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ABSTRACT

The soils in arid and semi-arid regions are typically in an unsaturated state. Three phases; namely
solids (i.e., soil), liquid (i.e., water) and pore-air (i.e., gas) commonly exist in unsaturated soils.
Soil mechanics for unsaturated soils are widely used towards understanding the hydro-mechanical
behavior of unsaturated soils. The major focus of these studies during the past three decades is
directed towards interpreting and predicting the flow, shear strength and volume change behaviors
of unsaturated soils using the saturated soil properties and the soil water characteristic curve
(SWCC) as a tool. However, for rigorous understanding, the coupled influence of thermo-hydro-
mechanical-chemo (THMC) behavior of unsaturated soils is required. Such studies would be
valuable for interpreting the influence of climate changes on the fundamental behavior of both
frozen and unfrozen soils. To achieve this goal, the focus of this PhD thesis has been directed
towards investigating the THMC behaviors of unsaturated soils with emphasis on water retention

behaviors for unsaturated unfrozen and frozen soils.

A multi-modal or bimodal SWCC can be used as an effective tool for developing a fundamental
understanding and predicting the behavior of unsaturated soils considering the influence of macro
and microstructure. Such an approach will be valuable for all soils, including unimodal SWCC
which is a special case of bimodal SWCC. For addressing this objective, a hypothesis is introduced
to link the soil pore size distribution (PoSD) curve to the bimodal SWCC. The relationships
between the soil PoSD curve and the bimodal SWCC equations are discussed extending the
proposed hypothesis using two equations: namely, the rigid equation and the simplified equation
for the two well-known traditional unimodal SWCC equations from the literature. The calibration
processes built for both the equations performance was evaluated for various types of soils. The
results suggest that both the modified equations provide excellent comparison with the measured
data. The rigid equations provide comprehensive information about the macropores and the
micropores of the bimodal SWCC; however, the simplified equations facilitate a flexible yet
simple curve-fitting process. The relationships between the proposed equations and the available
methods for the bimodal SWCC from the literature are also discussed. In addition, a technique is

developed based on regression analysis to estimate the key features for bimodal SWCCs.



Novel models are derived from the pore-size distribution (PoSD) curve of the SWCC to predict
the SWCCs for coarse- and fine-grained soils and linked to the well-known SWCC fitting
equations from literature. Three simple methods are proposed for predicting the scanning SWCCs
of coarse-grained soils, extending this philosophy. A modified SWCC model is built based on the
theoretical background developed for the PoSD curve that can predict the SWCC of fine-grained
soils taking account influence of the initial water content and stress state. In addition, a coupled
SWCC model is proposed as a part of this study for explaining the influence of multiple soil

parameters.

To model soil freezing characteristics curve (SFCC) of unsaturated frozen soils, SFCC models
with well-defined model parameters are developed extending thermodynamics principles and are
linked to well-known SWCC models from the literature. VVarious zones in the SFCC are discussed
along with providing rational explanation for the hysteretic effects using the proposed models. In
addition, comparisons are provided between the measured and the predicted results using the
proposed models successfully highlighting the effects of salinity and the initial water content on
the frozen unsaturated soils.

Finally, the proposed generalized THMC framework is successfully used to explain the complex

behaviors of unsaturated soils. The developed models are promising and can be used as valuable
tools for numerical modeling of the THMC behaviors of unsaturated soils in all environments.
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CHAPTER 1

Introduction

1.1 Background

Unsaturated soils are widely distributed around the world, especially in arid and semi-arid
regions (Fredlund and Rahardjo 1993). Figure 1.1 shows a nine-month global precipitation map
in the year 2022 (data source: drought.gov). Red areas in the map have been increasing
highlighting decrease in the precipitation in various regions compared to the earlier years.
Many of such highlighted regions are suffering from extreme climate events (e.g., hotter
weather and less precipitation) (Gens 2010) due to the influence of global climate patterns in
recent decades. Due to this reason, the natural ground water table (GWT) depth has been
steadily decreasing in such regions. The soils above the GWT are typically characterized as
unsaturated soils and their behavior is significantly different from saturated soils (Fredlund and
Rahardjo 1993). Many other soils such as compacted soils, expansive soils, collapsible and
residual soils are typically in a state of unsaturated condition. Several researchers have
contributed towards better understanding the mechanics of unsaturated soils to analyze the
hydro-mechanical behaviors of the soils above the GWT (e.g., Bishop 1959, Alonso et al. 1990,
Fredlund and Rahardjo 1993, Vanapalli et al. 1996, Wheeler et al. 2003, Lu and Likos 2006,
Sheng et al. 2008, Delage et al. 2010, Tang et al. 2011, Ng et al. 2020).

80°0'0"W 20°0'0"E 120°0'0"E A
1 1 1

10°0'0"N= [=10°0'0"N

T 1 |
80°0'0"W 20°0'0"E 120°0'0"E

I Aid Regions Semi-Arid Regions 0 4,500 Km
[

Figure 1.1 Global distribution of arid and semi-arid regions (Collected from Qader et
al. 2021).
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Hydro-mechanical behavior of unsaturated soils are signficantly different in comparison to
saturated soils (Bishop 1959, Fredlund and Morgenstern 1977, Houlsby 1997, Lu et al. 2010,
Alonso et al. 2010). Unsaturated soils constitute of three phases; namely, solid phase (i.e., soil
solids), liquid phase (i.e., pore-water), and gaseous phase (i.e., pore-air). More importantly,
soils above the GWT (i.e., unsaturated soils) have a continuous energy interaction with the
atmosphere due to the influence of hydrologic cycles. The distinct responses of soil solids,
pore-water and pore-air under different loadings lead to unique behaviors that influence the
engineering behavior of unsaturated soils (i.e., flow, volume change, and shear strength
behavior) (Fredlund et al. 1994, Vanapalli et al. 1996, Vanapalli et al. 1999, Wheeler et al.
2003, Sun et al. 2007a, Rahardjo et al. 2019).

*

Undergrounds

O ()

Foundations

Railways

Dam

GW.T

Figure 1.2 Typical infrastructures in unsaturated soils.

Several infrastructures such as shallow and deep foundations, retaining walls, embarkments,
pavements are placed or constructed in unsaturated soils, as shown in Figure 1.2. These
infrastructures are vital for providing civil facilities that enhance quality of day-to-day
activities for humans (e.g., residential and service structures such as hospitals and schools,
water supply, drainage facilities using pipe lines, and transporation facilities that include

pavements and railways).
The mechanical behavior (i.e., shear strength and volume change) of saturated soils can be

reasonably explained using the effective stress equation proposed by Terzaghi (1943), which

can be considered as a single stress state variable within the framework of continuum
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mechanics. Effective stress, ¢’ is defined as the difference between the total stress ¢ and the

pore liquid water pressure Uw;

o =c—u"é (1.1)
where ¢ = djj is Kroneckor delta (dij = 1 for i = j; i = 0 for i # j).

Bishop (1959) extended the definition introduced by Terzaghi (1943) for explaining the
effective stress in unsaturated soils. The equation below is suggested using total stress &, pore-

water (liquid) pressure u', and pore-air pressure u?".

o =0—us+ y(u —u")s, 0<y<1 (1.2)

where y is a factor which is suggested to be a function of degree of saturation.

Some researchers have highlighted limitations of y factor in explaining experimental results of
the mechanical (i.e., volume change and shear strength) behaviour of unsaturated soils (e.g.,
Jennings and Burland 1962; Bishop and Blight 1963). The factor y is not only influenced by
the degree of saturation of water; but also, due to drying-wetting cycles associated with soil
hysteresis (Bishop and Blight 1963). Over the past quarter century, many functions or
relationships have been proposed for the factor y in the literature (e.g., Khalili and Khabbaz
1998; Nuth and Laloui 2008; Lu et al. 2010; Alonso et al. 2010; D’Onza et al. 2011; Zhang and
Lu 2020; Niu et al. 2021).

Fredlund and Morgenstern (1977) suggested any two sets of the three independent stress state
variables; namely, net normal stress (o - U?"9), effective stress (o - u'd), and matrix suction

(U - u™)o as shown in Eq. (1.3) can be used for explaining the unsaturated soils behaviors.

a_uair8 a—ulWS _ aira
{(uair _ ulw)8 or {(uair _ ulw)s or {Z _ lea (13)

The choice of stress and strain variables is arbitrary (Fredlund and Morgenstern 1977); this
approach has been found to be compatible with work conjugate approach proposed by Houlsby

(1997) and thermodynamic framework proposed by Borja (2006).
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The complex hydro-mechncial behaviors of unsaturated soils can be reasonably explained
extending the mechanics of unsaturated soils. For example, as the water height rises above the
ground water table, the pore-water and pore-air is different in the capillary and vadose zones.
Buckingham (1908) is the pioneering researcher who described the relationship between water
content and soil (matric) suction and used it as a tool in explaining flow behavior of unsaturated
soils. The relationship between the water content and soil suction is typically refererred to as
the soil water characteristics curve (SWCC), soil-water retention curve (SWRC) or soil-
mostirue curve (SMC) and is useful in explaining complex hydro-mechanical behavors of

unsaturated soils. A typical SWCC is shown in Figure 1.3.

