function of soils under Scheidegger’s framework, and 7;,,, represents the
radius of the maximal spherical pore. Noting that r = 0 means the point locates on the particle — void interface,
fs(r) is defined on the domain r € (0, 73,4, ]. Since all the points within the maximal spherical pore are denoted

with 75,4, We acquire following inequality:

Tmax Vv
. (r=rmax)
lim f @) dr) =M 5, (10)
Ar—0 ( TmaX—ATfS Vtot

Herein, Ar is an infinitesimal positive value, V(,—,, . represents the volume of the maximal spherical pore, and

V¢ 1s the total void volume of REV. From Eq.(10) we have

fS(rmax) > 0. (11)

In Fig. 2a, the pore size density function fs(r) of a typical granular soil (e.g., pure sand) under Scheidegger’s
framework is schematically shown. It is noted that the domain of the function f5(r) contains 7;,4,. On one hand,
it is difficult to determine 7,,,,, accurately by means of existing experimental techniques. On the other hand, 7,4,
is a variable depending on the other soil state parameters (e.g., the stress state, soil suction and void ratio). For the
convenience of practical applications, the pore size density function can be extended on the entire pore radius

domain r € (0, +o0) by
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Fro =B 7€ Ol (12)

0, r € (Thpax +°)

From Eq. (11) and (12) we obtain

Aim f1(0) = fs(hnax) > lim f7(r) =0, (13)

Tmax T>Tmax

which indicates a point of discontinuity at r = 1;,,4,. Without loss of generality, we assume that the volume of the
maximum sphere Vi, is an infinitesimal of higher order than the total void volume V,;. That means,
fs(max) 1s sufficient close to zero. Therefore, it is reasonable to find a continuous function f(r) to approximate

f*(r), if following conditions are fulfilled:

Tr—>+00

lim f(r) = 0and J-Hof(r) dr = 1. (14)

A comparison between fs(r) and f () for typical granular soils with unimodal pore structure is schematically
shown in Fig. 2a. The area under both curves is equal to one. Considering the conditions expressed in Eqgs. (14),
an appropriate unimodal pore size density function f(r) derived from van Genuchten model (Van Genuchten
1980) is proposed:

m(rf/r)ﬁ

@) = (15)

r(l—-m)(1+ (rf/r)ﬁ]wr1

Herein, m (0 < m < 1) is the unitless pore size spectrum number, and 7/ (r/ > 0) is a reference pore radius

related to the maximal pore radius 7y,qy (i.6., 77 & Ty

2.2. Developing a general multimodal PSD model

In Fig. 2b, a bimodal soil pore structure (e.g., for clayey soils compacted at the dry side (Romero et al. 1999)) is
schematically shown. The total pore volume V,,; is divided into a macro (V) and micro (V;,,) part by the boundary
surface of aggregates (dashed lines). Applying Scheidegger’s concept in the micro and macro pore spaces and
repeating the process from Eq. (8) to Eq. (15), we obtain the pore size density functions f;,,(r) (for micro porosity)
and f,(r) (for macro porosity). Considering that both f;,,(r) and fy,(r) are defined on the entire pore radius
domain r € (0, +00), the overall pore size density function f(r) for the bimodal soil is obtained by supposition
of f(r) and fy (r):

v, |/
f(r) = ﬁfM () + 7= fn (1) = Ruafus (1) + R fon () (16)

where Ry, and R,, represent the volumetric fraction of macro- and micro-porosity, respectively. Similarly,
repeating the process from Eq. (8) to Eq. (15) for each sub porosity of a multimodal soil, the overall multimodal

pore size density function gives

N
F0) =) Rifi) (7)
i=1

where N is an integer representing the modality number, and R; is the volumetric fraction of each sub porosity.

Rewriting Eq. (15), the probability density function of the i porosity f;(r) can be expressed as
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m; (rlf/r) 1-m;

fi(r) = (18)

1 m;+1
r(l —my) [1 + (rl.f/r)l__mi]

where m; (0 <m; < 1) and rif (rl.f > 0) are the unitless pore size spectrum number and the reference pore radius

of i sub porosity, respectively. Substituting Eq. (18) in Eq. (17), a general N-modal PSD function yields

1
N (S 1 T

F0) =Y R, m (19)
=1 -my) [1 + (rl.f/r)l__mi]

The schema in Fig. 2c demonstrates an example of a tri-modal soil consisting of soil grains, aggregates and free

fine-grain particles.

2.3. A dimensionless multimodal PSD model

It is noted that f(r) is in the unit of L' (inverse of length). Juang and Holtz (1986a) proposed to express the
pores size density function in a dimensionless form by presenting the pore radius r in logarithmic scale. Then, Eq.

(1) can be equivalently expressed as

f+mw(r) dlogr = 1. (20)
0

Herein, w(r) is defined as the dimensionless pore size density function. Comparing Eq. (20) and Eq. (1), we obtain

the simple relationship between f(r) and w(r):

w(r) = (In10)rf (7). (21

Substituting Eq. (19) in Eq. (21) gives:

i R (In10)m; (rif/r)l_—mi

1 ]m 2)

@) =) Riwyr) =
i=1 i=1 1-m)|1+ (T'Lf/‘)”)l_—m‘

where w; (1) represents the dimensionless pore size density function of each sub porosity. In this paper, the pore
radius r is presented in a logarithmic scale, and the dimensionless form w(r) is used to describe the pore size

density curves in the following sections.

Using the dimensionless form w(r), the cumulative pore size distribution curve of a multimodal soil can be

described by:

1 1™

r N F\T-m;
F(r) =f w(r)dlogr=ZRi 1+<ri7> (23)
0 i=1

and the complementary cumulative curve yields

1 1™

+oo N \NT=m;
T i
F.(r) = f w(r)dlogr=1-— Z R/ |1+ (L?> (24)
r i=1
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Let us employ a simple mathematical transformation:

L1 © (25)
s _r€(0'+ )

where s* is a variable representing the inverse of pore radius r. Substituting Eq. (25) in Eq. (23), we obtain

N

1 -m;
F(s) =) R, [1 +( s*)l—_mi] . (26)

i=1

Eq. (26) is useful in the parameter determination procedure, which will be introduced in the following section.
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3. Parametric study

3.1. Physical and graphical meanings of the parameters

In this section, a parametric study is conducted to show graphically the physical meanings of the parameters of the
proposed multimodal PSD model [Eq. (22)]. Fig. 3a shows w;(r) curves with a fixed rif (rif = 1 wm) and various
m;, which indicates that the pore size spectrum parameter m; determines the shape of w;(r) and affects the
maximum value of w;(r) and its location. As can be seen, the sub pore size density curve w;(r) becomes flatter
with decreasing m;. From a physical point of view, the smaller the m;, the more disperse the pore radius (in the
logarithmic scale) is. On the contrary, m; tends to one for the pore size density curve of a REV with N individual

spherical pores (see Fig. 1c), i.e., Eq. (19) degrades to Eq. (6).

Fig. 3b demonstrates the w;(r) curves with different rif and a fixed m; (m;= 0.5). As can be seen, the
parameter rif shifts the sub pore size density curves horizontally. Let us define the pore radius at the peak of w; ()
curve as the mean pore radius 7; ;,04, and that at the onset point of the bell-shape as the maximal pore radius 7; ;;45-
It can be shown that the scaling factor of 7; ;,,4, and 7; yeqn coincides with that of rif (in this case the scaling factor

f

is equal to 10). Thus, the “translation”-effect suggests that 7' is a parameter proportional to the maximal pore

radius 7; ;45 and the mean pore radius 7; ¢4, 0f the sub porosity (i.e., rif X i max X Timean)-

b
15 )
_____ rI' =100 m;i=0.5
—_—— —r.'=10 Fi,mean
I
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Fig. 3. Parametric study of the proposed model a) influence of parameter m; b) influence of parameter rif c)

influence of parameter R; d) graphical interpretation of a tri-modal PSD curve

Fig. 3c shows the impact of the volumetric fraction R; on the PSD curve. With fixed values of rif and m;
(nf =1 um, m;= 0.5), the peak value at 1} 104, is “downscaled” as w;(r) multiplied by R;, while the “location”

(i-e., the value of 1; jeqn) and “shape” of the w; (1) curve are not affected.
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In Fig. 3d, an example of a tri-modal PSD curve with a given parameter set is illustrated. The dot-point-curves
represent the PSD of sub porosities. The overall tri-modal PSD curve is acquired by a linear combination of the

sub curves with the coefficients R;, which is presented by the bold solid curve.

Summarizing, the parameters in the proposed multimodal PSD model possess clear physical meanings: m;
dominates the dispersion of the pore radius of a sub porosity and the shape of w;(r) curve; rl.f reflects the maximal
pore radius of a sub porosity and control the position of the maximum value of w;(r); R; are the volumetric
fractions of sub porosities and the coefficients of the linear superposition to obtain the overall pore size density

curve w(r).

3.2. Parameter calibration procedure for the multimodal PSD model

The proposed N-modal PSD model includes 3N parameters. A general and convenient parameter calibration

method is required for the application of the model.

Pore size distribution data are usually expressed as a cumulative pore size distribution curve in terms of V;,,, ()
(in the unit of [cm?/g]), which represents the pore volume normalised by soil dry weight (Delage et al. 1996;
Delage and Lefebvre 1984; Diamond 1970, 1971; Juang and Holtz 1986b; Li and Zhang 2009). For a sample with

void ratio ey, the maximal normalized pore volume V,;,,, in 1-gram dry soil yields:

e @7)

Ps

*
Vmax

where p; is the soil particle density. A data point (r]-, Veum, ]-) can be directly transformed to a data point (sj*, F])

by
, 1
Sj = -
T (28)
Fo=1— —cumJ
J Vrr*mx

Then, by using Eq. (26) to fit the experimental data points in the s* — F plane, the 3N parameters of the model
can be determined. A general and efficient parameter determination procedure for Eq. (26), by which R; and m;
(2N parameters) are graphically determined, and rl.f (N parameters) are obtained by solely one curve-fitting

procedure, has been presented in Yan et al. (2021).
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4. Applications

4.1. Microstructural evolution during compaction
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Fig. 4. Parameterization of the microstructure of compacted Boom clay: a) measured mercury intrusion and
extrusion curves of samples S1 (1.40 g/cm® ) and S2 (1.72 g/cm?®) b) reproduced mercury intrusion curves c)
measured pore size density curves d) reproduced pore size density curves [data adapted from Romero et al. (1999)]

Reference/soil Sample r{ m; R, r’; m; R, Vi
[um] [-] [-] [um]  [-] [-] [em?/g]
gg;“rsrc‘;:t al. (1999) | ¢, 242 050 070 0.041 038 030 0.11
y 2 115 046 040 0.036 038 060 0.13

Table 1: parameters of the proposed PSD model and calculated intraaggregate pore volume of the samples

Romero et al. (1999) analysed the microstructure of compacted Boom clay (liquid limit w; = 56%, plastic limit
wp,= 29%, particle density p;=2.7 g/cm® (Romero et al. 2011)) by means of mercury intrusion/extrusion tests. Two
samples were statically compacted at a constant water content of 15% to different dry densities, 1.40 g/cm?® (i.e.,
eo = 0.93, denoted as sample S1) and 1.72 g/cm? (i.e., ¢, = 0.58, denoted as sample S2). The measured intrusion
curves are limited in a range of apparent pore radius from 0.0035 pm to 67.5 pm due to the limitation of the
experimental apparatus, as shown in Fig. 4a. Following the mercury intrusion, mercury extrusion tests were
conducted by releasing the mercury pressure. The mercury volume out from the soil in extrusion cycle corresponds
to intraaggregate pore volume, while the entrapped mercury volume indicates the volume of interaggregate
porosity ((Delage and Lefebvre 1984; Romero et al. 1999)). Fig. 4c demonstrates the w(r) curves, which show a

distinct bimodal pore structure.

From Egs. (24) and (27), a cumulative pore size distribution curve of a multimodal soil measured in MIP tests

can be expressed as:
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To parameterize the microstructure of compacted Boom clay, a bimodal model (N = 2) is adopted, and the

parameters for both samples are given in Table 1.

Based on the results of mercury intrusion and extrusion tests, Romero 1999 concluded that the intraaggregate
pore volume was almost unchanged during compaction and the volume change was attributed to the reduction in
the interaggregate pore volume. This finding was later supported by other experimental results (e.g., Burton et al.
(2014); Gao et al. (2019); Li and Zhang (2009)). Under the proposed PSD framework, this essential feature of the

microstructural evolution during compaction can be interpreted by a parametric study of the model.

For the intraaggregate porosity, the pore size spectrum parameter m, and the reference pore size rzf are almost

unchanged as compaction effort increased (see Table 1). That means, the intraaggregate pore structure w, () are
not affected during compaction, as shown in Fig. 4d. The increase of peak value of the overall pore size density
curve w (1) at 1y eqn is attributed to the increase in the volumetric fraction R, (i.e., a reduced “downscaling”

effect).

For the interaggregate porosity, the reference pore size rlf decreases (i.e., the maximal pore radius of
interaggregate porosity decreases) and the pore size spectrum parameter m, is unchanged, resulting in the
translation of w,(r) curve along the abscissa (see Fig. 4d). Considering that the aggregates are stable, this
phenomenon can be interpreted by the rearrangement of the aggregates and hence a reduction in the interaggregate
pore volume during compaction. A similar microstructural behaviour (i.e., translation of pore size density curve
with an unchanged shape) has also been observed in granular soils during compaction (Juang and Lovell 1986),

which indicates that the aggregates of compacted clayey soils behaves like solid particles during compaction.

Fig. 4b and 4d demonstrate the parameterized cumulative curves and the pore size density curves, respectively.
For a better comparison, the reproduced cumulative curves have also been plotted in Fig. 4a, which demonstrate a
strong consistency with the measurements. In addition, the intraaggregate pore volume is calculated by
Vin = Ryey/ps, as given in Table 1. The calculated intraaggregate pore volumes of both samples are slightly
higher than that determined by mercury extrusion tests (see Fig. 4a), because mercury intrusion and extrusion

porosimetry could not detect the pores smaller than 0.0035 um due to the apparatus limitation.
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4.2. Modelling the water content — soil suction — dry density relationship during compaction

20% 40% 70% 100% = S, ) a) 20% 40% 70% 100% = S, _ _ b)
2r soil suction 2 soil suction
0 045MPa @ 102MPa -0-0.45MPa -#-102MPa
0O 020Mpa ® 32 Mpa -0-0.20 Mpa -®32 Mpa
A 006Mpa 410 Mpa 4-0.06 Mpa -410 Mpa
1.8r pi\? 001Mpa 48 Mpa 1.8+ ~-001Mpa —+8 Mpa
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Fig. 5. water content — soil suction — dry density relationship of Boom clay during compaction a) experimental
measurements b) prediction of the proposed model [data adapted from Romero et al. (1999)]

Reference/soil r’: my 1JZr m, ep; Wpes
Romero et al. (1999) | [um] [-] [um] [-] [-] [%]
Boom clay 1.79 048 039 038 032 25

Table 2: parameters for modelling the water content — soil suction — dry density relationship

To investigate the water content — soil suction — dry density relationship, Romero et al. (1999) statically compacted
Boom clay samples with different water contents to different dry densities. The experimental results are shown in

Fig. 5a.

For the samples compacted at relatively low water content (< 15%), the soil suction did not change regardless
of the density after compaction. That means, the suction — water content relationship is density-independent (see
the vertical contours in Fig. 5a). The reason is that solely intraaggregate pores contain water, and the interaggregate
pores are almost dry. The compaction process induces the rearrangement of aggregates to reach a higher overall
dry density, whereas the intraaggregate pore structure remains almost unchanged. Consequently, the overall degree
of saturation increases due to the reduction in dry density, but the suction, which is controlled by the local degree

of saturation of the intraaggregate porosity, remains unchanged.

