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Preface of the editor

Loess soils are characterized by a loose structure stabilized by capillary effects and cemen-
tation bonds. In case of water infiltration the suction in the soil decreases and cementation
bonds weaken, potentially leading to a collapse of the structure accompanied by the de-
velopment of excess pore water pressure, loss of shear strength and large deformations.
Such effects have frequently caused slope failures in thick loess deposits due to heavy
rainfall. Investigations on the slope stability under such conditions necessitate a deep
understanding of the hydro-mechanical behaviour of loess, as well as its description by

sophisticated constitutive models for numerical simulations in more complicated cases.

Previous experimental studies have been mainly performed on remoulded loess, which
differs significantly from undisturbed loess with respect to structure. Furthermore, earlier
studies were restricted to monotonic hydro-mechanical processes, while subsequent rainfall
events in combination with evaporation are associated with a cyclic wetting and drying of
the soil. Therefore, the experimental program performed by Lingyun Li concentrates on
the comparison of the hydro-mechanical behaviour of undisturbed and remoulded samples
of a loess from China, as well as on the effect of wetting and drying cycles. The thor-
ough experimental investigation on unsaturated and saturated samples of a loess from
China included tests on compressibility, shear strength, hydraulic conductivity, soil water
characteristic curve (SWCC) and collapse behaviour under water infiltration. Amongst
others, oedometer tests with controlled suction or water infiltration at a certain mechan-
ical stress, single- and multi-phase direct shear tests, drained and undrained monotonic
triaxial tests, and measurements of the SWCC during several drying and wetting cycles

and under different net normal stresses were performed.

Based on her experimental data Lingyun Li has calibrated an established constitutive
model for unsaturated soils (Barcelona Basic Model), which was subsequently applied in fi-
nite element simulations of a soil column and a slope considering thermo-hydro-mechanical
coupling. Lingyun Li has inspected the influence of the atmospheric boundary conditions
on parameters like pore water pressure or suction, temperature and stress within the soil.
The back analysis of a real slope failure case in China delivered useful insights into the

driving mechanisms.

Lingyun Li has performed a large number of high-quality laboratory tests with great

care, which is particularly important when handling the sensitive undisturbed loess as



i

well as testing soils in unsaturated states. The test results were evaluated with respect to
various soil properties and represent the most complete set of data for this special kind
of soil published so far. The data can serve as a valuable basis for the development and
calibration of constitutive models for loess soils. The numerical simulations considering at-
mospheric boundary conditions give a deeper insight into the thermo-hydro-mechanically
coupled processes in loess soils potentially leading to slope failure under heavy rainfall
events. The dissertation of Lingyun Li contributes to an enhanced understanding of the
hydro-mechanical behaviour of loess soils as well as the driving mechanisms of slope fail-

ure in such soils.

Prof. Dr.-Ing. habil. Torsten Wichtmann Bochum, 19.07.2023
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Abstract

Thick layers of loess cover large areas in China. Loess is a problematic and moisture
sensitive soil, which makes loess slopes vulnerable to failure when subjected to rainfall.
During the rainy season, many landslides used to occur in the past causing loss of lives and
an enormous amount of damage on the economy. Hence, the landslide risk assessment has
become one of the most important geotechnical issues in projects involving loess slopes.
Therefore, the main objective of this thesis is to thoroughly investigate landslides in loess

areas induced by rainfall.

In the experimental part of the thesis, the hydro-mechanical behaviour of loess encoun-
tered in the Shannxi region of China was studied both in undisturbed and remolded
states. For this purpose, loess samples were collected in situ and from them a number
of undisturbed and remolded specimens for laboratory testing were prepared. Firstly, in
order to account for the cyclic infiltration processes that take place on the surface of the
loess slopes in the considered region of China, the effect of hydraulic loading path on the
hydro-mechanical loess behaviour has been studied. Next, the influencing factors such as
microstructure and stress path on the collapse properties and hydro-mechanical behaviour
of loess were investigated over a wide range of suction. Hydraulic characteristics of the
loess under different hydraulic loading paths were studied by three different techniques.
Specifically, the branches of the soil water characteristic relationship, such as main wet-
ting, main drying and scanning curves were experimentally determined. Furthermore,
different empirical models were used to fit the soil water characteristic relationship data
and the quality of the fit by the selected models was evaluated. In order to obtain the un-
saturated permeability, firstly, the falling head test was used to measure the permeability
in the saturated state. Analytical and statistical functions of the soil water characteris-
tic curve were then considered to predict the permeability of the unsaturated soil. The
suction-controlled oedometer testing was used to study the coupled hydro-mechanical be-
haviour under various stress paths. This allowed for the investigation of the resulting

volumetric and saturation-desaturation behaviour.

The finite element software CODE_BRIGHT with the Barcelona Basic Model (BBM)
was applied to analyze the stability of a selected loess slope under atmospheric boundary
conditions. A soil water characteristic model with hysteresis considering entrapped air
was employed to reproduce the hysteretic unsaturated flow phenomenon. The parameters

of the constitutive and hydraulic models were calibrated based on the experimental data.
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The results of the finite element simulation of a real case loess slope under atmospheric
boundary conditions are presented and discussed. Emphasis is given on the distribution
of pore water pressure and plastic strain in the slope under various atmospheric boundary
conditions. The stress distribution and its change influenced by the atmospheric factors

have been analyzed. Furthermore, the main mechanism of slope instability has been
identified.
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Zusammenfassung

Ausgedehnte Gebiete in China sind von méachtigen LoBschichten bedeckt. Lo ist ein prob-
lematischer und feuchtigkeitsempfindlicher Boden, der anfallig fiir Erdrutsche infolge von
Regenfallen ist. Wahrend der Regenzeit haben sich in der Vergangenheit wiederholt Er-
drutsche ereignet, die Menschenleben gekostet und enorme wirtschaftliche Schaden verur-
sacht haben. Daher ist die Bewertung des Risikos von Erdrutschen zu einer der wichtigsten
geotechnischen Fragen bei Projekten geworden, die LoBhange betreffen. Das Hauptziel
dieser Arbeit ist daher eine eingehende Untersuchung von Erdrutschen in LoBgebieten,

die durch Niederschlage ausgelost werden.

Im experimentellen Teil der Arbeit wurde das hydromechanische Verhalten von Lof aus
der Region Shannxi in China sowohl im ungestorten als auch im aufbereiteten Zustand un-
tersucht. Zu diesem Zweck wurden Loiproben im Feld entnommen, aus denen eine Reihe
von ungestorten und aufbereiteten Probekorpern fiir Laborversuche hergestellt wurden.
Unter Beriicksichtigung der zyklischen Infiltrationsprozesse, die an der Oberflache der
LoéBhange in der betrachteten Region Chinas stattfinden, wurde zunéchst die Auswirkung
des hydraulischen Belastungspfades auf das hydromechanische Verhalten des Lofles un-
tersucht. Anschliefend wurde der Einfluss verschiedener Faktoren wie der Mikrostruk-
tur und des Belastungspfades auf die Kollapseigenschaften und das hydromechanische
Verhalten von Lo68 in einem weiten Bereich von Saugspannungen quantifiziert. Die hy-
draulischen Eigenschaften des Lofles unter verschiedenen hydraulischen Belastungspfaden
wurden unter Einsatz von drei verschiedenen Techniken untersucht. Insbesondere wur-
den die verschiedenen Abschnitte der charakteristischen Bodenwasserkennlinie (“Soil wa-
ter characteristic curve,,), wie die Hauptbefeuchtungskurve, die Haupttrocknungskurve
und die dazwischenliegenden tibergangskurven (,,scanning curves“) experimentell bes-
timmt. Dartiber hinaus wurden verschiedene empirische Modelle verwendet, um die
Daten der charakteristischen Bodenwasserkennlinie zu approximieren, und die Qualitit
der Anpassung durch die ausgewahlten Modelle wurde bewertet. Um die ungesattigte
Durchlassigkeit zu ermitteln, wurde zunéchst die Durchlassigkeit des gesattigten Bodens
mit dem Versuch mit fallender Druckhohe ermittelt. AnschlieBend wurden analytische und
statistische Funktionen der charakteristischen Bodenwasserkennlinie zur Vorhersage der
Durchlassigkeit des ungesattigten Bodens herangezogen. Zur Untersuchung des gekoppel-
ten hydromechanischen Verhaltens unter verschiedenen Beanspruchungspfaden wurde der
odometerversuch mit kontrollierter Saugspannung eingesetzt. Dies ermoglichte die Unter-

suchung des resultierenden volumetrischen und Bewasserungs-Entwasserung-Verhaltens.
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Die Finite-Elemente-Software CODE_BRIGHT und das Barcelona Basic Modell (BBM)
wurden eingesetzt, um die Stabilitat eines ausgewahlten Loflhangs unter atmospharischen
Randbedingungen zu analysieren. Ein Modell der charakteristischen Bodenwasserkennlinie
mit Hysterese, das die eingeschlossene Luft beriicksichtigt, wurde verwendet, um das
Phénomen der hysteretischen ungeséttigten Stromung zu reproduzieren. Die Parame-
ter der konstitutiven und hydraulischen Modelle wurden auf Basis der experimentellen
Daten kalibriert. Die Ergebnisse der Finite-Elemente-Simulation eines realen LoBhangs
unter atmosphérischen Randbedingungen werden vorgestellt und diskutiert. Der Schwer-
punkt liegt dabei auf der Verteilung des Porenwasserdrucks und der plastischen Dehnung
innerhalb der Boschung unter verschiedenen atmospharischen Randbedingungen. Die
Spannungsverteilung und ihre Verdnderung in Abhéangigkeit von den atmosphérischen
Faktoren wurden analysiert. Auflerdem wurde der mafigebende Mechanismus, der zur
Hanginstabilitat fithrt, identifiziert.
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1 Introduction and motivation

1.1 Background and motivation

Loess is an aeolian sediment which was formed during the quaternary period through the
commutative evaporation and rainfall leading to sedimentation of silt-sized particles. One
main feature of the sedimentation of loess in China is that it occurred over a large area of
about 640,000 km? with large layer thickness. Loess slopes located in this arid region are
stable for a long time, however, during the rainy season, in the past landslides happened
in the loess plateau and caused an enormous amount of damage to the economy and
people’s lives. The loess landslides induced by continuous heavy rainfall are one of the
most important geotechnical engineering problems in the loess plateau region in North-
west China. The annual rainfall is usually concentrated in a short period of several weeks
and relatively large. Under the continuous heavy rainfall, the rainwater infiltrates into
the loess slope, causing a matric suction reduction and a decrease in the shear strength
of the unsaturated loess. The landslide in the Baqiao area in the year 2011 caused 32
casualties due to the prolonged rainfall event. Seasonal intensive rainfall and rainstorm
were recognised to be the biggest triggering factor of landslides in the loess area. The
main features of the climate condition is the alternating evaporation and precipitation
leading to a cyclic wetting and drying in the soil at shallow depth from the surface of the

slope.

Studying the mechanism of rainfall-induced loess landslides becomes imperative when
these landslides are increasingly exposed to extreme climatic conditions. Field monitor-
ing and physical modeling are both used in a complementary way to study rainfall-induced
landslide mechanisms. To these have to be added the numerical simulations, which are a
frequently used tool nowadays in geotechnical engineering to investigate the stability of
loess slopes under rainfall. It should be noted that in terms of numerical simulations, it
is of great importance that the magnitude and spatial variation of pore water pressure is

considered and advanced constitutive models are used to simulate the specific behavior



2 1 Introduction and motivation

of the involved soil material.

Loess is a problematic and moisture-sensitive soil, it has a meta-stable structure and
suffers a dramatic decrease of stiffness and strength during wetting. From the microstruc-
tural aspect, the natural loess is characterized by a honeycomb structure, which is built
by the clay cementations among the interaggregate pores and grain particles. Cyclic wet-
ting and drying can alter the loess microstructure, specifically the arrangement and size
of pores, the fractal dimension and structure of aggregates, the contact between particles
and aggregates and the connectivity of pores, which further can change the hydraulic and
mechanical behaviour of loess, including its shear strength, permeability, compressibility,
water retention capacity and bearing capacity. Ultimately, all these factors and these

changes in the properties of loess soils adversely affect the stability of loess slopes.

When considering loess landslides under significant variation in the climatic conditions,
it is very important that the characteristics of the loess both for the unsaturated state
and the saturated state to be well and fully understood. The coupled hydro-mechanical
behaviour of loess was studied in the past, for instance the loading influence on the water
retention characteristics, and the suction hardening behaviour. The soil initial state, sam-
ple preparation, the boundary and initial conditions of the tests and the soil stress history,
they all are factors influencing the water retention properties, unsaturated shear strength
and the soil deformation behavior. However, to this point, the hydraulic path effect on
soil hydraulic and mechanical behavior was rarely studied so far. The constitutive models
were mostly developed based on data of remolded loess samples. There is less work con-
sidering undisturbed loess. Due to the specific precipitation process that determines the
structural properties of the undisturbed loess, its microstructure is different before the
test and during the test may also undergo changes different from those of the remolded
loess samples. It is thus necessary to conduct independent studies on undisturbed loess

samples.

1.2 Objectives and scopes

The general objective of this study is to investigate the hydro-mechanical behaviour of
both initially undisturbed and remolded loess in the context of loess-slope stability af-
fected by atmospheric conditions. An adequate constitutive model for unsaturated soil is

used to model the slope under atmospheric boundary conditions by fully coupled thermo-
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hydro-mechanical simulations. One focus is on the thorough experimental investigation
of the loess soil originating from China. This investigation enabled a detailed characteri-
zation of the material as well as to deduce parameters for the numerical modelling using
both HM and THM models.

The scopes of the investigation are explained in detail as follows:

e Thorough characterization of the basic geotechnical properties and micro-structural
investigation of disturbed and undisturbed loess using scanning electron microscopy

(SEM) and mercury intrusion porosimetry (MIP).

e To investigate experimentally the influencing factors on collapsibility of loess. To
qualitatively explain the relationship between collapse index and vertical pressure
by performing both single oedometer and double oedometer tests. To investigate

the relationship between structural properties and collapsibility of loess.

e Study of the influencing factors on the shear strength parameters cohesion and
internal friction angle of the undisturbed and remolded loess. Single-stage and
multi-stage shear tests at different water contents and applied vertical stresses were

used for this purpose.

e To evaluate the variations of the hydraulic properties of the loess motivated by
the data from the literature that the boundary conditions in which the considered
unsaturated loess slope is located represent an alternating process of wetting and
drying. To present an analysis of the studies to date related to the alternative
wetting and drying process and its influence on the swelling-shrinking potential,
water content, void ratio and particle cementation of loess soils. Examination of
the influence of alternative wetting and drying, representing realistic field conditions
on the hydraulic behaviour of remolded and undisturbed loess specimens. Including
hysteresis in cyclic wetting-drying paths in terms of water content and volumetric

changes.

e Experimental investigation of the hydro-mechanical behaviour of the undisturbed
and remolded loess was performed under (a) suction-controlled wetting and drying
process and (b) at constant suction but increasing and decreasing net stress. Because
of the non-uniqueness of water retention under different boundary conditions, the
major of the objectives is to quantity the effect of stress state and stress paths on
the water retention behavior including deformation and yield characteristics, and
to determine the parameters needed for modelling of behaviour in the framework of

an elasto-plastic constitutive model for unsaturated soils (Barcelona basic model).
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e Assessment of the effect of hysteresis in water retention behaviour and of considera-
tion of atmospheric boundary conditions in thermo-hydraulic numerical simulations
using the finite element software CODE_BRIGHT.

e Numerical investigation of the Bagqgiao loess slope failure with a thermo-hydro-
mechanical analysis considering both the hydraulic hysteresis model and the atmo-
spheric boundary conditions. The effect of atmospheric variables on deformation,
pore pressure, shear stress distribution and the resulting failure mechanism will be

analyzed.

1.3 Organization

This thesis is composed of 8 chapters. Chapter 1 outlines the background and motiva-

tions, the objectives and scopes of this research, as well as the organization of the thesis.

Chapter 2 gives the state of the art, which covers the current knowledge regarding loess,
its formation, its microstructure, and the chemically and physically based collapse mech-
anisms. This chapter gives an overview about types of loess slopes and the classification
of rainfall-induced loess landslides. In order to investigate the hydro-mechanical charac-
teristics, the concept of suction in unsaturated soils, pre-consolidation pressure, and yield
surface are explained. The actural state of the art on water retention behaviour, unsatu-
rated permeability and their models are shown. An extended overview of the constitutive
model used (BBM-TEP) to study the hydro-mechanical behaviour of unsaturated loess
is presented. Besides, background, theory, and the main variables of the models are dis-
cussed. A review of relevant aspects regarding volume change in loess due to applied
mechanical loading paths and applied suctions is discussed. The last part of the second

chapter deals with the main issues regarding slope stability.

The sampling site, basic physical, and chemical properties of the material used in this
study are introduced in Chapter 3. Detailed material characteristics are presented, in-
cluding results of microstructural investigations. The experimental program carried out

in this work is described in the second part of Chapter 3.

Chapter 4 introduces the experimental methodology used to investigate the hydraulic
and mechanical properties of unsaturated loess under different boundary conditions and

stress paths. Special attention is given on the suction-controlled testing procedures ap-
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plied to study the coupled hydro-mechanical behaviour.

Chapter 5 presents and discusses the experimental results, including the effect of initial
sample and loading conditions on shear strength, one-dimensional compression behaviour
and collapse potential of remolded and undisturbed loess. The experimental results re-
garding the water retention behaviour are presented. Both analytical and statistical water
retention models were used for the determination of the SWCC-fitting parameters. Based
on the SWCC curve, unsaturated shear strength and coefficient of unsaturated perme-
ability were predicted. Results from the SWCC-test, unsaturated compression tests, and

direct shear tests are used to deduce the parameters needed for the numerical modelling.

Chapter 6 presents the theoretical framework contained in the applied THM analysis.
A simulation of element tests has been used to validate the constitutive model and to
calibrate model parameters. A model taking into account air entrapment is introduced
to reproduce the hysteretic unsaturated flow phenomenon. A one-dimensional column
is used to study the influence of the atmospheric boundary condition variables on pore

water pressure and temperature distribution.

Chapter 7 presents simulations of a real loess slope under atmospheric boundary con-
ditions. Emphasis is given on the distribution of pore water pressure and plastic strain
under antecedent rainfall events. Finally, the shear reduction technique is used to analyze

the loess slope stability.

Chapter 8 summarizes the outcomes of the present work and provides suggestions and

recommendations for further studies in this field.






2 State of the art

This chapter provides an overview of the behavior of loess, with a focus on various as-
pects such as its formation, distribution, microstructure, and collapse mechanisms. The
chapter also addresses the distribution and types of failure of loess landslides. Further,
the basic concepts of unsaturated soil mechanics, including suction, effective stress, and
stress state variables are described together with factors that influence soil water char-
acteristics, including deformation and stress paths and the hysteresis phenomenon of soil
water retention behaviour. Finally, the chapter introduces the constitutive modeling of
volume change behavior of unsaturated soils and the common methods used in studies of

slope stability under rainfall.

2.1 Loess soil

2.1.1 Occurrence, geological description and classification of loess

soil

This section explores the physical and mechanical properties of loess soil, which are unique
and distinct. Loess, a windblown sediment, covers approximately 10% of the world’s sur-
face, as reported by Pécsi (1990). The majority of loess deposits are found in North
Africa, Northwestern Europe, the Middle East, and Central Asia, including countries
such as France, Germany, Belgium, Ukraine, Russia, Thailand, and Algeria, as noted by
Smalley (1995); Smalley et al. (2001); Smalley and Jary (2005); Dijkstra et al. (1995);
Lin (1995); Phien-Wej et al. (1992); Nouaouria et al. (2008). The global distribution of
loess deposits is shown in Fig. 2.1. Typically, loess deposits are located in dry continental

2

zones at middle latitudes. In China, loess covers an area of 640,000 m*, equivalent to

approximately 7% of China’s land area.
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all over the world
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Figure 2.1: Loess distribution in the world and China (Qiu et al., 2018).

From a geological perspective, loess is a sedimentary deposit of wind-blown aeolian
silt that dates back to the Pleistocene epoch. The formation of loess is associated with
the Mongolian-Siberian anticyclone, which is generated by the continental ice sheet and
the high-pressure center above the desert, as explained by Li et al. (2019). Over time,
the parent rock of loess weathers into stones, sand, and clay of different sizes. Loess is
distributed along with the wind transport from the Caspian Sea to Central Asia, cross-
ing the Qinghai-Tibet Plateau, and moving from the North and Northwest of Gansu,
Ningxia, and the Mongolian Plateaus towards Central Asia and other arid desert areas to
the Southeast. When the wind is weakened or obstructed by the Qinling Mountains, the
sedimentation process halts. After several hundred thousand years of accumulation, the

Loess Plateau is formed.

China has the world’s most extensive, complete, and thickest loess deposits, which are
mainly distributed in Shandong, Hebei, Henan, Shanxi, Shaanxi, Gansu, Qinghai, Ningxia,
and Xinjiang provinces or autonomous regions. Loess is concentrated in the middle part
of the Yellow River, between 30° and 49° north latitude and between 34° and 39° east
longitude. The sedimentation process of loess in China is illustrated in Fig. 2.2. The
thickness of loess sedimentation in China ranges from 30 to 200 m and can reach up to

500 m in Jingyuan, Gansu Province.
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Figure 2.2: Schematic representation of loess-forming processes in the Chinese Loess
Plateau (Derbyshire et al., 2000).

Loess is predominantly found in areas with continental arid and semi-arid climates,
where evaporation rates exceed rainfall. The formation of loess is closely related to changes
in climatic conditions, which have oscillated between dry and cold to hot and humid. Loess
particles were deposited during both dry and cold climates, whereas wet particles were

carried to valleys and formed alluvial fan soils (Frechen et al., 2003).

The aeolian deposits found in the loess plateau in Shaanxi originate from the vast in-
land deserts of northwest China. The northwest winter monsoonal winds, flowing from
the Siberian-Mongolian region, carry aeolian material onto the loess plateau (An et al.,
1991). The landform is located in the central part of the Guanzhong Basin and comprises
different terrain types, including flood plains, loess tablelands, and proluvial fans. Due to
the intermittent neotectonic movement, lifting, and river erosion, the plain area is divided
into a floodplain and the first, second, and third terraces (Shi et al., 2016).

Loess in China can be classified into four types based on different sedimentary envi-
ronments: Wucheng loess (@), Lishi loess (Q2), Malan loess (Q3), and Holocene modern
loess (Q4) (Pécsi, 1990). Wucheng loess ((Q)1) was deposited during the early Pleistocene,
which corresponds to the first glacial period. )7 is mainly distributed in the high terrace
with a relatively large thickness, roughly equivalent to the semi-rock stratum. Lishi loess
(Q2) was deposited during the Middle Pleistocene, which marks the second glacial pe-
riod and was characterized by a drier climate. ()5 is distributed in the high terrace loess
tableland and loess platform. The accumulation of Lishi loess was widespread, and the
soil layers are thus quite thick. During the late Pleistocene, the third glacial period was

marked by a more dry and cold climate, which led to the formation of Malan loess (Q3)
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(Porter, 2001). Although the thickness of Q3 is relatively small, it has a wide distribution
range and is characterized by a loose structure and the development of vertical joints
(Porter, 2001). With the onset of the Holocene, the climate became warmer and more hu-
mid. The deposited Holocene modern loess (Q4) layer is also loose and mainly distributed
in large valleys, covering the valley surface and forming a second bottom, second stage
terrace, or new alluvial fans. When flowing water erodes the ()4 deposited area, it forms

a surface with both vertical and horizontal gullies.

2.1.2 Microstructure of loess

Loess is a type of fine-grained, silty soil that typically appears yellow, brownish yellow,
or light brown, depending on its water and clay content. Its parent rock composition is
mainly feldspar, mica, and quartz, which undergo glacial grinding or cold climate weath-
ering (Rogers et al., 1994). The silt particles have sharp, acute angles, with a particle
size between 0.005 and 0.05 mm. X-ray analysis has identified illite as the primary clay

mineral in loess, along with a small amount of montmorillonite (Guo-rui, 1984).

Various methods and techniques have been used in the past to study the microstructure
characteristics of loess. The scanning electron microscope (SEM) is commonly used to
provide microscopic images, while mercury intrusion porosimetry (MIP) is used to quan-
titatively study the pore size distribution. Comparative studies have also been conducted
between remolded and undisturbed samples to gain knowledge of the natural structural

loess and its specific properties.

The type and degree of cementation in loess play a crucial role in the formation of a
loose structure with a relatively large void ratio (Rogers, 1995). Cementation can occur
through various chemical agents such as iron oxide, calcium carbonate, clay minerals, as
well as other water-soluble salts and humus (Lefebvre, 1995; Rogers, 1995; Klukanova and
Frankovska, 1995).

The primary difference between as-compacted and undisturbed loess is in their pore size
distribution. As-compacted loess has a more homogeneous pore size distribution, while
undisturbed loess has a more heterogeneous distribution that includes at least two pore
families due to cement bonding between aggregates or grain solids. The microstructural
evolution of undisturbed samples is dependent on the stress level and stress path, and

factors such as the climate during loess sedimentation (Derbyshire and Mellors, 1988) de-
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termine the structure of undisturbed loess. Due to rainfall-evaporation cycles during loess
deposition, loess forms a flocculation structure with large pores, and its microstructure
reduces to a collection of bonding bridges, inter-aggregates, and intra-aggregates (Hous-
ton et al., 2001). Periodic short precipitation infiltrations dissolve soluble salts in the soil

between particles and agglomerates.

However, in long-term arid conditions, the capillary forces generated by evaporation cause
soluble salts or clay minerals to concentrate at the connection points between grain solids,
as shown in Fig. 2.3. This concentration leads to the formation of a cementitious bond
between the flocculated solid skeleton, increasing shear resistance and incompressibil-
ity. Natural loess is a macroporous material, with well-developed vertical jointing (Ng
et al., 2016). Cementing materials are often added after deposition or dissolved and re-
precipitated at particle contacts. The microstructure of loess includes bonding bridges,
intra-aggregates, and inter-aggregates, as well as the arrangement of these various ele-
ments, as shown in Fig. 2.4. The flocculation structure formed by clay particles reduced
collapse deformation caused by saturation (Haeri et al., 2017). The structure of undis-
turbed loess can change due to saturation and loading. As vertical load increases, the
cement bonding between intact loess solid particles and agglomerates is damaged, and
large inter-aggregate pores transform into small intra-aggregate pores. These pores are
flatter but still randomly oriented (Munoz-Castelblanco et al., 2011; Delage et al., 2008).
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Figure 2.3: Typical SEM photographs of loess (a) Solid-phase morphology, and (b) Pore
system elements (Dijkstra et al., 1994).