The SWCC has been found to be a valuable tool for understanding the behavior of unsaturated
soils in various fields (i.e., soil science, agriculture, hydrology, geotechnical, geo-
environmental and mining engineering fields to list a few). The SWCC relationship can be
plotted in different ways; between water content (either volumetric or gravimetric) or degree
of saturation and soil suction (Fredlund and Rahardjo 1993). Several researchers have used the
SWCC relationship for both interpreting and predicting the hydro-mechanical behaviors of
unsaturated soils during the last three decades in the geotechnical engineering field (Alonso et
al. 1990, Fredlund et al. 1994, Vanapalli et al. 1996, Wheeler et al. 2003, Rahardjo et al. 2019).

Three different zones can be identified in a typical SWCC; namely, boundary effect zone,
transition zone and residual zone which arise in a soil due to an increase in soil suction (or
decrease in water content) (see Figure 1.3). The influence of pore-water and pore-air pressures
induces different hydro-mechanical behavior characteristics in the different zones. The
different response in unfrozen unsaturated soils behavior can be attributed to the influence
external environment associated with wetting-drying cycles and hysteris effects. Temperature
and chemical effects also influence the hydro-mechanical behavior. To establish the
relationship between the SWCCs under THMC response, the fundamental relationships among
soil solids, soil pores and pore fluids should be rigorously investigated. The need for such

relationships are succinctly discussed below.

First, as the soil is formed by solid particles while water and air are stored within soil pores,
the link between soil particles and soil pores should be established (i.e., the link between soil
grain size distribution curve and pore size distribution curve). Second, after pore size

distribtuion is distinguished, the influential factors on pore size as well as pore- water, air and
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ice (at low temperature) should be considered. Third, the link btween the amount of pore-water
and soil (matric) suction should be built. Most studies related to the SWCCs and their behavior
fall within the scope. For example, typical SWCC equtions (e.g., van Genuchten 1980;
Fredlund and Xing 1994) provide the direct link between the amount of water in unsaturated
soils and soil matric suction with several model paramaters. However, the variance of pore
structure, and drying and wetting cycles contribute to the change of water content within the

soil significanly.

Boundary effect o _
zone Transition zone Residual zone

—=— Ajr-entry value

N

Saturation

Residual Residual soil suction

water content

Volumetric water content

Soil suction (kPa)

Figure 1.3 Typical soil-water characteristics curve.

At low temperatures, the pore-liquid-water is frozen into ice, the amount of unfrozen water
content is gradually changing along with temperature (i.e., soil freezing characteristic curve
(SFCQ)) as shown in Figure 1.4. The SFCCs also exhibit significant hysteresis behaviors. The
unfrozen water content is sensitive to the dissolved salt and initial stress states. Both the SFCC
and SWCC constitute powerful tools to understand the temporal and spatial variation of water
inside unsaturated soils. For this reason, there is a need to build the links between two curves
(e.g., SWCC and SFCC) and develop tools that can provide rational explanation of the behavior

of unfrozen and frozen unsaturated soils.
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Figure 1.4 Typical soil-freezing characteristics curve.

1.2 Objective, novelty and methodology

The discussion summarized in the earlier paragraphs highlight that both SWCC and SFCC
models are key tools to interpret the temporal and spatial distribution of pore-water in
unsaturated soils. Such models would provide a valuable platform for understanding the THMC
effects on unsaturated soils. For this reason, in this thesis the focus of the investigations were
directed towards understanding both the SWCCs and SFCCs behavior considering the
influence of THMC effects for achieving comprehensive understanding of the soil behavior in
all environments. To achieve this goal, four major novel objectives are addressed through this

PhD research program as summarized below:

(i) To develop models for bimodal SWCCs

As the soil is formed by solid particles, and water and air are stored in soil pores, the soil
structure influences the SWCC behavior. In other words, soil pore size distribution and the
related influential factors should be investigated for rational understanding of the SWCC.
Several studies in the literature have suggested that the SWCC can be either unimodal, bimodal
or in certain cases multi-modal in nature due to the influence of pore size distribution. Currently,
there are several models that have been proposed to highlight unimodal SWCC behavior in the

literature. However, models that highlight the links between macropores and micropores in the
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bimodal SWCCs are rather limited. There is a need to model bimodal SWCCs within a unified
framework for rational understanding of the SWCC behavior. For this reason, in this PhD
research, a new method to model bimodal SWCCs based on pore size distribution curve is
proposed and the model results are compared with the experimental results in the literature.

(i) To investigate SWCCs behaviors for both fine- and coarse-grained soils

Several SWCC models are proposed in the literature for both sands and clayey soils; however,
there are limited studies that systematically model SWCCs of both fine- and coarse- grained
soils considering various influencing parameters. A new model that highlights “ink-bottle”
effects on SWCCs of sands is proposed. In addition, models considering the influence of initial
water content and stress state effects on the SWCC behavior of fine-grained soils are discussed
and modeled.

(iii) To develop SFCC models under THMC effects

The soils near the natural ground surface that are typically in a state of unsaturated condition
are exposed to not only wetting and drying cycles but also different (i.e., high or low)
temperatures. As discussed earlier, the relationship between temperature (below zero) and
unfrozen water content is regarded as soil freezing characteristics curve (SFCC). It is of
significance in analyzing the behaviors of frozen soils. The two curves (i.e., SWCC and SFCC)
combined provide the water content variation in soil pores that are valuable in understanding
the thermo-hydro-mechanical-chemo effects (THMC) of the unsaturated soils. However, there
are limited studies that provide a SFCC model that are linked to SWCC models with clear
physical meanings of parameters in the literature. For this reason, a set of SFCC models have
been developed and linked to the traditional SWCC models. In addition, comparisons are
provided for validation purposes using the proposed models with experimental results from the

literature.

(iv) To develop generalized THMC framework for unfrozen and frozen unsaturated soils

There are several frameworks available in the literature that focus on the hydro-mechanical
behavior of unsaturated soils. However, there is a need for a unified framework for
understanding the THMC effects of both unfrozen and frozen unsaturated soils (i.e., for all soil
environments). Such a novel framework would be valuable for rigorous understanding,

interpretation, and modeling the behavior of unsaturated soils, especially considering the
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effects of climate change. In this thesis, a novel thermodynamic framework that highlights the

THMC behaviors of unsaturated soils is proposed and validated.
1.3 Layout
This proposal is divided into seven chapters as summarized below.

(i) Chapter 1 presents the background introduction related to the thesis topic, research
objectives, and layout of the thesis.

(i) Chapter 2 presents a comprehensive literature review on modeling SWCCs.

(iii) Chapter 3 proposes models for bimodal SWCCs.

(iv) Chapter 4 presents SWCC models for both fine- and coarse- grained soils.

(v) Chapter 5 proposes a model for SFCCs under THMC effects.

(vi) Appendices in Chapters 4 and 5 present a unified thermodynamic framework for
unsaturated soils addressing THMC effects.

(vii) Chapter 6 presents the conclusions and future work.

THMC behaviors of unsaturated soils

i
Y Y Y Y

Objective 1: Objective 2: Objective 3: Objective 4:
To develop models To investigate To develop SFCC To develop
for bimodal SWCCs behaviors models under generalized
SWCCs for both fine- and THMC effects THMC framework
coarse-grained for unsaturated
soils soils
Chapter 3 Chapter 4 Chapter 5 Appendices

Figure 1.5 Research scope and major objectives of the thesis.
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CHAPTER 2
Literature Review

2.1 Introduction

In this chapter, a comprehensive review of methods for modeling the soil-water characteristic
curve (SWCC) behavior is summarized. The published studies from the literature are used for
discussing methods for interpreting water content variation with respect to soil (matric) suction.
In addition, the various factors that influence the SWCC behavior are reviewed based on the
theoretical and numerical approaches.

2.2 Equations for Fitting SWCCs

The amount of water that is filled in the soil pores can be expressed as following mathematical
relationship (Fredlund and Xing 1994).

6 =[] f(rdr 2.1)
where @ is volumetric water content, r is pore radius, rmin is the minimum pore radius, f (r) is

pore size distribution function.

Extending the Young-Laplace equation (or the capillary law) shown in Eq. (2.2), the pore

radius can be expressed as a functional relationship of soil matric suction shown in Eq. (2.3).

__ 2TscosP

r=200 (2.2)
oy 2Tgcosf 2TscosB\ _ ¢ 2TgcosfB 2Tscosf

o) = [, fCEIRA(BEE) = [ R B ay (2.3)

where Ts is surface tension, and f is contact angle. The relationship between soil matric suction
and volumetric water content (i.e., SWCC) can be built (Fredlund and Xing 1994) based on Eq.
(2.3), by introducing various pore size distribution functions. Egs. (2.1) to (2.3) presents a brief
basis for modeling SWCCs. The available SWCC equations based on the above theory are
listed in Table 2.1.
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Table 2.1 Typical SWCC equations in the literature.