For the samples compacted at relatively high water content (> 20%), the aggregates are almost saturated. The
suction level is determined by both compaction water content and the target density after compaction, which
influences the interaggregate pore structure. With the same compaction water content, the higher the target density,
the higher the local degree of saturation in the interaggregate porosity and hence the lower the suction value. In
other words, a sample compacted to a loose state must have higher water content to achieve a given suction than
the sample compacted to a dense state (see the points P1 (dense state) and P2 (loose state) in Fig. 5a). This results

in the inclined contours with constant suction in the water content — dry density plane.

Based on these analysis, the proposed multimodal PSD model (bimodal, N = 2) is extended to simulate the
water content — soil suction — dry density relationship of Boom clay during compaction. The soil void space is
regarded as a bundle of capillary tubes, and the capillary law is used to determine a corresponding pore radius r at
a given suction level by (Fredlund and Xing 1994):

r = (2T;cos )/s (30)
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where T is the surface tension of air-water interface (Ts = 0.072 N/m at 25 °C) and ¢ 1is the soil-water contact
angle (¢ = 0) (Lu and Likos 2004). That means, the pores whose radius are smaller than the value determined by

Eq. (30) are saturated at a given suction level s.

Since the aggregates are stable during compaction, the constant total intraaggregate pore volume is denoted as
efy:. In addition, a constant residual water content w,.4 is assumed to account for the adsorptive water. Its pore
space is expressed as:

Ps G

€res = —— Wres = GsWyeg
w
where p; is soil particle density, p,, represents the density of water, and G; is the soil specific gravity (Gg = 2.70
for Boom clay). Since the adsorbed water appears as a thin film surround the soil particle (Lu and Likos 2004), its
occupying pore space can be reasonably regarded as a part of intraaggregate porosity. Then, the volume of capillary
pores within intraaggregate porosity (eggp) gives:
2

egllp = eggt — res) (32)
and its microstructural feature is characterized by the intraaggregate PSD parameters rzf and m,. Similarly, the
total volume of interaggregate porosity is regarded as capillary pores (e™), which gives:

m_Ps (33)

m
e’ =——1-ei:
Pa

where p, is the dry density of the soil, and its microstructural feature is characterized by the interaggregate PSD

parameters rlf and m,. In general, the parameter rlf is density- or stress-dependent, resulting in the density- or
stress-dependency of suction-water content relationship (Gallipoli et al. 2003; Hu et al. 2013; Vanapalli et al.

1996). Nevertheless, a constant rlf is assumed in the model for the sake of simplicity. For the PSD parameters rlf ,

my, rzf and m, as well as the total intraaggregate pore volume ef;, a mean value of that determined from both

samples (S1 and S2 samples) is adopted, which are given in Table 2.

Based on these assumptions, the water content — soil suction — dry density relationship yields:

1
w= (eMFM + eglzme) = + Wyes 34)
S

where Fy, and F,, are the cumulative PSD functions for interaggregate and intraaggregate porosity at a given

suction level, respectively, which can be expressed by

_ P
(2T cos @) /s rlf 1-m,
Fy = dl =14 |7
w=] w.(r) dlogr (zn - ws)
< (35)
1 1Mz

(2Tg cos @) /s T'f 1-m,
Fm=f w, () dlogr = 1+<;s>
0
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Substituting Egs. (31) - (33) in Eq.(34), we obtain:

P Fu E 36

w(pg,s) = (_S -1- e?gt)_ + (efor — GsWres)_m T Wres (36)
Pa Gs Gs

Herein, the water content at a very high suction s = 102 MPa is adopted as the residual water content (i.e.,

Wres = 2.5%, see Fig. 5a). Eq. (36) gives the relationship between water content and dry density at a specific

suction level.

Fig. 5b demonstrates the water content — soil suction — dry density relationship predicted by Eq. (36) for the
compacted Boom clay, which shows a good agreement with the measurements. The vertical contours with constant
suctions in the relatively low water content range have been correctly predicted, despite the slight discrepancy
between the predicted and measured water content at a given suction level. The model also predicts inclined
contours with constant suction in the relatively low water content range. The predicted water content is slightly
lower than the measurement for a given suction and density, which might be attributed to disregarding the density-
dependence of the interaggregate reference pore radius. Another reason for the differences between the prediction
and the measurements is the influence of compaction water content on the soil microstructure, i.e., the
interaggregate and intraaggregate PSD parameters may vary with compaction water content (Both samples S1 and
S2 were compacted at a constant water content of 15%). Considering the made assumptions and simplifications
and the complexity of the density — water content — suction relationship of compacted Boom Clay, the agreement

between the experimental and predicted results is quite satisfactory.

It is also interesting to note that Eq. (36) indicates a density dependent constitutive relationship between gravity
water content and soil suction [i.e., soil water characteristic curve (SWCC)], although the volumetric deformation
during SWCC tests have not been considered. As can be seen, the soil dry density solely influences the first term
of Eq. (36). That means, for the compacted clayey soils with distinct bimodal porosity, only the part of SWCC
dominated by the interaggregate porosity is affected by the overall dry density, while that determined by
intraaggregate porosity as well as the adsorptive water remains unchanged. This finding is supported by

experimental evidence in recent studies, e.g., Cai et al. (2020), Angerer (2020) and Chen et al. (2019).
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4.3. Description of the pore structure of MX80 bentonite
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Fig. 6. The pore structure of MX80 bentonite at different hydration times: a) measured cumulative pore size
distribution curves b) predicted cumulative pore size distribution curves ¢) measured pore size density curves d)

predicted pore size density curves [data adapted from Wang et al. (2014)]

Reference/soil Time after saturation r{ m R r}; m R rg m: R;
[pum] [-] [-] [um] [-] [-] [um] [-] [
Wang et al. T= 15 days 27.73 0.55 030 0.20 0.40 0.32 0.0044 0.50 0.38
(2014) T=30 days 25.16 0.55 0.28 0.25 040 0.34 0.0042 0.50 0.38
Bentonite MX80 T=90 days 22.36 0.55 0.21 0.32 040 0.41 0.0038 0.50 0.38
time-dependent model  25.10 0.55 - 0.26 040 - 0.0041 0.50 0.38

Table 3: parameters of the tri-modal model

Wang et al. (2014) investigated the pore structure evolution of compacted MX80 bentonite during wetting-swelling
tests. The samples were hydrated in constant volume cells to control the target dry density (1.4 g/cm?) after swelling.
The soil pore structures were measured by MIP tests at different hydration-times (15, 30 and 90 days) after
saturation, as shown in Fig. 6a (cumulative pore size distribution curves) and 6c¢ (pore size density curves). Three
sub porosities, i.e., micro porosity (r < 0.04 um), meso porosity (0.04 um <r <2 pum) and macro porosity (r > 2

um), which varied during the hydration-time, were identified.

To account for the tri-modality in the soil pore structure, a tri-modal model (N = 3) is utilized to describe the
PSD curves. Table 3 shows the parameters which are determined based on the cumulative curves. The changes in
the pore structure over time can be analysed by a parametric study associated with a graphical analysis. On the one
hand, the mean pore radius of each sub porosity is almost unchanged with time (see Fig. 6¢), resulting in a constant
value for the reference pore radius rif (see Table 3). On the other hand, the shape of the individual sub porosity
curves does not vary with time, which implies a constant pore spectrum number m;. Therefore, the microstructure

of each sub porosity (i.e., sub pore size distribution w;(r)) does not change during swelling, and the changes in
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the peak value of the overall w(r) curve at 1y 04, and 1y peqn are caused by the variation of the volumetric
fractions of macro and meso porosity. Based on our model, the microstructural evolution of the compacted MX80
bentonite during swelling results only from the degradation of macro to meso pores, while the volume fraction and

pore structure of micro porosity remain almost unchanged.

0.5¢
R, =0.0013t +0.30
R:=0.38 :
04t Ny 2
T0.3
& 0.2+ A
R; =-0.0013t+0.32
A R
0.1 o R
B R
0 ; M . ; ;
0 20 40 60 80 100

t [day]
Fig. 7. Regression analysis for the volumetric fractions of sub porosities over time
In order to capture the time-effect on the microstructural evolution during swelling, the volumetric fractions of
the sub porosities are plotted against time, as shown in Fig. 7. A simple linear relationship between R, and time t
is determined by regression analysis:

R, = —0.0013t + 0.32 (7

Since R; is a constant (R; = 0.38), R; is solved from Egs. (7) and (37):

R, = 0.0013¢ + 0.30 (38)
Substituting Eqgs. (37) and (38) in Eq. (22) (pore size density curve) and Eq. (29) (cumulative pore size distribution
curve), we obtain a time-dependent PSD model for the compacted MX80 bentonite during the water equilibrium

process, and the parameters are given in Table 3. Again, mean values are adopted for the constant microstructural

parameters rl.f and m;.

The predicted cumulative curves and the tri-modal pore size density curves at hydration time 15, 30 and 90
days are illustrated in Fig. 6b and 6d, respectively. Despite of the relatively large deviation of w(r) in the meso
pore range, the model predictions are in good agreement with the measurements. By considering the evolution of
R;, the decrease in the macro pore volume and increase in the meso pore volume can be realistically captured and
the soil pore structure at any hydration time within the interval 15 to 90 days can be predicted by the tri-modal
PSD model.
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Fig. 8. Parameterization of the microstructure of pure sand and sand-clay mixtures: a) measured mercury intrusion curves
b) reproduced mercury intrusion curves c¢) measured pore size density curves d) reproduced pore size density curves [data
adapted from Juang and Holtz (1986b)]

376
Reference/soil type soils pa/ clay content R; r{ mi R2 r’; m2
. [g/cm?] / [%] Ll (wm] [ [[1 [um] [
g‘;i‘(‘lg_i‘l‘:y};fil;fu(::’;6b) ggﬁ g igé j (1)0 (1):(6)2 Zgigi 8:;? 038 0190 025
Soil C 1.87/30 0.40 3537 055 0.60 0.039 0.63
Soil C-H 1.95/30 0.40 18.59 0.55 0.60 0.037 0.63
377 Table 4: parameters of the proposed PSD model for pure sand and sand — clay mixtures
378 Juang and Holtz (1986b) investigated the microstructure of pure Ottawa sand and Ottawa sand — kaolinitic clay
379  mixture (compacted at the dry of optimum) by means of mercury intrusion porosimetry. The detected cumulative
380 pore volume curves and the pore size density curves of four different soils, i.e., soil A (pure sand), soil B (90%
381 sand + 10% clay), soil C (70% sand + 30% clay) and soil C-H (70% sand + 30% clay), are presented in Fig. 8a
382 and 8c, respectively. As can be seen, pure sand shows a unimodal microstructure, while sand-clay mixtures are
383 characterized by a remarkable bimodal pore structure.
384 The modelled cumulative volume curves and pore size density curves for the experimental soils are shown in
385 Fig. 8b and 8d, respectively, by which a unimodal model (N = 1) is adopted for soil A and a bimodal model (N =
386 2) for soil B, C and C-H. The parameters in the models as well as the soil properties are given in Table 4. As shown
387 in Fig. 8, the experimental PSD curves can be satisfactory modelled by the PSD model.
388 Moreover, the influence of fine content on the observed pore structure can be better understood based on our
389 model. In soil A (pure Ottawa sand), a unimodal model is sufficient to describe the PSD curves, as only a macro
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porosity exists in the soil at the density and water content adopted in the experiments. The pore size spectrum

number m; controls the shape of the w(r) curve, and the parameter rlf is dominated by the maximal pore radius.

The microstructure of soil B might be regarded as a pore structure formed by a sand grain skeleton, in which a
small amount of clay aggregates and clay particles are filling a small part of the intergranular voids (macro pores).
Most of the macro pores remain unchanged due to the low clay content (10%). The clay affects the pore
microstructure structure twofold: 1) the pore sizes of macro porosity become more dispersed; ii) a second sub-
porosity is formed. The former one induces a slightly reduction of the macro pore spectrum number m, in
comparison with soil A (see Table 4), and the latter one leads to the bimodality of the pore structure (i.e., an
increase in the modality number N). In addition, the maximal pore radius of the macro pore structure is almost

unchanged, as most macro pores between sand grains are only slightly affected by the clay. Therefore, the

interaggregate reference parameter rlf in soil B is rather close to that of soil A, as shown in Table. 4. It is also

interesting to note that the macro pore size spectrum number m, does not change during compaction- (Boom Clay)
and saturation-swelling-process (MX80 bentonite), while it changes from soil A to soil B, as the change in fine

content creates a new soil with a different pore structure.

In soil C, the macro pore structure formed by sand grains is dramatically “disturbed” due to the high clay
content (30%). Comparing with soil B, more clay aggregates penetrates the macro pores, which leads to a further
decrease in parameter m,. That means, the original macro pores between sand grains degrade to smaller pores

between sand grain — clay aggregates. Simultaneously, the decrease in the maximum macro pore radius leads to a

significant reduction in the macro reference pore size rlf . Because of different compaction water content and
energy (details in sample preparation method is given by Juang and Holtz (1986b)), the intraaggregate pore
structures in soil B and soil C are different, which is reflected in the different values of the parameters m, and rzf .
In addition, the peak value of the w(r) curve in the micro pore range of soil C is higher than soil B, resulting from

a higher fine content and hence a larger intraaggregate volumetric fraction R,.

Soil C-H represents the sample of soil C compacted to a higher density in a modified proctor. The effects of
compaction effort (mechanical loading) on the pore structure the are shown by comparing the PSD curves of soil
C and soil C - H. As explained for Boom clay, the compaction effort solely causes a reduction in the maximum
pore size and the overall volume of interaggregate porosity (see the shifting of the interaggregate curve in Fig. 8d),

while the intraaggregate porosity is not affected.

5. Conclusion

Based on Scheidegger’s definition of pore radius and assuming a statistical distribution of pore sizes, a model has
been developed to describe a general multimodal pore structure of porous materials. Contrary to existing models,
the parameters of the proposed model have an unambiguous physical meaning. This enables further adaptions of
the model to describe the PSD evolution during hydro-mechanical paths (e.g., compaction- and saturation-

swelling-process).

To validate the model, the proposed multimodal PSD model has been used to describe the pore structure of
different soils, including Boom clay (bimodal PSD), MX80 bentonite (tri-modal PSD) and sand-clay mixtures with

different fine contents (unimodal and bimodal PSD). The comparison of experimental and simulated results



427
428
429
430
431
432

433
434
435
436
437
438
439
440
441

442

demonstrate the ability of the proposed multimodal approach to consistently simulate the pore structure of complex
porous materials. For Boom clay, the water content — soil suction — dry density relationship after compaction is
predicted by combining the capillarity theory and the multimodal PSD model. For MX80 bentonite, a semi-
empirical relationship has been derived based on the PSD model and the experimental data to predict the
microstructural evolution during swelling. For sand-clay mixtures, the influence of fine content on the pore

structure has been explained quantitatively and qualitatively.