The microstructure of remolded loess is primarily determined by the water content and

vertical load during the sample preparation process, as well as the compaction technique
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used. As the water content of loess increases, the structure tends to become softer, making
it easier for clumps to form between the particles. In addition, the structure of remolded

loess is relatively isotropic, meaning that its properties are similar in all directions.
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Figure 2.4: Main features of the loess microstructure (Guo-rui, 1984; Guorui, 1994).

From a physical standpoint, the dominant inter-aggregate pores in remolded samples can
be controlled through the compaction process. This results in a similar arrangement of
granular particles and aggregates to that of granular materials (Jiang, Zhang and Hu,
2014). Capillary suction typically provides the metastable bonding. With the addition of
water, the aggregates increase in volume and the clay particles absorb the water, resulting
in a softening effect. Remolded loess samples exhibit mechanical properties similar to
those of fine granular materials. The main factor causing collapse deformation in these

samples is the decrease in capillary forces resulting from wetting.

2.1.3 Collapse mechanism of loess

The most significant geotechnical property of loess soil is its collapsibility, which means

that it can move as a weakly cemented mass of material and fail along interconnected
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joint systems simultaneously. Some scholars (Liu et al., 2015) have proposed that the col-
lapsibility of loess is caused by the formation of a flocculation structure between particles
and agglomerates. From a macroscopic perspective, the destruction of these cementation
bonds and flocculation structures is mainly due to the dissolution of the cementing ma-

terial and external disturbances (Guorui, 1994).

Natural loess is characterized by a microstructure composed of fragments and aggregate
grains connected by crystalline carbonate. However, this structure is very unstable and
easily displaced or deformed at the contact points when wetted under pressure, leading
to collapse. Cementation and bonding are destroyed during the wetting process, as the
dissolved bonding between inter-particle, inter-aggregate or intergranular contacts fails in
shear. This results in significant collapse deformation on the macro structure level. The
wetting action of water film can also release the inherent swelling and shrinking potential
of the soil. When the crystalline carbonate in loess is leached out, clay becomes the pri-
mary bonding agent, leading to the formation of an interlocking arrangement structure.
Under higher water content and smaller external loading, the intrinsic structure can be
destroyed. However, for soil with lower water content, a larger external load is needed to

destroy the intrinsic structure.

Loess can also exhibit characteristics of a cohesionless particulate material that can flow
in both dry and moist conditions. This collapsibility is caused by the under-compaction of
the porous fabric of the soil (Houston et al., 2001; Tadepalli and Fredlund, 1991). As the
degree of saturation increases, the capillary forces in the soil decrease, which can cause
a reduction in the inter-aggregate pore volume. However, in undisturbed samples, the
swelling of clay particles under certain stress states counteracts collapse and reduces the

collapse potential.

Some scholars have observed that the collapsible deformation of remolded soil is closely
related to the initial void ratio. During the wetting process, the structure of recompacted
soil significantly influences the deformation behavior, and the initial micro-structure is
primarily determined by the specimen preparation (Sivakumar Babu et al., 2006). When
less energy is applied during specimen preparation, the void ratio and the compression
at subsequent loading increase. Conversely, if the compaction energy during preparation
is large enough, the tight pore structure can reduce or eliminate the collapsible deforma-
tion. The engineering behavior of remolded loess samples is primarily determined by the

size and distribution of inter-aggregate and intra-aggregate pores, rather than the con-
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centration and distribution of solids. Furthermore, increasing compaction effort leads to
a reduction in inter-aggregate voids, but has little effect on intra-aggregate voids (Burton
et al., 2014). The swelling or collapsing deformation of compacted soils due to wetting
results from the combined effects of swelling in the intra-aggregate pores and collapsing

of the inter-aggregate pores.

There is an alternative interpretation of the collapse mechanism in remolded soil ver-
sus undisturbed soil. In undisturbed soil, collapse is often caused by cementation joints,
while in remolded soil, it is usually due to the reduction of matric suction resulting from
wetting. According to Dijkstra et al. (1994), the microstructure of undisturbed loess,
which consists mainly of a particle skeleton and interparticle bonds, is a major cause of
large collapsibility. This structure is inherently unstable, especially when subjected to
applied mechanical stress during water infiltration. Both carbonate and soluble salts can
lead to sudden large deformations due to dissolution. Even when the void ratios of as-
compacted and undisturbed samples are the same, the pore size distributions often differ

significantly, which can be attributed to the presence of carbonate bonding.

The particle arrangement in loess soils is influenced by various climate factors (Beck-
with and Hansen, 1982; Lin and Liang, 1982). Different scholars have analyzed the causes
of loess collapse from different perspectives, including the clay content, the proportion
of macropores, the soluble salt content, and the inter-particle association form. The col-
lapsibility of loess upon immersion in water is determined by the degree of water swelling
in the microstructure and pore deformation in the macrostructure. Following collapse
deformation, macro-pores are transformed into micro-pores, and the connection between
particles and agglomerates becomes denser and more stable. According to Feda et al.

(1995), collapsible deformation can occur at both the microscopic and macroscopic levels.

The microscopic structure of soil can contribute to collapsible deformation through cemen-
tation joint failure, debonding, grain crushing, and fabric transition. At the macroscopic
level, collapse deformation may result from soil sample loading, wetting, creep, and soft-
ening. Unsaturated soil mechanics theory explains that collapsible deformation occurs
due to the decrease of matric suction between pores. In collapsible soils, inter-aggregate
pores are significantly larger than intra-aggregate pores. Inter-aggregate pore volume can
be controlled during the compaction process, while intra-aggregate voids are usually small

and less affected by compaction.
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2.1.4 Special features of structural loess

Loess soils typically have a high proportion of silt particles, followed by clay, while sand is
present in relatively small amounts. However, particle size distribution may vary slightly
with soil depth. Plasticity characteristics of loess are generally low to medium plastic,
with a plastic limit (wp) of about 25-35%, sometimes reaching 45%, and a plasticity index
in the range 5-22%, making it very sensitive to changes in moisture. The primary minerals
in loess are quartz, feldspar, and calcite, with low levels of mica and hornblende. Clay
minerals detected in loess include montmorillonite, illite, chlorite, and kaolinite. Chemical
composition analysis reveals the presence of Nat, K, Ca?*, Mg?*, SO~ (sulphate), C1~

(chlorate), and calcium carbonate.

Undisturbed loess is often treated as over-consolidated soil due to the structure formed
during the sedimentation process. This means that the actual loading is less than the
pre-consolidation pressure. The bonding within the undisturbed loess induces effects that
are similar to those of real overconsolidation. Suction-controlled compression tests and
constant loading drying tests are commonly used to study the structural properties of
undisturbed loess. The difference in mechanical properties between remolded and undis-
turbed samples can provide valuable information about the structural properties and their

influencing factors.

Various mechanical tests have been conducted on loess soils, including direct shear tests
with different vertical loads (Li et al., 2019), water retention tests (Ng et al., 2016), salt
solution tests (Zhang et al., 2013 and Wen and Yan, 2014), dynamic strength tests (Qiu
et al., 2018 and Hu et al., 2001), one-dimensional compression tests (Luo et al., 2018),
and penetration tests (Li and Li, 2017). The shear strength of undisturbed loessial soil
arises from intrinsic cohesion, adsorption cohesion, and friction. Specifically, the struc-
tural strength of the cemented structure, combined with intrinsic cohesion, adsorption
cohesion, and friction, constitutes the structural strength of undisturbed loess. The loss
of structural strength can be due to applied loads, changes in water content, and distur-
bance effects (Wen and Yan, 2014). The external load can lead to the destruction of the

cemented joints in undisturbed loess and rearrangement of the particles.

During the process of the disappearance of the structural strength of undisturbed loess,
both the water content and the external load play a coupling role (Jiang, Zhang and
Hu, 2014) (Fig. 2.3). An increase in the water content leads to the dissolution of the
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cementation bonding, resulting in the collapse of the open structure and denser packing
structure. This increase in water content also results in an increase in the thickness of the
water film surrounding the grains, which reduces the adsorption force and matric suction.
In the case of undisturbed samples, any disturbance of sufficient intensity can destroy the
cementing bonding between the particles (Fig. 2.3). External loading can also change
both the arrangement of particles and bonding characteristics. Saturation can resolve and

weaken the chemical constituents, which reduces the cohesion strength.

Various empirical models have been proposed by scholars to represent the behavior of
undisturbed loess, which includes structural parameters. For instance, Liu and Carter
(2002) introduced structural parameters into the Modified Cambridge model to reflect the
compressive properties of structural clay, while Suebsuk et al. (2010) used an elastoplas-
tic model with structural parameters to reflect the mechanical properties of undisturbed
loess. The structural properties of the undisturbed loess are quantitatively described by
macroscopic conventional samples to emphasize their structural strength in comparison
to remolded loess. Chinese scholars have proposed different empirical formulas for the
structural parameters of the model, which are derived from element tests based on dam-
age mechanics due to their rich experimental experience. These tests include the dynamic
triaxial tests utilized by Luo et al. (2004), suction-controlled compression tests used by
Hu et al. (2005), and true triaxial tests employed by Chen et al. (2007) and Deng et al.
(2012). Additionally, damage mechanics and energy change were introduced to differen-
tiate the unique structural characteristics of undisturbed loess from the remolded loess

soil.

Although various hypotheses have been proposed to explain the structural properties of
undisturbed loess using microscopic quantitative indicators, accurately determining the
damage ratio of soil under certain stress and different water content remains controversial.
One approach is to use structural parameters that can represent the structural properties
synthetically under various strain and moisture conditions. However, the different ap-
proaches vary in how they identify these structural parameters and the physical meaning
behind them.
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2.2 Loess slope instability under rainfall infiltration

2.2.1 Landslides in loess formations in China

The loess slopes typically have a steep angle and remain stable in dry conditions, but they
have a high potential for instability during wetting. The bedrock is situated beneath the
alluvial deposits of silty clay and pebbles and was deposited during the tertiary period.
Loess landslides are distributed in strip clusters along the Yellow River Gorge and Luliang,
and the Shanxipo in North China, and in a linear cluster along the north shore of the
Baoji River and the west of Liupan Mountain. The internal initiation and development of
loess landslides are responses to three necessary factors: pore water pressure, steep slope,
and large deposition thickness (Guorui, 1988; Zhang and Liu, 2010). External factors that
can cause loess landslides include earthquakes, rainfall, excavation (Huang et al., 2008;
Wang et al., 2011; Liu et al., 2012), rising groundwater levels, human activities, and cyclic

freezing-thawing (Derbyshire et al., 2000).

Changes in groundwater level can affect the pore water pressure in loess slopes, while
excavation can alter the stress state inside the slope. Rainfall, on the other hand, can
change the shear strength of the slope material. Field investigations have revealed the
presence of joint fissures in the upper section of loess slopes, as well as tensile cracks on the
back of the slope caused by tension. Groundwater levels on loess slopes are often buried
deep, with the loess layer overlaying bedrock and continuously covering basins, slopes,
hills, valleys, and terraces, resulting in present-day topographic relief that is consistent

with the underlying terrain.

In large areas of North China, it is common to observe very steep slopes that remain
stable for long periods of time. However, even very gentle loess slopes can experience
large-scale landslides after the monsoon season (Tu et al., 2009). This suggests that the
stability of loess is sustained over large areas mainly because of the dry climate that
maintains unsaturated conditions. The climate in the loess area is characterized by a
wide annual range of temperature and precipitation, and it is monsoonal to continental
in nature. According to statistics, one-third of all landslides in China occur in the loess
area, and with the increase in economic development and engineering activities in western
China, the incidence of geological disasters has increased rapidly. Loess landslides pose
a serious threat to the safety of habitation and construction in cities and towns in loess

regions. Historical records show that the Bailu tableland has experienced slope failure
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phenomena (Xu and Liao, 2007). The Bailu tableland has an extra-tropical monsoon
climate with four distinct seasons, characterized by the combined effects of the southeast

monsoon and cold, dry air from the Mongolia plateau in the Northwest.

Loess landslides can be classified into four types based on the composition of the slide
mass and the situation of the failure plane: bedrock contact landslides, palaeosol contact
landslides, mixed landslides, and slides within loess (Qiu et al., 2016 and Peng et al.,
2018). Various models have been proposed to explain the mechanism of loess landslides,
including those caused by runoff erosion or rises in groundwater levels, shallow loess
landslides due to precipitation, landslides due to cut slopes or irrigation, and progressive

failure loess landslides due to external loads.

The form of mass movement determines the mode of loess slope failure, which can be
classified into toppling, falling, cracking-sliding, sliding, peeling, and caving (see Fig.2.5,
Li and Mo, 2019). Cracking-sliding failure is the most common mode of failure in the
Malan Loess region. Cracking-sliding failures in loess slopes are typically caused by slid-
ing of the slope material along the lower part of the failure plane (Peng et al., 2016).
While these failures may be small in volume, they can result in considerable disaster and
sometimes even fatalities. In fact, over the past two decades, more than 2000 cracking-
sliding failures have been recorded, causing an average of more than 100 fatalities per
year (Wang et al., 2013).
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Figure 2.5: Unified loess landslide classification system (Li and Mo, 2019).

Unlike flows or slides as defined by Cruden and Varnes (1996), cracking-sliding failures
are characterized by a composite failure plane. The upper part of the plane typically
develops vertically from the crown of the slope down to a depth of one to several meters,
and is formed by tensile cracking. A slope can remain stable for a long time with these
cracks before eventually failing. The lower part of the failure plane is generally inclined

at an angle ranging from 15 to 60 degrees.

2.2.2 Slope instability under rainfall

It is well established that water plays a significant role in triggering landslides, including
those in the loess area. Recent landslide occurrences in the area have shown a strong
correlation with average monthly precipitation, whether in the form of rainfall, surface
water, or groundwater. This is evident from the distribution map of loess landslides
that occurred between 1980 and 2010, as shown in Fig. 2.6. The highest occurrence
of landslides in the loess area is in regions with high rainfall, where the annual and

monthly average rainfall is 584.9 mm and 53.7 mm, respectively. The maximum annual
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and monthly rainfall are 1132 mm and 259 mm, respectively, and 97.3% of the landslides
occurred between May and October. As seen in Fig. 2.6, areas with precipitation up to

200 mm /year are more prone to landslides.
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Figure 2.6: The average annual precipitation for previous years in China and locations of
landslides (Huang and Li, 2011).

According to Zhou et al. (2002), loess slopes are formed by the deposition of aeolian
dust, and the distribution of landslides is related to the structure, lithology, and geological
conditions of the loess. The causes of instability in loess slopes include natural factors,
such as the steep topography, geological structure, and seismic activity, as well as human

activities, such as construction, deforestation, and irrigation.

Regarding the classification of rainfall-induced shallow landslides, Crosta and Frattini
(2008) reviewed different methods used by various studies. More recently, Cascini et al.
(2010) and Cruden and Varnes (1996) classified these landslides based on the acceleration
of the failed mass as slide, slide to flow, and flowslide. They defined the failure stage as
the formation of a continuous shear surface throughout the soil mass, with the post-failure
stage represented by the rapid generation of large plastic strains and the consequent sud-

den acceleration of the failed soil mass.

Furthermore, Fell et al. (2008) and Cascini et al. (2010) divided the process of slope
slip under rainfall into early instability and late instability. Early instability refers to

the gradual instability process of the sliding zone soil and the formation process of the
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interconnection of the sliding zone, while late instability refers to the formation of large

plastic deformation and the accelerated sliding process of the soil.

Various approaches have been employed to study the mechanism of rainfall-induced loess
slope failure, including saturated triaxial tests, unsaturated shear tests, in-situ immersion
tests, and indoor seepage tests. For instance, Peng et al. (2018) used in-situ surveys to
analyze the sliding mechanism of loess landslides in the Heifangtai area, while Xu et al.
(2011) used field experiments to study the infiltration properties of artificially excavated
loess slopes under rainfall. Sliding models to explain debris flow generated on loess slopes
during rainfall were proposed by Peng et al. (2016), Miao et al. (2002), and laboratory
tests were conducted by Wu et al. (2017) to study the deformation of loess slopes under
rainfall conditions. Deformation and stability of loess slopes with red mudstone interlay-
ers were monitored using artificial rainfall by Baoping et al. (2005), and Shi et al. (2016)
analyzed the structural characteristics, landslide type, and formation mechanism of loess
slope along the Weihe River in the Baoji area. In addition, laboratory tests have been
used to study the erosion properties of loess, combined with the loss of surface soil and
the infiltration of rain on a certain slope, as seen in the work of Acharya et al. (2011).
Several studies, such as Xiaokun et al. (2018) and Wang et al. (2002), have focused on
studying the effect of seepage on pore water pressure and groundwater level in the slope,
while others, such as Xu et al. (2012) and Cui et al. (2018), have investigated loess land-
slides caused by irrigation. Peng et al. (2015) and Wang et al. (2014), have studied the
stability of loess slopes under rainfall and excavation conditions using limit equilibrium
and finite element strength reduction methods. Additionally, some studies have divided
loess landslides under rainfall into different modes based on the geological development

of the loess slope, as done by Tang et al. (2015).

It is widely accepted that rainfall-induced landslides are primarily triggered by changes in
pore water pressures and seepage forces (Gerscovich et al., 2006; Zhu and Anderson, 1998).
The causes of rainfall-induced loess landslides are generally divided into two mechanisms
(Collins and Znidarcic, 2004). In the first mechanism, rainwater infiltration is hindered
by impervious soils and soils with low permeability, such as bedrock and paleosol, leading
to an increase in excess pore water pressure in the overlying loess and eventually causing
slope instability. This type of instability typically leads to soil liquefaction at the contact
surface of the two soils and is characterized by high sliding speed, long sliding distance,
and large sliding soil (Wang and Sassa, 2001). The in situ stress path of soil can be
described by a constant shear stress path (Anderson and Sitar, 1995).
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Traditional slope stability analyses typically account for the effects of rainfall by as-
suming changes in groundwater flow patterns due to increasing pressure heads or rising
groundwater tables. However, it is important to note that a rising groundwater table is
not always a factor, especially in cases of shallow failures where evidence of such a rise is
lacking (Fourie et al., 1999). In an effort to better understand landslides resulting from
increased groundwater levels in loess slopes in the Fuyang and Heifengtai areas, Zhang

et al. (2014) developed a numerical simulation model.

The second mechanism of loess landslides occurs when the soil is in an unsaturated state
and rainfall infiltrates the ground. This causes a reduction in soil suction, which in turn
decreases both unsaturated shear strength and unsaturated stiffness (Fourie et al., 1999;
Fredlund and Rahardjo, 1993). Failures in this mechanism are mainly attributed to the
advance of a wetting front and reduced shear strength due to decreased matric suction in
the unsaturated soil (Rahardjo et al., 1995). As a result, traditional approaches may not
be appropriate for analyzing such failures (Fourie, 1996). Most research on loess landslides
involves in-situ wetting tests and indoor soil tests to explain the formation mechanism of
these landslides.

The change in shear strength of loess slope material due to rainfall can be explained
through the unsaturated soil mechanics. During rainfall infiltration, the unsaturated
shear strength of the material decreases as a result of the decrease in matric suction.
Some scholars have conducted unsaturated tests to study the unsaturated properties of
loess and explain loess landslides based on soil mechanics (Derbyshire et al., 1994). Oth-
ers, such as Wen and Yan (2014) have used direct shear tests with different water content
to study the unsaturated shear strength of loess soil and analyze its effect on landslides.
Wang et al. (2015) used the strength reduction method combined with shear strength
tests to analyze the mechanism of shallow and deep landslides under rainfall. Addition-

ally, shear tests have been used to study the residual strength of the slip zone soil.

In summary, research on the analysis of loess slopes under rainfall has mainly focused
on model tests and laboratory tests, with limited literature exploring the use of numerical
modeling methods to study loess landslides under rainfall. However, with advancements
in numerical techniques, numerical simulations are becoming increasingly popular in slope

stability analysis. Numerical methods allow for the use of complex material models and
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boundary conditions to simulate stress and strain development in soils, without the need

to assume the location of the sliding surface in advance.

2.3 Fundamentals of unsaturated soil mechanics

2.3.1 Soil suction

The term unsaturated soil refers to a soil which is not completely dry or completely sat-
urated, but has a degree of water saturation at any value between 0 and 1. This implies
to consider the soil as a three-phase system consisting of soil solids, water and air, where
the behaviour is additionally controlled by the interfacial properties of the air-water and
water solid interfaces. The total suction of soil reflects the free energy state of water in
the soil related to the aggregate (potential) of free water, which can be expressed through

the partial vapor pressure, as shown in Equ. 2.1.

RT RH
bl | 2.1
=5 g (2.1)
1 is the total suction, R is the universal gas constant, 7' is the absolute temperature, V'
is the molar volume of the water V = v, - w,, RH is the relative humidity with = P%,

P is the partial pressure of the water vapor, and F, is the saturation pressure of water

vapor over a flat surface at the same temperature.

The total suction (¢) of soil comprises matric suction (¢,,) and osmotic suction (1,),

as shown in Equ. 2.2.

¢ = Ym + Yo (22)

Capillary effects, short-range adsorption and osmotic effects are the main mechanisms
decreasing the potential of pore-water in soils. Capillary effects are unique to unsatu-
rated states, whereas short-range adsorption reflecting soil solid-pore water interaction
and osmotic effects occur in both saturated and unsaturated conditions. The combined
effects of capillary and short-range adsorption are grouped under the term matric suction,
while osmotic effects are the result of dissolved solutes in the pore water with solutes ei-
ther being externally introduced or naturally occurring (e.g., as exchangeable cations in
clays). Matric suction is determined by the curvature of the water-air interface according

to the Young-Laplace equation. The value of matric suction is influenced by capillary
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action between the solid and gas-liquid interface, as shown in Equ. 2.3.

1 1
= Uy — Uy =Ty | — + — 2.3
o= =T (54 1) (2.3
T, is the surface tension of the liquid phase, R; and Ry are the radii of curvature of the

membrane in two orthogonal directions.

Surface tension dominates capillarity, producing an internal water potential that is re-
lated to pore size and pore size distribution, controlling small suction and large water
content. Matric suction equals the difference between pore water pressure (u,,) and pore
gas pressure (u,) only when matric suction is greater than the cavitation pressure of soil

water.

2.3.2 Soil-water characteristic curve (SWCC)

The soil-water characteristic curve (SWCC) describes the ability of soil to retain or ab-
sorb water at a given suction. It plays a fundamental role in understanding the flow
behavior of water in unsaturated soil. It is also referred to as the suction-water content
or capillary pressure-saturation relationship. Under energy equilibrium conditions, the
SWCC is a constitutive relationship between the total potential energy and the soil water
content. The potential energy can be defined in terms of relative humidity, water head,
or matric suction, while the water content can be represented by the degree of saturation,

gravimetric water content, or volumetric water content.

The SWCC is the relationship between suction and water content or degree of satu-
ration for an initially saturated sample during drying to dry condition and subsequent
re-wetting to zero suction. The term SWCC is employed in this work also for suction-
water content relationships of more than the initial drying and main wetting paths. Fig.
2.7 illustrates the variation of possible paths of a SWCC and the terms to designate it.
Independent of soil type the SWCC has a characteristic shape and parameters describing

the water-retention behaviour of a soil are deduced.
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Figure 2.7: The main characteristics of a hysteretic SWCC (Pham et al., 2005).

The air entry value (¢, ) is the point of transition between the saturated and unsatu-
rated states along a drainage path. In the drying curve, the air entry value represents the
minimum matric suction required for air to replace water in the macropores. Similarly,
the water entry value is the soil suction at which water starts to displace air and enters

the soil pores during the wetting process (Yang et al., 2004).

Once the residual suction (1)) is reached during drying no further decrease in water
content takes place. This minimum value of water content is usually named residual wa-
ter content (6,). In the illustration in Fig. 2.7, it is named 6,,;,. The drying scanning

curves and wetting scanning curves are located inside the main drying and wetting loop.

Based on the distribution of pore water in the soil and the connection of pore water,
the SWCC is divided into three stages: the saturated zone, the transitional zone, and
the residual zone (Fig. 2.7). In the saturated zone ranging from ¢ = 0 to ¥ = Yagy,
really all pores are filled with water and the water phase is therefore continuous. Only
discontinuous air-bubbles exist. In the transition zone large pores followed by smaller
pores drain until reaching 6,. The inclination of the transitional zone is determined by
pore-size distribution. Both the water and air phase are continuous in this regime where
capillary effects play the major role. In the residual zone the air phase is continuous and
the water phase is discontinuous and the water exists in form of thin firms around the

soil grains which are not interconnected.
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Figure 2.8: (a) Schematic diagram for the relation between interparticle stress and degree

of saturation considering both capillarity and adsorption. (b) Schematic physical charac-

teristic of SWCC (Lu, 2004).

According to the characteristics and determining role of matric suction and osmotic
suction, the SWCC can be divided into three parts: the tightly adsorptive regime, the
adsorptive film regime, and the capillary regime (Fig. 2.8(a) lower part). In the tightly
adsorptive regime, only a small amount of free water exists, and most of the water is
adsorbed in the interlamellar space. Clay minerals can intensively adsorb water on the
surface of solid particles, resulting in high intermolecular forces between water and the

soil particles (Fig. 2.8(a) upper part).

2.3.3 Hysteresis phenomenon in water retention behaviour

Hysteresis is a commonly observed phenomenon in SWCC of soils, which means there is no

unique relationship between the degree of saturation and suction. As also visible in Fig.
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2.7 more water is retained during drying than is adsorbed by the system during wetting.
The degree of saturation may also vary with applied stress and depend on historic suction
values. Due to the large number of experimental evidence showing a hysteretic water
retention curve on the main drying and wetting curves, there is widespread agreement
in the literature regarding the relevance and phenomenological background of hysteresis
in the soil-water characteristic curve. The phenomenon of hysteresis was first detected
and reported by Haines (1930), and it has been confirmed through both experimental and
theoretical experiences since then (Topp, 1969; Poulovassilis, 1970; Pavlakis and Barden,
1972; Mualem, 1984; Nimmo, 1992; Twata, 1995; Pham et al., 2003).