Eq. #and :
References Equations Note
Eq. (2.4) Gardner G 1
(1958) 1+ ayp®
Eq. (2.5) Brooks §=1, Y <Yupv

-n
and Corey (1964) {S _ (%) > Yagy
Eq. (2.6) Brutsaert S — Sres 1
(1966) 1= Sres 1+ (@p)® a,m,

and n

Eq. (2.7) Farrel ¥ = Poexp(af, — 0)) are
and Larson (1972) model
Eq. (2.8) Campbell Y =P,y (6/6,)70 paramet
(1974) ers.
Eg. (2.9) van S—Sres 1 WAEV IS
Genuchten (1980) 1= S [1+ (@p)"I™ air-entry
Eqg. (2.10) Tani value

(1982)

Eq. (2.11)
Williams et al.
(1987)

Eqg. (2.12) McKee
and Bumb (1987)

Eqg. (2.13)
Fredlund and Xing
(1994)

S—Sres=<1+a—¢>exp(_a—z/}>

1—Sres - a—n
In(y) =n+mb
S — Sres _ 1
(s=cap) N
[ln (exp(l) + (%) )]
< In(1+ Y
Cw)=1- nlvg,) ‘fg:s)
\ In(1 +¢Tes)

Page 10



Eq. (2.14) Kosugi
(1994)

Eqg. (2.15)
Pachepsky et al.
(1995)

Eq. (2.16)
Assouline et al.
(1998)

Eq. (2.17) Webb
(2000)

Eq. (2.18) Pham
and Fredlund
(2008)

Eg. (2.19) Li and
Vanapalli (2022Db)

S - Sres

=1, <
1-S,, Y <Yapv
l/)AEV — l/) _ =2
S — Sres _ 1 In (¢AEV - l/)mode) ’
erfc W > Yup
1—S,0 2 V2no
6, 1 P
0 = 2 erfe In ( )
2 (0\/7 Y(60/2) )
S-S
T = L -exp(-a®™ — )™
res

logyo(¥) —1og1o(Wres) = V(S — Sres)

w(@) = [wi (W) fi (W, Yapv) — wo (V) (0, Yapy)
- f3 (l/)' l/JAEV)]ﬁ}(l/J' l/Jres)

+ w3 (V) s, Yres) + fe(W, Yres)
S = Sres _ 1
1= Sres B exp(n(ayp)™)

Leong and Rahardjo (1997), and Sillers and Fredlund (2001) evaluated the performance of
various SWCC models. Fayer and Simmons (1995) proposed a new correction function for the
entire suction range. Groenevelt and Grant (2004) modeled SWCC over residual soil suction.
Tuller and Or (2005) divided the SWCC behavior into two regions and proposed a model for
low saturation range. Khlosi et al. (2006) modified Kosugi (1994) model to fit the entire suction
range. Schneider and Goss (2012) extended Webb (2000) model to the oven dryness.
Resurreccion et al. (2011) and Oh et al. (2012) evaluated distinct SWCC models performance

from saturation to oven dryness.

2.3 Prediction SWCCs from the Pore Size Distribution Curve

The SWCC is widely used as a tool towards interpreting and predicting the several properties
of unsaturated soils. Several methods or techniques are available for measuring the SWCC
using direct or indirect testing methods (i.e., hanging column technique, axis translation

technique, filter paper method, and dewpoint potentiometer method) (Nam et al. 2010).
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However, these measurement methods are either expensive or time-consuming. To simplify
the procedure of obtaining SWCCs, some indirect prediction methods based on easily measured
soil physical properties are developed in the literature. In comparison to the measurement of
the SWCC, the soil physical properties can be readily tested with limited cost that typically
include grain size distribution (GSD), bulk density, and void ratio (Romero-Ruiz et al. 2018).
The function to relate different soil characteristics and properties with one another is also
termed pedotransfer functions (PTFs, Bouma 1989). Some widely used SWCC based on PTFs

proposed in the literature as summarized below.

2.3.1 Physico-empirical models

One of the pioneering works to build relationships between soil matric suction, pore space, and
water content was originally proposed by Visser (1966). A well-known physico-empirical
model was proposed by Arya and Paris (1981). Later, a more comprehensive and thoughtful
version was developed by Arya et al. 1999. In this model, the soil pore volume is calculated
from grain size information using the information of particle density, bulk density as well as
void ratio. The main concept of the model is to build the relationships between soil grain size
and soil pore size based on the information of pore volume. Once the pore size is calculated,
the capillary law is then applied to estimate the corresponding soil suction. Several separate
points for soil matric suction versus volumetric water content are then generated to form the

SWCC using the gathered information.

Following the above model, various other physico-empirical models were either proposed or
comprehensively discussed in the literature (Arya and Dierolf 1992, Basile and D’Urso 1997,
Simms and Yanful 2001, Wosten et al. 2001, Chan and Govindaraju 2004, Nimmo et al. 2007,
Van Looy et al. 2017). The key features of physico-empirical models can be summarized as
follows. First, the relationship between the pore volume and GSD curve or other soil physical
properties is developed. Second, the soil (matric) suction is estimated based on the pore size
(or volume) typically using the Capillary law. As discussed earlier, this methodology is useful
in developing the relationship between GSD curve and the SWCCs. Such relationships are of
significance as the soil is recognized as porous media. The method is a simple approach to
predict the SWCCs from GSD curve that is of low cost and reasonable accuracy. However,
discrete SWCC points are obtained by using empirical parameters extending this approach and
have some limitations. To overcome such limitations, various physico-empirical models that

were proposed in the literature are succinctly summarized below.
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The flexible SWCC model that has been found to be useful for different types of soils proposed
by van Genuchten (1980) has been used as a tool to fit the cumulative GSD curve information
combining the concepts in Arya and Paris (1981) together to develop simple SWCC models.
For example, Haverkamp and Parlange (1986) presented a physico-empirical SWCC prediction
model based on the similarity between GSD curve and SWCC. Based on this approach, a
modified van Genuchten (1980) SWCC model was developed using the GSD curve. A similar
approach has also been developed by Smettem and Gregory (1996). Later, Zhuang et al. (2001)
considered the shape effect of soil particles from GSD curve use van Genuchten-type model to
propose a more rigorous model (van Genuchten 1980). Some further modifications based on
Arya and Paris (1981) model is also available in the literature (e.g., Arya et al. 2008; Nasta et
al. 2009; Jaafar and Likos 2011; Mohammadi et al. 2011; Meskini-Vishkaee et al. 2014;
Antinoro et al. 2014; Wan et al. 2019; Alves et al. 2020).

Another approach by considering the shape of the pore channel was proposed by Tyler and
Wheatcraft (1989). In their proposed approach, the fractal dimension was used to describe the
tortuosity of the pore channels based on Arya and Paris (1981) model. Following the method,
Perrier et al. (1996) proposed a SWCC model considering the fractal PoSD. Comegna et al.
(1998) proposed a model to determine the fractal dimension of pore trace. Distinct fractal
models for predicting SWCCs following similar approaches are also available in the literature
(Bird et al.1996; Bird et al. 2000; Huang et al. 2005; Ghanbarian-Alavijeh and Hunt 2012).
As soil pores are surrounded by soil particles, it is of significance to evaluate exactly the size
of soil particles near the soil pore. However, more rigorous theoretical models are required for
reliable estimation because soil particles are randomly packed. Recently, the possibility
theorem was incorporated into physico-empirical model to evaluate the arrangement of random
soil particles. The possibility theorem is a useful tool for solving the random arrangement of
soil particles. Based on the possibility theorem, some recent advances were made for modeling
the SWCC are in the literature (e.g., Rahimi and Rahardjo 2016; Wan et al. 2019; Cheng et al.
2019; Zhai et al. 2020).

The SWCC behavior is commonly observed to be unimodal in nature for different soils from
experimental studies. However, SWCC behavior is also multi-modal in nature in soils that are
gap-graded in nature and in soils where water adsorption characteristics on surface of clay size
particles due to influence of minerals (e.g., Burger and Shackelford 2001). There has been a

significant interest in building physico-empirical models based on GSD curve for predicting
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the multi-modal SWCC behavior in recent years. Research contributions of Della Vecchia et
al. (2015) and Pouragha et al. (2021) are pioneering works in this direction. However, the

mechanism for the formation of multi-modal SWCC is still under discussion.

The physico-empirical methods are widely accepted and adopted to empirically model the
SWCCs in various fields that include soil science and geotechnical engineering. Some classical
physico-empirical models for SWCC prediction are summarized in the book edited by
Pachepsky and Rawls (2004). Several researchers have also summarized state-of-the-art
reviews on the related topics related empirical models for SWCCs in the literature (Wosten et
al. 2001; Vereecken et al. 2016; Van Looy et al. 2017; Vereecken et al. 2022).

2.3.2 Statistical estimation

Several statistical estimation methods were developed in the literature to understand the
relationships between the SWCCs and soil physical properties and many influential factors
such as the GSD curve and initial soil density. In comparison with physico-empirical methods,
these statistical estimation methods build straightforward links among distinct variables. The
statistical models provide a better performance when the database is large enough (Nemes et

al. 2001). The general equation for the statistical estimation methods can be summarized below.
of of of
df(xl,xZ,...xn) =6_361dxl +adx2 + +adxn (220)

where X1, X2, and x, refer to variables that account for the target function f.