The proposed general pore size distribution framework and the multimodal PSD expression appears to be a
powerful tool to realistically simulate the complex soil microstructure. Since the model is developed based on a
general probability theory, in principle, it can be used to describe the pore structure of arbitrary porous materials,
as long as the model assumptions are valid. By quantifying the microstructure of soils and rocks precisely, the
model could assist to improve the techniques in geotechnical, geo-environmental and geological applications. As
the mechanical (e.g., effective stress, shear strength, wetting-collapse behaviour) and hydraulic properties (e.g.,
water retention behaviour, permeability) of unsaturated soils are highly related to the pore structure, the model can
be incorporated into existing permeability and constitutive models, and employed to assess the effective stress

parameter, particularly for unsaturated multimodal soils.
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Abstract

A soil water characteristic curve (SWCC) model named as discrete-continuous multimodal van Genuchten model with a
convenient parameter calibration method is developed to describe the relationship between soil suction and the water
content of a soil with complex pore structure. The modality number N of the SWCC in the proposed model can be any
positive integer (the so-called multimodal or N-modal SWCC). A unique set of parameters is determined by combining
curve fitting and a graphical method based on the shape features of the SWCC in the log s—log S. plane. In addition, a
modality number reduction method is proposed to minimize the number of parameters and simplify the form of SWCC
function. The proposed model is validated using a set of bimodal and trimodal SWCC measurements from different soils,
which yield a strong consistency between the fitted curves and the measured SWCC data. The uniqueness in the set of
parameters provides the possibility to further improve the proposed model by correlating the parameters to soil properties

and state parameters.

Keywords Bimodal - Discrete-continuous multimodal van Genuchten model - Multimodal - Parameter calibration -

Soil water characteristic curve - Unsaturated soil

1 Introduction

The soil water characteristic curve (SWCC) describes the
relationship between soil suction and water content (e.g.,
volumetric water content 6, gravity water content w or
degree of saturation S,) of a soil. In unsaturated soil
mechanics, SWCC predominates the hydro-mechanical
coupling of unsaturated soils [14, 25, 39], since mechanical
properties like the shear modulus, compression index, and
yielding stress are often related to suction [1, 3, 31, 38, 45]
or degree of saturation [27, 50, 51]. Additionally, soil
properties, which are time-consuming to determine, like
the unsaturated hydraulic conductivity and pore size dis-
tribution, can be derived from SWCC [2, 16, 26, 33]. Thus,
a precise description for SWCC of soils is significant for
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geotechnical and geo-environmental engineering, soil sci-
ence as well as agriculture engineering.

A number of empirical models have been developed to
reproduce the unimodal SWCC, for example, Brooks and
Corey Model (BCM) [6], van Genuchten Model (VGM)
[16], as well as Fredlund and Xing Model (FXM) [13].
Parameters of these models are usually obtained by best-
fitting SWCC data or obtained indirectly from soil prop-
erties by using the so-called pedotransfer functions
[5, 19, 22, 36, 42, 43].

In recent studies, two or more pore series, resulting from
the gap-graded grain size distribution or the aggregation of
fine particles, have been widely observed in undisturbed
soils [28], mixed soils [7, 8, 35] and compacted fine-
grained soils [10, 32]. The SWCC of such soils can thus be
bimodal or even multimodal, which cannot be appropri-
ately described by unimodal SWCC models. Therefore, a
set of bimodal SWCC models, as a piecewise function
[8, 40, 47] or a continuous function
[9, 11, 12, 23, 28, 34, 46], have been developed for the
soils with heterogeneous pore structure.

@ Springer
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The first piecewise bimodal SWCC model was devel-
oped by Smettem, Kirkby [40], who introduced two inde-
pendent closed-form analytical solutions to describe the
macro- and microporosity of an aggregated loam. After-
ward, Wilson et al. [47] extended the method to model the
hydraulic properties of a soil with three pore families by
using its SWCC data. Following the framework suggested
by Smettem, Kirkby [40], Burger, Shackelford [8] pro-
posed a piecewise function to describe the bimodal SWCC
of a pelletized diatomaceous earth. In their work, bimodal
SWCC was divided into a macro- and a micro-sub-curve
using a chosen delimiting point, leading to a piecewise
bimodal SWCC function as

Sr — SrJ + (Snmax - Sr.j)Sr,h f0rS<Sj (1)
S res + (Sr,/‘ - Sr,res)Sr,L fors > Sj

where S, represents the degree of saturation; S, max 1S the

maximum degree of saturation; S, r is the degree of sat-
uration at residual state; s; is the delimiting suction; S, ; is
the degree of saturation at delimiting point; S,; and S,
represent the independent closed-form analytical solutions
for the local degree of saturation in the macro- and
microporosity, respectively, which can be described by a
unimodal SWCC function (e.g., BCM, VGM or FXM).
After choosing an appropriate delimiting point, the
parameters are obtained by fitting the individual unimodal
function for subporosity to their corresponding SWCC
data. However, in spite of the convenience in the parameter
calibration process, the discontinuity feature is not expec-
ted for the numerical applications and the incorporation
into a constitutive modeling.

A general framework for a continuous bimodal SWCC
was proposed by Ross, Smettem [34] using ‘volumetric
fraction approach’ [21, 46]. The overall pore space of the
soil is regarded as the superposition of two overlapping
subporosities, i.e., the micro- and macroporosity, and the
bimodal SWCC function in terms of effective degree of
saturation S. can be expressed as

Se=RiS;1 +RS,n  with Ry + R, = 1. ()

Herein, R, and R, represent the volumetric fraction of
micro- and macroporosity, respectively; S.; and S,, rep-
resent the sub-SWCC curves for the macro- and microp-
orosity, respectively, which can be described by a
unimodal SWCC function. Based on this framework, a
number of continuous bimodal SWCC model have been
developed [9, 11, 12, 28, 34]. Details of these continuous
bimodal SWCC models are summarized in Table 1. In
comparison with the piecewise form, continuous bimodal
SWCC model is more convenient for numerical and prac-
tical applications, but the parameters involved in these
models are highly correlated, resulting in difficulties in the
calibration process [18, 46]. Durner [12] pointed out that

@ Springer

the parameters should be regarded as curve shape coeffi-
cients instead of parameters with physical meanings. To
best fit the parameters, a specific curve fitting procedure
associated with a proper initial approximation of the
parameters and appropriate constraint conditions are
required. Nevertheless, identical SWCC may be repro-
duced by different sets of parameters [18, 46], due to the
possible intercorrelations among the parameters.

To overcome the difficulties in parameter calibration,
another type of continuous bimodal SWCC functions has
been developed based on the independent parameters
related to the SWCC shape features, referred to as ‘unique
parameter approach’ [21, 46]. Gitirana and Fredlund [18]
presented a bimodal model with the parameters determined
with bending points from the shape of SWCC, which
requires only one additional curve fitting parameter. Using
a similar approach, Li et al. [23] proposed another empir-
ical bimodal SWCC function that directly incorporates the
suction and gravity water content of bending points of
SWCC into the model. Wijaya and Leong [46] decomposed
SWCCs into several linear segments and employed the
Heaviside function to smooth the junctions of the linear
segments. In this manner, all the parameters involved can
be graphically determined without curve fitting procedure.
Details of these models developed with the ‘unique
parameter approach’ are summarized in Table 1. The major
advantage of this type of bimodal SWCC model is the
direct graphical determination of the parameters, which
enables sensitivity analyses of SWCC parameters, making
it possible to extend the SWCC model by relating the
parameters to other soil properties and state parameters
[18, 46]. However, this type of model usually requires a
rather complex mathematical form for the SWCC function,
as shown in Table 1.

For continuous bimodal SWCC, the simple volumetric
fraction models show difficulty in parameter determination,
while the unique parameter approach requires a rather
complex SWCC function. This problem is more significant
for multimodal SWCCs. Recent studies have reported that
the pore structures in unsaturated fine-grained soils are
more complex than to be represented by a bimodal pore
size distribution [24, 30, 41, 44], resulting in multimodal
SWCCs. To describe multimodal SWCCs, the existing
bimodal SWCC models can be extended to N-modal
SWCC functions. However, the parameter determination
procedure is more complicated due to the significant
increase in the number of parameters and the intercorre-
lations among them. So far, however, a general continuous
N-modal SWCC model (‘general’ means that the modality
number N can be any positive integer) is still lacking. The
objective of this paper is to develop a N-modal SWCC
model in a simple mathematical form with a convenient
parameter calibration method.
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2 Multimodal SWCC models

Similar to the bimodal SWCC models, multimodal SWCC
models can be developed in piecewise or continuous form.
In this section, a piecewise N-modal SWCC model named
as discrete multimodal van Genuchten model (DMVGM) is
derived based on the piecewise bimodal SWCC model
proposed by Burger and Shackelford [8], and a continuous
N-modal SWCC model named as continuous multimodal
van Genuchten model (CMVGM) is extended from the
continuous bimodal SWCC model proposed by Ross and
Smettem [34].

calibration procedure
can be found in [18]

Additional interpretation
in parameter

N: modality number

approach/graphical
method and curve
fitting procedure

approach/calibration
Volumetric fraction

method

2.1 A piecewise multimodal SWCC model—
DMVGM

Number of Developing

parameters
3N+2

In this section, the piecewise bimodal SWCC function
proposed by Burger, Shackelford [8] is extended to
describe the multimodal SWCC. As shown in Fig. 1, the
whole pore space V,.iq of a multimodal soil is assumed to
contain a permanent saturated part V.., a permanent dry
part Vg,y, and an unsaturated part Vi

Vioid = Vdry + Vinsat + Vies- (3)

Characteristics
N-modal

a
i

2

Herein, Vy,, represents the volume of isolated pores in
the soil, which are not accessible from outside. Ve rep-
resents the volume occupied by the adsorbed water, which
is strongly bonded on the soil particle surface. Thus, V. is
fully saturated even at a very high suction level. Vg
represents the volume of the interconnected pores, which
show varying degrees of saturation during wetting and
drying cycles. From Eq. (3), the maximum degree of sat-
uration S, .« can be determined as

— Vunsat + Vres (4)

Vvoid

tan? 0;

2
(1 + tan2 0;)

a*(1 —ri

)+
]Am.‘

In?(s/s¢

=

2
i

e

Sr.max

2
i

(I—rf

and the residual degree of saturation S, s is expressed as

(5)

(14 tan? 6;)

Il
o Vies

- Sy res = .
o Vvoid

=)~

Assuming that the unsaturated volume V. consists of
N subporosities

D

) In(s/s¢

tan? 0;) tan? 0;
N
Sy = Sres + (Smax - Sres) ZRi [1 + (Oi,'S)
1

2
i

tan 0,-(1 +r;

N
Vunsat = Z Vunsat,h (6)
1

2
i

(1 =7

volumetric fraction R; for the ith subporosity can be defined
as

i

SWCCC function

Ri _ Vunsat,i ) (7)

Vun sat

S,
With

Dividing the both sides of Eq. (6) by Vynsae gives

Table 1 (continued)

References
This paper
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The concept of Burger, Shackelford [8] for bimodal soils
can be extended to establish the S,—s relationship for a
multimodal soil by assuming an idealized N-modal pore
structure as following (see Fig. 2a). For a N-modal soil, we
may introduce N—1 delimiting points s; (2 <i < N) to
divide the SWCC into N subcurves. One subcurve repre-
sents one subporosity. In addition, two additional ‘delim-
iting’ suctions s; = 0 and sy, = co are employed for
mathematical convenience. For an imposed suction
§ € [si,Sit1), it is assumed that the 1st to the (i—1)th sub-
porosity are completely desaturated, whereas the (i + 1)th
to the Nth subporosity are fully saturated. The ith sub-
porosity is under desaturation process, and the water vol-
ume in the ith subporosity V,, ; is expressed as

Vi = Sr,iVunsat,i for s € [Si;si+1)7 (9)

where S, ; represents the local degree of saturation of the ith
subporosity and is described by a unimodal SWCC model
(e.g., VGM). From Egs. (3)—(9), the total water volume in
the soil at a suction level s € [s;, $:41), can be expressed as

Vw = Sr,iVunsat,i + Vunsat - Z Vunsatﬂ' + Vres (10)
1
fors € [s;, sit1).

The degree of saturation gives

Vw d Vunsal Vres
Sr - = Sr l'R,' 1— R,‘
( ’ + Z ) Vvoid + (1 1)

Vvoid Vvoid
fors € [s;, 8i41).

Substituting Eqs. (4) and (5) into (11) gives

Sy = Sr,iRi +1- R; (Sr,m X Sr,r s) + Sr,r s
( Z > a: e es (12)

fors € [s;, 8it1).

From Eq. (12), it is not hard to find that SWCC in terms
of the effective degree of saturation S, can be expressed as

S, = (1 - ZR,-) +R;S,; fors € [s;,si11) (13)
1

In this paper, VGM (with the constraint m + 1/n =1
suggested by Van Genuchten and Nielsen [17]) is adopted
to describe S, ;:

Sy = {1 + (ocis)ﬁ} " fors e [siy Sit1) (14)

where o; and m; are the VGM parameters for the ith sub-
porosity. From Eqgs. (12)—(14), we get the degree of satu-
ration of a N-modal soil in a piecewise form

S, = (Sr,max _ Sr,res){ (1 — E R,-) + R; [1 + (0(1?)'*17] mi}
1
+ Spres  fors € [si, si41)
(15)

and the effective degree of saturation

S, = (1 - ijm) + R+ ()| (16)

fors € [S,', S,‘+1).

air I _ Vary

+

air - -
- 1% sub porosi I V.
1* sub porosity p ty un?at.l
. : -th = AV .
ith sub pOI'OSi ty — Sr.xvunsat.li 1 sub I:)OI‘OSIty :}‘IL “n:SE“J Vunsat > Vvoid
i - N™ sub porosi I Vinsat N
Vi N sub porosity 2 ty unsa
residual water +
solid
residual water e Vies
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Fig. 2 a Schematic presentation of DMVGM for a N-modal soil, b schematic presentation of DMVGM for a bimodal soil (N = 2, equivalent to

the bimodal model of Burger, Shackelford [8])

The piecewise SWCC function in Eq. (16) is named as
discrete multimodal van Genuchten model (DMVGM).
From the left limit of a delimiting point s = s;

i—1 i
llm Se = <1 — E R,) —|—Ri_1 |:1 + (OCi_lsi)l”"i—l:| l
§—s; ]
(17)

and the right limit

lim S, = (1 - iR,») +Ri[1 + (Ofisi)%m‘} o (18)
1

§—8
i

we get the following inequality

i—1
lim S, > (1 - ZR,-) > lim S,.
S—8; 1

(19)

s—si

Therefore, DMVGM predicts a point of discontinuity at
each delimiting points, as shown in Fig. 2a. For a bimodal
soil (s; = 0, s, = s;, 53 = 00), Eq. (16) degrades to

R, + Ry [1 + (ocls)ﬁ} 7m], fors € [O,sj)

Se = 1 ]—m
R, [1 + (ags)‘*”*z} ,

fors € [sj, oo)
(20)

and the volumetric fraction of macro (R;)- and micro (R5)-
porosity can be expressed as

Sr,]' - Sr.res

R = Sr,max _Sr,j
! - Srﬁres

and R, =
- SrA,reS

(1)

Sr.max Sr,max

Substituting Egs. (21) in (20), it is not hard to see that the
Burger, Shackelford [8] bimodal model (using VGM to
describe S,;) is equivalent to DMVGM with N =2, as
shown in Fig. 2b.

2.2 A continuous multimodal SWCC model—
CMVGM

In order to derive a continuous multimodal SWCC model,
the whole pore space of the soil is regarded as a superpo-
sition of a set of overlapping subporosities, each of which
occupies a volumetric fraction R; [12, 34, 48]. The con-
tinuous multimodal SWCC model in terms of effective
degree of saturation S, is obtained by extending the
bimodal function (Eq. 2) as

N
Se=> RiSy;
1

where again N is the modality number, R; is the volumetric

(22)

N
fraction of each subporosity with > R; = 1, and S, is the
1

local degree of saturation of a subporosity. This general
concept was first proposed by Ross and Smettem [34].
They pointed out that S,; may be described by any uni-
modal SWCC model (e.g., BCM and VGM). For the aim of
simplicity, S,; is replaced by VGM (with the constraint
m + 1/n = 1) in this study. A continuous N-modal SWCC
model is then expressed as

m;

S, = XT:R,- [1 n (ocis)‘*;mi}i , (23)

where again o; and m; are the VGM parameters for each
subporosity. The SWCC function in Eq. (23) is named as
continuous multimodal van Genuchten model (CMVGM).