As can be seen in Fig. 2.7, in the conceptual model of a hysteretic SWCC, under free
volume conditions, there are typically three types of curves: (i) initial drying boundary
curves, (ii) main drying or wetting curves after different numbers of cycles, and (iii) count-
less scanning curves. The main drying curve and main wetting curve form the main loop,
resulting in numerous cycles. The scanning curves are located within the main SWCC
loop. The initial drying curve is unique for a given soil and is irreversible (Al-Mukhtar
et al., 1999; Marcial et al., 2002; Fleureau et al., 2002). For fine-grained soils, the rela-
tionship between the degree of saturation and suction of the initial drying curve of the soil
starts from the saturated slurry state at a water content higher than its liquid limit. Cui
et al. (2002) conducted tests on FoCaT7 clay specimens to study their drying and wetting

behavior. A distinct almost horizontal residual branch was not found in this study.

Due to the presence of entrapped air, the minimum suction required for air bubbles
to enter the maximum pore on the drying path is larger than the maximum suction of
water into the maximum pore, which is the water entry value along the wetting path. To
model the hysteresis SWCC, a new parameter, the water entry value, is introduced to
differentiate the wetting and drying curves for different hydraulic loading paths. Exist-
ing hysteresis models require only the boundary curves, and the scanning curve can be
predicted from the boundary curves. Several model concepts and formulations have been

developed to approximate the hysteresis loop in SWCC.
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of the pore geometry on the fluid placement caused by by-passing effect (Chatzis and
Dullien, 1983)
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The hysteresis phenomenon in soil water retention curves is caused by several factors,
including the rain drop effect (Bear and Braester, 1972), ink-bottle effect (Haines, 1930;
Miller et al., 1988), snap-off effect, and by-passing effect (Chatzis and Dullien, 1983), as
shown in Figs. 2.9 and 2.10. During the initial drying process, occluded air bubbles,
redistribution of the pore system, or closed pores prevent water from filling all pores at
the end of the main wetting path. This results in a difference in the maximum degree of
saturation between the drying and wetting paths. Several factors, including bulk density,
particle size distribution, pore size distribution, vertical loading, temperature, mineralogic
composition, initial pore structure, and hydraulic loading path, affect the cyclic hysteresis
of wetting and drying curves. The hysteresis phenomenon of loess has been experimentally
studied by various researchers (Munoz-Castelblanco et al., 2013; Ng et al., 2016). The
water content at a given suction can differ under different hydraulic loading paths and
suction history, which can also cause differences in the mechanical properties of soils (Lins,
2010). Studies of the soil water retention curve can be useful to predict other unsaturated

soil properties, including unsaturated shear strength, deformation behavior, and seepage.

2.3.4 Factors influencing SWCC

The relationship between suction and water content is influenced by various internal and
external factors. Internal factors encompass particle gradation, pore size and pore size
distribution, density, and the type and mineralogy of soil solids (Richards and Weaver,
1944, Croney and Coleman, 1954, Salter and Williams, 1965, Reeve et al., 1973). The
pore-size distribution is the primary factor affecting the shape and slope of the SWCC.
In a poorly graded soil, the slope of the SWCC is steep since water can be discharged
within a narrow range of soil suction. In contrast, a well-graded soil has a relatively flat

SWCC slope due to evenly distributed pores at different scales.

External factors include stress state and ambient temperature. Additionally, several other
factors have been taken into account to create water retention curve models, such as de-
formation during wetting and drying, density, confining pressure, and a bi-modal pore
size distribution. The void ratio has an impact on pore structure and size distribution.
Nuth and Laloui (2008) postulated an intrinsic SWCC for a nondeforming soil, which can
shift along the logarithmic suction axis when soil deformation occurs. Numerous studies
have been conducted on the factors that influence the SWCC of loess, such as Liang et al.
(2018), Jiang et al. (2017), Huang et al. (2010) and Luo et al. (2014).
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The soil-water characteristic curve (SWCC) for sand is characterized by a limited resid-
ual zone due to the small surface area and surface charge density of sand particles. In
contrast, silt has a larger range of soil suctions and can absorb more pore water due to its
smaller pore size range, significant surface area, and surface charge density. The air-entry
pressure and water-entry pressure are primarily controlled by the fraction of the larger
pores, while the small pores have a minimal effect on the air entry value. The total spe-
cific surface area of the soil gradually increases from sand to clay, with clay having the
highest surface area and surface charge density, resulting in the highest water absorption
capacity. The SWCC of clay covers a wide range of suctions, with a gradual decrease in

total pore volume, increasing air entry value, and stronger water retention capacity.

The behavior of expansive soils is strongly affected by various factors, including osmotic
suction, temperature, clay content, salt solution ions, and more. In materials that con-
tain a high percentage of water-sensitive minerals, factors related to osmotic suction,
such as temperature and salt solution, significantly impact the soil water retention curve.
Conversely, less cohesive materials like loess are less affected by salt solutions, and their
SWCC is primarily determined by the pore size distribution resulting from the breakage

of cementation bonding, rather than the electric double-layer effect.

Noncohesive materials are typically treated as non-deformable. In collapsible soils, such
as loess, the void ratio changes during wetting and drying, which need to be taken into
account for an accurate determination of SWCC in terms of the degree of saturation or
volumetric water content. Depending on the deformation, the change in air entry value
can be determined inversely. Thus, an SWCC model not considering deformation-related
parameters cannot reflect the non-uniqueness of the degree of saturation for a given suc-
tion value. To account for the influence of boundary conditions, confining stress, and
void ratio on the SWCC, several methods have been proposed. One method involves im-
plementing the relationship between the air-entry value parameter and the void ratio (e)
(Gallipoli et al., 2003), as shown in Equ. 2.4. Another approach involves introducing the
concept of elasto-plastic deformation into the simulation of the soil water characteristic
curve, with the degree of saturation (S.) viewed as the result of two variables: deforma-
tion and suction (Nuth and Laloui, 2008).

S, = (1 + <€¢; ¢>n> h (2.4)
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e is void ratio, v is suction, w, ¢, n and m are model parameters.

2.3.5 Experimental methods to determine SWCC

In order to obtain a soil water characteristic curve, there are two main approaches. The
first involves using instruments that can control suction, and the water content is measured
when the suction is in equilibrium. The sensor must be in good contact with the soil
during measurement, and isothermal balances between the sensor’s internal temperature,
the environment, and the soil temperature are necessary. The second approach involves
measuring suction during the dynamic change process of the water content. However,
if the hydraulic characteristics of the material are related to the equilibrium duration,
and the SWCC is affected by the rate of suction change, the SWCC obtained by these
two methods may differ. Furthermore, different methods have their own limitations and
suction measurement range, as shown in Fig. 2.11. In order to obtain the SWCC over
the full range of suction, multiple measurement methods may need to be used in the

experiment.
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Figure 2.11: Soil suction measurement techniques and measuring range.
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2.3.6 Unsaturated permeability

The permeability of unsaturated soils depends on the pore structure (void ratio and poros-
ity), the pore fluid properties (density and viscosity), and the relative amount of water in
the system (water content and degree of saturation). The gradient in total potential of soil
pore water, commonly expressed as total suction or total head, is the driving mechanism
for seepage in unsaturated soil, thus, the flow of liquid water. Neglecting transport of wa-
ter through vapour, the flow of water may only occur through the continuous liquid water
phase in the soil pores. Therefore, the water flow and resulting coefficient of permeability
strongly depend on the degree of saturation and the corresponding soil structure. The
unsaturated permeability function relates to the saturated coefficient of permeability & in
forms of the relative amount of pore water head k(h), suction, and degree of saturation
k(S,). The unsaturated permeability function can be assumed to have the same shape of

the soil-water characteristic curve as () or S,(¢).

The unsaturated permeability coefficient can be indirectly obtained by analyzing the
soil-water characteristic curve (SWCC). Capillary theory is used to establish the relation-
ship between the unsaturated coefficient of permeability and the SWCC. The unsaturated
coefficient of permeability (k(¢)) is usually normalized by dividing it with the saturated

k()

coefficient of permeability ky;. The relative permeability is then denoted as k, = T

and may have values between zero and one.

There are three main approaches to model the relationship between saturation and perme-
ability: (i) empirical models, which utilize experimental data of unsaturated infiltration to
fit a corresponding formula, such as those developed by Richards (1931), Gardner (1958),
and Brooks and Corey (1964b); (ii) macro models; and (iii) statistical models.

Macro models assume that the flow of water is laminar on microstructural level and
obeys Darcy’s law at macroscopic level. By considering pore connectivity and using pore
distribution equations, the pore channel model is established using probabilistic methods.
The soil-water characteristic curve is used as an indirect indicator to reflect the pore chan-
nels, as demonstrated by the works of Childs and Collis-George (1950), Burdine (1953),
and Mualem (1976).
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2.3.7 Effective stress and stress state variables in unsaturated soil

framework

Constitutive relations integrate material features and state variables. State variables are
unaffected by the characteristics of the material. For both saturated and unsaturated
soils, effective stress is defined as the stress that physically describes the stress acting on
the soil skeleton. In saturated soil, the effective stress (o) is well defined as the difference
between total stress o and the pore-water pressure u,, (see Equ. 2.5) known as Terzaghi’s

equation.

o' =0 — Uy, (2.5)

Terzaghi’s definition of effective stress is congruent with the concepts of multiphase con-
tinuum mechanics (Fredlund and Rahardjo, 1993). In unsaturated soil, the air pressure
u, and the matric suction as difference between air and water pressure (u, — u,,) must
be taken into account as acting on the soil skeleton. Bishop (1955) extended Terzaghi’s

effective stress as shown by Equ. 2.6:

0" = (0 = ua) + X(Ua — tn) (2.6)

In Equ. 2.6, also known as Bishop’s equation, the effective stress is expressed in terms
of a single stress state variable, and is formulated as the sum of the net stress (o — u,)
and the product of suction (u, — u,,) with the effective stress parameter x. When using
a single-variable approach in a constitutive model, the effective stress parameter (x) is
required to be properly defined. Firstly, the effective stress parameter was assumed to be
equal to the degree of saturation S, (see Equ. 2.6, with xy = S,.). x was used to describe
the stress state of an unsaturated soil by involving the soil property (.S,), so violating the
basic distinction between state variables and constitutive relations. When attempting to
account for phenomena like nonlinearity and hysteresis, including soil characteristics in
the description of stress state imposes considerable inflexibility (Jennings and Burland,
1962). Subsequent experiments have revealed that there is no unique relationship be-
tween the two variables (x and S,). Later, more sophisticated approaches for determining
x were introduced (Khalili et al., 2004). Khalili et al. (2008) introduced a novel corre-
lation between the effective stress parameter and the ratio of matric suction to air entry

value (Ygey), as shown in Equ. 2.7.
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X = v\ (2.7)
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A best-fit value of the exponent is v = —0.55. This exponent is a material-independent

constant, which was suggested to represent the behavior of different soil types. The cor-

rect determination of the parameter y is still a matter of research.

Coleman (1962) and Fredlund and Morgenstern (1977) suggested the use of independent
stress state variables, namely the net normal stress (o —u,) and matric suction (ug — uy),
to describe stress-strain relationships. By employment of two variables the distinction
between state variables and constitutive behavior can be kept (Sheng et al., 2008). Using
two variables requires distinguishing two types of deformation, namely suction induced
and net stress induced deformation. The variation in soil deformation brought on by
changing net stress and matric suction, which is exclusively correlated with the degree
of saturation. It is important to note that the scales of the two variables are different;

net stress is a macroscale variable, while matric suction is a microscale variable (see Fig.

2.12).
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Figure 2.12: Illustration of scale definition difference among air-water-solid REV, soil
water REV, and soil air REV (Lu, 2008).

The next approach in defining an effective stress in unsaturated soil mechanics is
through introducing a new variable named suction stress (Lu et al., 2008; Lu, 2004),
which is effective in describing the shear behavior of unsaturated soils over the full range
of degrees of saturation. The suction stress is a part of the effective stress in unsaturated
soils, and it represents the tensile strength of the soil resulting from the Van der Waal’s
attractive force, double-layer repulsive force, surface tension, and solid-liquid interface
forces due to pore water pressure that contribute to the interaction energy at the soil

particle surface (see Fig. 2.8). The effective stress defined using the suction stress is given
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by Equ. 2.8.

o' =(0—u,) —og (2.8)

The suction stress of soils can be measured in the laboratory either through tensile
strength tests or by deducing it from shear strength tests. Additionally, it can be calcu-
lated from theoretical considerations using the suction stress characteristic curve (SSCC).
The SSCC describes the relationship between suction stress and water content, degree
of saturation, or suction, and can be established from the soil water characteristic curve
(SWCC) (Lu et al., 2010). For example, in sandy soils, suction stress is zero at the sat-
urated condition, and under a certain value of matric suction, suction stress reaches its

maximum magnitude, resulting in an increase of effective stress.

The magnitude of suction stress in unsaturated soil is equivalent to the magnitude of
the effective stress under the condition of no external stress, as they both result from
the interparticle forces. However, the difference between suction stress and Terzaghi’s
skeleton stress is that the forces contributing to suction stress are self-balanced at the
inter-particle level and do not arise from the total stress that passes from one particle to

another, as is the case for the Terzaghi’s skeleton stress.

2.3.8 Wetting-induced collapse deformations in unsaturated soil

Wetting-induced deformation, also named collapse, is a common occurrence in compacted
soils (Lawton et al., 1992) or natural soil deposits of various types. The two primary re-
quirements for collapse to be possible are a loose soil structure (large void ratio) and a
water content below the saturated state. At dry state, the grains or aggregates are kept in
place by a material or a force which evades at inundation and subsequent water infiltra-
tion. Numerous researchers have reported that soil compacted at the dry side of optimum
water content typically exhibits collapse behavior upon wetting, while soil compacted at
the wet side of optimum water content condition does not (Barden et al., 1973; Lawton
et al., 1989, Lawton et al., 1992; Tadepalli and Fredlund, 1991; Vanapalli et al., 1996).
When the initial water content of remolded compacted soil is higher than the optimum
moisture content, the soil has a more dispersed fabric than a soil compacted at dry side
with a flocculated aggregated fabric. The collapse deformation of compacted soil is mainly

determined by the large pore structure between the agglomerates.
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The collapsible of loess is a sudden, large, and irreversible process characterized by non-
continuous deformation. Cui et al. (2005) concluded that the collapsibility of loess soil
in northern France is significantly sensitive to changes in water content. The meta-stable
structure of loess leads to a large abrupt collapse deformation that is irreversible under
cyclic wetting and drying. The deformation characteristics of loess are similar to those of

silty soil and low plastic clay.

The collapse potential is typically determined for a specific vertical load. Two test meth-
ods are commonly used to quantify the collapse potential: the single oedometer test and
the double oedometer test (see Fig. 2.13b). In single-oedometer tests (Fig. 2.13a), a sam-
ple with specific initial void ratio and water content is loaded to a defined vertical stress
and then subjected to liquid water. The resulting change in sample height is measured.
Subsequently, the saturated sample is further loaded to maximum target vertical stress
followed by unloading. Multiple single-oedometer tests for a given initial condition are
needed in order to capture the effect of applied vertical stress at the moment of inunda-
tion. Fig. 2.13(b) illustrates typical double oedometer experimental results for collapse
behaviour. The collapse potential is defined as the difference in void ratio between the
compression curves of an unsaturated sample and a saturated sample. Al-Obaidi (2015),
amongst others has conducted suction-controlled oedometer tests to investigate collapsible
materials. Within the framework of unsaturated soil mechanics, the collapse settlement
is caused by the decrease in suction. The collapse curve can be divided into three parts
based on the inclination of the curve between deformation and suction, as shown in Fig.
2.14. For a soil with initial water content close to residual water content, the evolution of
volume change (see curve collapse behaviour in Fig. 2.14) can be related to the respective
residual, transition and saturated zone of the wetting SWCC-curve. Only a small part
of deformations occurs in the pre-collapse phase. Once the saturated zone is reached, no

further deformations occur in the post-collapse phase.
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Figure 2.13: (a) Collapse deformation defined in
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deformation defined in double oedometer test (Al-Obaidi, 2015).
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Figure 2.14: Collapse deformation due to wetting at a given net mean stress (Vanapalli
et al., 1996).

Previous studies have identified several controlling factors for collapse mechanisms.
From a physical standpoint, these factors include clay content, salt content, and pore
structure. From a mechanical standpoint, controlling factors include matric suction, ap-
plied stress, and stress path. For compacted samples, the initial structure is related to
the compaction energy, but the structure is a dynamically changing system that is further
related to the SWCC. The applied loading during testing simulates the stress state of the
soil in the field. Additionally, the collapse deformation of remolded soil is determined by

the dry density and initial water content.

In order to predict the deformation of the collapsible soil, different empirical models
were used. Fredlund and Gan (1995) gave formulations of collapse deformation based on
suction and vertical loading. Rodrigues and Vilar (2006) and El-Ehwany and Houston
(1990) proposed a model that used the final collapse void ratio as the reference value.
Depending on the relationship between the wetting-induced deformation curve and the
soil water characteristic curve, Xie and Li (2018) used the soil water characteristic curve
to indirectly calculate the collapse deformation. The prediction of the void ratio is based
on the assumption that the collapse strain has the same pattern as the soil water retention

curve.
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2.4 Constitutive modelling of unsaturated collapsible soil

2.4.1 Modelling of SWCC

To model the SWCC, three main approaches are used: empirical, statistical, and physical
approach. Empirical methods involve proposing mathematical equations that have a sim-
ilar shape to the SWCC curve and fitting the measured SWCC data to obtain the model
parameters. These methods can be further divided into those that consider hysteresis and
those that do not.

e Modelling without considering hysteresis

Equations with two or three parameters have been proposed by researchers such as Gard-
ner (1958), Brooks and Corey (1964b), Campbell (1974), Van Genuchten (1980) and
Fredlund and Xing (1994).

The parameters of the empirical equations are typically associated with the air-entry
value and the investigated soil’s rate of desaturation. The Brooks and Corey exponential
model (Brooks and Corey, 1964b) relies on the pore size distribution’s main characteristic.
A smooth and closed model was proposed by Van Genuchten (1980). However, the van
Genuchten model, see Equ. 2.9 is meant to fit experimental data to the residual satura-

tion phase.

g, = v Sres _ ( ! )m (2.9)

Ssat — Sres 1+ (ag)”
where S, is the residual degree of saturation, n and m are fitting parameters related
to the pore size distribution. The fitting parameter a is related to the air entry value.
The air entry value characterizes the corresponding suction value when the air begins to
enter the maximum pore in the soil. 1 is the suction value, S, is the effective degree of
saturation, and Sy, is the saturated degree of saturation. Most often the model is used

in its two-parameter form assuming m =1 — 1/n.

The Fredlund and Xing models (Fredlund and Xing, 1994, see Equ. 2.10) artificially
specify the maximum and minimum suction ranges for expressing the relationship be-

tween suction and degree of saturation.
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a is the curve-fitting parameter related to the air-entry value, while n as well as m are

0=C (¢ (2.10)

curve-fitting parameters related to the shape of the curve. 1 is the suction, v, is the
residual suction, and [n is the natural logarithm. C(1) is a correction function, which

gives the suction equal to 10° kPa when the water content is zero. C'(v)) is defined as:

o) - -t e) 1)

= .
In[1 + (4]

The model proposed by Brooks and Corey (1964b) considers the branch of the SWCC for

suction values larger than the air entry value as a line S =1 (see Equ. 2.12).

1 A
0= 2.12
(1 + a@b) ( )
The equations proposed by Gardner (1958), Van Genuchten (1980), Fredlund and Xing

(1994) employ sigmoidal functions.

The physical approach to determine the dependence of the degree of saturation on suction
employs the pore size distribution and particle gradation characteristics of the soil. The
soil can be categorized into independent and non-independent domains based on its spatial
distribution. Poulovassilis and Childs (1971) used non-independent domain and Main hys-
teresis loop family of scanning curves. The soil air injection curve (SAIC) concept utilizes
the mercury intrusion method to measure two sets of ratios (Prapaharan et al., 1985): the
non-wetting ratio, which is the difference between the injected non-wetting fluid and solid

volumes, and the water ratio, which is the difference between the water and solid volumes.

e Modelling of SWCC considering hysteresis

Some researchers, such as Hanks et al. (1969), Dane and Wierenga (1975), Jaynes (1984),
and Pham et al. (2003), have presented empirical equations that consider the hysteresis
in the soil-water characteristic curve. Two categories of models are commonly used to
predict hysteretic SWCC: physically based models and empirical models (Pham et al.,
2005). Physical models based on domain theory have been introduced by researchers
such as Topp (1971), Mualem (1974), Beliaev and Hassanizadeh (2001), Mualem and Be-
riozkin (2009), and Magsoud et al. (2012). In contrast, empirical models were developed
by researchers such as Kool and Parker (1987), Feng and Fredlund (1999), Kawai et al.
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(2000), Li (2005), Stoimenova et al. (2006), and Canone et al. (2008). Empirical models
employ regression analysis to fit the experimental data, and two sets of parameters are

used to simulate and distinguish the two main curves.

In order to obtain an SWCC model that can reflect the hysteresis effect, mathemati-
cal methods such as the mathematical scale method and the regional method can be
applied. In the scale method, as used by Zhou et al. (2012), one main curve is used to
predict another one and the scanning curves, requiring only one set of parameters. Addi-
tionally, independent domain theories for modelling hysteresis as a physical phenomenon
in soil science have been presented by Everett and Whitton (1952) and Everett and Smith
(1954). Empirical hysteresis concepts have also been developed to account for non-wetting
phase trapping resulting from drainage and imbibition cycles and have been verified with
SWCC data measured in the laboratory (Parker et al., 1987; Meyer et al., 1990; Gerhard
and Kueper, 2003). Mathematical methods are used to generate countless scanning curves

to simulate the random hydraulic loading paths.

2.4.2 Elasto-plastic modelling of unsaturated soil

The coupled hydro-mechanical process of collapse deformation in unsaturated soil mechan-
ics involves a reciprocal relationship between mechanical loading affecting soil water reten-
tion behavior, and hydraulic loading influencing pre-consolidation stress (Khoshghalb and
Khalili, 2013). Various researchers have proposed the use of the elasto-plastic framework
to describe the collapse phenomenon for any soil showing collapse, including undisturbed
unsaturated soils (Alonso et al., 1990 and Chiu and Ng, 2003). The constitutive model
for unsaturated soil must take into account the impact of suction on the elasto-plastic

mechanical parameters.

One such model is the Barcelona Basic Model (BBM) (Alonso et al., 1990), which is
based on the Modified Cam Clay (MCC) model (see Fig. 2.15) and is often used for
unsaturated soil. The BBM incorporates the net stress and matric suction to capture
the influence of suction on the yield surface by introducing the suction increase (SI) yield
surface and the loading collapse (LC) surface (see Fig. 2.16). It accounts for the effects

of suction on the compressibility, pre-consolidation pressure, and yield surface.
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Figure 2.15: Yield function of Cam Clay model and Modified Cam Clay model.

To establish the unsaturated yield surface, the yield stress under different matric suc-
tions must be determined. Yield points are obtained in the p— s quadrant (see Fig. 2.16),
and the resulting yield line is fitted with a mathematical formula. The model reflects the
conditions where an increase in net stress or a decrease in suction exceeds the LC-yield
stress, leading to plastic deformation and expansion of the LC-yield surface. Correspond-
ing, an increase in suction to a value greater than the maximum past suction results in
irreversible deformations and an upwards shift of the SI-yield line. The region enclosed by
the LC- and Sl-yield lines and the two axes is the elastic zone. The elastic parameters are
assumed to be not affected by a suction change. Collapsibility decreases with increasing
initial water content due to the expansion of the plastic range with decreasing suction.
Wetting induced deformation is dependent on the initial state, dry density and water con-
tent of the sample, the stress path, and the LC curve. If the stress path remains within
the elastic region, no significant deformation occurs. Das and Thyagaraj (2018) studied
the influence of initial moisture content, dry density, initial consolidation pressure, and
compaction pressure during sample preparation on the loading collapse line. Experimen-
tal results were used to analyze the tendency of the collapse potential governed by the

overlying stress.
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Figure 2.16: Yield surface in suction-net stress plane (left), and in three-dimensional (p-
g-s) space (Alonso et al., 1990).

Some aspects of soil behaviours that are not considered in BBM are the irreversible
results of expansion in swelling clays, the decrease in collapse potential when the confin-
ing stress becomes larger than a threshold value and the non-linear shape of the strength
envelope (Alonso et al., 1990; Wheeler and Sivakumar, 1995). To address this, Sun and
colleagues conducted wetting tests on compacted kaolin clay with varying initial densities
(Sun, Sheng and Xu, 2007; Sun et al., 2008; Sun, Sheng and Sloan, 2007). They found
that wetting-induced collapse deformations primarily depend on the initial void ratio and
net mean stress under which the soil is wetted, regardless of the initial matric suction. Sun
et al. (2006) also found that volume decrease due to wetting is more sensitive to changes
in degree of saturation than suction. These findings suggest that wetting-induced collapse
behavior can be predicted by means of the degree of saturation, which is independent of
initial matric suction. However, the measurement or control of the degree of saturation

during suction controlled compression tests is still a topic of debate.

Khalili and Khabbaz (1998) proposed an explanation for the observed collapse defor-
mation based on effective stress as the single variable. They argued that matric suction
affects both the pre-consolidation pressure and effective stress in collapsible soil. During
wetting, the pre-consolidation pressure decreases more than the effective stress, leading
to plastic deformation. A mathematical relationship between effective stress parameters
and suction ratio can be obtained through curve fitting, but no clear physical explanation

is provided for this effective stress parameter.
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2.4.3 Aspects of suction history and hysteresis

The role of suction history in volume and water content changes has been widely investi-
gated in the literature (Fleureau et al., 1993; Gens et al., 1995; Romero et al., 1999). It
has been observed that the deformation of the soil is influenced by the saturation path, as
the deformation under a mechanical loading-unloading test after an applied drying path
is different from the deformation after an applied wetting path at the same net stress.
Several researchers have investigated the effect of the hydro-mechanical stress path on
stiffness, shear strength, deformation, dilatancy, and soil water retention behaviour. In
particular, the yield point during isotropic loading at a given value of suction was found
to be reduced by a preceding cycle of wetting and drying, as consistently observed by
Sharma (1998).