The target function typically is the degree of saturation, S due to its significant influence on the
SWCC. The coefficient (i.e., S / 0xn) is determined by statistical estimation from the dataset.
The statistical method provides a reliable estimation over a large range of suction for soils from
the related soil physical properties when a large volume of dataset is used. However, one of the
limitations of this method is that it does not provide a fundamental understanding of how the
SWCC is influenced by various properties. In other words, a comprehensive understanding of
how the coefficients in the model are influenced is not well understood. In addition, the results
are also sensitive to the selected database. To overcome this limitation, the statistical method

can be combined with other methods (e.g., Schaap et al. 2001; Zhang and Schaap 2017, Li and
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Vanapalli 2022a), such as the physico-empirical models or the new techniques as the Artificial

Intelligence (Al) models. The combination methods will be discussed in a later section.

Two distinct approaches are typically used in statistical estimation methods; the first one is the
direct estimation of SWCCs from soil properties; while the second one is the indirect method

in which the SWCC is obtained from the estimated model parameters of SWCC equations.

2.3.2.1 Direct SWCC estimation

In this method, the SWCC is directly estimated from statistical methods using the soil physical
properties that typically include the information of bulk density and GSD curves. As there are
wide applications of SWCCs, some researchers (e.g., Pidgeon (1972), Cameron (1978), Gupta
and Larson (1979), De Jong and Loebel (1982), Aina and Periaswamy (1985), Dijkerman
(1988), Bruand (1990), Bruand et al. (1994), Walczak et al. (2006)) built and validated

statistical regression models for directly predicting several points in SWCCs.

One widely accepted and pioneering approach of this method was proposed by Gupta and
Larson (1979). In this study, soil fractions, organic matter, and bulk density are used to estimate
water content at certain soil matric suction. A similar statistical estimation model by
additionally adding one constant can also be found in the literature, which was presented by
Rawls et al. (1982). Ahujaet al. (1985) proposed a simplified statistical estimation model. Later,
Rawls and Brakensiek (1985) proposed a multiple regression model. Some further improved
models are also available (Rawls et al. 1991, Pachepsky et al. 1998, Pachepsky and Rawls
1999).

A piecewise SWCC statistical model covering a large soil suction range was presented by
Saxton et al. (1986). Mbagwu and Mbah (1998) directly estimated water content from
saturation percentage. A comprehensive study for the SWCC estimation was summarized by
Saxton and Rawls (2006).

2.3.2.2 Estimation via SWCC equations

Some milestone SWCCs models published in the literature are widely used in soil science,
agriculture, geotechnical and geo-environmental engineering fields (e.g., BC model (Brooks
and Corey 1964), VG model (van Genuchten 1980), and FX model (Fridlund and Xing 1994).

There is a keen interest in correlating the model parameters of these SWCC equations with soil
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physical properties via statistical estimation methods. As both VG and FX models are derived
from the PoSD curve and as soil pores shapes have a strong correlation with the soil particles,

such an indirect estimation method has received significant interest in the literature.

Brakensiek (1977) is one of pioneering works related to the estimation of the SWCC based on
the BC model. This study has provided good validation of empirically estimated air-entry value
with the measured values. Later studies by Clapp and Hornberger (1978) suggested that the BC
model parameters are strongly related to soil texture. Brakensiek et al. (1981), McCuen et al.
(1981), and Coshy et al. (1984) evaluated and discussed the link between the BC model
parameters and soil textures for large volume of soil hydraulic data. Ghosh (1980) fitted the
parameter in the BC model for some soils using soil physical properties (i.e., the percentages
of sand, silt, and clay). Williams et al. (1983) estimated SWCC model parameters for different
groups of soils. Hutson and Cass (1987) modified Campbell (1974) SWCC model and
estimated the parameter via multiple regression. Aubertin et al. (1996) estimated air-entry value
from GSD information. Tomasella and Hodnett (1998) estimated BC model parameter by linear
regression for Brazilian Amazonia soils. Mayr and Jarvis (1999) proposed a statistical model
to estimate BC model parameters from soil properties. Sakaki et al. (2014) estimated air-entry

value from soil grain size.

After the VG model was published and widely accepted, there has been a keen interest in
correlating the model parameters with soil physical properties. Carsel and Parrish (1988)
estimated the VG parameters’ variance for each class of soils. Wdsten and van Genuchten
(1988), Vereecken et al. (1989), Vereecken et al. (1990), and Gongalves et al. (1997) developed
regression models for predicting VG parameters and hydraulic conductivities, respectively.
Rajkai and Varallyay (1992) and Rajkai et al. (1996) proposed regression models for estimating
SWCC parameters based on GSD information. Further, van den Berg et al. (1997) and
Scheinost et al. (1997) estimated VG models by mean grain diameter and its standard deviation.
Tinjum et al. (1997), Zacharias and Wessolek (2007), and Li et al. (2007) estimated parameters
in VG model with various initial water contents. Chiu et al. (2012) built a statistical estimation
model using Bayesian probabilistic selection. Puhlmann and von Wilpert (2012) presented a

multiple linear regression model for predicting the VG model parameters for forest soils.

After the FX model for SWCC was developed in 1994, several indirect estimation methods
were developed using the FX model SWCC parameters. Fredlund et al. (1996) built the link
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between grain diameter and the FX model. Fredlund et al. (2002) further improved the model
and evaluated various estimation models in the literature. Vanapalli and Catana (2005)
estimated various SWCC model parameters using soil properties and a measured SWCC data
point that lies in the transition zone. Sung et al. (2005), Chin et al. (2010), Jensen et al. (2015),
and Chai and Khaimook (2020) estimated FX model parameters using easily measured soil

properties for reliably predicting the SWCC.

Several researchers have reviewed, examined or evaluated statistical models in the literature
(Mishra et al. 1989, Williams and Ahuja 1992, Tietje and Tapkenhinrichs 1993, Kern 1995,
Wosten et al. 1995, Cresswell and Paydar 1996, Nandagiri and Prasad 1997, Romano and
Santini 1997, Wagner et al. 1998, Schaap and Leij 1998, Minasny et al. 1999, Zapata et al.
2000, Tomasella et al. 2000, Wagner et al. 2001, Cornelis et al. 2001, Romano and Palladino
2002, Tomasella et al. 2003, Mermoud and Xu 2006, Merdun 2010, Vereecken et al. 2010, Zou
et al. 2015, and Vereecken et al. 2016).

2.3.3 Artificial Intelligent prediction

With the rising interests in artificial intelligence (Al) techniques (Rumelhart et al. 1986),
several researchers proposed SWCC predictions based on Al models that were based on similar
procedures discussed in previous sections. Al prediction models for SWCCs can also be
divided into two main categories: direct and indirect prediction methods. As the name suggests,
the SWCCs are predicted directly in the first method. While in the second model (i.e., an
indirect method), SWCC model parameters are first estimated, and the estimated values are
used in the prediction of the SWCC. The Al prediction methods can also be divided into distinct
categories based on the adopted Al models. A succinct discussion on Al prediction models is

summarized below.

Pachepsky et al. (1996) was one of the pioneers to directly predict SWCC points from soil
texture and bulk density by artificial neural networks (ANN) model. Tamari et al. (1996) was
a pioneer to predict soil hydraulic conductivity by ANN. Typically, higher model prediction
accuracy is achieved by ANN model in comparison with indirect statistical estimation of
parameters from VG model. Nemes et al. (2003) evaluated the prediction accuracy for direct
SWCC estimation using distinct inputs. Jain et al. (2004) developed ANN model for direct
predicting SWCC and compared it with fitting models.
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Another pioneering work was conducted by Schaap and Bouten (1996), in their study, both
direct and indirect SWCC predictions from VG model using soil texture information, bulk
density and organic matter based on ANN models were investigated. Later Schaap et al. (1998),
and Schaap and Leij (1998) tested and evaluated the SWCC prediction accuracy with distinct
levels of input variables based on ANN models. A comprehensive version with details named
as ‘Rosetta’ was later provided by Schaap et al. (2001). Patil and Rajput (2009) evaluated
‘Rosetta’ performance. A further developed version (i.e., ‘Rosetta 3”) was available in Zhang
and Schaap (2017). Other ANN prediction models for SWCCs are also available in the
literature. Minasny and McBratney (2002), Minasny et al. (2004), Bgrgesen et al. (2008)
improved the ANN model performance based on VG model. Haghverdi et al. (2012) directly
predicted SWCCs using ANN model from limited data.

For direct SWCC estimation from ANN model, Koekkoek and Booltink (1999) developed
ANN models for several points in SWCCs. Bgrgesen and Schaap (2005), and Moreira de Melo
and Pedrollo (2015) predicted several points in SWCCs by ANN model. Baker and Ellison
(2008) combined a few individual ANNSs together to gain more robust prediction results for

several points in SWCCs.