@ Springer



Acta Geotechnica

3 Development of discrete-continuous
multimodal Van Genuchten model (D-
CMVGM)

In Sect. 2, two N-modal SWCC functions in piecewise
form [DMVGM in Eq. (16)] and continuous form
[CMVGM in Egq. (23)] are introduced. For practical
applications of these models, convenient parameter cali-
bration methods are required. In comparison with
CMVGM, the parameter determination method for
DMVGM is relatively simple due to the independence of
the parameters for each subporosity, but the numerical
implementation is inconvenient since DMVGM generates
N—1 discontinuity points in the SWCC. Furthermore, the
discontinuity feature is more significant with increasing
modality number N. In contrast, CMVGM describes a
continuous SWCC with convenient numerical implemen-
tation. However, including the S, ,.x and S, s, the totally
3 N + 2 parameters can be hardly determined through
solely a best fitting procedure due to the strong intercor-
relation among the parameters.

Note that the CMVGM and DMVGM possess identical
set of parameters except for the additional delimiting
suctions s; for DMVGM, it is possible to calibrate the
common parameters in DMVGM and use CMVGM to
describe a continuous multimodal SWCC. This framework,
utilizing both advantages of DMVGM (convenient
parameter determination method) and CMVGM (simple
and continuous mathematical function), is named as
D-CMVGM. The detailed properties in D-CMVGM are
shown in Table 1. In this section, the feasibility of the
D-CMVGM framework for bimodal SWCCs is validated in
Sect. 3.1; the determination procedure for the modality
number N, delimiting suctions for DMVGM, as well as the
common 3 N + 2 parameters for DMVGM and CMVGM,
is shown in Sect. 3.2; an example for reproducing a mul-
timodal SWCC of a silty sand by D-CMVGM is demon-
strated in Sect. 3.3; the development of a modality number
reduction method (MNRM) is shown in Sect. 3.4.

3.1 Feasibility of D-CMVGM framework
for bimodal SWCCs

The feasibility of D-CMVGM framework is validated by
using CMVGM and DMVGM with identical parameters to
simulate the same bimodal SWCCs, as shown in Fig. 3.
Additionally, for DMVGM, the point at S, = R, is chosen
as the delimiting point. For the silty sand [49] in Fig. 3a
with a relative high ratio of a/a, = 77 (distinct bimodal
pore structure), DMVGM and CMVGM reproduce almost
identical SWCC. For the undisturbed loams [28] in Fig. 3b,
¢ with relative low ratios of og/a, =46 and 24,

@ Springer

respectively, as well as the coarse sand [37] in Fig. 3d with
an extreme low ratio of oy/a, = 3.6, the SWCCs repro-
duced by CMVGM and DMVGM are in good agreement
with a slight discrepancy near the delimiting point. In
general, DMVGM and CMVGM with the same set of
parameters reproduce almost identical bimodal SWCC
despite a slight discrepancy in a small range near delim-
iting point. The more pronounced the bimodal feature is,
the less remarkable is the discrepancy. This phenomenon
revealed a crucial fact that the parameters in CMVGM can
be obtained with DMVGM based on SWCC data. Substi-
tuting the determined parameters in CMVGM then gives a
continuous SWCC over the entire suction range. In fact, the
parameter set of CMVGM for a multimodal SWCC may be
not unique [18, 46], which will be discussed in Sect. 5. The
unique parameter set determined by DMVGM is regarded
as one of the suitable parameter sets of CMVGM. This
common parameter set of DMVGM and CMVGM can be
conveniently determined in the proposed D-CMVGM
framework, which is introduced in the following
subsections.

3.2 Parameter calibration method for the D-
CMVGM framework

3.2.1 Determination of S, and S,

Under the framework of D-CMVGM, the effective degree
of saturation S, of a soil with complex pore structure is
described by Eq. (23), while SWCC is usually represented
in terms of gravity water content w, volumetric water
content 6 or degree of saturation S,. Thus, a complete
multimodal SWCC model can be generally expressed as

§= (Smax - Sres)Se + Sres (24)

where S is defined as general water content representing w,
0 or S,; Spax and S, are the maximum and residual values
of that general water content, respectively. The maximum
value of the water content measured during SWCC tests is
adopted for the parameter S,,.x. The parameter S repre-
senting the residual water content at high suction range is
set equal to zero. From Eq. (24), we obtain
S — Sres

) S s (25)

The SWCC data are then represented in terms of S, by
using Eq. (25) and replotted in the log s—log S, plane to
determine the other parameters.

3.2.2 Determination of N and R;

Figure 4a shows a set of unimodal and multimodal SWCCs
divided into several linear segments (slope not equal to
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Fig. 3 Fitted bimodal SWCCs in terms of S. by using DMVGM and CMVGM with identical parameters a SWCC of a silty sand with
Srmax = 0.92, S, s = 0, data from [49], b SWCC of undisturbed Neuenkirchen loam (at a depth of 15 m) with wp,x = 0.46 (maximum gravity
water content) and w,.s = O (residual gravity water content), data from [28], ¢ SWCC of undisturbed Neuenkirchen loam (at a depth of 60 m)
with wpy. = 0.42 and w,.s = 0, data from [28], d SWCC of a coarse sand with 0,,,, = 0.32 (maximum volumetric water content) and 0,.; = 0

(residual volumetric water content), data from [37]

zero) and horizontal segments in the logs—logS, plane (In
this paper, log X represents the base 10 logarithm of X).
Under the framework of D-CMVGM, a linear segment in
the logs—logS, plane is regarded as a ‘subporosity’, i.e., the
modality number N is identical with the number of the
linear segments (horizontal segments occupy zero volu-
metric fraction). As shown in Fig. 4a, the SWCC of silty
loam [6] is unimodal; the SWCCs of kaolin—sand mixture
[35], coarse sand [37] and undisturbed loam [28] are
bimodal. Particularly, the SWCC of silty sand with gravel
[49] is trimodal. The first linear segment represents the
macroporosity, and the third linear segment represents the
microporosity within the aggregations of fine particles. The
second ‘transition’ linear segment, which is determined by
the pore space in the overlapping range of macro- and
microporosity, can be regarded as an extra porosity,
although it occupies a small volumetric fraction. A similar

finding has also been reported by Lloret and Villar [24].
They treated the microstructure of the heavily compacted
‘FEBEX’ bentonite as an assemblage of two distinguished
porosities (macro- and microporosity) and an extra porosity
in their overlapping range.

In the logs—logS, plane, the cross-points of each adja-
cent linear segments and horizontal segments are chosen as
delimiting points, and the volumetric fraction R; for each
‘subporosity’ is graphically determined. Based on this
concept, a general procedure to separate a N-modal SWCC
into N linear segments in the logs—logS, plane is demon-
strated in Fig. 4b.

3.2.3 Determination of m and « for unimodal case (N = 1)

For the case of N=1, both DMVGM and CMVGM
degrade to VGM, which means that D-CMVGM with
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Fig. 4 a Presenting SWCCs of different soils in the logs—logS. plane, b schematic representation of a general procedure for separating a N-modal

SWCC into linear segments in the logs—logS, plane

N =1 is equivalent to VGM. The SWCC in terms of
effective degree of saturation S, is

—m

S, = [1 + (fxs)ﬁ} (26)

The slope k of the SWCC in the logs—logS, plane is
defined as

_dlogS,  dS.s  m (ocs)ﬁ
- dlogs  dsS. l—my 4 (o)

(27)

From Eq. (27), it is not hard to see that the slope k
monotonically increases with increasing suction. Thus, the
maximum slope k., iS reached, when suction trends to
infinite:

1
ko — lim 31085y __m
s—400 dlogs 1—m

Taking the logarithm of both sides of Eq. (26) gives

(28)

m m
logs — 1

log S, = — log o

—m —m

- mlog[l + (ocs)fﬁ] . (29)

When suction trends to infinite, the third term on the
right-hand side of Eq. (29) vanishes, indicating a linear
asymptote of VGM in the logs—logS, plane as

m

logS; = — logs — n log o, (30)
1 m

—m 1—

where S} is the value of effective degree of saturation on
the asymptote. When the soil is saturated, the suction value
sqe on the asymptote is solved from Eq. (30) by setting
S> =1, which gives

(31)

1
Sge = —.
o
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This suction s, is usually regarded as the air entry value
of the soil. These features of VGM expressed in Egs. (26)-
(31) can also be found in [15, 20].

The evolution of VGM in the logs—logS, plane is
schematically demonstrated in Fig. Sa. When suction
exceeds the air entry value, VGM rapidly trends to its
asymptote and the slope k increases up to m/(1—m). That
means, for a unimodal SWCC, the linear asymptote can be
approximated by using the measured SWCC data and the
parameter m is back calculated as

k

"= (32)

where k is the slope of the approximated asymptote. The
parameter « is the inverse of s,, (Eq. 31), which can be
graphically determined, as shown in Fig. 5a. An example is
shown in Fig. 5b, the SWCC of a compacted silty sand
(data from [29]) is accurately reproduced by VGM with the
parameters determined by the proposed calibration method.

3.2.4 Determination of m; and «; for multimodal case
(N=2)

For the case of N > 2, the N-modal SWCC presented in the
logs—logS, plane is divided into N linear segments, as
shown in Fig. 4. The parameters m; and «; are determined
based on the slope and position of each linear segment. In
DMVGM, the slope k; of the ith subcurve in the log s—log
S. plane is defined as

dlogS,  dS. s

- =—-——5 f isSi
dlogs ~ s 5, [orsElsisiv)

(33)

P =

Taking the derivative with respective to s in Eq. (16)
gives
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Fig. 5 a Schematic for the evolution of D-CMVGM with N = 1 (VGM) in the logs—logS. plane, b fitted SWCC of a silty sand (data from [29]) by

D-CMVGM with N = 1 (VGM)

dSe m; ]+ 1 1 —m;—1
= —— R Migtm {1 . 17"1,}
ds 1 —m %S + ()

for s € [si,si+1)

(34)

Combining Eqgs. (13), (14), (33) and (34), we obtain
ki = m; ( _ S%mi) feisr,i
1 —my ’ (1 - Zl R,‘) + R;S; ;i (35)
fors € [si,8i11)

Details in the derivation of Eq. (35) are shown in
Appendix A. Note that

=Y R=Y R, 66)
1 i

Equation (35) may be rewritten as
m; 1/m; RS,
e (s
1 —m; ' (Z, R; — Ri) + RS, (37)
fors € [S,‘,Si_H).

Let us define the effective volumetric fraction R.g; for
the ith subporosity as

N
Resri =Ri/ > Ri. (38)
Substituting Eqgs. (38) in (37) gives
ki = m; (1 _ S%m,-) Retr iSy,i
L —m ") (1 = Regri) + RefriSri (39)

for s € [si75i+l)~

For the ith subporosity, it shall be noted that the
parameters m; and R.g; are two constants. The parameter
m; is characterized by the pore size distribution of the ith
subporosity. That means, the slope k; solely depends on the

local degree of saturation S,; according to Eq. (39). As
suction increases from s; to s;,;, S,; gradually decreases
from 1 (fully saturated ith subporosity) to O (fully desatu-
rated ith subporosity). From mathematical point of view,
Eq. (39) predicts a maximum for the slope k; during the
desaturation process. Furthermore, it is proved that the
maximum slope k; n.x exists for any combination of R,
(0 < Regr; < 1) and m; (0 < m; < 1) (see Appendix B). An
example of the k; evolutions for different combinations of
m; and Reg;is shown in Fig. 6a (m; = 0.8) and b (R
= 0.8). Thus, the maximum slope k; ,.x can be generally
expressed as a function of m; and Reg,;:

dlog$S.\
kimax = max (_ dlog s ) _f(ml) Reff,z) (40)

for s € [si, 8it1)-

The analytical expression for the function f (m;, Refr,;) is
difficult to determine, but the evolution of k; ,.x, depending
on Res; and m;, can be numerically obtained according to
Eq. (39), which are plotted in Fig. 7a (for 0 < k; nax-

< 0.5) and b (for 0.5 < k; ax < 2.5).

The mean slope k; mean, Which is graphically determined
from the ith linear segment in the logs—log S. plane, is
approximated by the maximum slope k; .« for each sub-
porosity (such an approximation is proved to be adequate
to describe the SWCC accurately, see the subsequent
sections):

ki,mean ~ ki,max :f(mhReff,i)

Consequently, m; can be back calculated by Eq. (41)
using the prior determined mean slope k;mpe., and the
effective volumetric fraction R.g; for each subporosity.
Equivalently, the parameter m; can be directly determined

for s € [S[,S[+1) (41)
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Fig. 6 The relationship between Reg;, m; and k; a for m; = 0.8 and b for Reg; = 0.8

from Fig. 7a, b with graphically determined values of
ki,mean and Reff,i'

In order to determine o;,, CMVGM with prior deter-
mined R; and my; is fitted to the overall SWCC data. As
shown Fig. 4b, the initial approximation for «; (denoted as
o}) is regarded as the inverse of the suction of the point on
the first linear segment by S, = 1. For i > 2, the inverse of
delimiting suctions is adopted as the initial approximation
for o; (denoted as o). It is worth to emphasize that such an
approximation is already close to ;. For this reason, the
best fitting procedure is stable and converges rapidly. In
this paper, the parameter «; (in the unit of kPa™') is pre-
sented as the inverse of a suction value.

3.2.5 Summary for the parameterization of SWCCs by using
the D-CMVGM framework

A general procedure to reproduce unimodal or multimodal
SWCCs by using the D-CMVGM framework is summa-
rized as following:

1. Determine S, and S, based on the measured SWCC
data and calculate the effective degree of saturation S,

2. Plot the SWCC data in the logs—log S, plane

3. Divide the SWCC data into N linear segments and
determine the delimiting points

4. Calculate the volumetric fraction R; and effective
volumetric fraction R.¢r; of each subporosity

5. Measure the mean slope k; mean Of €ach linear segment

6. Determine the parameters m; with prior determined
ki mean and Regr; from the diagram in Fig. 7.

7. Determine o from the SWCC in the log s-log S, plane.
Adopt o] as initial approximation for ;. and fit
CMVGM to all of the measured SWCC data with
prior determined R; and m;.
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8. Use CMVGM with the determined parameters to
reproduce SWCC

For the case of N=1, D-CMVGM is equivalent to
VGM, and Eq. (40) degrades to Eq. (28), which corre-
sponds to the curve for R.g; = 1 in Fig. 7. The proposed
parameter calibration method is automatically adapted to
that for VGM, and hence the above described procedure is
also valid for unimodal SWCCs.