Furthermore, the relationship between suction and degree of saturation is influenced by
the past loading-unloading paths due to the hysteresis phenomenon. Experimental studies
have found that different degrees of saturation can result in different absorption stresses
under the same matric suction (Likos and Lu, 2004), which can further affect the effec-
tive stress parameters (Khalili and Zargarbashi, 2010), small deformation shear modulus
(Khosravi et al., 2016), compression modulus (Ng et al., 2009), and other deformation
(Guan et al., 2009) and strength properties. Due to hysteresis, the shear strength ob-
tained in the drying path is greater than the shear strength obtained under the wetting
path. Wetting softens the stress-strain behavior of the sample and reduces its strength,

and it can also produce plastic deformation during the wetting procedure.

The hysteresis behaviour can be modeled in various ways. One way is to use a hysterestic
model for the soil water retention curve. For example, Gallipoli et al. (2003) proposed a
modified expression for the water retention curve that considers the impact of volumetric
strains on the SWCC. Romero and Vaunat (2000) investigated the effects of volumetric
strains and hydraulic hysteresis on the variation of the degree of saturation. Another
approach is to introduce an additional parameter, such as volumetric water content or
degree of saturation, as a new constitutive variable in the model to capture the hydraulic
loading path. Wheeler et al. (2003) introduced the concept of bulk water and meniscus
water to represent the two parts of water in the soil, instead of using water content as a
single variable. The constitutive model proposed by Vaunat et al. (2000) addresses the
irreversible behavior of unsaturated soils during wetting and drying, including hydraulic

hysteresis. However, this model is not coupled with the load-collapse yield surface, which
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limits its applicability. To address this limitation, Gallipoli et al. (2003) proposed a
simplified approach in which the load-collapse yield surface is represented as a vertical
straight line in the space of Bishop mean stress versus suction, and the suction-increase
and suction-decrease yield surfaces resulting from hydraulic hysteresis are represented as
horizontal straight lines in the same space. All three yield surfaces are fully coupled,
meaning that movement in one will cause the other two to move. These models are pre-
sented in different stress spaces but can be seen as variants of the framework given by
Alonso et al. (1990).

2.4.4 Shear strength of unsaturated soil

The shear strength of a soil being saturated or unsaturated can be defined as the maxi-
mum internal resistance per unit area the soil can sustain along the failure plane under
external or internal stress loading (Lu, 2004). The Mohr-Coulomb failure criterion (see
Eq. 2.14) relates the material variables ¢’ and ¢ (effective friction angle and effective
cohesion) to the effective stress represented by the stress state variable (o — u,,) in case
of saturated soils. Based on experimental evidence obtained by suction-controlled direct
shear tests on unsaturated soils, Fredlund et al. (1978) introduced the additional variable

#" to capture the increase in shear strength with increasing matric suction.

The shear strength (7) of unsaturated soil can be discussed with respect to either the
peak shear strength or the residual strength reached at large strains. The peak shear
strength consists of three components: the effective cohesion (¢’), the strength provided

by the friction angle (¢'), and the strength provided by suction.

An extend Mohr-coulomb failure criterion was introduced by Fredlund et al. (1978), where
the failure envelope is a plane surface in the space of the stress state variables and shear
stress T (see Fig. 2.17) is defined by Eq. 2.15. It is to be noted that the internal friction
angle ¢ is independent of matric suction, as shown by parallel failure lines for different
suction shear stress vs. net stress plots. In case of triaxial tests it is also possible to
formulate the extended M-C criterion in terms of principal stresses (see Eq. Fredlund and
Rahardjo, 1993). There are limitations of the validity of Eq. 2.15 when considering the
full range of suction from saturated to residual state. One main point is that the internal
friction angle associated with matric suction ¢’ is a highly non-liner function of matric
suction (e.g. Vanapalli et al., 1996). For suction near zero, ¢° is equal or close to ¢/, but

can have values of 0° or even negative values for suctions in the residual saturation state.
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This conceptual relationship between the unsaturated shear strength envelope and the
soil water characteristic curve was highlighted by Vanapalli et al. (1996). In this sense,
they suggested an approach for the prediction of shear strength of an unsaturated soil

using shear strength parameters of the saturated state and soil water characteristic curve,

as shown in Eq. 2.13.

F= (=) tan (6 + (5 =) (= ) tan () .13

In Eq. 2.13, 0, is maximum volumetric water content, 6, is the residual volumetric water

content.
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Figure 2.17: Extension of Mohr-Coulomb failure model for unsaturated soil (Fredlund and

Rahardjo, 1993).

Another approach to describe unsaturated shear strength is the use of the effective
stress approach (Bishop, 1955). It consists in substituting the effective stress ¢’ in the

traditional Mohr-Coulomb failure criterion.

Tp = + o' - tan(¢') (2.14)

With the Bishop effective stress definition

o' = (0 —us) + x(tug — Uy) (2.15)
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the effective stress parameter (x) is equal to the effective volumetric water content, this

yields in
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As presented in Section 2.3.7, the determination of effective stress parameters is difficult.

However, several approaches have been suggested (see Section 2.3.7).

Besides peak shear strength, many scholars have studied the effects of suction on the
critical state, residual strength, and dilatancy angle. Most scholars use mathematical
methods to fit the curve between the matric suction and the respective investigated pa-
rameters and obtain certain empirical equations. However, empirical equations often have
limited physical meaning, and it is therefore difficult to explain these relationships in terms

of soil mechanics.

Undisturbed loess is known to have higher strength values than as-compacted loess sam-
ples under the same conditions. Various scholars have proposed a structure parameter to
represent this strength difference between remolded and undisturbed samples. Studies are
ongoing to investigate the effect of water content on this strength difference. It has been
observed that the shear strength of loess increases with an increase in dry density and
decreases with an increase in water content below the critical matric suction. The critical
matric suction has a negative relationship with the vertical loading. Beyond the critical
matric suction, the matric suction no longer has an influence on shear strength or even has
a reverse influence. The difference in shear strength between remolded and undisturbed
loess decreases with an increase in water content. The contribution of matric suction to
the friction angle is relatively small compared to that of dry density or confining pressure.
The most commonly used test methods for measuring shear strength in loess are direct

shear and triaxial compression tests.

2.5 Numerical modelling

The literature review reveals that rainfall-triggered loess landslides are prevalent. To pre-
dict accurate material behavior, the finite element method can utilize complex constitutive
models. This section presents an introduction to numerical simulation, specifically using
the finite element method, in solving slope stability issues. The finite element method has

gained popularity in slope analysis due to its ability to analyze deformation and stress
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distribution without assuming the location of the potential sliding surface under varying

boundary conditions.

The first part of this section introduces the constitutive model used in numerical sim-
ulation to study slope stability under rainfall. The second part discusses the impact of
atmospheric conditions, particularly rainfall and evaporation, on slope stability. Finally,
the third part describes the various methods used for slope stability analysis, including
the conventional limit equilibrium method that acquires safety factors and slip surfaces,

and the development and expansion of plastic zones.

2.5.1 Basic processes and material models in slope stability

numerical simulations

The stability of slopes under rainfall has been analyzed using various techniques. The
distribution and change of pore water pressure under rainfall conditions is a critical factor
due to its influence on the unsaturated shear strength. The distribution of pore water
pressure plays a crucial role in indicating the instability of the slope, which is influenced
by both the hydraulic and mechanical properties of the materials. The infiltration of
rainwater into the slope soil creates a seepage field, which constantly changes with the
rainfall. The pore water pressure generated by the seepage field alters the stress field
inside the soil, resulting in soil deformation. As effective stress decreases, soil porosity
reduces, causing weaker seepage of rainwater in the pores, and ultimately affecting the
seepage field. The seepage field and stress field constantly interact with each other by
changing the permeability, with pore water pressure being the primary factor affecting
the stress field.

The evolution of slope stability can be explained by analyzing the distributions of pore
water pressure or degree of saturation. Many studies have compared the calculated re-
sults of hydraulic-only and coupled hydro-mechanical models. Numerical analysis used a
coupled hydro-mechanical constitutive model to consider the influence of the hydraulic

property of the material on the deformation was still rarely found in the literature.

The governing partial differential equation for water flow in unsaturated soil in three-
dimensional space can be described based on Darcy’s law and mass conservation (Fred-
lund and Rahardjo, 1993 and Richards, 1931.
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Infiltration can occur from various sources, such as rainfall, irrigation, pipe leakage, or
other sources, and typically begins at the surface. However, it is important to note that
evaporation also plays a crucial role in the distribution of pore water pressure, as shown
in Fig. 2.18. Neglecting the effect of evaporation on the pore water pressure can lead to
an overestimation of slope safety. Studies on slope stability often consider evaporation as

part of atmospheric boundary conditions.
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Figure 2.18: Distribution of pore water pressure vs. in a ground depth (Fredlund, 2000).

Hysteresis is important when wetting-drying circles are considered. Researchers have
incorporated soil water characteristic curves (SWCC) with hysteresis characteristics into
hydraulic models (Hu et al., 2018). In their numerical simulations, Chen et al. (2017)
considered the hysteretic SWCC model to study the effect of rainfall on the slope. Using
a hysteretic soil water characteristic curve in numerical simulations of a slope can lead to
more reliable results. Neglecting the hysteresis effect of SWCC in soils can overestimate
the safety of slopes (Ebel et al., 2010).

In the field of slope stability analysis, researchers have studied the effects of hystere-
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sis on pore water pressure, deformation, and slope stability through a combination of
experiments and numerical simulations. For example, Brideau et al. (2011) conducted ex-
periments and numerical simulations to investigate these effects, while Zhang and Wang
(2007) used the hysteretic SWCC in their study of the stability of heterogeneous slopes
under cyclic evaporation and rainfall. These studies demonstrate the importance of con-
sidering SWCC hysteresis in slope stability analysis, and provide valuable insights into

the behavior of slopes under various hydraulic and environmental conditions.

When simulating slope stability, it is generally acknowledged that coupled hydro-mech-
anical models are more accurate than hydraulic-only calculations. Over the years, re-
searchers have developed a range of coupled hydro-mechanical models with increasing
complexity to deal with problems related to flow in both saturated and unsaturated soil
systems, and the mechanical interaction resulting from changes in soil suction (LLoret
and Alonso, 1980; Olivella et al., 1996).

For instance, Xiong et al. (2014) used a finite element-finite difference scheme with three-
phase coupling to simulate the stability of a slope under rainfall, and incorporated a
hysteresis water retention model in the calculation. This allowed for more accurate sim-
ulation of the coupled hydro-mechanical behavior of the slope, taking into account the
interactions between water flow and mechanical deformation. Such advanced models can
provide valuable insights into the behavior of slopes under different conditions, and aid

in the assessment of slope stability and the design of effective mitigation measures.

In their study, Cho and Lee (2001) investigated the process of rainfall-induced infiltration
into a soil slope. They employed a two-dimensional finite-element model to analyze the
flow-deformation coupled problem and studied the mechanical behavior of the slope ma-

terial. The stress-strain relationship was formulated using elastic modeling.

Cascini et al. (2011) and Cascini et al. (2010) utilized the GeHoMadrid code to perform
coupled hydro-mechanical analysis of the spatial and temporal occurrence of rainfall-
induced shallow landslides of flow type. Their analysis employed the elasto-plastic con-

stitutive model with the Mohr-Coulomb yield criterion.

Several studies on slope instability involving special materials have demonstrated the
need to incorporate their specific material properties such as those of expansive soil (Qi
and Vanapalli, 2016; Lu et al., 2006) and residual soil (Rahardjo et al., 2005; Gasmo
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et al., 2000) into the model. The Barcelona Basic Model (BBM) is often used to simulate
the coupled hydro-mechanical behavior of soils when the slope stability is addressed. For
example, Qi (2017) used the BBM model to analyze the stability of an expansive soil slope
under rainfall, while Askarinejad (2015) studied the failure mechanisms in unsaturated
silty sand slopes triggered by rainfall. Furthermore, Xu et al. (2018) utilized the BBM
model to investigate the deformation and stability of the ground when the groundwater
level rises. Kim et al. (2012) incorporated the alteration of the rainfall pattern to inves-

tigate its influence on the instability of partially saturated soil slopes.

The finite element software CODE_BRIGHT, whose constitutive models library includes
the BBM, is commonly used in the analysis of slopes or dams due to its ability to con-
sider the coupled thermo-hydro-mechanical problems. Recently, CODE_BRIGHT was en-
hanced with the opportunity to consider the climate boundary conditions (Mahinroosta
et al., 2015; Tsiampousi et al., 2017). Several studies have used CODE_BRIGHT to inves-
tigate the behavior of soil under different scenarios. For example, Zandarin et al. (2009)
examined the tailing dam’s saturation zone and water level changes during construction,
while Alonso et al. (2003) studied the stress distribution, plastic zone development, pore
water pressure distribution, and safety factor of expansive soil under rainfall. In addition,
Alonso et al. (2016) evaluated the distribution of pore water pressure during and after the
reservoir water level drop calculation, and Pinyol et al. (2012) investigated the distribu-
tion of pore water pressure in levees subjected to fluctuating water levels. Furthermore,
Hoffmann et al. (2014) and Hamrouni et al. (2015) analyzed the changes in pore water

pressure on one-dimensional slopes during rainfall.

2.5.2 Atmospheric conditions

Rainfall infiltration is a common trigger for landslides, as it can lead to soil wetting at
a shallow depth (Sassa et al., 2005; Wang et al., 2010; Zhuang et al., 2017; Sorbino and
Nicotera, 2013). However, atmospheric factors such as relative humidity, wind speed,
radiation, and temperature can also affect the distribution and change of surface pore wa-
ter through evaporation, in addition to infiltration. In-situ monitoring experiments have
shown that these factors have an impact on the water content of the slope (Rahardjo
et al., 2008), but they are often not considered in slope stability analysis. As reviewed
by Elia et al. (2017), the effect of climate on the topsoil of the slope is a multi-factor,

long-term, and iterative process of infiltration and evaporation. While studies have in-
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vestigated the influence of rainfall on slope stability (Xu and Zhang, 2010; Zhou et al.,
2014; Chen et al., 2018), their simplified approach does not fully consider the influence
of the atmospheric conditions. In numerical simulations using SEEP/W finite element
software, the effect of evaporation on the slope is typically only considered through the

use of negative infiltration rates.

For example, the computer code NOSAT was developed within the state surface frame-
work and used in monitoring and modeling of slope response to climate changes (Ledesma
et al., 1996, Rahardjo et al., 2008 and Rahardjo and Rezaur, 2008). The NOSAT code
can be used for coupled unsaturated flow-deformation analysis (Ledesma et al., 1996).
Cardoso et al. (2012) used the CODE_BRIGHT finite element code to simulate the influ-
ence of seasonal variations in rainfall and evaporation on embankment deformation, while
Alonso and Pinyol (2008) studied the deformation behavior of pavements under different

climate conditions.

A number of studies have explored the impact of evaporation on slope stability. For exam-
ple, Alonso et al. (2003) investigated the deformation and stability of an over-consolidated
clay slope under rainfall, while Griffiths and Lu (2005) found that the safety factor in-
creased with increasing level of evaporation and decreasing level of infiltration. Capparelli
and Versace (2011) used actual transpiration and evaporation models to estimate their
impact on suction in summer, while Le et al. (2012) and Van Asch and Malet (2009)
demonstrated the significant impact of evaporation in the unsaturated zone on ground-

water recharge and resulting levels, which in turn affects slope stability.

Arnone et al. (2011) developed a comprehensive model that considers soil infiltration,
evaporation, groundwater fluctuation, and initial soil conditions to simulate rainfall-
induced landslides. Other studies have linked shallow surface run-off models with soil
water characteristic curves to establish infinite slope models under spatially distributed
evaporation, as demonstrated by Casadei et al. (2003), or have investigated changes in
pore water pressure caused by atmospheric evaporation and precipitation, as shown by
Tsiampousi et al. (2016).

Rahardjo et al. (2013) highlights the significance of evaporation effects when studying
rainfall-induced slope stability. However, the effects of evaporation and infiltration on
slope stability are complex. High infiltration can result in a reduction of the safety fac-

tor, while incorporating evaporation into the analysis can produce an intermediate safety
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factor value corresponding to specific infiltration or evaporation states. Therefore, it is
essential to investigate the development of soil slope instability under varying climatic
conditions. To simulate the effects of climate on pore water pressure changes more ac-
curately and realistically, it is necessary to consider both rainfall and evaporation in the

analysis.

2.5.3 Slope stability analysis approaches and slope failure criteria

Slope stability is influenced by various external factors, including rainfall infiltration,
which weakens the shear strength of the slope while increasing self-gravity stress. To
assess the stability of the slope, the factor of safety is used as a criterion. The most
commonly used methods for slope stability analysis are the limit equilibrium method and
the finite element strength reduction method. In the limit equilibrium method, the safety
factor is computed based on the assumed sliding surface. Since this method is based solely
on the condition of limit equilibrium, it does not provide information about the stress and

displacement state of the slope.

Furthermore, the limit equilibrium method neglects the effects of stress history on slope
stability. The pore water pressure distributions used as input data in limit equilibrium
slope stability analysis can be obtained through three methods: (i) calculated pore water
pressure distribution from numerical seepage analysis (Tsaparas et al., 2002), (ii) as-
sumed pore water pressure distribution based on the wetting front concept (Chen et al.,
2009), and (iii) actual field-measured pore water pressures (Gasmo et al., 2000). The limit
equilibrium method considers a multiple potential failure surfaces and uses computing the

safety factor for each surface (Bishop, 1955; Price and Morgenstern, 1965; Spencer, 1967).

It is important to consider the stress state at the potential failure location when ana-
lyzing slope stability. The potential slip surface search method is used to determine the
critical slip surface of the slope, and it is essential to examine all possible surfaces, includ-
ing plane, cylindrical, cycloidal, and other shapes. Huat et al. (2006) developed stability
charts for slope stability analysis under rainfall conditions using finite-element seepage
and limit equilibrium stability analyses. These charts provide geotechnical engineers with
a useful tool to quickly assess the safety factor in response to a rainfall event. For ex-

ample, the safety factor for the slip surface at depth H of an infinite slope is given by
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Duncan et al. (2014):

c tan¢’  mry, tan ¢’

F, = , -
VsatH sin fcos f tan 8 YVsat tan

(2.17)

where [ is the safety factor, ¢’ is the effective cohesion, ¢’ is the effective friction angle,
[ is the slope angle, v, is the saturated unit weight of the soil and m is the distance

from the groundwater table to the slip surface.

Based on the extended Mohr-Coulomb failure criterion (Fredlund et al., 1978), the safety

factor of an unsaturated soil slope is expressed by Cho and Lee (2002):

d + (ug — uy) tan ¢® + (o, — u,) tan ¢/
~v¢H sin 3 cos

where ~; is the total unit weight of the soil, u, is the pore air pressure, u,, is the pore

F, = (2.18)

water pressure, u, — U, is the matric suction, o, is the total normal stress, o,-u, is the
net normal stress on the slip surface and ¢’ is the soil internal friction angle associated

with matric suction.

Lu and Godt (2008) developed an analytical framework for the stability of infinite slopes
under steady unsaturated seepage conditions with the suction stress (¢®) included (Lu
and Griffiths, 2004).

r_ d N tan¢’ o tan ¢’
T ’ysatH sin 6 COs B tanﬁ f}/satH
With the rapid development of computer technology, the application of the finite element

(tan 8 + cot ) (2.19)

method to the analysis of geotechnical engineering problems is becoming more and more
common. This finite element analysis can provide both stability analysis and deforma-
tion results. The slope instability is evaluated based on the plastic strain and plastic
deformation area, and the strength reduction on finite element with nonlinear iterative
convergence is used as the criterion for instability assessment. In a study by Pham and
Fredlund (2003), the dynamic programming method was combined with finite element

calculations to analyze the stability of two-dimensional slopes.

The strength reduction method is a useful technique for simulating slope instability and
plastic deformation processes in finite element analysis. This method involves comput-
ing the factor of safety of the slope after considering the coupling behaviour of transient

seepage field and stress field, and then analyzing the overall stability of the slope.
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Coupled hydro-mechanical modeling can be used to calculate the stress state and pore
water pressure in slopes, as noted by Alonso et al. (2003). Based on the resulting stress
field from numerical modeling, a local safety factor at a particular point or a global safety
factor for a specified slip surface can be easily calculated to assess the slope stability, as
demonstrated by Cho and Lee (2001). The factor of safety is typically determined by a
shear strength reduction factor, which is the ratio of the actual strength to the reduced
strength necessary for the elasto-plastic finite-element analysis to converge within a spec-
ified number of iterations, as described by Cai and Ugai (2004). By reducing the strength
parameters such as cohesion and friction angle, the possible failure surface of a slope
can be identified through deformation analysis. ¢ — ¢ reduction method is widely used
by researchers worldwide, for instance Dawson et al. (1999), Griffiths and Lane (1999),
Brinkgreve and Bakker (1991), Cheng et al. (2007), Crosta et al. (2006), and Isakov and
Moryachkov (2013).

The ability of finite element simulations to determine the actual stress state gives it
an advantage over the limit equilibrium method in slope stability analysis. In addition,
the finite element method can accommodate complex boundary conditions and material
models, making it a versatile tool for analyzing slope stability.

In addition to the factor of safety, which is commonly used to evaluate slope stability,
the progressive development of the plastic zone and continuous sliding surface is another
important consideration. This approach involves monitoring of the development of strain
and shearing forces within certain areas of the sliding surface. When the strain exceeds a
certain value or the shearing force surpasses the peak shear strength of the soil, the slope
material enters the softening stage, and the shear stress decreases. The development of
the shear zone in the slope reflects the progressive failure of the landslide, which usually
involves the softening and dilatancy of the soil during the shearing process (Ye et al.,
2005). This approach can provide important insights into the behavior of slopes and can
help improve our understanding of slope stability. If this process continues to develop,
it may form a local failure zone, which eventually causes failure of the slope. This phe-

nomenon is known as the progressive cumulative failure process of the slope.

During rainfall, the plastic zone initially appears near the toe of the slope and gradu-
ally extends upward along the slope. This is due to the decrease or even disappearance of
matric suction and the increase of soil mass caused by rainfall infiltration, which further
expands the plastic zone inside the slope. As rainfall continues, the plastic zone on the

slope surface extends further upwards and inwards along the slope, while its area and
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connectivity increase (see Fig. 2.19, Lin et al., 2008). This progressive development of

the plastic zone is a key factor in the slope instability process under rainfall conditions.

(b)

Figure 2.19: Enlargement of the plastic state zone in the slope according to water content
increase (Lin et al., 2008). (a) Initial water content and w=18%. (b) w=22% and satu-

rated state

The plastic zone is continuous and has the largest distribution area within the slope,
which is extremely unfavorable for the overall stability of the slope. The plastic zone
extends further into the slope under the continuous action of rainfall, and even after the
rainfall stops, the rainwater in the transient saturation zone of the slope continues to
infiltrate and exit the slope, enlarging the plastic zone area on the slope surface, although
not significantly. Rainwater infiltration also widens the distribution of the plastic zone
in the deeper parts of the slope, forming a distribution zone with a penetrating plastic
zone that provides objective conditions for the potential sliding surface of the slope. It
is reasonable to judge the failure criterion of the overall instability of the slope based on
the plastic deformation from the foot to the top of the slope. If the stress concentration
zone where plastic deformation occurs, the slope may experience overall instability in the

plastic zone that penetrates each other, resulting in slope failure. The position of the
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plastic shear band of the model and its stress path are calculated to evaluate the failure.

Once the stress path at this point reaches the critical state line, failure occurs.

2.6 Summary

This chapter provides an overview of the distribution and formation of loess and loess
slopes, as well as the current understanding of unsaturated loess behavior. Through a
review of the literature, insights into the unique characteristics of loess are gained. The
fundamental concepts of constitutive models for unsaturated soils and the numerical meth-
ods used for analyzing rainfall-induced slope instability are also discussed. Based on this

discussion, the following conclusions can be drawn:

e The nature of loess as a soil presents various challenges, primarily its propensity to
collapse. Collapsible loess is characterized by a metastable structure, high void ratio,
and low density. Numerous studies have examined the microstructural properties
of loess and factors that influence it, such as clay components, void shape, and
cementation bonding. As the focus is on the unsaturated natural loess, studies have
primarily concentrated on undisturbed loess as opposed to remolded loess, where

cementation bonds and softening of soil fabric differ significantly.

e In addition, loess is known to have a high potential for collapse, which can lead
to unfavorable consequences, such as a significant increase in compressibility and
decrease in shear strength when it gets wet. As a result, the soil mass becomes
denser than its original metastable structure due to the reduction in volume. Various
factors such as initial water content, dry density, and sampling methods are believed
to influence the degree of collapsibility. Common methods for measuring the collapse

potential include single oedometer and double oedometer tests.

e The chapter also discusses the advances in investigating the hydraulic properties
of unsaturated soil, with a focus on the soil water characteristic curve (SWCC).
Various techniques for obtaining the SWCC, such as the pressure plate, axis trans-
lation, and dewpoint methods, were presented. The chapter also covers the different
approaches used to determine the unsaturated permeability of soils, including the
use of empirical equations, analytical solutions, and numerical simulations. The ef-
fects of soil structure, pore size distribution, and pore connectivity on unsaturated

hydraulic properties were also discussed. The knowledge gained from this chapter



o8

2 State of the art

can be applied in various geotechnical engineering applications, such as the design

of landfills, embankments, and foundation systems.

Both mechanical and hydraulic factors play a significant role in the deformation
properties of loess. The deformation of collapsible loess is the result of the coupling
of hydro-mechanical behaviour, which is not fully understood in many aspects. Un-
saturated soil mechanics is an effective tool for investigating the behaviour of col-
lapsible loess. An elastic-plastic model within the framework of unsaturated soil
mechanics was introduced. Longitudinal studies have shown that the governing
variables, such as mechanical and hydraulic stress, as well as stress path, can have

a significant impact on the final deformation.