Lamorski et al. (2008) developed support vector machines (SVM) approach, which belongs to
a different category of Al model to directly predict various points related to the SWCC.
Twarakavi et al. (2009) predicted the VG model parameters using SVM. Pachepsky et al. (1998)
directly estimated SWCC points by group method of data handling (GMDH) technique. Ungaro
et al. (2004) estimated both BC model parameters and SWCC points by GMDH model. Nemes
et al. (2006) adopted the k-nearest neighbor algorithm to directly predict water content from
soil properties. Garg et al. (2014) compared multi-gene genetic programming, ANN, and SVM
model performance on predicting SWCCs using soil suction and effective stress as input
variables. Amanabadi et al. (2019) compared the prediction performance for various models.
Li and Vanapalli (2022b) predicted SWCCs by combining multivariate adaptive regression
splines (MARS) and Arya and Paris (1981) methods together. Li et al. (2022) developed a
database and estimated various unsaturated soil properties by random forest regression and

ANN. Some typical SWCC prediction models based on soil properties are listed below.
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Table 2.2 Typical models for predicting the SWCC from the GSD curve.

nge#;:r?cdes Equations and Notations
4 Oy = szpb(Wi/pP)e
j=1
_ 1/2
— L = 2T,cost /1, gR, 213 Wi/ ChppmREYTH—eoe /377
g. (2.21) _ where, 6.i is the average volumetric water content represented
Aryaand Paris  p hore volume that corresponds to ith grain size range, S is
(1981) and scale factor and defined as the ratio of theoretical volumetric
Arya etal. water content to porosity, pb is bulk density, Wi is solid mass
(1999) per unit mass in the ith grain size range, pr is particle density,
e is void ratio, i is soil suction, Tsis surface tension, @ is
contact angle, pw is water density, g is acceleration of gravity,
Ri is the mean grain size in ith grain size range, and aap is
fitting parameter.
Eqg. (2.22) _ 1/2
Tyler and Y, = ZTSCOSH/[pngi (2€Ni1 D/3) ]
Wheatcraft where, Ni is the number of particles with radius Ri, and D is
(1989) fractal dimension.
[ -|p4
p(@®) = 1| - | ip
Eq. (2.23) 1 10- logldo-177=_| 5
Fredlund et al. |Infexp(1) + [T] }

(2002)

Eq. (2.24)
Chinetal.
(2010)

Eq. (2.25)

Zhai et al. (2020)

where, p1, p2, p3, ps and ps are fitting parameters, de is
effective grain diameter, and p(¢) is the value for either ms or
nt in Fredlund and Xing (1994) model.

ap = —2.4x + 722;n; = 0.07x%*; my = 0.015x°7;

Y, = 914 exp(—0.002x) ; x = ePypq

where, af, ns and ms are fitting parameters in Fredlund and
Xing (1994) equation, w: is residual suction, and X is
combination of void ratio e and percentage at soil passing
standard sieve No. 200, P2oo.

Aggitgl = Iiv=1PinPk(Stri - 0-5“trl<2 - O.Sﬁtriz - 0-5%7}'2);

1 1 1 1 1 1
rtangen=_+_+_+2 — —
i T]' Tk Ti‘l"]' Tj‘l"k kT
Am
Y = ZTSCOSH/(pwgrtangen);S = ATotal
void

where, AT%/! is total void area, Pi, P; and Py are the

probabilities filling the triangle between particles with radii
of ri, rj and ry, Swi is the area of triangle, o, St and  are three
angles of the triangle, rwangen is the circle that is tangent to all
three particles, v is soil suction, S is degree of saturation, and
A" is the total area filled with water.
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2.4 Models for multi-modal SWCCs

A SWCC can be either unimodal or bimodal in nature based on the pore structure of the
unsaturated soil (Fredlund and Rahardjo 1993, Ito and Azam 2013, Satyanaga et al. 2017, Zhai
et al. 2018). For example, the pore size distribution (PoSD) curve in a well-graded soil usually
leads to a SWCC with unimodal features (i.e., continuous S shape curve). However, soils with
dual-porosity structure constituted with macropores (inter-aggregate pores) and micropores
(intra-aggregate pores) is usually associated with varying PoSD curve that contributes to a
bimodal SWCC (i.e., it has two continuous S shape curve, for example, Li et al. 2009a, 2009b,
Li et al. 2014, Qiao et al. 2021).

During the last three decades, many researchers have proposed various bimodal SWCC
equations. These equations from literature can be summarized into three categories. The first
category of methods uses piecewise equations to fit the bimodal SWCCs (Wilson et al. 1992,
Burger and Shackelford 2001). In these methods, the bimodal SWCC is divided into two
unimodal curves that respectively correspond to the macropores and micropores. Each of these
curves is independently fitted using a unimodal SWCC equation with distinct fitting parameters.
The merging point (i.e., y;j in Eqg. (2.26)) between these two parts is typically determined
arbitrarily (Wijaya and Leong 2016). One of the key limitations of this method is the location
of merging point of the two curves that significantly affects the curve fitting process. Such a
technique contributes to various SWCC fitting parameters at the merging point of the two
curves (Burger and Shackelford 2001, Wijaya and Leong 2016). This method can be

summarized as below:

LW) Y <y

L@ B> (2.26)

o) ={

where f; and f> are SWCC functions representing the inter-aggregate pores (macropores) and

the intra-aggregate pores (micropores), respectively, and v is soil suction.

The second category of methods separates the porosity (i.e., the saturated volumetric water
content) into fractions representing the macropores and micropores and uses a continuous
equation to describe the bimodal SWCC (Ross and Smettem 1993, Zhang and Chen 2005, Chen
et al. 2019). In this method, optimization process of all the parameters can be simultaneously

achieved. This method can be summarized below.
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B(IP) = Hslfl (lp) + Hssfz @) (2-27)

where 65 and 0ss are saturated volumetric water contents for the macropores and micropores,
respectively. The functions f; and f» have a coupled effect on the entire shape of bimodal SWCC

since the optimization process is performed simultaneously (Zhang and Chen 2005).

Based on one hypothesis, (i.e., interaction zone in the PoSD curve predominantly influences
the behavior of bimodal SWCC in a limited zone), Li and Vanapalli (2021) proposed a new
bimodal SWCC model as shown in Egs. (2.28). In comparison with Egs. (2.26) and (2.27), the

proposed method is an extension of both methods one and two in the literature.

i) Y <y,

O0W) =34 i(W) + (1= 23)s(¥) Ya <y <yp (2.289)
f3(¥) Y =yYp

or

o) = [+ [Afi) + (1 - ﬂﬁ)fs(ll})]n + 5] (2.28D)

where the symbol []i determines the boundaries in bimodal SWCCs.

2.5 Models for hysteretic SWCCs

A family of SWCC taking account of influence soil hysteresis is required for rigorous modeling
the soil behaviors. The water content in the SWCC associated with the wetting branch is less
than the drying branch at any given soil suction. Numerous drying and wetting scanning curves
are possible within the main drying/wetting SWCCs. The major factors that influence the
hysteretic SWCCs (Pham et al. 2005) include: (i) irregular pore structures inside soils or the
“ink-bottle” effect; (ii) the contact angle variation during drying and wetting processes; (iii)
entrapped air during wetting; (iv) thixotropic regain or aging due to the wetting-drying cyclic

history.

Two approaches are widely used for modeling hysteretic SWCC (Pham et al. 2005) in the
literature; namely, physical-based (domain) models (e.g., Parlange 1976, Mulem and Miller
1979, Hogarth et al. 1988, Wei and Dewoolkar 2006, Min and Huy 2010, Zhou 2013, Likos et
al. 2014, Fu et al. 2020) and empirical models (e.g., Feng and Fredlund 1999, Pham et al. 2003,
Zhai et al. 2020).
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2.6 Modeling SWCCs under initial states effects

Experimental studies from the literature suggest that the SWCC behavior is significantly
influenced by the stress state and initial compaction water content that is strongly related to the
pore structure in fine-grained soils (e.g., Vanapalli et al. 1999, Ng and Pang 2000). During the
last two decades, several models have been developed to incorporate the influence of initial
stress state into SWCC (e.g., Wheeler et al. 2003, Gallipoli et al. 2003, Sun et al. 20074,
Tarantino and Col 2008, Tarantino 2009, Gallipoli 2012, Zhou et al. 2012a, Hu et al. 2013,
Zhou and Sheng 2015). Two equations are widely used in literature (e.g., Gallipoli 2012, Hu
et al. 2013) for understanding the influence of void ratio changes associated with the stress

state on the SWCC and are summarized below.

0-0r 1 My

056, {1+[¢(¢Ceec)]"'f} (2.33)
0-0, 1 my

65—6r {1+[a01/’ex19(fc(€—eo))]nv} (2.34)

where ¢c and & are fitting parameters, ao is parameter ay value at reference state, e is void ratio,

and eg is the void ratio at reference state.
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Table 2.3 Typical bimodal SWCC equations from the literature.