3.3 Example of the reproduction of the SWCC
for a silty sand with a trimodal function

The fitted SWCC of a silty sand (SW-SM with gravel
according to [49]) by using D-CMVGM framework is
demonstrated in Fig. 8. The maximum and residual degree
of saturation S, ,x and S, s are set equal to 0.92 and O,
respectively (see Fig. 8a). Replotting the data in the log§ —
logS, plane, the SWCC shows a pronounced multimodal
characterization. Dividing the SWCC into three linear
segments (see Fig. 8b), denoted as S1, S2 and S3, respec-
tively, a trimodal function (N = 3) is adopted to reproduce
the SWCC. Setting the delimiting points at the two cross-
points of the linear segments (see Fig. 8c), the volumetric
fraction R; of each subporosity is graphically determined
(R; =047; R, =0.07; R; = 0.46) and the effective volu-
metric fraction Reg; 1S calculated (Regr; = 0.47; Regro
= 0.13; Repr3 = 1.0). Measuring the mean slope k; ean Of
each linear segment (ki mean = 0.62; ko mean = 0.04;
k3 mean = 0.19), the parameters m; are directly obtained
from Fig. 7 (m; = 0.78; my = 0.42; m3 = 0.17, see Fig. 8d,
e). Eventually, the o« (initial approximation for o;) are
directly graphically determined, and the parameters «; are
obtained by fitting CMVGM to the overall SWCC data
(o; = 1/0.12; op, = 1/0.50; o3 = 1/15.5). As shown in



Acta Geotechnica

(a)

0.5 T / / T T
04} Res=1 o /// ]
| .8
= 7
£0.31 5 J
£ 4
2 .
§ 0.21 1 1
g
<~
011 1

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

m; [—]

P
O
~—

N
o0

N
T

)

ki,mean ~ ki,maz [_]
—
(3,
T

.8
1+ '7.6 £ |
N .4_3
0-5 i ] 1 1 1 / I
0 0.2 0.4 0.6 0.8 1

m; [—]

Fig. 7 The relationship between Re;, m; and k; m.x (numerically determined) for a 0 < k;ax < 0.5 and b 0.5 < k; pax < 2.5

Fig. 8f, the fitted curve is in good agreement with the
SWCC data.

3.4 Modality number reduction method (MNRM)
for D-CMVGM framework

In the previous subsections, the procedure of reproducing a
multimodal SWCC by using D-CMVGM framework has
been introduced. However, the modality number N can be
further reduced by regarding the subporosity with rela-
tively low volumetric fraction as the overlap of its adjacent
subporosities. Such a subporosity is named as ‘transition
subporosity’, and its linear segment is named as ‘transition
segment (TS)’. In this study, the subporosity, whose vol-
umetric fraction is lower than 0.1, is regarded as the tran-
sition subporosity. The middle point of a transition segment
is chosen as a delimiting point to split the transition seg-
ment. By incorporating half of the volume into the former
adjacent subporosity and the other half into the latter
adjacent subporosity, the modality number is reduced
(modality number coincides with the number of linear
segments). This method is named as modality number
reduction method (MNRM), which simplifies the form of
SWCC function and reduces the number of unknown
parameters. A schematic representation for dividing a
N-modal SWCC into linear segments and transition seg-
ments in the log s—log S, plane by using MNRM is shown
in Fig. 9.

The procedure for reproducing the SWCC of a silty sand
(SW-SM with gravel according to [49]) by using
D-CMVGM framework incorporating MNRM is shown in
Fig. 10. The second subporosity with a volumetric fraction
of 0.07 is regarded as a transition subporosity and its linear
segment as transition segment. The corresponding param-
eter calibration procedure is shown in Fig. 10. As can be

seen, the SWCC is precisely reproduced, while the SWCC
function is simpler, and less parameters are required.

4 Applications of the D-CMVGM framework

4.1 Simulation of bimodal and trimodal SWCCs
of mixed soils

In Fig. 11, the measured SWCCs of four mixed soils (S1—
S4) from [35] are demonstrated. The four artificial soils
were prepared by mixing coarse kaolin and Ottawa sand
with different fines contents, and therefore they have dif-
ferent pore structures and different SWCCs. As shown in
Fig. 11a, the SWCC of S1 can be regarded as an assembly
of three linear segments. The second subporosity occupies
a volumetric fraction of 0.08, which is less than 0.1.
However, in order to validate the ability of the D-CMVGM
to reproduce a trimodal SWCC and improve the accuracy
of the curve fitting, this subporosity is not seen as a tran-
sition subporosity, and a trimodal function is used to
reproduce the SWCC of S1. In Fig. 11b, the SWCC of S2
splits into four linear segments. As the second linear seg-
ment is almost horizontal (the volumetric fraction of sec-
ond subporosity is close to zero), MNRM is applied, and
the middle point of the second linear segment is chosen as a
delimiting point. Therefore, a trimodal function is used to
describe the SWCC of S2. The SWCCs of S3 and S$4 splits
into three linear segments, as shown in Fig. llc, d,
respectively. For the same reason as Fig. 11b, the second
linear segments of both SWCCs are regarded as a transition
segment, and delimiting points are set in the middle of the
transition segments, i.e., a bimodal function is adequate to
reproduce the SWCCs of S3 and S4.
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Fig. 8 A fitted multimodal SWCC of a silty sand from the D-CMVGM framework (data from [49])
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The volumetric fraction R;, the mean slope k;mean as
well as of (as the initial approximation of «;) for each
subporosity are presented in Fig. 11. The parameters for
D-CMVGM framework as well as the 0., and 0. for
each sample are listed in Table 2. Figure 12a, b demon-
strate a good consistency between the fitted curves and the
measured SWCCs.

4.2 Simulation of bimodal SWCCs of a silty sand

Angerer [4] prepared a set of reconstituted samples of low
plasticity silty sand, which were statically compacted to
different initial densities (I; = 0.5, 0.7 and 0.9) at different
water contents (w = 3%, 6% and 10%). The fine content of
the soil is 9.5%, including 1% clay and 8.5% silt. The
SWCCs of the samples were measured over a wide suction
range up to about 1 x 10° kPa by using both suction ten-
siometers (for suction lower than 1 x 10° kPa) and a
chilled mirror hygrometer (for suction higher than
1 x 10 kPa). In this paper, only the SWCCs of the sam-
ples compacted at a medium density of Iy = 0.7 are pre-
sented and reproduced.

In Fig. 13a, the SWCC for the soil compacted at
w = 3% is demonstrated in the log s-log S, plane, which
consists of two linear segments and a transition segment. A
delimiting point is set in the middle of the transition seg-
ment according to MNRM. Therefore, a bimodal function
is used to describe the SWCC. A similar approach is
applied to the SWCCs for the samples compacted at
w=6% and w=10% in Fig. 13b, c, respectively. The
parameters of the three SWCCs are shown in Table 3. With
the S, max and S, ., the fitted SWCCs in terms of degree of
saturation along with the SWCC data are presented in a
conventional log s—S, plane in Fig. 13d, by which a good

® SWCC data

S;= linear segment 1 ® delimiting points

_ horizontal segment

1 I

\:/RNA}
-\ ”’:’ """""""""""""""""" SN

N

Ry | . v

i 1ay* Vax* 1/os* Voaxa*  lox* i

V g ! | H H .-I »

T T T T T Ll
$4=0 S S3 SN SN SN+1T=©  |log s

Fig. 9 Schematic representation of separating multimodal SWCC into
linear segments and transition segments in the logs—logS. plane by
using MNRM

agreement between the fitted curves and measured SWCCs
is shown.

In addition, the influence of the compaction water con-
tent on the SWCCs can be investigated from the variations
of the parameters in Table 3. It is noted that the parameters
Ry, R,, oy and a, are affected, while the other parameters
remain almost constant. When regression analysis is con-
ducted and parameters R;, R», a; and o, are related to
compaction water content, the SWCC for the soil com-
pacted at other water content can be estimated.

5 Discussion of the uniqueness of the set
of parameters

As mentioned in Sect. 3, the parameters involved in
CMVGM are highly correlated, and thus the use of the least
square fitting approach for parameter determination might
cause convergence problems in the optimization process
[18, 46, 52]. Gitirana Jr and Fredlund [18] pointed out that
a unique set of parameters may not exist, when the fitting
parameters is not related to the shape features of curves. In
this work, this issue is analyzed by reproducing the iden-
tical SWCC using CMVGM with two different set of
parameters.

In Fig. 14a, the SWCC of a silty sand (SM with gravel
according to [23]), presented in the log s—log S, plane
(Wmax = 0.176 and w,s = 0), is approximated by three
linear segments. Two delimiting points are set at the cross-
points of the linear segments. The parameters determined
for a trimodal SWCC function are referred to as ‘solution
1. In order to find another set of parameters, a specific
SWCC separation approach is introduced in Fig. 14b,
where the second linear segment is regarded as a transition
segment. One delimiting point is set in the middle of the
transition segment, and the other delimiting point is used to
divide the former first linear segment into two parts. Based
on this specific separation approach, the determined
parameters are referred to as ‘solution 2’. The parameters
in both solutions are shown in Table 4.

The fitted SWCCs with both sets of parameters are
demonstrated in Fig. 14c (in terms of effective degree of
saturation S,) and d (in terms of gravity water content w).
Despite the different parameters, the two fitted curves are
almost identical and consistent with the SWCC data,
revealing a crucial fact that the set of parameters for
CMVGM may be not unique for identical SWCC. Poten-
tially causing the convergence problem and uncertainties in
the curve fitting procedure, this shortcoming of CMVGM is
overcome under the proposed D-CMVGM framework. A
unique set of parameters can be determined with a prede-
fined SWCC linearization and separation procedure in the
log s—log S, plane. This feature provides the possibility to
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Fig. 10 A fitted multimodal SWCC of a silty sand from the D-CMVGM framework incorporated with MNRM (data from [49])

extend D-CMVGM by relating the parameters to soil
properties or state parameters (for instance, compaction
water content, see the example shown in Sect. 4.2).

6 Conclusion

A continuous N-modal SWCC model D-CMVGM with a
convenient parameter calibration method is proposed, by
which the modality number N can be any positive integer.
The CMVGM provides a continuous function to describe
the multimodal SWCC of the soils with heterogeneous pore
structure. However, the determination of all the parameters
solely with a curve fitting procedure leads to convergence
problems and enhanced uncertainties, due to the none-

@ Springer

uniqueness in the parameters of CMVGM. This problem is
overcome under the developed D-CMVGM framework. A
unique set of parameters are conveniently determined by a
prior SWCC linearization and separation procedure in the
log s—log S, plane. The modality number N corresponds to
the number of linear segments of the SWCC presented in
the log s—log S, plane. In addition, MNRM is proposed to
reduce the number of parameters and simplify the form of
SWCC function. The parameters R; and m; can be graphi-
cally determined, and the parameters o; are determined
using a curve-fitting procedure with known parameters R;
and m;. Eventually, the parameters are substituted into
CMVGM to reproduce a continuous multimodal SWCC.
The mathematical form of D-CMVGM is relatively
simple in comparison with other multimodal (bimodal)
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Fig. 11 Separation of the SWCCs of four sand—kaolin mixtures into linear segments in the logs—logS, plane (data from [35]), a for soil S1, b for
soil S2, ¢ for soil S3, d for soil S4

Table 2 Parameters of D-CMVGM for soils S1-S4

Omax Ores o my R, %) my R, o3 ms R3

-] -] [KPa~'] -1 -] [KPa~'] -] -] [KPa~'] -] -]
S1 0.21 0 124 0.83 0.12 1/136 0.83 0.09 1/141 0.29 0.79
S2 0.32 0 120 0.82 0.13 1/87 0.86 0.47 1/316 0.17 0.40
S3 0.34 0 1/5.5 0.71 0.15 1/77 0.38 0.85 - - -
S4 0.31 0 1/5.7 0.71 0.12 1/103 0.43 0.88 - - -

SWCC model developed with unique parameter approach. curves show good consistency with the SWCC data. In
In this work, a total of 9 bimodal SWCCs and 3 trimodal addition, the D-CMVGM framework can be further
SWCCs from different soils are reproduced, and the fitted
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Fig. 12 Fitted SWCCs in terms of volumetric water content from the D-CMVGM framework (data from [35]) a for soils S1 and S2, b for soils S3
and S4

improved by correlating the parameters to other soil =
" . ) mi  (oys)™m RS,
roperties or state parameters. i = 7
prop p 1-— m; 1 + (ais)l—;m; (1 — Zl Rz) + RiS”' (44)
for s € [S,',S,'Jrl).
Appendix Rewrite Eq. (14) in the form
l 1
(os)™mi= S, " —1 fors € [s;,si11), (45)

Appendix A: details in the derivation and substituting Egs. (45) in (44) gives Eq. (35).

of Eq. (35)

Appendix B: proof for the existence

Substituting Eqgs. (34) in (33) gives .
g Eas. G4 in (33) ¢ of the maximum slope k; .4

m; ;{ ;} —-mi—11
VM GTemy 1 L) T-m; i
om O (25) Se (42)

for s € [sj,si+1).

ki =R;

a) For the case 0 < Rer; <1 (i < N)

In Eq. (39), k; is continuous on §,; € [0,1] and differ-

Applying VGM for the ith subporosity (Eq. 14) to  opgiaple on S,.; € (0,1). After the Lagrange’s mean value

Eq. (42), we obtain theorem, there is a value ¢ of S,; € (0,1) such that
1
mi  (0as)T Sy dk; k(1) — k(0)
ki=R; —  fi € [Siy Sit1)- 43 Si=¢)=——7"-=0, 46
o s, oSk @) e (=9 =T (46)

Substituting Egs. (13) in (43), we have Thus, the slope k; at S,; = ¢ is the maximum slope

ki,max~
b) For the case Re; = 1 (i = N or unimodal SWCC)
If Regr; = 1, Eq. (39) degrades to
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Fig. 13 a Separation of SWCC w = 3% into linear segments, b separation of SWCC w = 6% into linear segments, ¢ separation of SWCC
w = 10% into linear segments, d reproduction of the SWCCs of a medium dense silty sand compacted at different water contents (data from [4])

Table 3 Parameters of D-CMVGM for the compacted silty sand

Sr,max Sr,res R 1 o my R2 2%} ny

[~ -1 -1 [KPa™'] -1 -1 [KPa™'] -1
w=3% 0.81 0 0.78 1/1.7 0.75 0.22 1/87.9 0.21
w = 6% 0.81 0 0.72 1/1.4 0.75 0.28 1/20.5 0.21
w = 10% 0.82 0 0.55 1/1.2 0.78 0.45 1/2.7 0.21
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Fig. 14 a Separation of the SWCC into linear segments for solution 1, b separation of the SWCC into linear segments for solution 2, ¢ fitted
SWCCs of a silty sand in log s—log S, plane, d fited SWCCs of a silty sand in log s—w plane (data from [23])

Table 4 Two sets of parameters of trimodal CMVGM for the SWCC of a silty sand

R| 4] mg R2 [2%) my R3 o3 ms

(-] [KPa™] (-] (-] [KPa™'] (-] (-] [KPa™'] (-]
Solution 1 0.31 1/0.51 0.38 0.15 1/51.7 0.50 0.54 1/276 0.30
Solution 2 0.20 1/0.40 0.45 0.19 1/2.0 0.23 0.61 1/159 0.30
b — m; 1 1/m; 47 Funding Open Access funding enabled and organized by Projekt
i = 1—m; ( o Sr,i ) ( ) DEAL. The research leading to these results received funding from

Thus, the slope at S,; = 0 is the maximum slope k; m,x.