In Section 2.5, recent studies on rainfall-induced slope instability, the methods used,
and the results obtained were analyzed, as well as the limitations of these studies.
Various factors contributing to loess landslides and different approaches to their
investigation were discussed. There are many constitutive models for unsaturated
soil with different degrees of complexity available in the literature, and it is crucial
to select a model that can accurately represent the relevant deformation and failure
mechanics in the field for slope simulations. The Barcelona Basic Model is rarely
employed in slope analyses, and previous research has not examined the impact of

atmospheric boundaries on loess slopes, unlike the artificial assumption of rainfall.

However, despite the extensive literature review, there remain some unresolved ques-

tions regarding collapsible loess and loess slopes. For instance, the difference between

remolded and undisturbed loess requires further investigation. Additionally, the coupled

hydro-mechanical behaviour of natural loess is not yet fully understood. The hysteresis

phenomenon in the water retention curve of loess is another area that has not been thor-

oughly explored, and this has inspired the research objectives of this thesis.
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3.1 Origin and sampling of the loess material

The samples used in the study were taken from Yangling, located at coordinates 34
°16’53.8”N 108 °05'24.4"E (shown as a red dot in Fig. 3.1), which is approximately 91.2
km from Xi’an, the capital city of Shaanxi province in China. Yangling is situated on the
north side of the Wei River valley in the southern part of the plateau. The Wei River
is the largest tributary of the Yellow River and originates from the north of the Niaoshu

Mountain in Wuyuan county, Gansu province.
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Figure 3.1: Soil profile (Liu et al., 2015), the red dot on the map to the left indicates the

sampling location.

The region has a mean annual temperature of 13 °C and an average annual precip-
itation of 650-700 mm, with most of the rainfall occurring in the summer and autumn

months. Precipitation is concentrated in the months of July, August, and September, as

29
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shown in Fig. 3.2. The rainfall from April to September accounts for 77% of the total

annual rainfall, indicating a large variation in precipitation throughout the year.

Xi'an China Climate graph (Altitude: 398 m)
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Figure 3.2: Precipitation distribution during the year.

The Cenozoic Quaternary era is divided into two parts, the Holocene (Q4) and the Pleis-
tocene (@1 — Q3), as shown in Fig. 3.1. The Pleistocene era is further divided into early,
middle, and late periods, represented by ()1, ()2 and (J3. The main loess layer is composed
of the Wucheng loess (@), the Lishi loess (@2), and the Malan loess (Q3). The Q2 loess
layer is buried below the Malan loess and is relatively denser than Q)3 and Q4 loess in the
upper part. It is generally believed that ()5 loess has only a certain degree of collapsibility
under high pressure. In contrast, the ()35 formation is known for its significant collapse
potential, and most studies on loess have focused on @3 loess. The soil tested in this

study belongs to the Q)3 loess layer.

The undisturbed block samples and additional disturbed loess material samples were
collected near an artificial slope with an approximate inclination of 30° at a depth of 3
meters below the original ground surface (see Fig. 3.3(a) and Fig. 3.3(b)). The ground-
water table is located deeply below the ground surface. The color of the loess is affected
by the water content, appearing dark rusty yellow at high water content and light yellow

at low water content.
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(a) (b)

Figure 3.3: (a) Sampling site. (b) Example of undisturbed loess samples taken at the site.

Two block samples, measuring approximately 17*17*17 cm, were obtained using a
shovel and spade, along with additionally 20 kg of undisturbed material. Some visible
roots and wormholes were observed on the sample surface. The block samples had visible
large pores and vertically developed joints. The samples were carefully wrapped in plastic
and double plastic bags and transported to the laboratory of the Civil and Environmental

Engineering department at Ruhr Universitat Bochum, Germany, for experimental testing.

3.2 Physical and chemical properties of loess

The soil samples were analyzed for physical and chemical characteristics, including specific
gravity, particle size distribution, Atterberg’s limits and Proctor density. The undisturbed

block samples were used to determine the natural water content and density.

The water content was measured using oven drying at 105 °C according to standard
ASTMD2216 (2010). The actual density was determined using standard ASTMD2937
(2000). The specific gravity was determined according to standard ASTMD854 (2010),
and the Atterberg’s limits, including liquid limit (wy) and plastic limit (wp), were mea-
sured based on standard ASTMD4318 (2000), see Table 3.1 and Table 3.3.
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The particle size distribution was determined using sedimentation method (ASTMD422,
1963). It has been found that the loess sample is mainly composed of silt sized grains
ranging from 0.002 mm to 0.075 mm diameter (Fig. 3.4 (a)). According to the Unified
Soil Classification System (USCS), the material used in this study is clayey silt (Fig. 3.4
(b)). In Table 3.2 the material is classified as clayey silt.
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Figure 3.4: (a) Particle size distribution, and (b) Plasticity chart including loess types
after Gibbs and Holland (1960) for the loess samples.

Table 3.1: Summary of physical soil properties of the undisturbed block samples.

Natural water content Specific gravity In place dry density Field void ratio

wo G, Pdfield € field

[%0] § lg/cm?] [
Sample 1 11.2 2.69 1.240 1.170
Sample 2 22.7 2.67 1.214 1.199

Table 3.2: Particle size analysis

dio d3o deo Passing sieve  Passing sieve  Classification
[mm]  [mm] [mm] 0.125 mm [%] 0.075 mm [%]
Sample 1 0.0031 0.0084 0.228 1 86.1 clay silt

Sample 2 0.0031 0.0083 0.214 1 93.5 clay silt
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Table 3.3: Atterberg limit values of loess

Liquid limit Plastic limit Plasticity index

K 7] %]
Sample 1 33.2 22.1 11.1
Sample 2 29.8 20.5 9.3

The content of CaCOj3 in the loess sample was determined to be 13.2 g/kg using the
standard DIN18129 (1996). CaCOjs serves as a cementing agent in the loess and is an

important component of its structure, providing a bridge between aggregates and grains.

Structural investigations using scanning electron microscopy (SEM) and mercury intru-
sion porosimetry (MIP) have been performed on an undisturbed sample from block 1 and
on a remolded loess sample with a dry density close to that of the undisturbed sample.
The MIP test (as shown in Fig. 3.5 and Fig. 3.6) provides a representation of the distri-
bution of different pore sizes in the soil sample. The equivalent diameter corresponding
to the intrusion pressure is used to obtain a quantitative pore size distribution curve for
the soil. The undisturbed sample has three dominant pore groups (see Fig. 3.5), while
the remolded sample (see Fig. 3.6) has two dominant pore groups, with the larger pore
group splitting into a group with medium size after disturbance. Pores with sizes ranging
from 40 to 0.01 um have an absolute predominating role in the undisturbed sample, ac-
counting for about 85% of the total pore volume. The pore system is mainly composed of
large pores with a pore diameter from 40 to 0.2 um, accounting for 65% of the total pore
volume. After disturbance, the percentage of the pore group ranging from 40 to 0.2 um
changes significantly, and the volume of micropores with a diameter of around 17.5 pym
drops and stabilizes at a low value. The adjustment in pore size is not the same for each
pore group, only the larger pores adjust drastically, causing a breakage in the original

pore distribution and the formation of a new one.
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Figure 3.5: Pore size distribution of the undisturbed sample.
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Figure 3.6: Pore size distribution of the remolded loess sample.

The following Figs. 3.7 (a) to (d) shows SEM figures of the undisturbed loess. The
magnification of the SEM images increases in the order of the Figs. 3.7 (a) to (d). The
well-structured nature of the undisturbed sample can be clearly recognized. Fig. 3.7 (a)
and Fig. 3.7 (b) show large pores with diameters of about 150 to 350 pm, marked in
yellow. In Fig. 3.7 (¢), pores in the range from 20 to 100 g dominate (in green colour).
In Fig. 3.7(b), pores of diameters up to about 15 to 20 pum are found. The undisturbed
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sample has an open flocculated structure (Fig. 3.7(b)). The number of contact points is
small. In the undisturbed sample, there are macropores that are visible to the naked eye
(Fig.3.7(b)). The orientation of the particle is irregular, in the order of the Figs. 3.7 (a)
to (d), which have large diameters and do not interconnect. Most of the pores are circular
or elliptical (Fig. 3.7(d)).
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Figure 3.7: SEM images of the undisturbed loess sample from block 1 at magnification
(a) 144x, (b) 150x; (c) 500x; and (d) 2500x.

The SME pictures of the remolded sample are shown in Fig. 3.8 (a) to (d). In Fig. 3.8(d),
mainly angular grains from about 2 ym up to 20 pym diameters or length can be distin-

guished from coated aggregates. The detailed quantitative structural analysis including
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both SEM and MIP data of the undisturbed and remolded loess sample is presented in
Section 3.2.

The SEM pictures of the remolded loess are provided in Figs. 3.8 using two different
magnifications. Comparing the SEM pictures of the undisturbed states, one can see that
the dominating pore type inside the remolded loess sample are the intra-aggregate pores
(Fig. 3.8(a)). In contrast, in the undisturbed sample, the dominating pore type are the
inter-aggregate pores, in the order of the Figs. 3.7 (a) to (d).
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Figure 3.8: SEM images of the remolded loess sample from block 1 at magnification (a)
1000x, (b) 1000x; (c) 2500x; and (d) 2500x.
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3.3 Experimental program

Several tests were carried out to study the mechanical behaviour of undisturbed and
remolded loess, such as collapsibility testS, direct shear tests and triaxial tests. The hydro-
mechanically coupled behaviour of loess was studied by suction-controlled oedometer tests
using different loading paths. SWCC tests under different hydraulic loading paths were
carried out to study the water retention characteristics of loess. The detailed test program
will be presented in the following sections, including the initial conditions and applied
boundary conditions for all samples tested. The details of sample preparation and of the

different test procedures are given in Chapter 4.

3.3.1 Collapse tests

The study aimed to investigate the effect of initial water content, soil state (undisturbed
or remolded), and the applied vertical stress at inundation on the collapse potential of
loess soil using a conventional oedometer device. Both double oedometer (DO) tests and
single oedometer (SO) tests were conducted, with six different applied vertical stresses

at inundation and two initial water content levels selected for the SO tests, see Table 3.4
and Table 3.5.

Table 3.4: Single oedometer tests

No. Sample type pginitial Winitial €initiar APPplied vertical stress
[g/cm?3] %] [[]  at inundation [kPa]
11 12 1 2 1
SOULL, 50U12, S0U1S, Undisturbed 1.24 11.2 1.17 5,50, 100
SOU14, SOU15, SOU16 200, 400, 800
21 22 2 2 1
SOU21, 50022, S0U23, Undisturbed 1.214 22.7 1.199 5, 50, 100
SOU24, SOU25, SOU26 200, 400, 800
11
SOC11, SOC12, SOC13, Remolded 124 112 117 25, 50, 100
SOC14, SOC15, SOC16 200, 400, 800
21 22 2 2 1
S0C21, 50022, S0C23, Remolded 1.214 22.7 1.199 5,50, 100
SOC24, SOC25, SOC26 200, 400, 800

SOU represents a single oedometer test on an undisturbed sample, SOC represents a single oedometer

test on a remolded sample.
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Table 3.5: Double oedometer tests

No. Sample type Pd,initial Winitial Cinitial Vertical loading
[g/cm’] K [ [kPaj
DOU1 Undisturbed 1.24 11.2 1.17 25-800
DOU2 Undisturbed 1.214 22.7 1.199 25-800
DOC1 Remolded 1.24 11.2 1.17 25-800
DOC2 Remolded 1.24 18 1.17 25-800
DOC3 Remolded 1.214 22.7 1.199 25-800

DOU represents a double oedometer test on an undisturbed sample, DOC represents a double

oedometer test on a remolded sample.

3.3.2 Shear strength tests
3.3.2.1 Single stage direct shear test

Direct shear tests were performed on undisturbed and remolded loess samples with differ-
ent initial water contents to investigate their strength properties. The tests were carried
out with a small vertical load to study the shear strength of shallow loess under unsatu-

rated conditions. Table 3.6 lists the samples tested and their initial state parameters.
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Table 3.6: Single stage direct shear tests

No. Sample type Pd,initial Winitial Cinitial Vertical loading
lg/cm’] (%] -] [kPa]
SSU11 Undisturbed 1.24 11.2 1.17 50
SSU12 Undisturbed 1.24 11.2 1.17 100
SSU13 Undisturbed 1.24 11.2 1.17 150
SSU21 Undisturbed 1.214 22.7 1.199 50
SSU22 Undisturbed 1.214 22.7 1.199 100
SSU23 Undisturbed 1.214 22.7 1.199 150
SSU31 Undisturbed 1.24 Saturated 1.17 50
SSU32 Undisturbed 1.24 Saturated 1.17 100
SSU33 Undisturbed 1.24 Saturated 1.17 150
SSC11 Remolded 1.24 11.2 1.17 50
SSC12 Remolded 1.24 11.2 1.17 100
SSC13, Remolded 1.24 11.2 1.17 150
SSC21 Remolded 1.24 16 1.17 50
SSC22 Remolded 1.24 16 1.17 100
SSC23 Remolded 1.24 16 1.17 150
SSC31 Remolded 1.24 18 1.17 50
SSC32 Remolded 1.24 18 1.17 100
SSC33 Remolded 1.24 18 1.17 150
SSC41 Remolded 1.214 22.7 1.199 50
SSC42 Remolded 1.214 22.7 1.199 100
SSC43 Remolded 1.214 22.7 1.199 150
SSCh1 Remolded 1.24 Saturated 1.17 50
SSCH2 Remolded 1.24 Saturated 1.17 100
SSCH3 Remolded 1.24 Saturated 1.17 150

SSU represents a single stage direct shear test on an undisturbed sample, SSC represents a single stage

direct shear test on a remolded sample.

3.3.2.2 Multistage direct shear test

Some of the direct shear tests were conducted as multi-stage direct shear tests, in which
multiple vertical stress values were applied to the same sample. The conditions of the

tested samples are provided in Table 3.7.
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Table 3.7: Multistage direct shear tests

No. Sample type Pdinitial Winitial Cinitial Vertical loading
lg/cm?] 7] [ [kPa]

MSU1 Undisturbed 1.214 22.7 1.199 50, 100, 150, 200
MSU2 Undisturbed 1.24 Saturated 1.17 50, 100, 150, 200
MSC1 Remolded 1.24 11.2 1.17 50, 100, 150, 200
MSC2 Remolded 1.24 16 1.17 50, 100, 150, 200
MSC3 Remolded 1.214 22.7 1.199 50, 100, 150, 200
MSC4 Remolded 1.24 Saturated 1.17 50, 100, 150, 200

MSU represents a multistage direct shear test on an undisturbed sample, MSC represents a multistage

direct shear test on a remolded sample.

3.3.2.3 Triaxial compression test

Both drained and undrained triaxial compression tests were conducted. Undrained tests
were performed because in a natural loess slope, an impermeable layer may impede
drainage, and excess pore water pressure may build up, causing a decrease in effective
stress and a reduction in strength. The testing program for the triaxial tests is presented
in Table 3.8.

Table 3.8: Triaxial compression tests

No. Soil sample Test type painitiat Winitial €initiar  Efective confining pressure
lg/em?®] (%] [ [kPal
CDU11 Undisturbed CD 1.214  22.7 1.199 50
CDU12 Undisturbed CD 1.214 227 1.199 100
CDU13 Undisturbed CD 1.214 227 1.199 150
CDC41 Remolded CD 1.214  22.7 1.199 50
CDC42 Remolded CD 1.214  22.7 1.199 100
CDC43 Remolded CD 1.214  22.7 1.199 150
CUC41 Remolded CU 1.214  22.7 1.199 50
CUC42 Remolded CU 1.214 227 1.199 100
CUC43 Remolded CU 1.214  22.7  1.199 150

CDC represents a consolidated drained triaxial compression test on a remolded sample, CDU represents
a consolidated drained triaxial compression test on an undisturbed sample, CUC represents a

consolidated undrained triaxial compression test on an undisturbed sample.
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3.3.3 Deformation tests under hydro-mechanical loading paths

The compressibility of loess was investigated under different hydro-mechanical loading
paths. The first part of the experimental program involved compression loading and un-
loading at constant applied suctions in oedometers (refer to Table 3.9). In the second part
of the program, the net stress was maintained constant, while the suction was stepwise
reduced from an initial value (wetting) and subsequently increased (drying path) (refer
to Table 3.10).

The axis translation technique was used for suction control in the low range, and the
vapor equilibrium technique was used in the large suction range. The effect of various
combinations of applied suction and net stress on deformation and water content were
measured for different loading paths. The impact of soil suction on stiffness during loading

and unloading, as well as yielding, was studied.

Table 3.9: Suction controlled oedometric compression tests

Sample No. Sample type Suction Net vertical stress Technique
[kPal [kPal
1 lded 25-50-100-200-400-
SCC Remolde 90 5-50-100-200-400-800 ATT
SCU1 Undisturbed -400-200-100-50-25
2 -50-100-200-400-
SCC Remolded 50 25-50-100-200-400-800 ATT
SCU2 Undisturbed -400-200-100-50-25
lded 25-50-100-200-400-
SCC3 Remolde %0 5-50-100-200-400-800 ATT
SCU3 Undisturbed -400-200-100-50-25
SCC4 Remolded 25-50-100-200-400-800
100 ATT
SCU4 Undisturbed -400-200-100-50-25
SCCH Remolded 25-50-100-200-400-800
ermoree 200 ATT
SCU5 Undisturbed -400-200-100-50-25
SCC6 Remolded 25-50-100-200-400-800
2500 VET
SCU6 Undisturbed -400-200-100-50-25
SCCT Remolded 25-50-100-200-400-800
ermoree 334050 VET
SCU7 Undisturbed -400-200-100-50-25

SCC represents a suction controlled oedometric compression test on a remolded sample, SCU represents

a suction controlled oedometric compression test on an undisturbed sample.
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The deformations obtained from multistage wetting tests at specific net stresses were
compared with the deformations observed during one-step wetting using liquid water in the
single oedometer tests. Moreover, the hydro-mechanical tests enabled the determination

of the water retention curves at different mechanical loadings.

Table 3.10: Constant loading wetting drying tests

Sample No. Sample type Net vertical stress Suction Winitial ~ Pd,initial
[kPa] [kPaj %] [g/cm?]
LWDC1 Remolded e 800-600-400-200-50-
LWDU1  Undisturbed 0-50-200-400-800
LWDC2 Remolded 100 800-600-400-200-50-  11.2 1.24
LWDU2  Undisturbed 0-50-200-400-800
LWDC3 Remolded 150 800-600-400-200-50-
LWDU3  Undisturbed 0-50-200-400-800
LWDC4 Remolded 900 800-600-400-200-50-
LWDU4  Undisturbed 0-50-200-400-800

LWDC represents a constant loading wetting drying test on a remolded sample, LWDU represents a
constant loading wetting drying test on an undisturbed sample.

3.3.4 Drying-wetting tests on the determination of SWCC

The soil water retention curves under unconfined boundary conditions (zero net stress)
under various hydraulic loading paths were determined. The samples used in the tests
were categorized into two types: initially compacted and initially undisturbed samples.
To determine the water content-suction relationship of the loess over a wide suction range,
it was necessary to use different methods to induce suction. For suctions less than 1 MPa,
the axis translation technique (ATT) was used, and for suctions greater than up to 300
MPa, the vapor equilibrium technique (VET) together with suction measurements using
chilled mirror hygrometer (CMH) at given time steps was used. The initial suction of the
undisturbed samples was measured using chilled mirror hygrometer. The suction values
controlled by the axis translation technique (ATT) were 0, 50, 100, 200, 400, 600, and
1000 kPa. The drying paths started from a saturated state, and the wetting path started
from 1000 kPa suction. In VET, the samples were placed in a desiccator with 12% relative
humidity (= 300 MPa suction) for the drying path and 98% relative humidity (=~ 2.3 MPa
suction) for the wetting path. A detailed description of the various hydraulic paths of
the SCWW measured is prescribed in Section 4.4.2.3. Table 3.11 shows the number of
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samples and the tests performed to obtain the soil water retention curve.

Table 3.11: Water retention curve tests

Sample type Path of SWCC Suction .
. Technique

Remolded Undisturbed [kPal
S1 US1 Scanning 1000-0 ATT
S2, S3, S4, S5, S6, S7, S8, S9 US2 2000 VET or CMH
ID1 UID1 Initial drying 0-1000 ATT
ID2, ID3, ID4, 1ID5, 1D6, ID7,  UID2 2000 VET or CMH
IDS, ID9
MW1 UMW1  Main wetting 0-1000 ATT
MW2, MW3, MW4, MW5, UMW2 2000 VET or CMH
MW6, MW7, MW8, MW9
MD1 UMD1 Main drying 1000-0 ATT
MD2, MD3, MD4, MD5, MD6, UMD2 2000 VET or CMH
MD7, MDS8, MD9
SD1 USD1  Second wetting 0-1000 Pressure plate
SD2, SD3, SD4, SD5, SD6, SD7,  USD2 2000 VET or CMH
SD8, SD9
SW1 USW1 Second drying 1000-0 ATT
SW2, SW3, SW4, SW5 SW6, USW2 2000 VET or CMH
SW7, SW9
TW1 UTW1  Third wetting 0-1000 ATT
TW2, TW3, TW4, TW5, TW6, UTW2 2000 VET or CMH
T7, TW8, TW9

ATT represents the axis translation technique, VET represents the vapor equilibrium technique, and

CMH represents the chilled mirror hygrometer.

3.3.5 Hydraulic conductivity test

The saturated hydraulic conductivity of loess was measured under different vertical loads
using the variable head permeability method based on standard ASTMD5084 (2007) to

determine the permeability coefficient, see Table 3.12.



74 3 Material and experimental program
Table 3.12: Hydraulic conductivity tests

No. Soil sample Pd,initial Winitial Cinitial Vertical net stress
|g/cm?] K [ [kPa]

PU1 Undisturbed 1.24 22.7 1.17 50

PU2 Undisturbed 1.24 22.7 1.17 100

PU3 Undisturbed 1.24 22.7 1.17 150

PC1 Remolded 1.24 22.7 1.17 50

PC2 Remolded 1.24 22.7 1.17 100

PC3 Remolded 1.24 22.7 1.17 150

PC represents a hydraulic conductivity test on a remolded sample, PU represents a hydraulic

conductivity test on an undisturbed sample.



4 Experimental equipment and

methods used

This chapter provides an overview of the experimental techniques used in the study, in-
cluding their theoretical basis, equipment components, and operational challenges. This
chapter explains the calibration process of the equipment and provides detailed informa-
tion about the experimental procedures used in each test conducted in the study. This
includes the sampling process and the stress path applied to the samples, which are illus-
trated in detail.

4.1 Collapse behaviour

4.1.1 Single oedometer tests

The single oedometer test simulates the loading-wetting process of a collapsible soil. The
test involves stepwise mechanically loading the specimen at the initial water content until
a target vertical stress is reached, followed by flooding the specimen with liquid water
to achieve saturation (ASTMD5333, 1996). Each load increment lasts overnight or until
primary consolidation is completed (ASTMD2435, 1996). After wetting, stepwise loading
continues until a maximum vertical stress of 800 kPa is reached, followed by unloading
to a vertical stress of 400 kPa. The loading path is illustrated in Fig. 4.1. The difference
between the deformation before and after saturation represents the amount of collapse
deformation at the specified stress level, and the collapse potential can be calculated using
Equ. 4.1.

dy —d;

0

I,

B df—do_di—do]
ho 0

dy represents the initial dial gauge reading under seating stress, measured in mm. d;

x 100 = { } x 100 (4.1)

represents the dial gauge reading under a particular stress before wetting, also in mm.

5
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dy represents the dial gauge reading under a particular stress after wetting, in mm. hy is

the initial height of the specimen in mm. The term dy—do

ho
particular stress after wetting, while d"h;odo represents the strain under a particular stress

represents the strain under a

before wetting.
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Figure 4.1: Single oedometer test.

Equ. 4.2 and Equ. 4.3 are equivalent expressions to Equ. 4.1 for the calculation of

collapse potential.

Ah
I.= =" x 100 (4.2)
ho

Ah refers to the change in specimen height due to wetting, measured in mm.
€ — €

I = 1 4.
T X 100 (4.3)

ep represents the void ratio under a particular stress before wetting, while e; represents

the void ratio under the same stress after wetting. eq represents the initial void ratio.

4.1.2 Double oedometer tests

The double oedometer test method, introduced by Jennings (1957), assumes that the se-
quence of loading and wetting has no effect on the wetting-induced collapse deformation.
This method involves preparing two identical soil samples with the same initial void ratio
and water content and testing them separately on two oedometer devices. Before applying

the first load step, one of the samples is saturated with water, while the other sample is
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left unaltered.
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Figure 4.2: Double oedometer test.

After saturating one sample and leaving the other unaltered, the two samples are
loaded stepwise until a maximum vertical stress is reached and then unloaded to a
small value of vertical stress. The loading and unloading processes for both samples
are performed according to the one-dimensional consolidation test described in standard
ASTMD2435 (1996), as shown in Fig. 4.2. In the double oedometer test, the collapse
deformation is defined as the difference in the void ratio of the two samples under the

same vertical load.

4.2 Direct shear tests

The single stage direct shear test method, based on standard ASTMD3080 (2011), in-
volves using a shear box with dimensions of 60 mm width, 60 mm length, and 19.65 mm
height. Multiple specimens are used to conduct the shear tests under different vertical

loading conditions. The shear rate in this test is 0.036576 mm/min.

Multistage shear tests were first introduced by Taylor (1951) to study the unsaturated
shear strength of undisturbed silty clay using the triaxial technique, with pore water pres-
sure measurements. In this testing method, using the direct shear apparatus, different

values of vertical stress are applied, and the corresponding shear phases are performed
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on the same sample. This approach is especially advantageous for testing undisturbed
soils, where sampling of multiple identical samples is difficult and costly. Multistage shear
testing can eliminate the variability in initial sample properties, and the time required for
sample preparation is less than in single-stage testing, leading to lower costs. However,
some researchers have noted that this technique may not be appropriate for soils with a

sensitive structure.