Eq. # and Equations and Notations
Refs
Eqg. (2.29) 9 = $1-52 + S2—S53 + S3—S4 +S
Gitirana Jr 1+ /Y Yp1Pres) 1+(p/y Yres1Wp2) 2 1+(¢/\m)d3 4
and L tan8;(1+rH)In@ /) a _1Ni _(1+tan?6;) 2112 a a2(1-rftan?0;)
Fredlund Si = (—rPtan26y) T St +(=1) (1-r2tan6;) \/ri In*Gh/Yi) + (1+tan?6))
(2004) where Sf=1, $5=Sres1, S5=Sp, S§=Sres2, SE=0, Y = Yp1, W5 = Wres1, WS = Y2, P& = Presz, P& = 10°, 0; = — (A4

+2:)/2, 1y = tan[(Ai—1 + 4;)/2], 20=0, ; = arctan{(S{" — S{%1)/[In(¥y1/¥)]} and d; = 2exp[1/In(Py1/P)].
Eq- (230) ln(1+1) ln(lpa_l—_w) ln(lpaf—_w)
Satyanaga 6 =(1-——& [er + (6:1 = 02) (1 —erfe M) + (652 = 6:) (1 —erfe M)]
etal. (2013) n(+y,)

X 1 x2

erfc = ——exp| —— |dx

where 6 is the saturated volumetric water content, wa represents air-entry value, ym represents the matric suction at the inflection

point, and s is the geometric standard deviation of SWCC.
Eq (231) 9= (& s ) mn/log(lpm/lpaﬂ (& p ) pr)™ P mn/log@l}rz/waz) .
LI et al A+1 r ¢n/10g(¢r1/¢a1)+mn/log(wrl/wal) A+1 r ¢m+(l¢r1)m r wn/log(wrz/waz)+mn/log(¢r2/wa2)
(2014) g, " 5 _ (9 _0)/0

rgmepm = s 7 O/

where I, m, n are fitting parameters.
Eg. (2.32) ’ 0=0;—m(x—x)— Rz(x)(}Tz(— mﬁ) — R3(x)(m3 — my) — Ry(x)(my — m3) — Rs(x)(ms — my)
Wijaya and p () = L¢(x - L fcoshleiGe=x)l
Leong Ri(x) 2 (Gr—x1) + ci In {cosh[ci(xi—xl)]}

2

(2016) C; = g /)’ x =log(¥), x; = log(¥;)

where X1 is the value of log (wi) when 8 = 6s, mj is the slope of each linear segment i, i is the matric suction at the intersection
point between linear segment i-1 and i, ¥ is the suction where the SWCC merges into linear segment i, and ¥; is the suction
when the SWCC departs from segment i-1.
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2.7 Modeling SWCC considering THMC effects

There is extensive information in the literature to understand and interpret the influence of
hydro-mechanical behavior of unsaturated soils using the SWCC. Several models have been
proposed in the literature for predicting the SWCCs considering the influence of temperature
effects (e.g., Hansson et al. 2004, Jacinto et al. 2009, Zhou et al. 2014, Wan et al. 2015,
Ghavam-Nasiri et al. 2019, Cai et al. 2022). The influence of different types of salts and
concentrations were also investigated on the behavior SWCCs in the literature (e.g., Ravi and
Rao 2013, He et al. 2016, Wang et al. 2019). There is an urgent need to understand the influence
of THMC on SWCCs.

In many scenarios, frozen soils are also in a state of unsaturated condition. The pore-water in
unsaturated soils can exist in a partial or fully frozen state as ice when the soil is subjected to
a low temperature. The initial freezing point of water within the soils is lower than the fusion
point of pure water due to certain factors such as the high pore pressures (e.g., Koopmans and
Miller 1966, Banin and Anderson 1974, Black and Tice 1989, Ren and Vanapalli 2019). The
relationship between the unfrozen water content and temperature which is referred to as the
soil freezing characteristic curve (SFCC) is used for understanding, interpreting, and predicting
the behavior of frozen unsaturated soils with a temperature lower than 0 °C (e.g., Kurylyk and
Watanabe 2013, Teng et al. 2020).

In recent decades, two approaches have been used for modeling SFCC behavior in the literature
(e.g., Kurylyk and Watanabe 2013, Zhang and Lu 2021): the first approach is based on semi-
empirical or empirical methods (e.g., Black and Tice 1989, Kozlowski 2007); while the second
approach is based on exploiting the similarities with the SWCC (e.g., Liu and Yu 2013, Wang
etal. 2017, Zhou et al. 2018, Teng et al. 2020, Jin et al. 2020, Wan and Yang 2020, Kong et al.
2022).
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CHAPTER 3
A Novel Modeling Method for the Bimodal Soil-Water Characteristic Curve

3.1 Introduction

The soil-water characteristic curve (SWCC) describes the relationship between water content
or degree of saturation and the soil suction (Fredlund and Rahardjo, 1993). The water content
in this relationship can be either gravimetric or volumetric. The SWCC is also referred to in
the literature using different terms; namely, soil moisture curve and soil-water retention curve.
During the last 25 years, the variation of thermo-hydro-mechanical-chemo (THMC) properties
with respect to suction have been predicted using the SWCC along with the saturated soil
properties (for example, Vanapalli et al., 1996; Xu et al., 2003; Fredlund et al., 2011; Zhu et
al., 2013; Siemens et al., 2014; Yin and Vanapalli, 2018; Alves et al., 2020). There is a growing
interest during the last two decades to design various geotechnical infrastructures such as the
slopes, pavements, retaining walls, pipelines, shallow and deep foundations (Tsaparas et al.,
2002; Qi and Vanapalli, 2015; Cary and Zapata, 2016; Ren and Vanapalli, 2020; Chen et al.,
2021; Rong and McCartney, 2021) for unsaturated soils using the SWCC as a tool.

A typical SWCC can be either unimodal or bimodal in nature based on the pore structure of
the unsaturated soils (Fredlund and Rahardjo, 1993; Nemes et al., 2001; Ito and Azam, 2013;
Satyanaga et al., 2017; Zhai et al., 2018) (see Figure 3.1). For example, the pore size
distribution (PoSD)curve in a well-graded soil usually leads to a SWCC with unimodal
features (i.e., continuous S shape curve). However, soils with dual-porosity structure
constituted with macropores (inter-aggregate pores) and micropores (intra-aggregate pores) is
usually associated with varying PoSD curve that contributes to a bimodal SWCC (i.e., it has
two continuous S shape curve) (for example, Li et al., 2009a, 2009b; Li et al., 2014; Qiao et
al., 2021).

Several traditional equations are available in the literature for fitting (for example, van
Genuchten, 1980; Fredlund and Xing, 1994) or predicting the unimodal SWCC behavior (for
example, Arya and Paris (1981).

The contents presented in this chapter are published in Computers and Geotechnics.
Li, Y., Vanapalli, S.K., 2021. A novel modeling method for the bimodal soil-water
characteristic curve. Comp. Geotech. 138, 104318. doi: 10.1016/j.compgeo0.2021.104318.
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A typical prediction equation that relates the SWCC to basic soil properties include physico-
empirical equations and statistical estimation methods (Arya and Paris, 1981; Fredlund et al.,
2002; Vanapalli and Catana, 2005; Chin et al., 2010; Zhai et al., 2020; Li and Vanapalli, 2021).
The SWCC fitting equations are smooth mathematical relationships that are widely used in the
prediction of the unsaturated soil functions such as the permeability and the shear strength for
use in engineering and agriculture applications (for example, Fredlund et al., 1994; Vanapalli
etal., 1999; Zhan et al., 2012; Zhai et al., 2017).

The bimodal SWCCs are different from unimodal SWCC and are not typically described by
traditional equations (Burger and Shackelford, 2001; Satyanaga et al., 2013; Li et al., 2014;
Wijaya and Leong, 2016). In this Chapter, a hypothesis is introduced to link the soil PoSD
curve to the bimodal SWCC. The relationships between the PoSD curve and the bimodal
SWCC equations are used in extending the proposed hypothesis to propose two novel
equations; namely, the rigid equation and the simplified equation by modifying two widely
used unimodal SWCC equations from the literature; namely van Genuchten (1980) and
Fredlund and Xing (1994) equations. The proposed bimodal SWCC equations can be used as
valuable tools for reliably predicting various properties of unsaturated soils; similar to the
unimodal SWCC equations. In addition, they can be used in the finite element methods for

analyzing the complex nonlinear THMC behavior of unsaturated soils.

S 40 | —e— Loamy sand

S

= i Air-entry

2 30 k value = 2.4kPa

3

; -

© . .

= 20 F Residual suction

-2 I = 5.5kPa

g
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S
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(a) Typical unimodal soil-water characteristic curve
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Figure 3.1 Typical unimodal and bimodal soil-water characteristic curves.

3.2 Background literature

During the last three decades, many researchers have proposed various bimodal SWCC
equations. These equations from literature can be summarized into three categories. The first
category of methods uses piecewise equations to fit the bimodal SWCCs (Wilson et al., 1992;
Burger and Shackelford, 2001). In these methods, the bimodal SWCC is divided into two
unimodal curves that respectively correspond to the macropores and micropores. Each of these
curves is independently fitted using a unimodal SWCC equation with distinct fitting
parameters. The merging point (i.e., yj in Eq. (3.1)) between these two parts is typically
determined arbitrarily (Wijaya and Leong, 2016). One of the key limitations of this method is
the location of merging point of the two curves that significantly affects the curve fitting
process. Such a technique contributes to various SWCC fitting parameters at the merging point
of the two curves (Burger and Shackelford, 2001, Wijaya and Leong, 2016). This method can

be summarized as below:

LW Y <y

6@ = {fzap) p>y

(3.1)
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where f1 and f> are SWCC functions representing the inter-aggregate pores (macropores) and

the intra-aggregate pores (micropores), respectively, and v is soil suction.

The second category of methods separates the porosity (i.e., the saturated volumetric water
content) into fractions representing the macropores and micropores and uses a continuous
equation to describe the bimodal SWCC (Ross and Smettem, 1993; Zhang and Chen, 2005;
Chen et al., 2019). In this method, optimization process of all the parameters can be

simultaneously achieved. This method can be summarized below.