Combining a) and b), the existence of the maximum
slope k;max for any combination of m; € (0,1) and Regr,-
€ (0,1] is proved.
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Abstract

The soil water characteristic curve (SWCC) strongly influences the hydro-mechanical properties of unsaturated
soils and hence plays a decisive role in geotechnical and geo-environmental applications in vadose zone. This
paper advances a novel framework to predict the water retention behaviour of multimodal deformable soils based
on the pore size distribution (PSD) measurements, by which the dual effects of suction on the soil microstructure
and volume during SWCC tests are considered. The full picture of soil microstructure is quantitatively described
by void ratio (for the overall void volume) and a new microstructural state parameter (for pore size distribution)
from a general multimodal PSD model. The relationship between the water retention curve and the pore size
distribution measurement is interpreted by a unique PSD-surface, and a reversible microstructural behaviour is
assumed during drying and wetting cycles. The model is validated by predicting the water retention curves of four
different types of soils. A strong consistency between the measurement and prediction is observed. The closed-
form water retention expression obtained directly from PSD measurements can be further incorporated into other
unsaturated soil property formulations (e.g., unsaturated hydraulic conductivity and effective stress parameter) and

facilitate the implementation of the model in particle applications.
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1. Introduction

The soil water characteristic curve (SWCC), defined as the relationship between the soil suction and water content
(gravity water content w, degree of saturation S, or volumetric water content ), is dominated by soil pore
structure. SWCC and soil microstructure play a decisive role in the unsaturated soil applications, as they
significantly influence the hydraulic (e.g., unsaturated permeability [1-3]) and mechanical properties (e.g., the
Bishop’s effective stress parameter y [4,5], shear strength [6], compressibility [7]) of unsaturated soils. However,
the experimental approaches to determine SWCC are tedious, expensive and time-consuming owing to the
relatively low hydraulic conductivity of unsaturated soils. For the practical applications, a number of empirical
curve-fitting models [8-10] and predictive models [11-13], relating the SWCC parameters to other soil properties
(the so-called pedotransfer functions), have been developed and successfully applied in geotechnical and geo-

environmental engineering applications in the vadose zone during the past decades.

Conventionally, the soil pore structure is regarded as a bundle of capillary tubes with circular cross section.

The pore radius of the capillary channel in the soil associated to a given suction level s is determined by Kelvin’s

equation:
C 2T cos#@ 1)
’)" —_— =
S S

Here, C is a constant equal to 2T cos 0, T is the surface tension of water (0.072 N/m at 25 °C) and 6 is the contact
angle between soil and water (8 ~ 0° for desiccation) [14,15]. This means that the pores smaller than or equal to
this value r are filled with water at the given suction level s. Assuming that the pore structure remains constant
during the SWCC tests, the dependency of the water content (in terms of effective degree of saturation S,) on the

soil suction s can be derived from the integration of pore size distribution function:

r=C/s

5.(s) = j £6) de @

where £ is a dummy variable of integration representing pore radius, and f () is the pore size distribution (PSD)
function. The procedure in Egs. (1) and (2), determining a SWCC directly from pore size distribution information,
is referred to as “direct transformation method” [16]. Inversely, soil pore size distribution can be derived from

SWCC under the constant pore structure assumption [17].

In the past decades, a number of empirical unimodal SWCC equations have been derived, assuming f (&) obeys
normal distribution [18], lognormal distribution [19] or an empirical unimodal distribution [8-10]. However,
numerous research literatures have shown that the pore structure of compacted clayey soils or mixed soils consists
of interaggregate (macro) and intraaggregate (micro) porosities [20-22], or even more than two sub-porosities [23-
25]. A multimodal pore structure might cause a multimodal SWCC, which cannot be accurately described by the
conventional unimodal SWCC functions. To take into account the general multimodality of the soils with
heterogenous pore structure, a multimodal pore size distribution function f(r) is therefore required in the “direct

transformation method”.

As pointed out by Simms and Yanful [26], the “direct transformation method” oversimplifies the relationship
between the PSD and the water retention behaviour of deformable soils, as the pore structure may significantly
vary during the SWCC test. That is the reason why the directly transformed SWCC from a PSD data set differs
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from the measured SWCC for deformable soils [23,27,28]. For example, Simms and Yanful [26] measured the
microstructures of four fine-gained soils by means of MIP tests and reported that the pore size distribution curve
significantly changed with suction during the SWCC tests. Later, Li and Zhang [29] detected the pore structure of
compacted Lean Clay at different degree of saturation and found that intraaggregate pores contracted during drying.
Monroy et al. [30] observed the microstructural transformation of the London Clay from an aggregate structure at
as-compacted state to a matrix structure at saturation state. More recently, Cai et al. [31] measured different pore
size distributions of the compacted Guilin lateritic soil at different suction levels during wetting and drying paths.
The evolving microstructure during the SWCC test implies that one obtains different SWCCs for a soil by
substituting the pore size distribution curves f(r) into Eqg. (2). This means that the water retention property
predicted by “direct transformation method” (Egs. (1) and (2)) without considering the evolving microstructure is

far from “characteristic” for deformable soils.

To date, very few attempts have been made to predict SWCC directly from PSD measurements. For instance,
Simms and Yanful [26] proposed a network approach by modelling the suction induced pore shrinkage and pore
trapping from the PSD curves. This approach was later adopted by Zhang and Li [32] to predict the SWCCs of
five types of soils varying from gravel to clay. Nevertheless, it seems that the predicted SWCCs do not match well
with their measurements. More recently, Hu et al. [33] related the change in pore-size distribution to void ratio
and derived a density dependent unimodal SWCC model for deformable soils. Afterwards, Chen et al. [34]
extended Hu’s model for bimodal soils by assuming that the overall volume change solely caused the variation in
the interaggregate porosity. However, the density-dependent SWCC models of Hu et al. [33] and Chen et al. [34]
must be calibrated based on a “reference” SWCC measured at a constant void ratio. That means, these models
solely take into account quantitative PSD information in soil water retention behaviour, which are empirical SWCC
expressions in nature and incapable of predicting SWCC directly from PSD data. In contrast, Della Vecchia et al.
[28] incorporated an empirical correlation between the aggregate porosity and water content to account for the
evolutionary fabric in a bimodal pore size distribution expression to modelling the water retention behaviour of
compacted soils with different activity of clay fractions. Nonetheless, a closed-from SWCC expression, which

facilitates the implementation of the model in particle applications, cannot be derived from this approach.

The aim of this paper is to establish a general framework to interpret the relationship between the evolving
microstructure and the water retention behaviour. To overcome the limitations of the “direct transformation
method”, a general multimodal pore size distribution model is employed, and the dual effects of suction on the
pore structure and soil volume during SWCC tests are considered. The proposed model is capable of predicting
the multimodal water retention curves directly from PSD measurements, which is validated against experimental

data of four different soils with complex pore structure.
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2. Theory

2.1. A multimodal PSD model based on probability theory

In this subsection, the multimodal PSD model developed by Yan and Cudmani [35] based on probability theory is
briefly described. Following Scheidegger [36] and Juang and Holtz [3], the pore radius denoted to a point in the
void space is defined as the radius of the largest sphere containing this point within the void space (i.e., the sphere
cannot touch soil particle). Under this framework, the pore radius is a continuous random variable depending on

the position of the denoted point. According to probability theory, we have

ermf(r) dr = 1. ®)

Herein, f(r) is the pore size density function, and the term f(r)dr represents the probability of the occurrence of

a sphere with a radius r — r + dr in the void space.

For a general case (i.e., a multimodal soil), the overall soil microstructure might be regarded as an assembly of
N individual monomodal sub-porosities [17,37,38]. The overall pore size density function f(r) is acquired by a

linear superposition of the PSD functions of sub-porosities f;(r):

N
0= ) Rifi®). @

=1
Herein, R; represents the volumetric fraction of each sub-porosity, which fulfils the condition
N
i=1

4

In addition, the function f;(r) must fulfil the condition

J+ooﬁ-(r) dr = 1. ®)

Considering the requirement in Eg. (6), a proper monomodal pore size density function derived from van-
Genuchten model [9] is employed
1

/)

()

fitr) =

1 m;+1
r(l—my) |1+ (rl.f/r)l_mi]

where m; is the pore size spectrum number (0 < m; < 1), and rif is a reference pore radius corresponding to the
air entry suction and proportional to the maximum and mean (or dominant) pore size of the i-th sub-porosity.
Substituting Eq. (7) in Eq. (4), a general multimodal pore size density function gives

N (S %mL
TG T Yy S L — @
=1 -my) [1 + (rl.f/r)l_—mi]

which fulfils the condition in Eqg. (3).
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The cumulative pore size distribution curve yields

r N f 1%1 o
F(r)=ff(r)dr=ZRi 1+(ri7> C)
0 i=1

Particularly, the cumulative pore size distribution curve measured by mercury intrusion porosimetry (MIP) tests

can be expressed as [35]:

1 1™

N L
e +o e T'-f 1-m;
Vo) =2 [ gy ar =201 -3 g 1+<17) (10)
s i=1

Gs

Here, V..., () is the mercury intrusion volume in [cm?3/g], ey;p represents the total intruded void ratio and G is

the specific gravity of soil.

2.2. Microstructural state variable for soil pore structure

A complete picture of soil pore structure consists of two independent aspects: the overall void volume and the
microstructure (i.e., the pore size distribution). In conventional soil mechanics, the change in the pore space is
characterized by void ratio e, defined as the ratio of the void volume to the soil particle volume, while the changes
in microstructure or pore size distribution are rarely considered. A new microstructural state variable € is proposed

in this study to quantitatively characterize the soil pore size distribution.

Considering the proposed general multimodal pore size distribution model [Eq. (8)], a proper microstructural

state variable € is defined as:

11
Q= Qk = {Rl' Tlf,ml, ""RN’ TI\{,mN} ( )

Here, the microstructural state variable @ (or Q, with 1 < k < 3N) is a vector with 3N entries characterizing a

general N-modal microstructure. Then, the multimodal pore size density function in Eq. (8) can be rewritten as

f() = f( Q). (12)

Under this framework, the pore structure is completely described by two independent state variables e (for overall

void volume) and Q (for pore size distribution).
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2.3. Modelling the soil microstructural evolution

“swelling of aggregates” “rearrangement of aggregates”
0.4r wetting T drying wetting
-0 kPa -0-50 kPa 100 kPa
40 kPa o200 kPa 21820 kPa
S| < 150kPa =08 =71120 kPa
2031 aa70kPa 2
= -0- 996 kPa S
— . 206 Stable intraaggregate
— 0.2} _ Degradation of - pores .
S Swelling of interaggregate < changes in
= intraaggregate < 04 interaggregate |
= =
=01 B
-] -} 0.2
0 i 0 . + &,ﬂ_jé -
10°® 10° 10°% 102 10" 10 10" 10%2  10°
r [pm] r [uwm)

Fig. 1. Microstructural evolution in deformable soils (a) swelling of aggregates in London Clay (data from Monroy
et al. [30]) (b) rearrangement of aggregates in Guilin lateritic soil (data from Cai et al. [31])

Soil microstructure is affected by various aspects, for example, sample preparation method (e.g., compaction
energy and water content, initial dry density) [39-41], mechanical loading (e.g., pre-consolidation pressure and
current stress state)[20,21], hydraulic loading (e.g., wetting-drying cycles) [42,30,31] and even chemical (e.g.,
salinity of pore water) [43] and thermal loading [44,45]. In this study, only the microstructural evolution along

hydro-mechanical loading paths is taken into account.

Delage and Lefebvre [20] observed that the interaggregate pore volume in Champlain clay were significantly
reduced with increasing pre-consolidation pressure, while the intraaggregate pores remained unchanged. Similar
findings have also been reported for other deformable soils under proctor compaction [23,29], isotropic
compression [21] and oedometric compression [46]. In unimodal soils, the mean pores size was suggested to be
proportional to mean net stress [33,47,48]. These experimental studies imply that soil microstructure strongly

depends on the current stress state and the loading history.

Soil microstructure also alters with suction in wetting and drying cycles. Fig. 1 shows the microstructural
evolution of the compacted London Clay during wetting (Fig. 1a), and that of the compacted Guilin lateritic soil
during wetting and drying (Fig. 1b). On the one hand, these experimental results reveal the fact that the pore
structure is suction-dependent during the SWCC test. On the other hand, the microstructural behaviour in the two
soils are dominated by different mechanisms. London Clay (Fig. 1a) demonstrates distinguished bimodal
characteristic at high suction level. As suction decreases along the wetting path, intraaggregate pores swell, and
the interaggregate pores progressively degrade and vanish at saturation. This phenomenon can be interpreted by
the “swelling of aggregates” during wetting. In contrast, the intraaggregate pores in Guilin lateritic soil (Fig. 1b)
remain constant, and the interaggregate pores increase with suction, which might be attributed to the

“rearrangement of the aggregates” during the SWCC test.

Hydration on the unsaturated soil subjected to high external loading might cause macro collapse (referred to
as “wetting collapse” according to Alonso et al. [49]), leading to irreversible deformation and microstructural
evolution. For example, Della Vecchia [50] reported significant reduction of macro pores of a compacted Boom

Clay sample saturated at a high vertical stress of 600 kPa.

Based on the experimental evidence and the multimodal pore size distribution model, a general constitutive

low is proposed to parameterize the microstructural evolution under hydro-mechanical loading paths:
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Q=0 (a[]"”, p$,S) (13)

Here, o/}" is the net stress tensor, and p; is the pre-consolidation stress at saturated state representing the loading
history associated with the irreversible volumetric deformation of the unsaturated soil [49]. Eq. (13) means that all
the entries in Q depend on the current net stress, loading history and suction level. For an arbitrary set of Q,, at a

given stress state and suction level, following condition is hold:

+oo
J- fQ,r)dr =1,V (14)
0
2.4, mechanical and hydraulic wetting
: 3 | b)
A TOIL] yechanical loading AOLT  ion change

wetting —-»
i o — -
ro = Clsg rL] Clsy=ry 1, =Cls; r[L]
“mechanical” wetting “hydraulic” wetting with
PSD change
A fOLLT c)
wetting -
— >
C/S1 =ry = C/SZ r [L]

“hydraulic” wetting without
PSD change

Fig. 2. Schematic for the interpretation of (a) mechanical wetting (b) hydraulic wetting with evolving pore structure
(c) hydraulic wetting with stable pore structure

Tarantino 2009 pointed out that the increase in the degree of saturation of a soil could originate from two aspects:
(i) increase in the water volume (e.g., by decreasing the suction level) which is referred to as “hydraulic wetting”;
(ii) decrease in the void ratio (e.g., by increasing the mean net stress) which is referred to as “mechanical wetting”.
This essential feature of the water retention behaviour can be interpreted by the proposed framework regarding the

microstructural evolution along hydro-mechanical loading path.

Substituting Eq. (13) into Eq. (2), we obtain

C/s C
S, = f f(Qu (ol ps,s),7)dr =F (Qk(ai’}et,pg,s),g) (15)
0

Eq. (15) describes a general relationship between the effective degree of saturation and soil suction based on a

probabilistic multimodal pore size distribution concept. The model indicates that soil water content is not only
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dominated by suction but also the current stress state and the loading history. From Eq. (15), the infinitesimal

change of effective degree of saturation can be expressed by

a5, — - S (an(one ; oF o OF 00y
e=~ k(% '00'5) s + ﬁ—s 4 _aakaonet %y

OF 0Qy
an 9P,

T4

(16)

——dp

k=1

In Eq. (16), the term T represents the change of S, induced by a suction increment with the assumption of a
constant microstructure during the SWCC test; the term T2 describes the change of S, due to the suction-induced
microstructural variation; the terms T3 and T* are the infinitesimal change of S, resulting from the change in

current stress state and the loading history of the soil, respectively.

Let us consider a soil sample subjected to mechanical loading at a constant suction level, Eq. (16) degrades to

3N
JoF aﬂk JdF 0Qy
dS = Z Z net ?jet + ——*dpé
=1i,j=1 0y 9o k=1 00y 0py a7
T4

which quantitatively describes the “mechanical wetting” according to Tarantino [51]. Fig. 2a schematically
demonstrates an infinitesimal increase of degree of saturation in a bimodal soil subjected to a mechanical loading.
At a constant suction level s,, the upper integration bound r, in Eq. (2) is determined by Kelvin’s capillary law.
Assuming that the mechanical loading leads to the horizontal shifting of the interaggregate sub-curve from state
A to state B, the infinitesimal increase of the effective degree of saturation can be represented by the shadowed

area, as shown in Fig. 2a.