The multistage test involves consolidating and shearing the same soil specimen multi-
ple times in a direct shear box, with saturation and specimen preparation identical to
the traditional single stage direct shear test. Saturation and consolidation to the first
vertical stress are completed in the first stage, followed by the first shearing stage. When
the slope of the shear stress versus time decreases significantly and the curve runs almost
horizontally, the specimen is released from shear stress, then subjected to the second
vertical stress, and allowed to consolidate before the second shearing stage, see Fig. 4.3.
This procedure is repeated for the third test stage, in which the sample is then sheared
up to the maximum horizontal displacement. During first and second shear phase, the
horizontal displacement was 2 mm, while in the final stage, the sample was sheared until

about 3 mm.

< Stage 1 - Stage 2 - Stage 3
Consoli Shear ’

Reverse shearing
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N\ .
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Y

Time

Figure 4.3: Prodedure of multistage direct shear tests.

In the present study, the multi-stage shear test involved three stages of shearing for
each sample. In a multi-stage direct shear test on an unsaturated, undisturbed sample,
the test should be stopped before reaching the peak shear stress to preserve the sample

to not enter the softening phase.
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4.3 Drained and undrained triaxial compression tests

Both remolded and undisturbed loess samples were subjected to both consolidated undrained
compression (CU) and consolidated drained compression (CD) tests in a conventional tri-
axial device. To prepare the sample for testing, it was mounted into the cell and then
saturated through three steps. First, COy was percolated through the sample, followed by
de-aired water. The final step of the saturation procedure was backpressure saturation,

which was performed at a cell pressure of 200 kPa, with 200 kPa back pressure.

The specimens used in the triaxial tests had a diameter of 40 mm and an initial height of
80 mm. Saturation was confirmed by obtaining a B-value greater than 0.95, according to
Skempton, 1954. After saturation, the specimens were isotropically consolidated under a
specific cell pressure and then sheared using the strain-controlled method by increasing
the vertical stress. The effective confining stress levels at which consolidation and testing
were conducted were 50, 100, and 150 kPa. The axial strain was increased at a rate of
0.0063 mm/min, and shearing was stopped when the axial strain reached 30%. The pro-
cedures used in the testing followed the standards ASTMD7181 (2011) and ASTMD7181
(2011).

4.4 Determination of the SWCC

4.4.1 Types of equipment used for determination of SWCC

To determine the water content-suction relationship of the loess for both drying and wet-
ting paths over a wide range of suction, different methods for inducing suction were used.
The axis translation technique (ATT) (Hilf, 1956) was used to apply matric suction in
the range < 1500 kPa. The vapor equilibrium technique (VET) was used in combination
with intermediate measurements of suction in the chilled-mirror hygrometer (CMH), for a
suction range of 2-300 MPa (Seiphoori and Ferrari, 2014). Additionally, the chilled-mirror

hygrometer was used to determine the initial total suction of the soil specimens.
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4.4.1.1 Pressure plate apparatus

The axis translation technique artificially increases both the gas pressure and the water
pressure, with the water pressure being positioned greater than zero, thus avoiding cav-
itation (Gardner, 1956). The limits of application and problems of the axis translation
technique were discussed in detail by Agus (2005). The underlying assumption of the axis
translation technique is that the curvature of menisci remains consistent under high gas

pressure.

Fig. 4.4 illustrates the pressure plate equipment, which uses a water-saturated ceramic
plate as a semi-permeable membrane that only permits the liquid phase to pass through,
while blocking the gas phase as long as the gas pressure is below the ceramic’s air entry
value. Prior to testing, the ceramic plate must be completely saturated with distilled

de-aired water.

The soil sample is positioned on the ceramic plate, with its water phase in contact with
the ceramic plate’s water phase. Due to the high gas pressure in the chamber, some gas
may dissolve into the water. When the water passes through the ceramic plate and the
pressure dissipates, the dissolved gas can be released from the water. As time passes, the
gas accumulates beneath the ceramic plate, resulting in a decrease in hydraulic conduc-
tivity, particularly along the wetting path (Delage and Tarantino, 2008). It is essential to
pay close attention to this wetting path.

The pressure chamber shown in Fig. 4.4 is linked to an air pressure regulator for the ap-
plication of air pressure (u,). The base of the pressure plate is joined to a high-precision
burette with a volume of 25 cm?® and a scale resolution of 0.05 cm?, which is used to
apply water pressure (u,,) to the soil samples. The resulting matric suction, which is the

difference between the air pressure (u,) and water pressure (u,), is represented by 1)y,

e, Y = Uy — Uy.
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Figure 4.4: (a) Photograph and (b) Schematic plot of the pressure plate equipment.

The ATT method was employed to impose suction values of 0, 50, 100, 200, 400, 600,
and 1000 kPa. The drying path of the water retention curve commences with a suction
value of 50 kPa, which is the smallest suction value applied during the test. The wetting
path started at a suction value of 1000 kPa. To ensure that the water phase remains
continuous within the sample, it is important to follow a predesigned hydraulic loading

path and to carefully control the air pressure during the wetting process.

4.4.1.2 Vapour equilibrium technique (VET)

The total suction in the range greater than 2000 kPa is applied using desiccators containing
different concentrations of saline solutions (Greenspan, 1977; Hovarth, 1985; Lide, 1994;
ASTME104, 1997). Saline solutions were prepared by mixing salts and distilled water to
achieve a constant desired relative humidity (RH) in the desiccator (see Fig. 4.5). The
RH of the saline solutions was calibrated using the chilled-mirror hygrometer technique
at the beginning and end of the test. The experiment was conducted in a temperature-
controlled room with a constant temperature of 22°C £ 0.5°C', which allowed keeping
the applied suctions constant (Agus and Leong, 2003). The results of the experiment,
including the values controlled by VET and corresponding saline solutions, are listed in
Table 4.1.



82 4 Experimental equipment and methods used

Desiccator

- ..

— Specimen

- .

- Ceramic net

Salt solution

(b)

Figure 4.5: (a) Photograph, and (b) Schematic plot of the dessicator.

Table 4.1: Relation between humidity and corresponding suction values of the saturated
salt solutions used for the VET method (as determined at the end of the test).

Solution KQSO4 KN03 KC1 NaCl Mg(N03)2 MgC12 LiCl NaOH

Solubility 111.1 316 347 359 420 542 832 1090
(g/1)

Relative 0.982 0.934 0.852 0.753 0.54 0.362  0.158  0.095
humidity,

RH (-)

Total suc- 2.5 9.5 22.27  39.47 85.62 151.53  256.98 334.05
tion (MPa)

4.4.1.3 Chilled mirror hygrometer (CMH)

The device used in the study to measure relative humidity is a chilled-mirror hygrometer
(CMH) of type 3TE (see Fig. 4.6), made by Decagon Devices, Inc., Pullman, WA. The
relative humidity and temperature is measured by the CMH, after the liquid phase of
water inside the sample reaches equilibrium with the vapor phase in the closed air space
around the sample at a prescribed ambient temperature. A small fan circulates the air in

the sensing chamber to accelerate vapor equilibration.
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Figure 4.6: (a) Photograph and (b) Schematic drawing of the chilled mirror hygrometer.

The chilled mirror hygrometer includes a Peltier cooling device that cools the mirror
until dew forms, an optical sensor detects the dew formation, the corresponding dew point
temperature is measured by the thermocouple attached to the chilled mirror. The rela-
tive humidity is calculated as the ratio of the saturated vapor pressure at the ambient soil
sample temperature (u,) to the saturated vapor pressure at the dew point temperature
(ty,sat) (Lu, 2004). The CMH is a useful tool for rapid measurement of total suction, with

measurement time of less than 10 minutes.

The Kelvin’s equation (see Equ. 4.4) is the thermodynamic equation used to calculate
total soil suction using the measured RH-value at the prescribed ambient temperature.
The equation is as follows (Lu, 2004, Leong et al., 2003 and Bulut, 2008).

RT Uy
-In
VwoWy Uy0

Vm + Yo =1 = — (4.4)

where 9 is the total suction (kPa), R is the universal (molar) gas constant (8.31432 J/(mol
K)), T is the absolute temperature (i.e. 7' = (273.16 4 t°C) K), t is the temperature in
°C', vyo is the specific volume of water or the inverse of the density of water (i.e. 1/ py
m?/kg), p, is the density of water (i.e. 998 kg/m? at ¢ = 20°C), w, is the molecular mass
of water vapour (i.e. 18.016 kg/kmol), wu, is the partial pressure of pore water vapour
(kPa), and wu,q is the saturation pressure of water vapour over a flat surface of pure water
at the same temperature (kPa). The term u, = u, is called the relative humidity (RH)

and is entered as a fraction (i.e. water activity) in the equation.
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4.4.2 Procedure for determining SWCC
4.4.2.1 Sample preparation for SWCC measurement

To prepare the remolded soil samples, the material was sieved through 2 mm sieves and
its water content was measured by oven-drying according to the standard procedure de-
scribed in ASTMD2216 (2010). The remolded soil was then mixed with a pre-determined
amount of water to achieve four different initial water content values of 11.2%, 16%, 18%,
and 22.7%.

The soil water characteristic curve was determined for both undisturbed and remolded
samples, where the initial water content of the undisturbed block sample was 11.2%.
Undisturbed samples were obtained by cutting them from the block using metal rings

with a cutting edge.

After mixing, the soil was left in an air-tight container for one week to reach equilib-
rium. The specimens were then compacted into plastic rings with a diameter of 50 mm
and a height of 15 mm, with an initial dry density of 1.24 g/cm?® and a target water con-

tent of 11.2%. The device shown in Fig. 4.7 was used for static compaction of the samples.

Layered compact
utility
Specimen ring

Lower plate

Ring and layered utility
for compact of specimen

Figure 4.7: Static compacting device.
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4.4.2.2 Transient technique for measuring SWCC using VET and CMH

The conventional method for determining the soil water characteristic curve (SWCC)
involves measuring the equilibrium soil water content corresponding to a given applied
suction. For the drying path, suctions are stepwise applied from an initially saturated
or low suction state, while for the wetting path, suctions are stepwise decreased from an
initially dry state of the sample. At each step of applied suction, the soil sample requires
time to reach equilibrium, which can result in very long test durations, particularly for
high plasticity clays or for investigating cyclic drying-wetting behavior, as performed in
this study.

The transient method using VET and CMH-measurements was used to shorten the ex-
perimental SWCC-testing duration. This method was applied for suctions ranging from
3 to 300 MPa during both wetting and drying. The drying path involves subjecting the
sample to the maximum possible suction in VET (334 MPa), while for the wetting path,
the sample is initially dry and subjected to a low suction of 2.5 MPa using the vapour
equilibrium technique. Intermediate suction states and corresponding water contents are
captured during the equilibration time using repeated measurements of total suction in
the chilled-mirror hygrometer and measurements of actual water content by weighing the

sample.

Figure 4.8: Microcell components.

To host the soil sample during the transient drying and wetting paths, a special cell
called microcell was constructed (Seiphoori and Ferrari, 2014; Seiphoori et al., 2016).
This cell is made of brass, has an inner height of 7 mm and a diameter of 30 mm, and

can provide constant volume conditions during the hydration process. The dimensions of
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the soil sample were designed to fit snugly into the measurement chamber of the chilled-
mirror-hygrometer. The microcell also has holes on the top and bottom that allow for
relative humidity equalization between the soil sample and the atmosphere inside the
measurement chamber of the CMH. A photograph of the microcell and soil sample is

shown in Fig. 4.8.

4.4.2.3 Experimental program and hydraulic paths applied for SWCC

The following paragraphs explain the detailed experimental program, which was summa-
rized in Table 3.11. As described in Section 4.4.2.1, the samples investigated were either
undisturbed or compacted to a dry density of 1.24 g/cm?® at 11.2% water content, with
initial suction values of 10124 kPa and 10213 kPa, respectively. The samples were divided
into seven groups based on their hydraulic loading paths: scanning curve (S), initial dry-
ing (ID), main wetting (MW), main drying (MD), second wetting (SW), second drying
(SD), and third wetting (TW). Figs. 4.9 to 4.13 provide a graphical representation of
each group’s loading path.

e Scanning path

Samples S2 to S9 were placed in desiccators with specified suctions, while samples S1
and US1 were stepwise wetted using ATT in pressure plates. The undisturbed sample
US2, which had an initial suction of around 10 MPa, was subjected to a suction of 2.53
MPa for wetting, and the transient suction values were measured using a chilled mirror
hygrometer. Samples S1 and US1 were incrementally wetted using the ATT method in
pressure plates, starting at a suction of 1000 kPa and gradually decreasing to 0 kPa in

steps of 200 kPa. More information on the suctions and samples can be found in Fig. 4.9.
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Figure 4.9: Hydraulic path for scanning curve.

e Initial drying path

Fig. 4.10 shows the hydraulic loading for the initial drying path. The remolded samples
(ID1 to ID9) and undisturbed samples (UID1 and UID2) were saturated by placing them
on inundated porous stones in a saturation tray for a day after the sampling process. The
specimens were kept in a ring during saturation to prevent distortion. After saturation,
the specimens were placed separately into the pressure plate or desiccators. The initial
suction value of the pressure plate was set to 50 kPa. The undisturbed sample (UID2) was
placed into the desiccator with a total suction of 328.16 MPa, and the transient suction

and water content values were measured by CMH and weighing, respectively.

T TTTTI T TTTTTT T llllllll T llllllll T llllllll T llllllll T TTTTI
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101 100 101! 102 103 104 105 106
Suction y [kPa]

Figure 4.10: Hydraulic path for initial drying curve.
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e Main wetting path

Fig. 4.11 shows the hydraulic paths for the main wetting. After the sampling process, the
remolded loess samples (MW1 to MW9) and undisturbed samples (UMW1 and UMW?2)
were dried in the oven for one day. Samples MW1 and UMW1 were then subjected to
a wetting path in the pressure plate. The undisturbed sample UMW2 was placed in a
desiccator with a total suction of 2.53 MPa, and the transient suction and water content
values were measured. The sampling preparation procedure of MW2 to MW9 was similar
as in case of UMW2.

T llllllll T llllllll T llllllll T T TTTTT T llllllll T llllllll T T TTTT

sample preparation .
ATT MW1(UMW1) Oven drying

Hygrometer UMW2 —&— —_———
VET MW2-MW9 —a—

Il IIIIIIII Il IIIIIIII Il IIIIIIII Il IIIIIIII Il IIIIIIII Il IIIIIIII L

101 100 101 102 103 104 105 106
Suction,y [kPa]

Figure 4.11: Hydraulic paths for main wetting curve.

e Main drying path and second drying path

A wetting and drying cycle was performed by placing the sample on saturated immersed
porous stones for seven days and then drying it in the oven for one day. A second satura-
tion was then performed. Afterwards, samples MD1 and UMD1 were subjected to suction
that increased from 50 kPa to 1000 kPa. Samples MD2 to MD9 were each subjected to
suction between 2.5 and 334 MPa until equilibrium was reached. Sample UMD2 was
subjected to a suction of 1000 MPa, and the transient suction and water contents were

measured.

The paths applied for the main drying are shown in Fig. 4.12(a). The corresponding
paths for the second drying (SD) with one additional cycle of oven drying and one step
saturation prior to suction-controlled second drying are illustrated in Fig. 4.12(b). Sam-
ples SD1 and USD2 were dried stepwise in the pressure plate, and samples SD2 to SD9
were each subjected to a suction between 2.5 and 334 MPa in VET. Sample USD2 was

tested using transient VET with CMH measurements.
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Figure 4.12: Hydraulic paths for (a) main drying curve and (b) second drying curve.

e Samples for the second and third wetting path

The relevant hydraulic routes are depicted in Fig. 4.13(a) and Fig. 4.13(b). As shown
in Fig. 4.13, the samples for the second and third wettings were prepared by a corre-
sponding number of preceding drying-wetting cycles. Similarly to the previous hydraulic
path, samples SW1, USW1, TW1, and UTW1 were wetted stepwise in the pressure plate,
while samples USW2 and UTW2 were tested using the transient technique with VET
and CMH measurements. Remolded loess samples SW2 to SW9 and TW2 to TW9 were
tested using VET in the high suction range.
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Figure 4.13: Hydraulic paths for (a) second wetting curve and (b) third wetting curve.



90 4 Experimental equipment and methods used

The drying process caused a slight decrease in the volume of the samples. The samples
were weighed using a precise balance with an accuracy of 0.001 g. The water content of the
pressure plate samples was determined by measuring the mass after the sample reached

equilibrium based on the water content versus time graph.

4.5 Volumetric behaviour under controlled suction

4.5.1 Types of equipment used in suction controlled oedometer tests

The Barcelona cell is a one-dimensional compression oedometer developed in 1999 at the
Universitat Politecnica de Catalunya (UPC) in Barcelona, Spain (Romero et al., 1999).
In this study, the Barcelona cell was used to perform compression-decompression tests
under constant suction and a wetting-drying test under constant loading to evaluate the

impact of net stress on the soil-water characteristic curve.

4.5.1.1 UPC-Barcelona cell

The whole system includes the cell itself, an air-pumping system, and a burette. The cell
consists of a bottom pedestal, a main cell, and a rubber membrane. In this study, the
matric suction was applied by ATT for a suction range < 1500 kPa. For this, a high-air
entry ceramic plate is installed on the bottom pedestal below the soil specimen. To en-
sure a continuous pathway of liquid, the ceramic disk must be water saturated and flushed
with liquid de-aired water before the test. The air pressure for suction control is applied
through a separate connection, named air pressure or vapour pressure control in Fig. 4.13.

A flexible membrane can separate the application of vertical net stress and matric suction.

To apply the target values of vertical stress and air pressure, two air-pressure regula-
tors were employed. The valve at the top of the cell was used to regulate the vertical
stress, while the side face valves were used to control the suction. The net stress is the
total vertical stress minus the gas pressure applied to the soil pore system. A dial gauge
with a minimum possible reading of 0.001 mm is connected to the top of the cell to
measure the specimen’s deformation. A burette attached to the ceramic plate’s bottom
measures the change in water volume inside the soil sample. The burette’s entire volume

was 25 cm?, and the resolution was 0.05 cm®. The diameter of the specimen was 50 mm
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and the height was 20 mm. Fig. 4.14 (a) shows a photograph of the cell, while Fig. 4.14

(b) shows a schematic drawing of the cell.
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Figure 4.14: (a) Setup of the Barcelona cell and (b) Scheme of a Barcelona cell setup.

4.5.1.2 UPC-Isochoric cell

The Isochoric cell was developed and manufactured at Universitat Politecnica de Catalunya
(UPC), Barcelona, Spain (Romero et al., 1999). The Isochoric cell was designed to test
the swelling pressure of expansive soils during wetting under constant volume conditions.
The soil volume change caused by suction variation was measured using a modified Iso-
choric cell (Al-Badran, 2011, Lins, 2010, Nguyen-Tuan, 2014, Al-Obaidi, 2015, and Agus,
2005).

The isochoric cell was employed in this work, together with an oedometer loading frame,
to perform suction-controlled compression-decompression testing and wetting-drying ex-
periments at a high suction range (suctions > 2000 kPa). A vertical load can be applied
to the sample and the corresponding displacement can be measured by replacing the cell’s
original top cap. The isochoric cell, loading frame, and vapour circulation system are all
part of the overall system. The isochoric cell is made up of three parts: a porous stone

pedestal, a flexible top cap, and the main cell. With a circulating pump setup, VET was
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employed to apply suction to the soil sample. An air pump and a flask filled with saline

solution are part of the vapour circulation system.

Rubber tubes connect the flask, the top, and the bottom of the soil specimen, see Fig.
4.16. The air pump supports the vapor circulation inside the whole system to achieve
suction equilibrium between the atmosphere of the saline solution in the bottle and the
soil sample. Because molecular diffusion controls the vapor movement, the VET method
is very time-consuming, which is a disadvantage of the method, which was discussed in
Pintado and Lloret (2009). The temperature was always measured to calculate the total
suction of the system. The diameter of the specimen is 50 mm, and its height is 20 mm.
Figs. 4.15 and Fig. 4.16 show the design of the isochoric cell and the vapour circulation

system.
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Figure 4.15: (a) Setup of the Isochoric cell, and (b) Schematic drawing.
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Figure 4.16: Isochoric cell, with vapour circulation system.
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4.5.1.3 Modified pressure plate apparatus

In this study, the modified pressure plate apparatus (Lins et al., 2009 and Lins, 2010)
was used to investigate the one-dimensional compression and rebound behaviour of the
loess soils under controlled suction (Fig. 4.17). The oedometer is made up of a black cell
body in which a soil sample is placed on a ceramic disk that is attached to a burette. Air
pressure is delivered from the top of the cell to the sample via a porous stone. Vertical

stress can be imposed using a weighted loading frame on a level system.
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Figure 4.17: Setup of the modified pressure plate apparatus (Lins et al., 2009 and Lins,
2010) (a) Photograph, (b) Scheme of setup.

To maintain controlled suction values, ATT was utilized. A ceramic disk with an
air entry value of 100 kPa was placed above a water reservoir, with a burette connected
to measure inflow and outflow volumes during loading and unloading. The burette has a
total volume of 25 cm® and a resolution of 0.05 cm?3. Volume changes in the specimen were
measured with a dial gauge on the loading piston. Air bubbles were periodically removed
to ensure continuity between pore water and the water pressure line. The specimen ring

had an inner diameter of 70 mm and a height of 20 mm.
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4.5.2 Constant suction oedometer tests

The modified pressure plate apparatus, and the Barcelona cells were used with ceramic
plates having different air entry values to test different suction ranges. In the modified
pressure plate apparatus suctions below 100 kPa and in the Barcelona cell suctions be-
tween 0 and 1000 kPa were applied. In the modified isochoric cell suctions greater than
2 MPa were applied using VET. The study focused on four high suction values for the
constant suction compression test, controlled via VET using four saline solutions: 2.5
MPa (potassium chlorate KNO3), 35 MPa (sodium hydroxide NaOH), 9.6 MPa (sodium
chloride), and 334.05 MPa (calcium chloride) were used to apply higher suction, respec-

tively. Loess, a non-expansive soil, has a dominant suction range of less than 3 MPa.

The remolded specimens were compacted into a ring while the undisturbed specimens
were cut from a larger block using a metal ring. The initial state and suction equilibrium
are crucial for constant suction-compression tests (Sivakumar, 2000), and the initial total
suction was measured using a chilled-mirror hygrometer following standard ASTMDG6836
(2008). The total initial suction for undisturbed loess with initial water content is 11.1
MPa in this study.

The test procedure includes suction equilibration, loading, and unloading stages. The soil
specimen is loaded until it reaches the target net vertical stress under constant induced
suction. The one-dimensional compression test follows standard ASTMD2435 (1996).

The the soil specimen’s suction and stress conditions are depicted in Fig. 4.18.
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Figure 4.18: Suction controlled compression tests using ATT.
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4.5.3 Wetting and drying tests at constant load

The wetting-drying experiments were conducted on an unsaturated soil sample with
suction-controlled wetting-drying cycles under constant net stress. The soil specimen
was initially loaded to a certain vertical total stress at an initial suction (11.2 MPa). The
suction was then gradually reduced at a constant vertical net stress until it reached zero.

The initial and boundary conditions of the soil samples were the same for all tests.
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Figure 4.19: Tests with wetting and drying under constant net vertical stress using ATT

The Barcelona cell with axis translation technique was applied for suctions up to 800
kPa, and the Isochoric cell with VET was used to test remolded loess samples under
vertical loading of 150 kPa at four different suction values. Stress paths are shown in Fig.
4.19, and collapse potential was calculated at the end of each suction level using Equ. 4.2.

Changes in soil specimen volume and water content were measured throughout the test.






5 Experimental results

This chapter presents the experimental data obtained from the laboratory program and
the related discussions of the results. The data are analyzed with emphasis on the com-
parison between remolded and undisturbed soil samples. The first section discusses the
results of the single and double oedometer tests, with focus on the observed collapse
behaviour for remolded and undisturbed samples. The subsequent section presents the
results of shear strength investigations, by direct shear tests and triaxial tests for remolded
and undisturbed samples. The third part of this chapter presents the determined soil-
water characteristic curves, with a focus on the effect of cyclic drying and wetting on the
SWCC. The fourth part of the chapter discusses the volumetric behavior of loess samples
using results of suction-controlled oedometer tests. Finally, the obtained experimental

data were used to determine the constitutive model parameters.

5.1 Collapse behaviour

5.1.1 Collapse potential as function of applied vertical stress

determined from single and double oedometer tests

This section provides information about the collapse behaviour of samples at two different
initial water contents and for a range of applied vertical stresses at inundation. Figs. 5.1
(a) and (b) illustrate the relationship between void ratio and applied vertical stress for
single oedometer tests with various applied vertical stresses at inundation of the remolded
loess soil, with initial water contents of 11.2% and 22.7%, respectively. The void ratio
decrease before inundation in Fig. 5.1 indicates the compression due to mechanical loading
at an unsaturated state. As seen in Fig. 5.1(a), this void ratio decrease before inundation

is relatively small. Solely the curve of the sample flooded at a vertical stress of 800 kPa

97
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shows an increased slope at higher stresses indicating that yield stress was reached before

flooding.
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Figure 5.1: Vertical stress vs. void ratio from single oedometer tests on remolded samples
at two initial water contents (a) wy=11.2%, and (b) we=22.7%.

Fig. 5.1(b) presents the collapse test results for an initial water content of 22.7%. The
figure indicates that samples inundated at vertical stresses ranging from 50 kPa to 800
kPa enter the plastic zone before inundation. The differences in the compression curves
can be attributed to variations in the initial water content (11.2%-43%) and degree of
saturation, and in different degrees of saturation reached after wetting. Fig. 5.1(b) shows
that initial void ratio was rather idential for all tested samples. The initial degree of sat-
uration was different, due to variations in the initial water content. Different durations

for wetting and loading stages can be a reason.

Figs. 5.1(a) and (b) show that loess shows collapse deformation in response to wetting at
all values of applied vertical stress at the time of inundation. This collapse deformation is
characterized by a sudden decrease in void ratio upon inundation. During inundation, the
air phase is replaced by liquid water, and supporting capillary forces disappear, causing
the collapse of macropores. The rate of collapse deformation is dependent on the rate of

water access, which is influenced by the permeability of the loess.
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Figure 5.2: Vertical stress vs. void ratio from single oedometer tests on undisturbed

samples at two initial water contents (a) wo=11.2%, and (b) wy=22.7%.