O(Y) = 05 f1(Y) + 655 f2(¥) (3.2)

where 65 and 0ss are saturated volumetric water contents for the macropores and micropores,

respectively.

The functions f1 and f> have a coupled effect on the entire shape of bimodal SWCC since the

optimization process is performed simultaneously (Zhang and Chen, 2005).

The third category of methods extends an independent parameter approach to determine the
bimodal SWCC. This method is based on several fitting parameters that need to be estimated
extending graphical construction methods for the bimodal SWCCs. Different equations are
used for determining the fitting the parameters in these methods (Gitirana Jr and Fredlund,
2004; Liu et al., 2013; Satyanaga et al., 2013; Wijaya and Leong, 2016). The equations in this
method focus on flexibility rather than strongly relating them to the bimodal PoSD curve
(Satyanaga et al., 2013; Qiao et al. 2021). Table 3.1 summarizes four representative equations
of this method from the literature (i.e., Egs. (3), (4), (5), and (6) in Table 3.1).

In this Chapter, two piecewise-form bimodal SWCC equations are proposed that are linked
with the bimodal PoSD curve. Both these equations incorporate advantages of various methods.
First, it is based on the traditional unimodal SWCC equations that were found to be valuable
tools for providing a rational basis for explaining the THMC behavior of unsaturated soils.
Second, various parameters required in identifying salient features of the SWCC can be
determined using graphical construction methods, which simplify curve-fitting procedures. In
addition, a technique is developed based on regression analysis to estimate the key features that
include the air-entry and the residual suction values of the bimodal SWCC without bias. The
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proposed equations can be used as tools for rational interpretation and prediction of the THMC

properties of unsaturated soils that exhibit dual pore structure.

3.3 Derivation for the bimodal soil water characteristic curve

3.3.1 Basic relationships for bimodal SWCC

The volumetric water content, 6 in unsaturated soils can be expressed as Eq. (3.7) since it
describes the amount of water stored in the pores and each pore is characterized by radius r
(Fredlund and Xing, 1994):

R
O(R) = meinf(r) dr (3.7)
where 6(R) represents the volumetric water content when the water fills all pores with radii less
than or equal to R, Rmin is the minimum radius of pores inside the soil, and f(r) is the density

function of pore volume with respect to pore radius r.

The volumetric water content can be rewritten as Eq. (3.9), by including Young-Laplace
equation (i.e., Eq. (3.8)):

r= 2Tgcosf
Y

9(1!)) _ fl;J/Jmaxf (ZTS(;LOS,B) d (2T5205B> _ flzpmaxf (ZTSZOSB) ZTS}:ZOSB dh (39)

(3.8)

where Ts is surface tension of water, £ is contact angle, wmax is the maximum soil suction
corresponding to the minimum pore size, and h is a dummy variable of integration representing

suction.

The above equations are based on the local equilibrium hypothesis (Hypothesis I, Mualem,
1976), which suggests that at a given suction for a specific pore radius, all pores with larger
radii are fully filled with air, while the pores with smaller radii are totally filled with water
(Fredlund and Xing, 1994).
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Table 3.1 Bimodal SWCC equations for the third category of methods from the literature.

Eq. # and Equations and Notations
Refs
Eqg. (3.3) 9 = $1=52 + $2—53 + S35, +S
Gitirana Jr 1+ /Y Yp1Pres) 1+(p/y Yres1Wp2) 2 1+(¢/\/¢b2¢resz)d3 4
and L tan8;(1+rH)In@ /) a _1Ni _(1+tan?6;) 2112 a a2(1-rftan?0;)
Fredlund Si = (—rPtan26y) T St +(=1) (1-r2tan6;) \/ri In*Gh/Yi) + (1+tan?6))
(2004) where Sf=1, $5=Sres1, S5=Sp, S§=Sres2, SE=0, Y = Yp1, W5 = Wres1, WS = Y2, P& = Presz, P& = 10°, 0; = — (A4

+2:)/2, 1y = tan[(Ai—1 + 4;)/2], 20=0, ; = arctan{(S{" — S{%1)/[In(¥y1/¥)]} and d; = 2exp[1/In(Py1/P)].
Eqg. (3.4) ln(1+1) 1n(¢a_1—‘1/’) ln(lpaf—_w)
Satyanaga =|1- —11l())r6 [Hr + (051 — 052) (1 —erfc %) + (652 — 6;) <1 —erfc %)l
etal. (2013) InC+y)

X 1 x2

erfc = ——exp| —— |dx

where 6 is the saturated volumetric water content, wa represents air-entry value, ym represents the matric suction at the inflection

point, and s is the geometric standard deviation of SWCC.
hOD g o (e g) ——LEnla (L —6,) "y g el
LI et al A+1 r ¢n/10g(¢r1/¢a1)+mn/log(wrl/wal) A+1 r ¢m+(l¢r1)m r wn/log(wrz/waz)+mn/log(¢r2/wa2)
(2014) g, " 5 _ (9 _0)/0

rgmeppm = s O/

where I, m, n are fitting parameters.
Eg. (3.6) ’ 0=0;—m(x—x)— Rz(x)(}Tz(— mﬁ) — R3(x)(m3 — my) — Ry(x)(my — m3) — Rs(x)(ms — my)
Wijaya an () = L0y — 1, [coshlci(x—x;
Leong Ri(x) 2 (Gr—x1) + ci In {cosh[ci(xi—xl)]}

2

(2016) C; = g /)’ x =log(¥), x; = log(¥;)

where X1 is the value of log (wi) when 8 = 6s, mj is the slope of each linear segment i, i is the matric suction at the intersection
point between linear segment i-1 and i, ¥ is the suction where the SWCC merges into linear segment i, and ¥; is the suction
when the SWCC departs from segment i-1.
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Based on Eg. (3.9), the volumetric water content can be calculated at various soil suction
values, if the PoSD curve for a soil is well defined. Two well-known equations for unimodal
SWCC; namely, van Genuchten equation (van Genuchten, 1980) (i.e. Eg. (3.10)), and Fredlund
and Xing equation (Fredlund and Xing, 1994) (i.e. Egs. (3.11)) are developed in the literature
extending the above philosophy.

0-6, 1 ,

0s—6r 1+(av1j))nv]m (310)
Os

9= CO) @ rap ™ (3.11a)

Cy)=1- AnC+Y/br) (3.11b)

In(1+10%/vy,)

where e is base of natural logarithm, ay, my, ny, as, ms, and ns are fitting parameters, s and 6r
are saturated and residual volumetric water content, respectively, and C(y) is the correction

function for Fredlund and Xing equation.

For simplicity purposes in the remainder of this Chapter, van Genuchten equation (i.e., Eq.
(3.10)) and Fredlund and Xing equation (i.e., Eqg. (3.11)) are referred to as VG and FX

equations, respectively.

The PoSD curve can be expressed as the sum of PoSD curve functions for macropores and

micropores of soils with dual-porosity structure (Zhang and Chen, 2005), as given below:

f@r) = f(r) + fu(r) (3.12)

where f.(r) and fs(r) are PoSD curve functions for macropores and micropores, respectively.
Based on Eq. (3.9), water content can be expressed as the sum of water stored in the macropores

and the micropores:

9(1,0) _ fl;f}max[f_‘s (ZTS(;lOSﬂ) +fL (ZTSZOSﬁ)] ZTS;)S[)’ dh (313)

The saturated volumetric water content can be expressed as Eq. (3.14) when the Eqg. (3.13) is

integrated over the suction range (Zhang and Chen, 2005):

Page 31



0, = 6, + 6, (3.14)

where 6ss and 6. are saturated volumetric water content for the micropores and the macropores,

respectively. Eq. (3.13) can also be written as:

o) = [" g(hydh + [, g(h) dh (3.15a)
g(h) = [fy (FE2E) 4 f, (Foh) Zeeeh (3.15b)

where v is the residual suction value. The amount of water drained from the soil equals to the

residual volumetric water content, 8- when soil suction exceeds the residual suction value.
Thus, based on Egs. (3.15a), and (3.15b), the residual water content can be expressed as:
0, =0,s+0, (3.16)

where s and 6y are residual volumetric water content for the micropores and the macropores,

respectively. Therefore, Egs. (3.15a), and (3.15b) can be expressed as:
95 = (Agsp + AHLp) + (Hrs + HrL) (3.17)

where Afsp and A6, are the differences between saturated and residual volumetric water

content for the micropores and the macropores, respectively.

If Eq. (3.17) is separated into two parts that correspond to the micropores and the macropores,

the following equations are derived:

0; = (ABsp + 0,5) + (A0 + 0,1) (3.18)
Oss = Ay + Oy (3.19)
GSL = A@Lp + eT'L (319b)

Some key observations can be derived from the Egs. (3.18) and (3.19). These equations suggest

that the total variation of volumetric water content for bimodal SWCC can be regarded as the
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sum of water content variations of the micropores and the macropores; in addition, they can be
performed independently. These equations are valuable; however, they do not provide the
required information to link PoSD curve to the bimodal SWCC. The peak points from the
micropores to the macropores can be clearly distinguished for most soils, as shown in Figure
3.2. The boundary between the macropores and the micropores however remains questionable
for some soils (Miguel and Bonder, 2012). Such a behavior can be attributed to the pore sizes
that are not constant under various scenarios for some soils, e.g., expansive clays (Vanapalli et
al., 1999; Gitirana Jr and Fredlund, 2004; Zhou, 2013).