Then, let us consider an unsaturated deformable soil subjected to a hydraulic loading (change of suction level)

at a constant net stress state. Eq. (16) degrades to

ds, = - < (Q 5 5), )d +z OF 0% 1 4 " OF OF 0 e (18)
e f k pO'S S aﬂk as aﬂk ap* po
™ T2 T4

Here, dp in term T* represents the suction-induced variation in pre-consolidation pressure [e.g., in the wetting —
collapse process [49]]. For instance, experimental evidence for the irreversible pore structure variation occurring
in the interaggregate porosity associated with wetting — collapse in a compacted loess has been recently reported
by Ge et al. [52].

Since SWCCs are conventionally measured under zero or very small net stress (e.g., Pressure Plate, Tempe
Pressure Cells and Chilled-Mirror Hygrometers [14,15]), it is reasonable to assume that the pre-consolidation
pressure pg is not affected by suction during SWCC tests (i.e., no wetting — collapse). Then, the term T* in Eq.
(18) vanishes, and the change in effective degree of saturation induced by suction change in a deformable soil

during SWCC tests gives
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ds, f (Qk(s) ) ds + Z %{% s (19)

The closed form expression of Eq. (19) gives

C/s I
S,= | fQu(s)rdr=F (Qk(s),g) (20)
0
Eq.(20) describes the SWCC derived from suction-dependent pore size distribution curves of a deformable soil.
As the effective degree of saturation increases during drying (ds > 0;dS, < 0) and decreases during wetting

(ds < 0;dS, = 0), following condition must be hold

OF 3% _

aﬂk aS - (21)

L9y

From Eq.(20), it is not hard to see that suction affects the degree of saturation twofold: on the one hand, suction
directly influences the pore size distribution function (see Fig. 2b, the horizontal shifting of the sub-curve); On the
other hand, suction changes the upper bound of the integration (see Fig. 2b, r; increases to r;). In Fig. 2b, the
shadowed area represents the infinitesimal increase in the effective degree of saturation under the dual effect of

suction during wetting, which is defined as “hydraulic wetting” according to Tarantino [51].

For granular soils (e.g., sand and gravel), of which the pore structure remains unchanged, and hence the

microstructural parameter Q is constant during SWCC tests, Eq. (19) degrades to

C C
dse == f (nk,;) ds 22)
T1
The increase in the effective degree of saturation during “hydraulic wetting” is solely attributed to the increase of

the upper integration bound (i.e., decrease in suction), as schematically shown in Fig. 2c.
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2.5. Determine water retention curve from pores size distribution data

2.5.1. PSD-surface inther —s — F(= S,) space

a) b)
Bimodal PSD 1
Capillary plane for drying

1 = 0.8+ Main drying curve

I Main drying curve 06
$ 0.5 Unimodal PSD 7 v _|‘
“ at saturation Main wetting curve @
: 04t
Q" Capillary line for drying (Kelvin's equation) ’ o 4
Capillary line for wetting Main wetting curve
0 (Po=10; Pie=1)
o 02}
10°
. 0 L L L
102 o* 152 10° 102 10° 102 10% 108
7 [pm] s [kPa s [kPa]
c)
1 ZT0KkPa —= T
s= a - .
- s =100 kPa-% /,x S=500kPa |
) 7~ s = 1000 kPa
7 s = 10000 kPa
T 0.6r 7
E 7
0.4t ’
4
74
0.2 7
—— PSD derived from SWCC
, v suction-dependent PSD curves
0 et
10 1072 10° 102
T [pm]

Fig. 3. (a) water retention curves and PSD curves on a unique surface in the r — s — F(= S,) space (b) water
retention curves in the conventional log s — S, plane (c) PSD curves in the log r — F plane

Based on the proposed framework (Eqg. (20)), water retention behaviour of deformable soils can be directly derived

from suction-dependent PSD curves associated with microstructural evolution during SWCC tests (i.e.,
characterized by Q, (s)). The main drying curve gives
2T cosBg4/s

s4) = |

0

F@), 1 dr = F(0,(5),%2) (23)

Here, C, is a constant equal to 2T cos 8, 6, is the contact angle between soil and water during drying (8, = 0°)

and Q, (s) represents the suction-dependent microstructural parameter fulfilling the condition of Eq. (21).

For a better interpretation of Eq. (23), the transformation from PSD measurements to SWCC for deformable
soils is visualised in the r — s — F(= S,) space (see Fig. 3a). The PSD-surface consisting of the cumulative PSD

curves at different suction levels is expressed as:

S4(r,s) = F(Qu(5),7) @
Comparing Eq. (23) and (24), the main drying curve can be equivalently expressed by
SE) = F((), Mlrmcys (25)

Eqg. (25) indicates that the main drying curve can be visualized as the cross-section between the PSD-surface and

the capillary plane (i.e., r = C4/s) inthe r —s — F(= S,) space (see Fig. 3a).
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Fig. 3a shows an example of a PSD-surface (adopted entries in Q: m; = 0.47 ; m, = 0.41; rlf = 5.0 um;

rzf =0.03um; R; = 0.22 X [1 — exp(—0.002s)]; R, =1 — R;). As can be seen, the soil pore structure is
unimodal at saturation state and exhibits a distinguished bimodal characteristic at the high suction range. On the
one hand, we obtain the main drying curve by projecting the cross-section between the PSD-surface and the
capillary plane (the bold solid curve in Fig. 3a) on the conventional log s — S, plane (see Fig. 3b). It is noted that
the derived main drying curve is almost unimodal. Thus, an apparent “unimodal” SWCC of a deformable soil,
which is “inferred” by naked eye based on the experimental data, is not representative of a unimodal pore size
distribution. On the other hand, projecting the cross section on the logr — F plane yields the cumulative pore size
distribution curve derived from SWCC (the bold dashed curve in in Fig. 3¢), which differs from the true PSD curve
at any suction level, as shown in Fig. 3c. In the past decades, a constant PSD curve derived from SWCC data has
been incorporated into permeability models for unsaturated soils [1,9,53]. The phenomenon observed from the
example in Fig. 3 may explain the discrepancy between the measured and predicted unsaturated permeability at a

certain suction level of deformable soils.

2.5.2. Hysteresis effect

According to Eq. (20), the microstructural evolution is solely dominated by suction, irrespective of wetting or
drying. This means that a reversible microstructural behaviour during the SWCC tests and hence a unique PSD-
surface for wetting and drying is assumed in the proposed approach. Then, the “hysteresis effect” of SWCC can
be attributed to different contact angles during wetting and drying. The main wetting curve is visualized as the
cross section between the PSD-surface and the capillary plane for wetting, which is shown in Fig. 3a. A

conventional main wetting curve is obtained by projecting the cross section on the logs — S, plane (see Fig. 3b).

Another factor causes the hysteresis is the “ink bottle” effect [15,14,54], which means that a part of pore air is

entrapped in soil during wetting, resulting in a partial saturation even at zero suction.

Considering the change of contact angel and the “ink bottle” effect, the main wetting curve can be expressed

as
2T cos By, /s ,BGC
S =B [ O dr = P (), 7) (29)
0
Here, Sy and B, are two additional parameters to describe the hysteresis effect, and the parameter ﬂg is defined
as
By = cos 8, - 7)

" cosB,
where 6,, is the contact angle between soil and water during wetting. The parameter Sinx (0 < By < 1) is a
scaling factor to take into account the ink bottle effect, which can be approximated by the value of the effective
degree of saturation at zero suction of a wetting curve. An example of a main wetting curve with 8, = 10 and B«
= 1 is schematically shown in Fig. 3a (visualised in the r — s — F(= S,) space) and 3b (in the conventional log s

- S, plane).

2.5.3. Adsorptive water and the complete water retention model

The water retained in an unsaturated soil consists of two components: the capillary and adsorptive water [55]. The

capillary water dominated by soil pore size distribution has been described by Eq.(20). The adsorptive water,
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governed by soil specific surface and mineralogy, is tightly bonded on the soil particle surface as a thin film by
attractive forces (i.e., van der Waals forces and hydrogen bonds) between the soil particles and pore water. Revil
and Lu [56] pointed out that the volume of adsorptive water decreases with decreasing concentration of the water
vapor. However, for the aim of simplicity, adsorptive water volume is assumed as a constant (defined as the

residual degree of saturation S;¢°) in this study. Then, the effective degree of saturation S, can be expressed as
__cgres
S, = @ (28)
1-— Sfes
Considering the residual state of the soil (i.e., S, = ST as s — +o0) and assuming an identical residual water

content for wetting and drying, a complete water retention model in terms of degree of saturation gives:

C
(1 - S*)F <Qk(s),?d> + 5%, for drying

res BoCa res ,
(= SE)BinicF (Que(s),—— | + 57, for wetting

5.(5) = @

2.5.4. Gravity water content

For the SWCC in terms of gravity water content w, both pore structure state variables, i.e., void ratio e and the
microstructural variable €, must be taken into account. Denating the suction-dependent void ratio in the drying

and wetting process as e, (s) and e, (s), respectively, the w — s curve yields

C
% [(1 — STeS)F <Qk(s).?d> + ST“’S] , fordrying (30)
w(s) = e, (s)

\ G

Eq. (30) describes the general relationship between the gravity water content and soil suction based on a complete

res BoCa res ,
(1 = 57 BinicF | uc (), )t sresf,  for wetting

picture of pore structure evolution during water retention curve tests. Soil suction dominates not only the overall

void volume e;(s) and e, (s), but also the microstructure Q, (s).
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3. Applications

In this section, the proposed model is validated by predicting water retention curves based on PSD data for different
types of soils. For the aim of simplicity, the residual water content is assumed to be zero (i.e., S7¢° = 0). It is found
that the simplification does not significantly influence the prediction accuracy for the presented applications. In
general, 3N suction-dependent entries in the microstructural parameter Q are required, which may lead to difficulty
in the practical applications. Nevertheless, it will be shown that one or two suction-dependent entries are adequate
to describe the microstructural evolution during SWCC tests and predict the water retention curve accurately in
the presented applications.

3.1. Silty Sand

0.25¢ PSD o dataw=3% 1y
dataw =10% SWCC = dataw=23%
— reproduced PSD curve w = 3% dataw = 10%
0of reproduced PSD curve w = 10% 08l — prediction w = 3%
- - 1 prediction w = 10%
— y
N L]
£ 0.15 —.06
= £
;:5 01 0.4 low suction relative high suction
0.05} 0.2r
a) b) :
0 L " . 0 . . "
102 10° 102 104 102 10° 102 10* 108
7 [um] s |kPal

Fig. 4. (a) measured and reproduced cumulative pore size distribution curves (b) measured and predicted main
drying curves of a silty sand (data from [57])

Angerer [57] prepared two statically compacted low plasticity silty sand (90.5% sand + 8.5% silt + 1% Clay, e,
=0.47, epqr =0.76, G, = 2.68) samples at the same relative density (I, = 0.69) with different initial water contents
(w = 3% and 10%). The cumulative pore size distribution curves of both samples were measured by MIP tests at
the as-compacted state (see Fig. 4a). Afterwards, the samples were saturated and then desiccated from the

saturation state to measure the main drying curves, as presented in Fig. 4b.

For granular soils, the rigid pore structure (including the void ratio and the microstructure) remains unchanged
during the SWCC tests. All the entries in the microstructural parameter Q are constants. Considering the distinct
bimodality of the pore structure (aggregates formed by the fine contents during compaction), the multimodal PSD
expression [Eq. (8)] with N = 2 is substituted into Eq. (23) to predict the main drying curve. The parameters of the
PSD model for each sample are calibrated based on their PSD data (mercury intrusion curves in Fig. 4a), which
are shown in Table 1. A convenient parameter calibration procedure for the proposed multimodal PSD model [Eq.
(8)] has been described in detail by Yan and Cudmani [35].

In Fig. 4b, the predicted SWCCs show a good agreement with the SWCC measurements. In the low suction
range (i.e., s < 10 kPa), capillary water is almost completely desiccated from interaggregate pores in a narrow
suction range. In addition, an identical air entry suction (about 1 kPa) of both samples is accurately predicted. In
the relatively high suction range (i.e., 10 kPa <s < 1x10° kPa), the predicted main drying curves are slightly
underneath the measurements, which might be attributed to the changes in the intraaggregate pores, although the
fine content (= 9.5%) of the silty sand is low.
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Microstructural state parameter Q Hysteresis
i f f .
Reference Soil/Sample | Ry "1 m R T2 M2 suction dependent entries in @ Bo  Bini
[l [wm [ [l @m0 [ S
SiltySand | 95 47 071 015 14 017
(w = 3%)
Angerer [57] Silty Sand
(W = 10%) 0.70 79 0.71 0.30 24 0.23
. i R, =0.85/¢,4
Ic?tselrlglc soil 0.60 _ 0014 050 R, =1-R, 1.1 080
' rIf =4.1 % [1 — exp(—0.015s)]
lateriti i R, =0.85/¢e4
Cai etal. [31] é‘sel”s'C sol - - 060 - 004 050 R =1-R, 11 0.80
' rIf = 8.0 X [1 — exp(—0.005s)]
" i R, =0.85/¢e4
Igtsei'l;lc soil R R 0.60 _ 0014 050 R, =1-R, 1.1 0.80
: /) =10.5 x [1 — exp(—0.004s)]
Cuisinier and Laloui [58]  Sandy loam 025 207 060 0.75 - 0.33 rzf = 1.16 + 2.1 exp(—0.008s)
Ry =0.11 + 0.053logs
Monroy et al. [30] London Clay - 190 078 - - 0.23 R; =1-F
"2 T 0.5+ 5 x [1— exp(—0.0095)]

Table 1: parameters of the proposed model for different types of soils
3.2, Lateritic soil

Cai et al. [31] conducted a comprehensive investigation on the water retention behaviour of the statically
compacted Guilin lateritic soil (w, =67.3%, w,, = 38.1%, G, = 2.74) for a wide suction range from 0 to 287.6 MPa,
including the main drying and wetting curves as well as the associated volumetric deformation and microstructural
evolution. The pore size distribution curves at five suction levels (50, 200 and 71120 kPa from drying, 100 and
21820 kPa from wetting) were detected by MIP tests. The series of experiments were performed on the samples
with different initial void ratios, 1.3, 1.5 and 1.7 (denoted with CS 1.3, CS1.5 and CS1.7, respectively).

In this section, the proposed model is validated by predicting the water retention curves in terms of degree of
saturation and gravity water content for the sample CS1.5, by which the volumetric deformation (characterized by
void ratio e) and microstructural evolution (characterized by the microstructural variable Q) during the SWCC

tests are taken into account. The model validation for the samples CS1.3 and CS1.7 will be shown in Appendix.
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3.2.1. Volumetric deformation

drying: e, = 1.50;e, = 1.26
M {=-20x10"kPa';n=-0.20
[ ]

| wetting:e, = 1.40 e, = 1.26

1.3 .
¢(=-1.6x%x10"%kPa~';5 = —0.27
1.2f
1.1 ' . '
102 10° 10° 10* 10°

s [kPa
Fig. 5. volumetric deformation of the sample CS1.5 during drying and wetting (data from Cai et al. [31])
Fig. 5 demonstrates the volumetric deformation of the sample CS1.5 during the SWCC test. The soil was first
desiccated from a saturated state to a high suction level of 287.6 MPa, and then wetted to a low suction level of 50
kPa. In general, the suction induced volume change can be described in a differential equation [49,59] or
continuous closed-form expression [60-62]. In this study, following continuous curvilinear equation is proposed
to simulate the volumetric deformation during the SWCC test:
ey — e (31)

[1—exp({s)]”

Here, e, and e, represent the void ratio at the shrinkage limit and saturation state, respectively; { < 0andn < 0

e(s) =¢,—

are two fitting parameters determining the shape and curvature of the shrinkage and swelling curves.