Fig. 5.2 illustrates the respective results for the undisturbed loess soil samples. Only the
samples wetted at applied vertical stress of 25 kPa and 50 kPa (as listed in Table 3.4) ex-
hibited swelling deformation upon wetting, whereas all other samples at both initial water
contents demonstrated collapse deformation. Upon wetting, water percolated through the
samples, leading to a reduction in capillary tension and to the softening of the bonds and
dissolving the aggregates assembly (Xie et al., 2018). With increasing water access, the
structure’s strength, contributed by the cementing bonding, decreases sharply and nearly
approaches zero (Houston et al., 2001; Jiang, Li, Hu and Thornton, 2014; Derbyshire and
Meng, 1995).

The degradation of inter-particle contacts is a major contributing factor to the collapse
deformation. The destruction of bonding due to inundation is proportional to the de-
gree of both heterogeneity and bonding (Dijkstra et al., 1995; Kie, 1988). In addition to
the gravitational forces, there is also shear stress acting among soil particles, which cause
smaller particles to slip into larger pore spaces, leading to the collapse of soil structure and
deformation (Lawton et al., 1989). Under collapsed conditions, the particles attempt to
rearrange themselves and compact into a new structure (Klukanova and Sajgalik, 1994).
Eventually, after wetting the soil reaches a new equilibrium state. If the vertical stress is
lower than the saturated pre-consolidation pressure for the sample, swelling deformation
may occur. This was the case for the undisturbed samples at smaller water content of
11.2 %. Maximum collapse is observed when inundation occurs at an applied vertical

stress close to the pre-consolidation pressure of the natural loess sample.
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Figure 5.3: Vertical stress vs. void ratio from double oedometer tests on remolded samples,
for (a) wo=11.2% and (b) wy =22.7%.
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Figure 5.4: Vertical stress vs. void ratio from double oedometer tests on undisturbed
samples, for (a) wy=11.2% and (b) wy=22.7%.

The double oedometer tests (DOT) for both remolded and undisturbed samples at two
different initial water contents are presented in Figs. 5.3 and 5.4. The collapse potentials
obtained from SOT and DOT are compared in Fig. 5.5, and summarized in Table 5.1. It
should be noted that the saturated sample in case of DOT was wetted after installation

in the oedometer devices under zero vertical loading stress.
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The collapse potential obtained from the double oedometer test is systematically larger
than that obtained from the single oedometer test regardless of sample type and test
conditions, as shown in Fig. 5.5(a) and Fig. 5.5(b). Fig. 5.5a further reveals that, in
the case of remolded loess at smaller water content of 11.2%, the collapse potential in-
creased with increasing the vertical stress for both test types (DOT and SOT). However,
for the remolded sample with water content of 22.7%, the collapse potential exhibited a

maximum at approximately 200 kPa for both single and double oedometer tests.
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Figure 5.5: Vertical stress vs. collapse potential of (a) remolded and (b) undisturbed

samples at two initial water contents wo=11.2%, and wy=22.7%.

Table 5.1: Collapse potential (1.[%]) of remolded and undisturbed samples
Vertical stress, o,(kPa)

25 20 100 200 400 800

SOT 0.65 6.95 8.3b 1458 1743 17.77

Sample type — wp[%] Test type

11.2

DOT 5.26 8.48 12.69 18.89 23.35 24.71
Remolded
-~ SOT 4.82 5.58 6.3 6.64 4.73 4.28
' DOT 4.51 7.08 772  10.81 877 3.03
11.9 SOT -1.24 -0.31 3.3 7.67 7.2 5.48
. ' DOT 0.67 2.84 6.97 11.39 10.59 5.52
Undisturbed

. SOT -0.067 0.21 6.04 6.89 6.01 2.61

DOT 0.78 292 693 1021 755 397
SOT: single oedometer test; DOT: double oedometer test.
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For all undisturbed samples irrespective of their initial water content (Fig. 5.5b), the
collapse potential determined from both the single and double oedometer tests initially
increased until a maximum was reached at approximately 200 kPa applied vertical stress,

after which it slightly decreased.

Overall, the SOT and DOT results demonstrate similar trends, as shown in Fig. 5.5.
Specifically, the collapse potential of the remolded loess sample at a water content of
11.2% continuously increased with the applied vertical stress, while for remolded samples
at a water content of 22.7% and undisturbed samples at both water contents, the collapse
potential first increased to a maximum value and then decreased. This behavior can be
attributed to the fact that remolded samples at a water content of 11.2% have higher
resistance to deformation in the unsaturated state, resulting in a higher collapse potential

at high applied stresses.

Both the unsaturated sample for the DOT and the sample for the SOT were prepared in
the same manner. The soil structure before immersion was only affected by the applied
vertical pressure. In the SOT, the collapse deformation of the unsaturated sample was
caused only by water immersion at a given vertical applied stress. Under prior loading,
the degree of saturation changed in case of the SOT, and the collapse deformation was

affected by both pressure and water saturation.

In the double oedometer test, the initially saturated sample was loaded stepwise. Due
to the long period of water immersion and resulting consolidation process, the double
oedometer test’s collapsibility coefficient was larger than that of the single oedometer
test.

5.1.2 Effect of initial water content

This subsection presents and discusses only results of double oedometer tests on remolded
samples. Fig. 5.6 illustrates the effect of the initial water content on the collapse potential,
showing the calculated collapse potential for remolded samples with initial water contents
of 11.2%, 18% and 22.7% under vertical applied stresses of up to 800 kPa. It shows that
the collapse potential at a low initial water content of 11.2% increases continuously with
increasing applied vertical stress, while for samples with initial water contents of 18% and
22.7%, a maximum collapse potential is reached at 200 kPa, which decreases with further

stress increase.
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In the DOT, there is no wetting induced saturation occurring. The observed behavior
may be due to the high initial suction of the unsaturated sample with wy=11.2%, which
results in a much larger pre-consolidation pressure than for the samples with wy=18%
and wy=22.7%. The smaller pre-consolidation pressure of the samples with wy=18% and
wp=22.7% leads to greater deformation at the unsaturated state under larger stresses,
thereby reducing the collapse potential. Additionally, the higher initial degree of satu-
ration in samples with wo=18% and wy=22.7% explains their smaller collapsibility, see
Table 5.2.
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=3 il
=2 Tl
8 5 Tl —

0 ! ! ! ﬁ

0 200 400 600 800 1000

Vertical stress [kPa]

Figure 5.6: Vertical stress vs. collapse potential (%) of the remolded samples for various

values of the initial water content.

Table 5.2: Collapse potential [%] of remolded samples
Vertical stress, o,(kPa)
25 50 100 200 400 800
11.2 DOT 5.26 848 12.69 1889 23.35 24.71
18 DOT 5.03 898 10.11 8.27 8.27 1.85
22.7 DOT 451 7.08 7.72 10.81 8.77 3.03

Sample type wy|%] Test type

Remolded




104 5 Experimental results

5.1.3 Effect of sample structure

Fig. 5.7 and Fig. 5.8 compare the relationships between the collapse index and the applied
vertical stress at inundation for remolded and undisturbed samples, showing the data for

double oedometer tests and single oedometer tests with two different initial water contents.

Both figures demonstrate that the remolded samples with wy = 11.2% exhibit a greater
collapse potential than the respective undisturbed samples. For higher initial water con-
tent of 22.7% the remolded samples show the higher collapse index only in a stress range
up to 100 kPa.

The undisturbed samples underg less collapse upon wetting then the remolded samples.
The collapse index increases with increasing stress up to a certain applied vertical stress
at inundation, which depends on the stress history and sedimentation process. Especially
the low collapse index at small stresses indicates that the bonding in the undisturbed

samples only partially breaks down under wetting at lower stresses.
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Figure 5.7: Vertical stress vs. collapse potential from single oedometer tests (noted as
SOC for remolded sample and SOU for undisturbed sample).

In general, the stronger bonding in undisturbed samples leads to less collapsibility,
while the weaker particle arrangement in remolded samples results in greater collapsibility.
This is because the undisturbed samples have been subjected to higher levels of vertical

stress in their history, which has resulted in long-term bonding during the sedimentation
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process. This bonding helps to resist the collapse of the sample upon wetting (Osipov
and Sokolov, 1995, Assallay et al., 1997, and Feda et al., 1995).
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Figure 5.8: Vertical stress vs. collapse potential from double oedometer test (noted as
DOC for remolded sample and DOU for undisturbed sample).

The interconnectivity between silt particles is provided by clay particles, humus col-
loids, and soluble salts, which further enhance the structure of the loess soil (Dijkstra,
2001). This underlying structure is responsible for the peak collapsible loading of undis-
turbed loess, even under low initial water content. When an external force destroys the
natural structure of unsaturated loess, the bonding force due to cementation gradually
relaxes. As a result, the difference between the compression curves of remolded and undis-

turbed loess samples gradually disappears with increasing stress (see Fig. 5.8).

However, for high initial water content, the collapsibility coefficient of undisturbed loess
and remolded compacted loess is almost equal (Fig. 5.8). This is because as the ini-
tial water content increases, a weaker cementation is observed in the undisturbed loess,
resulting in significant plastic compressive deformation accompanied by considerable de-
structuration. During the subsequent saturation, the undisturbed loess undergoes collapse

deformation similar to that of remolded loess (Fig. 5.8).
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5.2 Shear strength

The shear strength of both undisturbed and remolded loess samples was investigated
using single-stage and multi-stage direct shear tests and triaxial tests. Essentially, the
effects of initial water content, sample state (undisturbed vs. remolded) and testing
technique employed (single-stage vs. multi-stage direct shear tests) on the shear strength

are discussed in this section.

5.2.1 Single-stage direct shear tests: effect of initial water content

and sample state

Figs. 5.9 to 5.13 display the results of single-stage direct shear tests conducted on re-
molded soil samples with different initial water content values (11.2%, 16%, 18%, 22.7%
and about 43% corresponding to saturated condition). Details of the initial test condi-
tions can be found in Tables 3.6 and 3.7 in Section 3. The graphs show the relationship
between shear stress and horizontal displacement (Figs. 5.9(a) to 5.13(a)) and between
vertical and horizontal displacement (Figs. 5.9(b) to 5.13a(b)), with positive values of ver-
tical displacement indicating dilation and negative values indicating contractive behavior
during shear. The graphs illustrate the effect of normal stress on the shear behavior for
samples with different water content. Samples with water contents between 11.2% and
18% subjected to low normal stress (50 kPa) exhibited softening behavior with dilatant
volumetric deformation whereas the samples subjected to 100 kPa and 150 kPa normal
stress showed contractive behaviour. This is consistent with observations reported by
Cui and Delage (1996) and Hossain and Yin (2010). Samples with a water content of
22.7% and the saturated samples exhibited hardening behavior accompanied by volume

reduction for all values of the applied normal stress.
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Figure 5.9: Single-stage direct shear tests on remolded samples with wo=11.2%, (a) shear

stress vs. horizontal displacement, and (b) vertical vs. horizontal displacements.
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Figure 5.10: Single-stage direct shear tests on remolded samples with wy=16%, (a) shear

stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.
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Figure 5.12: Single-stage direct shear tests on remolded samples with wy=22.7%, (a) shear

stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.
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Figure 5.11: Single-stage direct shear tests on remolded samples with wy=18%, (a) shear

stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.
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Figure 5.13: Single-stage direct shear tests on the saturated remolded samples, (a) shear

stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.

The results of the tests depicted in Fig. 5.9 to Fig. 5.13 reveal that both the vertical
stress and water content have significant impacts on the shear strength of unsaturated
loess soil. In general, at a given normal stress, the peak shear stress decreased with in-
creasing water content. The effect of initial water content on the volumetric behaviour
was most pronounced for the samples at 50 kPa normal stress, where the observed be-

haviour changed from dilative to contractive with increasing water content.

The residual shear strength is typically assumed to be reached when there are no fur-

ther changes in both volume and shear stress during the shearing process. However, the



5.2 Shear strength 109

results of this study suggest that residual state may not have been achieved, as dilation or
contraction were still observed even at horizontal displacements as large as 7 mm. In other
studies (Kayadelen et al., 2007 and Alsherif and McCartney, 2016), similar observations
were made. They found that the residual state could not be achieved for compacted silt

that was sheared at high suctions, thus, low water content resulting in a hardening type

of failure.
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Figure 5.14: Single-stage direct shear tests on undisturbed samples with wo=11.2%, (a)

shear stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.
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Figure 5.15: Single-stage direct shear tests on undisturbed samples with wy=22.7%, (a)

shear stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.
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Figure 5.16: Single-stage direct shear tests on saturated undisturbed samples, (a) shear

stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.

Fig. 5.14 to Fig. 5.16 illustrate the single-stage test results on the undisturbed samples
for water contents of 11.2%, 22.7% and for the saturated state with about 43% water
content. Fig. 5.14(a) to Fig. 5.16(a) show the shear stress vs. horizontal displacement,
while Fig. 5.14(b) to Fig. 5.16(b) show the vertical vs. horizontal displacements. In
general, the trends are similar to the remolded samples: at normal stresses of 100 and
150 kPa contractive behaviour with hardening was observed at unsaturated and saturated
states, whereas at low normal stress of 50 kPa dilative behaviour with softening occured
for the unsaturated states (Figs. 5.14 and 5.15) and changing to contractive behaviour for
the saturated state. However, the undisturbed sample with w=22.7% sheared at 50 kPa
still exhibited dilative behaviour (Fig. 5.15) whereas the remolded sample with the same
water content showed already contractive behaviour (Fig. 5.12). When the sample is
subjected to large vertical loading (100 and 150 kPa), the applied normal stress is greater
than the pre-consolidation pressure, and the soil follows a normally consolidated behavior.
The primary structure is destroyed by prior consolidation and a new structure is formed.
During shearing, the soil sample is compressed, which is reflected in a relatively smooth
increase in shear stress with increasing horizontal displacement, as shown in Fig. 5.16a.
When undisturbed loess soil is subjected to a small load of 50 kPa, this load is not enough

to change its original structure and the consolidation deformation before shearing is small.

The observed effect of water content on the type of shear behaviour was interpreted
such that increasing suction, thus decreasing water content, leads to stronger particle

contacts, resulting in more brittle behaviour (Jotisankasa and Mairaing, 2009).
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Figure 5.17: Single-stage shear tests on remolded samples, (a) peak shear stress vs. water

content, and (b) shear strength parameters vs. water content.

Fig. 5.17(a) displays the maximum shear stress reached in the tests versus water content,
while Fig. 5.17(b) shows the cohesion and friction angle deduced for each test series for
the remolded samples. The corresponding values are summarized in Tables 5.3 and 5.4.
As shown in Fig. 5.17(a) and (b), both the maximum shear stress and the shear strength
parameters decrease as the initial water content increases. However, the effect on cohesion
is more significant than that on the friction angle. This is because a higher initial moisture
content in the soil sample leads to the dissolution of cementation substances and thicker

water film between the loess particles, thus reducing cohesion.

Table 5.3: Shear strength [kPa] of remolded samples from single-stage shear tests.
Vertical loading, o, (kPa)

Water content (%)

50 100 150
11.2 88.6 160.9 174.4
16 79.0 92.8 162.7
18 64.0 82.7 127.3
22.7 51.7 63.4 114.7

43 28.5 60.41 81.2
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Table 5.4: Shear strength parameters of remolded samples from single-stage shear tests.

Water content (%) Cohesion, ¢ (kPa) Friction angle, ¢’ (°)
11.2 55.5 40.6
16 27.8 39.9
18 28.0 32.4
22.7 13.6 32.2
43 4.0 27.8

In comparison to the fully saturated state, unsaturated loess soil exhibits higher shear
strength due to the matric suction, which increases as water content decreases. This
results in an increase in the apparent cohesion of the soil, ultimately leading to a higher
shear strength. Studies with unsaturated shear tests confirm this trend, showing an
increase in both peak and residual shear strength as water content decreases (Section
2.4.4).
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Figure 5.18: Single-stage shear tests on the undisturbed samples, (a) peak shear stress vs.

water content, and (b) shear strength parameters vs. water content.

Fig. 5.18 shows the test results for the undisturbed samples, revealing how the water
content affects the peak shear strength under different levels of applied vertical loading
and the shear strength parameters. The corresponding values are summarized in Tables
5.5 and 5.6. The data indicates that both cohesion and friction angle decrease as the
water content increases. Although the decrease in friction angle is less significant than

that of cohesion, it is still noticeable.
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Comparing the shear strength parameters obtained for the undisturbed (Tab. 5.6) and
the remolded (Tab. 5.4) samples, the cohesion and friction angle of both sample types
are very similar in the water-saturated state (see Fig. 5.19). At the water content 11.2%,
the friction angle of the remolded sample (¢' = 40.6°) was larger than the one of the
undisturbed sample (¢ = 35.2°), while cohesion did not differ much (55.5 and 57.1 kPa).
At wg = 22.7%, the friction angle of the undisturbed sample was only slightly greater
(34.0° vs. 32.2°), whereas the cohesion of the undisturbed sample (44.8 kPa) significantly
exceeded the corresponding value of the remolded one (13.6 kPa).
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Figure 5.19: Shear strength parameters vs. water content from the single-stage shear tests

on the remolded undisturbed samples.

Table 5.5: Peak shear strength [kPa] of the undisturbed samples from single-stage shear

tests.

Vertical loading, o, (kPa)

Water content (%)

50 100 150
11.2 91.8 128.9 162.4
22.7 80.6 108.3 148.1
43 30.1 65.5 87.0

Table 5.6: Shear strength parameters of undisturbed samples from single-stage shear tests.

Water content, wqy (%)

Cohesion, ¢ (kPa)

Friction angle, ¢’ (°)

11.2
22.7
43

57.1
44.8
3.9

35.2
34.0
29.6
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5.2.2 Multi-stage direct shear test results: effect of initial water

content and sample state

Results of multi-stage tests on saturated and unsaturated remolded samples are presented
in Figs. 5.20 to 5.23. During all loading stages in the multi-stage shear tests only con-
tractive behaviour with hardening was observed. The figures demonstrate that there is no
evidence of shear softening with dilatant behaviour during the loading stage at 50 kPa.
This is due to the limited horizontal displacement allowed during shear. Comparing Fig.
5.20(b) to Fig. 5.9(b), it is visible that for the single-stage test (Fig. 5.9(b)), dilation
started at a horizontal displacement of 1.8 to 2 mm, whereas in the multi-stage test (Fig.

5.20(b)), the shear phase was stopped before dilation could occur.
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Figure 5.20: Multi-stage direct shear tests on remolded samples with wy, = 11.2%, (a)

Shear stress vs. horizontal displacement, and (b) vertical vs. horizontal displacements.

Table 5.7 and Table 5.8 summarize the maximum shear stress and the shear strength

parameters derived from the multi-stage shear tests for the remolded samples.

Figs. 5.24 and 5.25 present the results of the multi-stage tests conducted on the undis-
turbed loess samples. The plots of shear stress versus horizontal displacement for different
normal stresses are shown in Figs. 5.24(a) and 5.25(a), while Figs. 5.24(b) and 5.25(b)
display the plots of vertical versus horizontal displacements. All the curves exhibit strain

hardening behavior accompanied by compression.
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Figure 5.21: Multi-stage direct shear tests on remolded samples with wy = 16%, (a) Shear

stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.
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Figure 5.22: Multi-stage direct shear tests on remolded samples with wy = 22.7%, (a)

Shear stress vs. horizontal displacement, (b) vertical vs. horizontal displacement.

Table 5.7: Shear strength (kPa) of remolded loess from multi-stage shear tests.
Vertical loading, o, (kPa)

Water content (%)

20 100 150 200

11.2 78.3 107.9 156.5 208.8
16 60.3 99.7 146.1 181.9
22.7 37.6 79.3 111.7 140.6

43 26.2 52.0 69.1 99.7
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Figure 5.23: Multi-stage direct shear tests on saturated remolded samples with wo = 43%,

(a) Shear stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.

Table 5.8: Shear strength parameters of remolded loess from multi-stage shear tests.

Water content, wq (%) Cohesion, ¢ (kPa) Friction angle, ¢’ (°)

11.6 27.9 41.3
16 19.2 39.4
22.7 7.0 34.3
43 2.4 25.4
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Figure 5.24: Multi-stage direct shear tests on undisturbed samples with wy = 22.7%, (a)

Shear stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.
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Figure 5.25: Multi-stage direct shear tests on saturated undisturbed samples, (a) Shear

stress vs. horizontal displacement, (b) vertical vs. horizontal displacements.

The failure shear stress was determined at the end of each shearing phase, correspond-

ing to a horizontal displacement of approximately 2 mm, as shown in Figs. 5.24(a) and

5.25(a). The values as well as the shear strength parameters derived from the multi-stage

tests on undisturbed samples are summarized in Tables 5.9 and 5.10.

Vertical loading, o, (kPa)
Water content

50 100 150 200
22.7 36.0 72.9 97.5 121.8
43 62.5 96.3 125.2 157.3

Table 5.10: Shear strength of undisturbed loess from multi-stage shear tests.

Water content, wy (%) Cohesion, ¢ (kPa) Friction angle, ¢’ (°)

22.7 32.03 32.05
43 11.55 29.41

Table 5.9: Peak shear strength of the undisturbed loess from multi-stage shear tests.
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Figure 5.26: Shear strength parameters as function of water content from multi-stage
(MSC) and single stage (SSC) shear tests, (a) Remolded loess, (b) Undisturbed loess.

Fig. 5.26 compares the values of cohesion and friction angle obtained from the single- and
multi-stage shear tests for different water contents and sample types (remolded or undis-
turbed). The diagrams show that the multi-stage direct shear test results exhibit lower
cohesion compared to the single-stage shear test results for both remolded and undis-
turbed loess samples at low water content (11.2% - 22.7%). This difference in cohesion
may be attributed to the soil microstructure, characterized with relict joints and disconti-
nuities that are sensitive to the disturbances inherent in the primary stage of multi-stage
shear testing. The cementation bonding of the undisturbed loess is gradually broken down
over successive shearing stages. In contrast, Fig. 5.26 reveals that the values of friction
angle obtained from the single- and multi-stage tests are quite similar, independently of

the water content and the sample type (remolded or undisturbed).

5.2.3 Evaluation of direct shear tests using suction stress concept

The suction stress can be calculated by determining the point at which the shear stress
envelope intersects the horizontal axis in the shear stress-normal stress coordinate system,
as depicted in the upper diagram of Fig. 5.27. The single-stage direct shear tests on
the remolded samples at varying water contents, corresponding to varying degrees of
saturation, were used to determine the suction stress of the samples. Suction stress
represents the effective stress of a sample at zero external applied stress (see Section

2.3.7). Once determined, the suction stress of each sample is plotted against its initial
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degree of saturation, as illustrated in the lower diagram of Fig. 5.27. The magnitude of

suction stress continuously decreases with increasing degree of saturation.
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Figure 5.27: Suction stress and shear strength.
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5.2.4 Shear strength from drained triaxial tests

Figs. 5.28 and 5.29 illustrate the results of consolidated drained triaxial tests on remolded
loess samples corresponding to sample Nos. CDC41, CDC42 and CDC43 in Table 3.8.
The initial void ratio and water content were 1.12 and 22.7%, respectively. The samples
were saturated prior to shearing. Fig. 5.28(a) shows that the stress-strain curves are
significantly influenced by the confining pressure in the consolidated drained tests. As
the initial mean effective stress increased, so did the peak deviator stress. At all three
confining stresses the samples show contractive behaviour, as visible in the curves of

volumetric versus axial strain in Fig. 5.28(b).
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Figure 5.28: Results of drained triaxial compression tests on remolded loess samples, (a)

Deviatoric stress vs. axial strain, and (b) Volumetric strain vs. axial strain.
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Figure 5.29: Deviatoric stress vs. mean effective stress - remolded loess samples.
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The results of the drained triaxial compression tests on the undisturbed samples
CDU11, CDU12, and CDU13 (Table 3.8) are presented in Figs. 5.30 and 5.31. The
deviatoric stresses reached at 50 kPa and 100 kPa effective confining stress are significantly
greater than for the corresponding remolded samples. At all three confining stresses, the
samples exhibit contractive volumetric behaviour with similar magnitudes of volumetric
strains (Fig. 5.30(b)). Further, they show hardening behavior, followed by plastic failure

after obvious yielding and plastic deformation.
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Figure 5.30: Results of drained triaxial compression tests on undisturbed loess samples,

(a) Deviatoric stress vs. axial strain, and (b) Volumetric strain vs. axial strain.
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Figure 5.31: Mean effective stress vs. deviatoric stress - undisturbed loess samples.
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Figure 5.32: Peak shear stress from drained triaxial compression tests on remolded (CDC)
and undisturbed samples (CDU).

Table 5.11: Deviatoric stress ¢ (kPa) and corresponding mean effective stress p’ (kPa) at

peak stress and critical state (CS) from drained triaxial compression tests.

Sample state Initial mean effective stress, p, (kPa)

50 100 150
Peak  p';q Remolded 87.47; 112.42 174.01; 222.04  371.79; 665.38
Peak  p’;q  Undisturbed 140.71; 272.12  251.24; 453.72  364.82; 644.46
CS v'iq Remolded 87.34; 112.02 170.74; 212.23  366.04; 648.11
CS P'iq Undisturbed 131.75; 245.24  249.11; 447.32  364.11; 642.33

Table 5.12: Shear strength parameters from drained triaxial compression test.

Sample Cohesion, ¢ (kPa) Friction angle, ¢' (°)
Remolded at CS 0.00 40.66
Undisturbed at CS 10.73 41.69
Remolded at peak 0.00 41.13
Undisturbed at peak 19.41 40.59

The values of the deviatoric stresses and the corresponding mean effective stresses reached

at peak and at critical state and the deduced shear strength parameters effective cohesion
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and effective friction angle are provided in Table 5.11 and Table 5.12. Figure 5.32 com-
pares the peak states of the undisturbed and remolded samples reached during shearing in
a ¢-p’ diagram. The data reveals higher peak strength values for the undisturbed samples
at low to intermediate mean effective stresses, while both types of samples show similar
peak values at larger mean effective stress. The higher strength of the undisturbed sample
at lower stress levels is also reflected by the higher value of effective cohesion visible in
Table 5.12.