3.3.2 Hypothesis to relate bimodal SWCC equations

To alleviate the limitations discussed in the earlier paragraph, another hypothesis, which is
referred to as hypothesis Il is proposed to explain the bimodal nature of the SWCC. As shown
in Figure 3.3, the interaction zone in the PoSD curve predominantly influences the behavior of
bimodal SWCC in stage Il. This is the only zone that is influenced by both the macropores and
the micropores. This hypothesis suggests that there is combined contribution of both
macropores and the micropores to the bimodal SWCC in stage Il (as shown in Figure 3.3). The
boundary between the macropores and micropores is difficult to distinguish from the PoSD
curve. However, the interaction zone in the PoSD curve (i.e., stage Il in bimodal SWCC) can
be determined graphically based on this hypothesis. Therefore, functions of both the
macropores and the micropores can be applied together to model the behavior in stage II.

A corollary can also be introduced extending hypothesis 1. The micropores have little or no
effect on stage | of the bimodal SWCC and the macropores have little or no influence on stage
I11 of the bimodal SWCC, as per this corollary. This means that the macropores are filled with
air at the end of stage 11, while the micropores are filled with water at the start of stage Il. This
discussion suggests that it is reasonable to assume the behavior in stage 1 is influenced by both
the macropores and the micropores. However, the exact contribution of the macropores and the
micropores in PoSD curve to stage Il is uncertain. Nevertheless, some relationships can be
derived based on the hypothesis and the corollary, extending the graphical construction method
(Vanapalli et al., 1998) as shown in Figure 3.3(b).

ABy, = A6f, — at A6y (3.20a)
A6, = MBS, — (1 — a™)ABy (3.20b)
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where AHZD Is the difference of volumetric water content between saturated water content and
the water content at the end of stage I, A84;, is the difference of volumetric water content
between the volumetric water content at the start of stage 11 and residual water content, AGw is
the volumetric water change at stage 11, and o is the pore size influence factor. Aé){’p, WES
and A6wv are all determined graphically (i.e., Fig. 3.3(b)), and the equations to find them from

existing points are listed below:

ABH = 0, — Oy (3.21a)
MO = By — 6, (3.21b)

where Owva, and Owp are the volumetric water content at points Ma and My, respectively.

The above equations can be used for developing relationships for volumetric water content
using VG and FX equations to piecewise-form bimodal SWCC equations. For example, Eq.

(3.10) can be modified to define stage | of the bimodal SWCC equation as given below:

9’—9rL_ 1
A0y +(apip)t

Jon (3.22)

where av1, nv1, and myy are fitting parameters.

The pseudo volumetric water content 6" is introduced here because it needs to be converted
into the global axis (i.e., the measured volumetric water content in bimodal SWCC, 6). To fit
the entire bimodal SWCC based on Egs. (3.18), (3.19a), and (3.19b), the pseudo water content

0 in the above equation (i.e., Eq. (3.22)) can be expressed as:
0' =0 — A, — O, (3.23)

The equation below is derived based on hypothesis Il by incorporating Egs. (3.20a), (3.20b),
and (3.23) into Eq. (3.22):

0-008+(1—-a)AOy—0rs—0r [ 1
A0 —aHAfy T Mt (ay )yt

] (3.24)
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From Eg. (3.16), Eq. (3.24) can be simplified as:

0-008,+(1-at)AOy -6, 1
A0 —aHAfy T Mt (app)n

] (3.25)

In the above equation, except a", the other four parameters on the left side (i.e., AHLHp, WES

Abwm, and 6r) can be determined extending graphical construction method (i.e., Figure 3.3(b)).

For the bimodal SWCC equation in stage 11, it can be expressed as:

0'—0ps 1
Msp  “1+(ayzp)™s

Jmws (3.26)

Based on hypothesis Il and the corollary, in stage I11, the macropores are filled with air. Thus,
from Eq. (3.18), the pseudo water content " can be written as:

0'=6-06,, (3.27)
By substituting Egs. (3.16) and (3.27) into Eqg. (3.26), the following equation is derived:

6-6, _ 1
H_q1_ H - [ n
AOsp—(1-a™)A0y 1+(ayzp)nvs

Jms (3.28)

Egs. (3.25) and (3.28) describe the bimodal SWCC behaviors in stage | and 111, respectively.
The contribution of various types of pore structures can be evaluated by a parameter o™, which
is referred to as the pore size influence factor in stage Il that takes account of both the
macropores and micropores. However, the influence from the macropores and micropores can
be different at various points in stage I1. For example, the macropores may contribute more to
the data close to Ma, while the micropores can exert more influence on the data points close to
My, as shown in Figure 3.3. Thus, it is reasonable to introduce a floating parameter 1P to
allocate the contribution of the macropores and the micropores to each point in stage Il of the
bimodal SWCC. Therefore, the volumetric water content in stage Il (i.e., 6i) can be expressed

as:

0, = (1 —BHP)6, + BP0y, (3.29)
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where 6, and 6y are the volumetric water contents calculated from Egs. (3.25), and (3.28) using
soil suction in stage Il, respectively. The floating parameter f™° can be determined for each
point in stage 11 as a function (i.e., B° = 1P (y)). Since the pore size influence parameter o
describes the entire contribution of the macropores and the micropores, the relationships can

be expressed as below.
H__ 1 ¥YB HpHD

Based on Egs. (3.25), (3.28), (3.29), and (3.30), the proposed bimodal SWCC equation

equations are summarized as below:

0,065, +(1-a™)A0y -6, 1

my

SO -aMa0y - gl 0TS A (3:31a)

O111—6r _ 1 my
AT —(1—at)aby el fory > ys (3.31b)
0 = (1—B")6, + BP0,y forya <y <ye (3.31c)

H _ 1 VB HD

afl ==, B W) dy (3.31d)
where the symbols 8, 6, and 6 are used to distinguish the water content in stage I, 11, and

[11, respectively.

In Eq. (3.31), as mentioned above, 6 and & are calculated from Eqgs. (3.31a) and (3.31b)

respectively using the suction range in stage Il (i.e., from wa to ws in Figure 3.3(b)).

For the calibration of this equation (i.e., Figure 3.4(a)), parameters A6}, AB%,, and AGm in Egs.
(3.31a), and (3.31b) can be determined based on a graphical construction method. First, a value
from zero to one should be assumed for a". The fitting parameters a1, nv1, and mys in stage |
and av3, nv3, and myz in stage 111 are calibrated using bimodal SWCC data in stage | and stage
I11, respectively. Second, 6 and 6 are calculated for the suction range in stage Il, using
parameters from the first step. This procedure facilitates calibrating sHP from each point in
stage 11 of the bimodal SWCC. Third, obtain new o' by calculating 7° from Eq. (3.31d) and
check the difference between the calculated values. The calibration process is terminated if

these two values are close (e.g., the difference is less than 0.0001). If this is not achieved, the
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H and iterative calibration is continued until

first step is repeated with the calculated «
appropriate parameters are found. In other words, a rigorous iteration technique is required for

the calibration process.

Determine parameters A87,, A%, Delsermlr;e parameters
: P ABY,, A8y, and AOm by
and Af@wm by graphical construction D — rap hical construction
method assuming a value for a" grap
method
Calibrate fitting parameters av1, Nvi, l
and myz in stage | and a3, ny3, and Calibrate fitting
mys In stage 111 parameters avi, nv1, and
my1 in stage | and avs,
1 ny3, and myz in stage 111
Calculate 6, and 6\ for the suction
range of stage Il
1 Calculate 6, and 61 for
Calibrate floating parameter P the SUCE'On lﬁmge of
from each point in stage Il stage
Obtain new & by calculus of fHP(y) l
Calibrate parameter Az

1 in stage 11
Whether " is No l
close to the value S [ End calibration ]
of <104 Use the

calculated a™

YES l

[ End calibration ] (b) Calibration process for the
simplified model

(a) Calibration process for the
rigorous model
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Figure 3.4 Calibration processes for proposed models.
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The suitable parameters can be precisely determined by extending this calibration technique;
however, it is tedious. In some scenarios, when the data for stage Il of bimodal SWCC is limited
(i.e., only a few data points are available), the calculation procedure for the two calibration
steps may not provide a reliable value of of. The hypothesis Il in certain scenarios, as
discussed, cannot reliably determine the macropores and the micropores. For this reason, to
alleviate these limitations, a simplified bimodal SWCC equation is proposed.

0;—-005,+00y 0, 1

my
20, Dyl TOrYSya (3.322)
O111—6r _ 1 v
2ol = gy for v = ye (3.320)
611 = /1/;91 + (1 - /1/;)9”1 f0r WA < 4 < VB (3320)

where Az is a static model parameter.

This equation is relatively simple to derive volumes for both the micropores and the
macropores in comparison with the rigid equation (i.e., Egs. (3.31a), (3.31b), and (3.31c)).
However, a larger range o