For the CS1.5 sample, the parameter e, is approximated by the maximum void ratio of the measured e — s
curve (e, = 1.50 for drying and e, = 1.40 for wetting). A common e, for both shrinkage and swelling curve is
approximated by the minimum void ratio at the highest suction level of 287.6 MPa (i.e., e, = 1.26, see Fig. 5).
The reproduced e — s curves for drying and wetting are demonstrated in Fig. 5, which match well with the

measurements.
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3.2.2. Microstructural evolution

a b
0.5 ) T T T T T 0.5 ) T T T T T
drying wetting drying wetting
0 50 kPa ® 100 kPa S.q -0-50 kPa -e 100 kPa
0.4l o200 kPa = 21820kPa | 0.4H - -0-200 kPa -m 21820 kPa
v 71120 kPa \ =+~71120 kPa
=) Intraaggregate pores = Intraaggregate pores
03| % ] £ 03}
~ ~
= =
£0.2f 1 £0.2
= N
,_i translation translation
0.1¢ Interaggregate pores %0 0.1r Interaggregate pores
0 L L % 0 . ! MNP Y 5SS y )
10° 107 107 10“ 08 10°% 102 10" 10° 10" 107 10°

r [um] 7 [um]
Fig. 6. Compacted Guilin lateritic soil (a) measured mercury intrusion curves (b) parameterized mercury intrusion
curves by Eq. (10) with N = 2 (data from Cai et al. [31])

f f

Reference/soil Suction/ ey p L my R, T, m, R,
[um] [ [ [pm] [] [
S50kPa/1.24 1.35 0.67 044 0.02 0.50 0.56

100kPa/1.19 342 067 046 002 0.50 0.54
200 kPa/1.20 486 0.67 043 0.02 0.50 0.57
21820kPa/1.15 5.11 067 048 0.02 0.50 0.52
71120kPa/1.14 9.60 0.67 046 0.02 0.50 0.54
Table 2: parameters of the bimodal PSD model (Eq. (10) with N = 2)

Cai et al. [31] / lateritic soil

Fig. 6a presents the cumulative PSD curves during drying and wetting attained by numerical integration of pore
size density data published in Cai et al. [31], which show distinct bimodal characteristic. Therefore, a bimodal
expression (Eq. (10) with N = 2) is adopted to parameterize the pore structure. The model parameters for the
mercury intrusion curve at each suction level as well as the total intrusion volume e,,;p are listed in Table 2. The
reproduced cumulative pore size distribution curves are demonstrated in Fig. 6b, which are in good agreement

with the PSD measurements.

As mentioned in section 2.3, the microstructural behaviour of the compacted lateritic soil might be understood
as the “rearrangement of aggregates”: the intraaggregate pores remain essentially unchanged, while the
interaggregate pores increase with increasing suction (e.g., formation of fissures in soil). This essential feature in
the microstructural behaviour is characterized by the variation of the entries in the microstructural parameter Q.
As shown in Table 2, the constant parameters rzf and m, imply the constant intraaggregate porosity, and the
increasing parameter rlf indicates the increase of maximum and mean pore size in interaggregate region, leading
to a horizontal translation of the interaggregate sub-curve (see Fig. 6a). Moreover, one sees that the translation of
interaggregate sub curve solely depends on suction, irrespective of drying or wetting process, which supports the
assumption of the reversible microstructural behaviour during the SWCC tests (i.e., a unique PSD-surface for

wetting and drying).
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3.2.3. PSD-surface and main drying curve

a b
15 ) 1 )
® data m data
f ' 0.8r
1 =73 x[1—exp(—0.0055s)] (fitted)
101 1
= AW * 06}
i -L \ "t n "
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PSD measurments
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QQ% for drying

Capillary line for drying
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Fig. 7. (a) evolution of the reference pore radius rlf in interaggregate porosity (b) evolution of the interaggregate

volumetric fraction R; (c¢) the unique PSD-surface in the r — s — F(= S,) space (data from Cai et al. [31])
To determine the PSD-surface of the sample CS1.5, suction-dependent microstructural parameter Q is attained
based on the analysis of the parameters listed in Table 2. Three parameters rlf , R; and R, vary with suction. Fig.

7a shows the nonlinear fitting equation characterizing the evolution of rlf with suction, for which a plateau of rlf
is assumed at the high suction range. Since the intraaggregate porosity remains unchanged, the volumetric fraction
R, equals the ratio of the intraaggregate pore volume e,, to the overall pore volume e, (s). The constant value of
e, can be calculated from the MIP test data, which corresponds to the area under the intraaggregate pore size
density curve (see Fig. 1b). A value of 0.85 is approximated for e,,. Fig. 7b shows the predicted evolution of R,,
which appears slightly higher than the data points. Nevertheless, such an estimation is proved to be adequate to
predict the SWCC accurately, which will be shown in the subsequent sections. Eventually, the interaggregate
volumetric fraction R, is solved from Eq. (5) with known R,. The constant and suction-dependent entries in Q for
the CS1.5 sample are listed in Table 1.

Fig. 7c demonstrates the PSD-surface inthe r — s — F(= S,) space. The model predicts a quasi-unimodal pore
structure at the saturation state. With increasing suction, the interaggregate pore size progressively increases until
a stable bimodal pore structure is formed at the high suction range. The main drying curve is predicted by
substituting the Q(s) in Eq. (23) and visualized as the cross-section of the PSD surface and the capillary plane for

drying inthe r —s — F(= S,) space (see Fig. 7c).
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Fig. 8. Sample CS1.5 of compacted Guilin lateritic soil (a) measured and predicted water retention curves in terms
of degree of saturation b) measured and predicted water retention curves in terms of gravity water content c)
measured and predicted shrinkage and swelling curves (data from Cai et al. [31])
378 Assuming a reversible microstructural behaviour during wetting and drying, Eq. (29) predicts water retention
379 curves in the conventional log s — S, plane (see Fig. 8a), showing a strong consistency with the measurements and
380  a distinguishing bimodal characteristic. For the main wetting curve, the hysteresis parameters (8¢ = 1.1 and
381  Biu = 0.8) are approximated based on the experimental data.
382 The water retention curves in terms of gravity water content are attained by substituting Q(s), the shrinkage
383 curve e;(s) and the swelling curve e, (s) in Eq. (30), as shown in Fig. 8b. It is noted that the model predicts an
384 inclined line at the beginning of desiccation, which coincides with the findings of previous studies (e.g., Pasha et
385  al. [63], Wijaya and Leong [64]). At the suction level lower than the air entry suction, the soil retains saturated,
386  whilst the increase in the effective stress (due to the increasing suction and Bishop’s effective stress parameter is
387  equal to one [65]) causes the reduction of the overall volume. The pore water is hence compressed out from the
388  soil in the very beginning of the desiccation process.
389 The predicted shrinkage and swelling curves in the conventional w — e plane are illustrated in Fig. 8c. It is
390 interesting to note that the curves show “double S-shape” characterization, resulting from the bimodal pore
391  structure of the soil. The proposed model captures this essential feature and indicates four phases of the desiccation:
392 Phase 1. Water is drained at the saturation state as suction lower than air entry suction (the part along the saturation
393 line); Phase 2. As the air entry suction is surpassed, the soil water is rapidly drained from macro pores with slight
394 reduction in volume; Phase 3. The macro pores are almost fully drained, and the micro porosity remains saturated
395 (the air entry suction of aggregates has not been reached). The overall soil volume is further reduced due to the
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increase in the effective stress. Thus, we observe an apparent “collapse” phenomenon in the w — e plane at this
transition stage (i.e., a remarkable reduction in void ratio while water content is almost unchanged); Phase 4. When
the subjected suction surpasses the air entry suction of aggregates, the water retained in the intraaggregate porosity
is drained associated with a dramatic volume reduction. Similarly, the swelling curve also shows the “double S-

shape” characteristic along a wetting path.

It is worth to point out that most existing shrinkage curve models are unable to describe the complex “double
S-shape” w — e curves for bimodal soils. Recently, Leong and Wijaya [66] advanced an expression to reproduce
different types of shrinkage curves. However, in contrast to the proposed model in this study, the empirical
expression of Leong and Wijaya [66] is in a complex mathematical form and involves a large number of fitting

parameters without a clear physical meaning.

For the samples compacted to different initial densities CS 1.3 and CS 1.7, the predicted the water retention
curves as well as the shrinkage and swelling curves are demonstrated in Appendix. The adopted parameters and
the suction dependent entries in Q are listed in Table 1. A good agreement between the predictions and the

measurements can be observed.
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3.3. Sandy Loam

a) b)
PSD measurments Capillary plane L | m  data
\ for drying = prediction
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Fig. 9. (a) the PSD surface of a sandy loam in the r — s — S, space (b) measured and predicted main drying curve
(data from Cuisinier and Laloui [58])

Cuisinier and Laloui [58] investigated the pore structure evolution of a sandy loam (w;, = 30%, w,, = 18%, G, =
2.66) along a drying path. The pore structure at different suction levels (s = 0, 50, 100, 200 and 400 kPa) were
detected by MIP tests. Again, the cumulative PSD curves (attained by numerical integration of pore size density
data from Cuisinier and Laloui [58]) are simulated by the proposed multimodal PSD model with N = 2 (bimodal

microstructure). It is found that solely the parameter rzf decreases with increasing suction, implying the contraction

of aggregates along the drying path. The constant entries and the suction-dependent rzf in the microstructural
parameter Q are given in Table 1. Fig. 9a shows the PSD-surface of the soil characterized by Q in ther —s —

F(=S,) space (The PSD data at zero suction is plotted on the plane of s = 102 kPa).

The main drying curve is visualized as the cross section of the PSD-surface and the capillary plane for drying.
In Fig. 9b, the predicted main drying curve is compared with the SWCC measurement in the log s — S, plane. The
SWCC data in terms of effective degree of saturation S, is approximated from a set of gravimetric water content
based SWCC data by assuming S, = (Wgq; — W)/ (Wgar — Wres), as the volumetric deformation during the SWCC
test is not given in Cuisinier and Laloui [58]. Here, wg,; (= 0.37) and w,..; (= O) represents the gravity water
content at saturation and residual state, respectively. As can be seen, the prediction shows strong consistency with
the measurement. The air entry suction is precisely predicted, and a slight bimodality of the main drying curve is

also replicated by the proposed model.
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3.4. London Clay
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Fig. 10. Compacted London Clay (a) the PSD-surfaces in the r — s — F(= S,) space (b) measured and predicted
main drying curve (data from Monroy [67] and Monroy et al. [30])

Monroy et al. [30] investigated the microstructural evolution of compacted London Clay (w,, = 83%, w,, = 29%,
G, = 2.70) along a wetting path. The pore size distribution curves at different suction levels (s = 0, 40, 150, 470
and 996 kPa) were measured by MIP tests, as demonstrated in Fig. 10a (The PSD data at zero suction is plotted
on the plane of s = 102 kPa). As mentioned in section 2.3, the microstructural behaviour of the compacted London

Clay might be understood as the “swelling of aggregates”, leading to the increase of the parameter rzf and the

intraaggregate volumetric fraction R,. The constant entries and the suction-dependent rzf and R, in the
microstructural parameter Q are given in in Table 1, and the corresponding PSD-surface is illustrated in Fig. 10a.
We see that the interaggregate porosity contracts during the wetting path and vanishes at the saturation state, which

means that the modality number N decreases from two to one (bimodal pore structure to unimodal pore structure).

The main drying curve is acquired by the cross section of the PSD-surface and the capillary plane for drying
(see Fig. 10a). The model predicts a distinct bimodal main drying curve and a relative low air entry suction (ca. 5
kPa), which might be attributed to the formation of the clay aggregates at low suction level (see the distinct bimodal
PSD at s = 40 kPa). The predicted main drying curve is compared with the SWCC data published in Monroy [67]
for the compacted London Clay in the logs — S, plane, as shown in Fig. 10b. The predicted water content is
slightly lower than the measurements. Nevertheless, the quality of the prediction is regarded as sufficient, as it is

directly derived from the PSD measurements during wetting.
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4. Discussion — inter- and intraaggregate air entry suction
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Fig. 11. interpretation of the onset of inter- and intraaggregate-porosity desiccation
The proposed framework offers new understanding of the air entry suction (s,.) for deformable soils. Fig. 11
demonstrates the evolving inter- and intraaggregate reference pore radius (rlf and rzf ) of Guilin lateritic soil (see
section 3.2) inr — s plane and interprets the different types of the desiccation onset of inter- and intraaggregate
porosity. At low suction level (e.g., s; = 10 kPa in Fig. 11), the imposed suction s, is much lower than the
interaggregate air entry suction (s 4) governed by the current rlf via Kelvin’s equation (Eq. (1)), and the soil
remains saturated. As suction increases, the rearrangement of aggregates leads to the increase of rlf and hence the
reduction of interaggregate air entry suction. When the equilibrium point (point B, imposed suction equals
interaggregate air entry suction) is reached, one observes the onset of the interaggregate porosity desiccation.
Afterwards, the interaggregate pores further increases with suction until a stable rlf is reached (point C). That
means, the “air entry suction” is in fact a variable dominated by the varying interaggregate porosity along the path
A — B — C, and the “air entry suction” conventionally determined from a SWCC is the suction value at the
equilibrium point B. In addition, the intraaggregate reference pore radius rzf of Guilin lateritic soil remains

unchanged, resulting in a constant intraaggregate “air entry suction” sZ3 (point D).
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5. Conclusion

A novel framework is advanced to predict the water retention curve directly from the pore size distribution data
for deformable soils. The change of soil pore structure consists of two individual aspects: the volumetric
deformation characterized by the void ratio e and the microstructural evolution characterized by the parameter €,
which is stress-, loading history- and suction-dependent. “Hydraulic” and “mechanical” wetting of deformable

soils can be quantitatively interpreted under the proposed framework.

The relationship between the microstructural evolution and the water retention behaviour is interpreted by a
unique PSD-surface in the r —s — F(= S,) space. A reversible microstructural behaviour is assumed during
drying and wetting. The main drying and wetting curves are visualized as the cross-sections of the capillary planes
(i.e., Kelvin’s equation) and the PSD-surface. The closed-form SWCC expression obtained directly from PSD
measurements can be further incorporated into other unsaturated soil property formulations (e.g., unsaturated
hydraulic conductivity and effective stress parameter) and facilitate the implementation of the model in particle
applications. The model validation relies on the water retention data of four different types of soils, including silty
sand, lateritic soil, sandy loam and clay. The predicted water retention curves, based on their PSD data at different

suction levels, show strong consistency with the measurements.

The proposed framework also provides new insights into the water retention behaviour and microstructural
evolution for deformable soils. Following conclusions are drawn: (1) Soil suction has threefold effects on the water
retention behaviour: it dominates the overall volume, the current pore size distribution and the maximum size of
the pores filled with water via capillary law. (Il) The “pore size distribution” derived from a SWCC, which is
conventionally incorporated into unsaturated permeability models, differs from the actual pore structure governed
by the current suction state. (I11) The air entry suction observed in the conventional SWCC test is dominated by
both microstructural evolution and the capillary law, which is not representative of a constant maximum pore
radius in the soil. (IV) The modality number of the water retention curve may differ from that of the pore size
distribution at a certain suction level. That means, a unimodal SWCC measurement does not ensure a unimodal

pore size distribution for deformable soils.
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Fig. 12. Sample CS1.3 of compacted Guilin lateritic soil (a) volumetric evolution during the SWCC tests (b)
PSD surface inthe r — s — F(= S,) space (¢) predicted water retention curves in terms of gravity water content
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