5.2.5 Undrained shear behaviour from triaxial tests

Fig. 5.33 displays the results of undrained triaxial compression tests on saturated undis-
turbed loess samples in terms of deviatoric stress versus axial strain (Fig. 5.33(a)) and
pore-water pressure versus axial strain (Fig. 5.33(b)). The results show that at the ini-
tial stage of loading, the deviatoric stress and pore pressure increase as the axial strain
increases. The deviatoric stress reaches its maximum at a small strain (about 2%), then
it slightly decreases. After the axial strain reaches approximately 18%, the pore water
pressure and deviatoric stress reach a steady state. Fig. 5.34 shows the respective effective
stress paths of the undrained triaxial compression tests. At low initial confining stress
of 50 kPa after a slight increase, the mean effective stress continuously decreases during
undrained shear. At the maximum deviatoric stress of the sample sheared from pf, = 50
kPa, the instability line is defined. The measured deviatoric and mean effective stress at
maximum axial strain correspond to the critical state. The stress path of sample the test
with py = 50 kPa is similar to a typical stress path of a liquefied sample. The samples
sheared from 100 and 150 kPa initial mean effective stress show a final reincrease in mean
effective stress after the deviator stress has passed a first maximum in ¢ followed by a

temporary minimum deviator stress. This behaviour is also termed limited liquefaction.
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Figure 5.33: Undrained triaxial test results of the undisturbed samples, (a) Deviatoric

stress vs. axial strain, (b) Pore water pressure vs. axial strain.
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Figure 5.34: Effective stress paths from the undrained triaxial compression tests on undis-

turbed loess samples.

The excess pore pressure required to bring the soil to the potentially unstable region
under static loading is much smaller than that required to bring the soil to the steady-
state line (SSL). Hence, for a soil that is already in or near an unstable state, blocking the
drainage channel may cause instability depending on the initial stress state and ground-

water level.
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Figure 5.35: Steady state line in v — p’ space.

Research studies by Castro (1975), Castro (1977), Poulos (1981), and Poulos et al. (1985)
have established a relationship between the void ratio and the mean effective stress in
the critical-state, which is referred to as critical-state line (CSL) or steady-state line
(SSL). This line is typically plotted in a specific volume-log p’ plane and can be assumed
to be linear. The critical state is reached when for continuous axial deformation no
further changes in deviator stress and pore water pressure occur. Fig. 5.35 illustrates
the correlation between the specific volume of the sample and the effective stress, as
determined from undrained tests. During testing, the void ratios at start of shearing of
the specimens ranged from 0.99 to 1.05, due to the applied consolidation stress prior to
shear, which is lower than the in-situ value of 1.199. Since all three initial states are
located above the critical state they tend to reach the CSL during undrained shear by
an overall decrease in effective stress, thus liquefaction or limited liquefaction type of
behaviour. Critical state data from the drained triaxial tests have been added in Fig.

5.35, approximately revealing a unique critical state line for both drainage conditions.

5.3 Determination of SWCC with emphasis on cyclic

drying-wetting behaviour

This section focuses on the analysis of the results of the experiments conducted to deter-

mine the soil water retention curves of loess under different hydraulic loading paths. The
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drying-wetting paths of both remolded and undisturbed loess samples were determined.
To cover the range of suction relevant to loess, different methods were used to induce suc-
tion in the samples. The paths applied on both undisturbed and remolded samples were
initial drying (ID), main wetting (MW), main drying (MD), secondary wetting (SW),
secondary drying (SD), and tertiary wetting (TW).

5.3.1 Effect of sample structure

Fig. 5.36(a) and Fig. 5.36(b) show the relationship between the degree of saturation
and applied suction of the remolded and undisturbed loess for the initial drying and the
main wetting paths, respectively. The as prepared condition of the undisturbed sample
had a suction of 10.1 MPa with a degree of saturation of 6.2%. As suction increases, the
degree of saturation is significantly reduced. Samples subjected to the main wetting path
showed an increase in degree of saturation from the residual state up to approximately
80%. Hysteresis was observed for both the remolded and undisturbed samples, with the
loop between first drying and main wetting paths being more narrow for the remolded

loess.
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Figure 5.36: Initial drying and main wetting curves for (a) remolded and (b) undisturbed

loess samples.

The air entry value is a measure of the suction value at which air begins to enter the
largest pores in the soil. For the remolded loess sample, the air entry value during the
initial drying curve is approximately 53.8 kPa. Another important point is the residual

water content, which is the point at which it becomes difficult to drain water from the soil
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by increased suction. At this point, only evaporation can effectively decrease the degree
of saturation. The residual degree of saturation measured in the experiments seems to
be much lower than 11%, as shown in Fig. 5.36. The residual water content of loess is

related to soil properties.

Fig. 5.37, Fig. 5.39, and Fig. 5.41 compare the degree of saturation vs. suction re-
lationships of the remolded and undisturbed samples for the applied drying and wetting
paths, separately. During main wetting, for a given suction value the degree of saturation
for the remolded loess sample is larger than that of the undisturbed loess sample. After
cyclic wetting and drying, the structure of the undisturbed loess sample becomes more
homogeneous, while the structure of the remolded loess sample does not change (Jiang,
Zhang and Hu, 2014). The difference between the two types of loess samples becomes
less noticeable as the number of cycles increases. For the low suction range of the wetting
paths (Fig. 5.37(b), Fig. 5.39(b), Fig. 5.41(b)), for the same suction values the degree of
saturation for the remolded sample is larger than that of the undisturbed loess sample.
This difference is due to the difference in the pore size distribution. In the high suction
range (>1 MPa), the degree of saturation for the undisturbed loess sample is slightly
larger than that of the remolded loess sample. The difference in the SWCC between the
remolded and undisturbed loess is small for the initial drying and main wetting curves

(Fig. 5.37), but it becomes larger for the second wetting curve (Fig. 5.39).
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Figure 5.37: S, — v relationship for (a) Initial drying curve (ID), and (b) Main wetting
curve (MW).
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Figure 5.38: w—1 relationship for (a) Initial drying curve (ID), and (b) Main wetting
curve (MW).
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Figure 5.39: S, — ¢ relationship for (a) Main drying curve (MD), and (b) Secondary
wetting curve (SW).
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Figure 5.42: w — 9 relationship for (a) Secondary drying curve (SD), and (b) Tertiary
wetting curve (TW).
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Figure 5.40: w—1) relationship for (a) Main drying curve (MD), and (b) Secondary wetting
curve (SW).
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Figure 5.41: S, — ® relationship for (a) Secondary drying curve (SD), and (b) Tertiary
wetting curve (TW).

The effect of volume change on the water retention characteristics was not consid-
ered, since volume changes due to shrinkage or swelling were very small. Further, in the
transient wetting and drying method, the sample was installed inside the microcell, which
did not allow volumetric expansion during wetting. The remolded loess is characterized
with a double pore structure, i.e., intra-aggregate and inter-aggregate pores. Under a low
water content, wetting causes an increase in the amount of absorbed water in the small
intra-aggregate pores, and the suction is mainly controlled by the inter-aggregate pores.

When the water content of the soil is larger, wetting causes the amount of water both in
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the inter-aggregate pores and the intra-aggregate pores to increase. The intra-aggregate
pores have already been saturated, and the suction is mainly controlled by the large inter-

aggregate pores.

Regarding the drying paths shown in Fig. 5.38, Fig. 5.40 and Fig. 5.42, when the
suction is less than 1000 kPa, the water content decrease was steep. Again, beyond the
suction value of 10 MPa, the water content decreased until residual values. After the
water content is smaller than the residual water content, the SWCCs of different struc-
tured remolded and undisturbed loess are close to each other, that is, the SWCCs in this

suction range tend to be similar for both sample types.

Van Genuchten model (Van Genuchten, 1980) was used to fit the SWCC experimental
data. From the SWCCs, it can be observed that the air-entry value (AEV) and residual
suction value (1),.) bound a relatively low range of suction values, which indicates a small
clay content and a dominant silt fraction. The AEV of remolded and undisturbed loess
samples under the initial drying path were 53.8 kPa and 38.4 kPa, respectively. Beyond
the residual suction, a further decrease in suction does not induce a significant decrease

in the degree of saturation.

70
50 L Remolded AEV wetting ——
Undisturbed AEV wetting - -3 - .
= 60 |- - =40 |-
g g
© ©
< Remolded AEV drying ——| 2 39 |
= Undisturbed AEV drying --%--| &
$ 50 LKl -4 5
£ s 3 Z 20 |-
X- .
40 D MW MD sw sD ™™w 10 ID MW MD SW SD T™W

(a) (b)

Figure 5.43: Air entry values after cyclic wetting and drying on (a) drying paths, (b)
wetting paths.
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Figure 5.44: Slope of SWCC after cyclic wetting and drying on (a) drying paths, (b)
wetting paths.

As can be seen from Fig. 5.44(b), the values of the parameter n, controlling the slope
of the SWCC of remolded and undisturbed loess samples are similar, while the air en-
try values show a difference. A possible reason is that for remolded loess, the pore size
distribution is more homogeneous after the metastable intact loess structure is destroyed
during the sample preparation process. One of the main factors controlling the SWCC is
the pore size distribution. The double peak pore structure typical for undisturbed loess
(Jiang, Zhang and Hu, 2014), with the macro pores, leads to a larger rate of drainage and

smaller air entry value as compared to the remolded loess.

After remolding the loess soil, the size of the large pores is reduced, so that the radius of
curvature of the meniscus in the pores is reduced, and the matric suction is increased, so
the pressure required for the air to enter the pores of the soil increases, and the air entry
value also increases (Fig. 5.43)(a). From the soil water retention curve, it is visible that
the air entry value of the undisturbed loess sample after several cycles increases, and the

water retention curve becomes flatter.

Considering the MIP pictures in Section 3.2, the undisturbed loess sample has a trimodal
pore-size distribution, where the smallest pore size was around 36.5 nm, the intermedi-
ate pore size was 901 nm, and the largest pore family had a diameter of 17.5 ym. The
remolded loess sample posseses a bi-modal pore-size distribution with a suppressed inter-
mediate pore size peak, and a micro-pore family with a peak at about 7 um. Further,

the cumulative pore volume of the remolded loess sample was found to be smaller than
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the one of the undisturbed loess. These findings are consistent with the smaller AEV

observed for the undisturbed loess sample as compared to the remolded one.

From the MIP results, it is known that the pore size of the undisturbed loess is larger
than that of the remolded loess. Under the same suction, the water content of the soil
sample with larger pores is lower. Without confining, the cyclic wetting-drying is sim-
ilar to a leaching process. The cyclic wetting and drying process has less influence on
the remolded loess, while for the undisturbed loess, the leaching process will dissolve the
cementation, which constitutes the macropores. The multi-modal pore size distribution
of the undisturbed loess will reduce to two or a single peak shape and homogenize after

several wetting and drying cycles.

It can be seen that the influence of the number of cycles on the soil-water character-
istic curve of loess under unconfined conditions is mainly reflected in the influence on
the parameters related to the air entry value and the residual water content, while the

number of cycles has little effect on the parameter related to the moisture reduction rate.

5.3.2 Effect of hydraulic loading path

The initial drying and main wetting curves obtained from the SWCC measurements of
undisturbed and remolded loess samples are shown in Figs. 5.45 and 5.46. The different
main paths obtained from the drying and wetting curves of the degree of saturation versus
suction relationships signify hysteresis in the hydraulic behaviour of the undisturbed and
remolded loess samples. The results show hysteresis behaviour with a low magnitude,

visible as the enclosed gap between the drying path and wetting path.

In Fig. 5.45(b), Fig. 5.46(b) to Fig. 5.49(b), the difference in the degree of satura-
tion between drying and wetting paths under certain suction is becoming less with the
increase of suction. At suctions higher than the residual suction, where the soil is domi-
nated by the absorption mechanisms, the hysteresis behaviour is negligible. The hydraulic
hysteresis of the SWCC is related to the fabric and affinity for water inside soils. Any
change to particles and pore size arrangements allows the hydraulic hysteresis to take

place (Fleureau et al., 1993). The difference in the water retention curve is controlled by
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the pore size distribution, which becomes more homogeneous with an increasing number

of cycles.
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Figure 5.45: Initial drying and main wetting paths of undisturbed loess sample, (a) w —
relationship, and (b) S, — 1 relationship.
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Figure 5.46: Initial drying and main wetting paths of remolded loess sample, (a) w — v
relationship, and (b) S, — 1 relationship.

The maximum degree of saturation of the specimens subjected to subsequent drying-
wetting cycles is less than that of the sample under the initial drying path. The air-
entrapped value is the difference between the maximum degree of saturation for the drying
and wetting curve, which decreases with the increase in the number of cycle for undis-
turbed loess samples (Fig. 5.45(b)). The hysteresis for the undisturbed loess sample is
larger than that of the remolded loess sample (Fig. 5.46(b)). The hysteresis phenomenon

is more obvious in the low suction range. After two cycles of wetting and drying, the
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Figure 5.47: Main drying and secondary wetting paths of undisturbed loess sample, (a)
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Figure 5.48: Main drying and secondary wetting paths of remolded loess sample, (a) w—1

relationship, and (b) S, — ¢ relationship.

hysteresis on the undisturbed loess sample has vanished (Fig. 5.49(b)), but there is still

hysteresis behaviour in the remolded loess sample (Fig. 5.50(b)). Because there is only

a small content of water-sensitive minerals, the suction is mainly controlled by the capil-

lary forces, which means the pore size distribution controls the matric suction-dominated

range, which is related to the shape and curvature of the water-air interface. Ink-bottle

effects and other physical-based mechanisms contribute to hysteresis, which is related

indirectly to the capillary forces. The parameter Dg/, quantifying the difference in the

degrees of saturation between the drying path and the subsequent wetting path was cal-
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Figure 5.49: Secondary drying and tertiary wetting paths of undisturbed loess sample, (a)
w — 1 relationship, and (b) S, — v relationship.
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Figure 5.50: Secondary drying and tertiary wetting paths of remolded loess sample, (a)
w — 1 relationship, and (b) S, — v relationship.

culated according to:

Sa — Su

Daju = —2—2%
4 Sds_Sdr

(5.1)
For the same value of suction, Sy is the degree of saturation of the drying path, S, is the
degree of saturation of the wetting path, Sgs is the maximum degree of saturation of the

drying path, and Sy, is the residual degree of saturation of the drying path.
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Figure 5.51: Hysteresis’s magnitude of (a) Undisturbed and (b) Remolded loess samples.

Fig.5.51 illustrates the relationship between Dg/,, and suction, with each drying and
wetting cycle displaying a hysteresis loop. Notably, the wetting curve consistently falls
below the drying curve, and the hysteresis loop formed during the first cycle is larger than
that of the second cycle. Furthermore, the difference in the degree of saturation between
the wetting and drying paths decreases with each successive cycle, even under the same
matric suction. This can be attributed to the presence of air bubbles in the sample’s
pores, which inhibit the infiltration of free water. However, with repeated drying and
wetting cycles, the number of bubbles gradually stabilizes, reducing their influence on the

overall process.

The impact of wetting-drying cycles on the pore structure of loess diminishes as the
number of cycles increases. At a certain point, further cycles have little effect on the
structure. The influence of the number of cycles primarily concerns the spatial arrange-
ment and porosity of pores within the soil. Dense loess is generally more stable in terms

of pore structure than other types of loess.

5.3.3 Model fitting

This study presents the findings of drying and wetting processes conducted under various
conditions across a broad range of imposed suction levels. In previous research, Brooks
and Corey (1964b) proposed a power-law relationship between volumetric water content
and suction, although this formulation is only valid for suction values greater than the

air-entry value. To analyze the experimental data, Fredlund and Xing (1994) model was
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also utilized. Three empirical models were used to fit the experimental data, with each
model’s advantages and limitations discussed. The least-square method was employed to
fit the regression model, with the Levenberg-Marquardt algorithm utilized to solve the
non-linear least-square regression problem. By fitting the model to the experimental re-

sults, the model parameters were obtained.

Due to random errors in the experimental results, the coefficient of regression determina-
tion (R?) may not always provide an accurate assessment of the model’s quality, even with
high values. Therefore, residual and difference analyses are useful for assessing the quality
of the model and illustrating various complex aspects of the model quality. Statistical
techniques, such as plots of predicted versus observed values and residual versus observed
values, were used to analyze the model’s representation across various suction values and
to validate the models. In these plots, observed values correspond to experimental data,

while predicted values correspond to calculated data.
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Figure 5.52: Models fitting using (a) ID, and (b) MW experimental data of remolded soil.

Figs. 5.52, 5.53 and 5.54 show the determined fitting curves using the three different
models for the different hydraulic paths of the remolded loess samples. Fig. 5.55, 5.56

and 5.57 show the fitting curves for the undisturbed loess samples, respectively.

As can be seen in Fig. 5.52 to Fig. 5.57, in general, the models represent well the
experimental data, except the plate plateau in degree of saturation in the high suction

range between about 1 MPa and 10 MPa. The reason is that the models assume a

106
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Figure 5.53: Models fitting using (a) MD, and (b) SW experimental data of remolded soil.
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Figure 5.54: Models fitting using (a) SD, and (b) TW experimental data of remolded soil.

monotonous pore size distribution of the sample, with a Gaussian distribution among
single pore size values. But in reality, for typical loess soils, their pore size distribution
shows double peaks (Jiang, Zhang and Hu, 2014).

Fig. 5.58, Fig. 5.59, Fig. 5.60 as well as Fig. 5.61 show observed values and the
residuals plotted versus predicted values derived from the initial drying path and the
main wetting path for both remolded and undisturbed loess samples, respectively. Re-
sults are given using the equations by Brooks and Corey (1964b), Van Genuchten (1980)
with the assumption m =1 — 1/n, and Fredlund and Xing (1994).
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Figure 5.55: Models fitting using (a) ID and, (b) MW experimental data of undisturbed

soil.
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Figure 5.56: Models fitting using (a) MD, and (b) SW experimental data of undisturbed

soil.

Figs.

5.58(b), 5.59(b), 5.60(b), and 5.61(b) illustrate that the predicted values from

the van Genuchten and Fredlund models are close to the bisection line f(x) = z, indicat-

ing that they are similar to the observed values from a statistical perspective. However,

some points are located above the bisection line, indicating that the predicted values are

underestimated. For the degree of saturation range from 0.6 to 1.0 (Fig. 5.60, 5.61),

the points obtained by the Brooks and Corey model are located below the bisection line,

meaning that the Brooks and Corey model overestimates the degree of saturation. The

three models show no significant difference in predictions under high suction range. The
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Figure 5.57: Models fitting using (a) SD, and (b) TW experimental data of undisturbed

soil.

residuals (see Fig. 5.58(a)) are randomly distributed above and below the line of f(z) = 0,
which is the ideal distribution for predicted versus observed points along the z = f(x) line.

The coefficient of determination R? was also calculated to assess the quality of the models.

The analysis showed a high level of accuracy in fitting the experimental results by the
three equations (Brooks and Corey, 19645, Van Genuchten, 1980, and Fredlund and Xing,
1994). The equations used for the analysis were reliable in closely fitting the experimental

data, particularly in the residual zone and at the inflection point of the wetting path of

the SWCC.

The experimental results were analyzed statistically to assess the Soil-Water Charac-
teristic Curve (SWCC) and model the initial drying curve of remolded loess samples. The
relationship between the degree of saturation and suction suggested the need for a non-
linear function to make predictions. The conventional method to obtain model parameter
values is the nonlinear regression fitting method, as presented in the former paragraphs
of this section. In the following, a different approach was used to fit the experimental
data. Instead of using a nonlinear model, the independent variable was first transformed
into the log-scale, and then a linear model was used to fit the transformed data. This
transformed the relationship between the degree of saturation and suction into a linear
relationship, allowing a linear least squares regression method to be used to minimize the
error when fitting the experimental data. The theoretical details of this procedure can be
found in Stoimenova et al. (2003) and Stoimenova et al. (2006). To determine the best

106
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Figure 5.58: Statistical assessment of the three SWCC models using ID curve of remolded

loess sample, (a) Residuals, and (b) Observed vs. predicted values.
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Figure 5.59: Statistical assessment of the three SWCC models using the MW curve of the

remolded loess sample, (a) Residuals, and (b) Observed vs. predicted values.

linear form of the experimental results, various plots of the data were examined. These

plots are shown in Figs. 5.62 to 5.65. The functions of the linearized models and the

results of the linear least squares regression are summarized in Tab. 5.13.
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Figure 5.60: Statistical assessment of the three SWCC models using the ID curve of the

undisturbed loess sample, (a) Residuals, and (b) Observed vs. predicted values.
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Figure 5.61: Statistical assessment of the three SWCC models using MW curve of undis-

turbed loess sample, (a) Residuals, and (b) Observed vs. predicted values.

Table 5.13: Linearized models

Model 1: Inf = By + B1¢ + € y = -9E-06x - 1.5973, R? = 0.67
Model 2: 0 = By + pf1lny + € y=-0.0407x + 0.5119, R? = 0.90
Model 3: 60 = By + S1Inlny + € y = -0.2433x + 0.67, R* = 0.84
Model 4: Inln(1\0) = By + S1¢ + € y =-0.2592x - 0.117, R?* = 0.83
Model 5: Inf = Sy + filny) + € y = -1.4209x + 0.616, R? = 0.65
Model 6: Inf = 5y + B1Inlny) + € y = 4E-06x + 0.3601, R? = 0.48
Model 7: Inln(1\@) = fy + S1lny) + € y = 0.1438x - 0.518, R? = 0.91
Model 8: Inln(1\0) = Gy + F1Inlney + € y = 0.8327x - 1.0107, R? = 0.80
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Figure 5.62: Statistical model (1, 2) fitting using ID data of remolded loess sample, (a)
¥? — 0% and (b) Iny) — 62.

Linear transformations were applied using the square root (\/5, V1), the power of 2
(¥?,6?), logarithm (In#,In+), and even double logarithm (InIln@,Inln), as shown in
Table 5.13. In this study, seven types of linear relationships were used to describe the
initial drying curve. Regression analysis was performed to evaluate the fit of the exper-
imental data to each model. The results showed that Model 7 and Model 2 provide the

best fit to the experimental data, since they resulted in the highest R?-value (see Tab.
5.13).
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Figure 5.63: Statistical model (3, 4) fitting on ID remolded data, (a) Inlny) — 62, and (b)
% — Inf.
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Figure 5.64: Statistical model (5, 6) fitting on ID remolded data, (a) 2In — Inlné,
(b) Iny) — Inlnd.
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Figure 5.65: Statistical model (7, 8) fitting on ID remolded data, (a) Iny) — Inf, and (b)
Inln?y) — Inf.

5.4 Volumetric behaviour under controlled suction

In this study, the hydro-mechanical properties of loess were investigated through experi-
ments which were able to separately control suction and mechanical stress. Two types of

tests were conducted: compression tests with constant suction and wetting-drying tests



5.4 Volumetric behaviour under controlled suction 145

under constant net vertical stress. The effects of soil structure, suction, and stress path on
soil deformation and hardening behavior were analyzed. The results of these experiments
are presented in this section. Specifically, the focus is on the experimental results obtained
from one-dimensional compression and rebound tests, which are discussed in relation to

the experimental program presented in Section 4.5.

5.4.1 Effect of sample structure

Void ratio versus applied vertical net stress results are presented in Fig. 5.66 for remolded

loess specimens and in Fig. 5.67 for undisturbed specimens.
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Figure 5.66: Vertical stress vs. void ratio for remolded loess samples.

Unsaturated soil exhibits complex mechanical properties compared to saturated soil due
to the suction in the soil, which affects the slope of the compression curve and the yield
stress. When the net stress exceeds the yield stress, the soil skeleton suffers from plastic
deformations. Therefore, compared with soil samples under high suction with a corre-
sponding greater yield stress, the final deformation of samples having smaller or zero
suction is larger. This is due to the fact that the surface area and tension of the air-water
interface increase with an increase in matric suction, which in turn increases the effective

stress. Thus, suction decreases the compressibility of the soil sample.

However, for the remolded loess samples (see Fig. 5.66), the ordering of the curves shows

that at 20 kPa suction, the compression-rebound curve exhibits the smallest deformation
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Figure 5.67: Vertical stress vs. void ratio for undisturbed loess samples.

across the entire stress range. The saturated sample lies somewhat above the curves of 50
kPa and 80 kPa, which is partly due to its greater initial void ratio. The curves of 100 kPa
and 200 kPa suction show the highest yield stress (excluding the 20 kPa suction curve),
as expected. In the case of undisturbed loess samples (see Fig. 5.67), the compression-
rebound lines for the unsaturated samples follow a distinct pattern according to their
applied suctions, with the curve of 20 kPa suction showing the greatest compression and
the one of 200 kPa showing the smallest compression. However, the saturated sample lies
between the curves of 200 kPa and 100 kPa and exhibits a relatively high resistance to
deformation. This could be due to the prior saturation process, which may have induced
compression (by collapse) in the sample, resulting in a somewhat higher density at the
beginning of mechanical loading. Overall, Fig. 5.67 clearly illustrates that the defor-
mation response of soil samples to vertical loading is influenced by the suction history
and the suction of the soil sample structure. It highlights the significant impact of soil
suction during vertical load application on the compression deformation characteristics of

unsaturated loess.

For undisturbed loess samples, the pre-consolidation pressure accounts for both the insite
stress history, the cementation bonds and the suction effect. Prior to the pre-consolidation
pressure, the macrostructure within the soil sample resists the load. As the vertical stress
increases beyond pre-consolidation stress, the initial structure begins to deteriorate and
a new structure gradually forms. This demonstrates that loess has a high compression

capacity under unsaturated conditions.
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The unloading path demonstrates that the initial void ratio cannot be recovered again.
The strain caused by sliding between particles or fracturing is an irreversible process that
corresponds to plastic deformation. However, some small reversible deformation during
unloading is observed, which corresponds to the elastic deformation of the sample. The

unloading paths were approximately linear and independent of the suction applied.

Fig. 5.68 compares the results for remolded and undisturbed loess for low suction range
(up to 50 kPa) and higher suction (above 50 kPa). Fig. 5.68 indicates that undisturbed
loess has a higher stiffness compared to remolded loess. The difference in void ratio during
loading is larger for remolded loess specimens, which further suggests a higher stiffness

for undisturbed loess.
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Figure 5.68: Vertical stress vs. void ratio for undisturbed and remolded loess samples, (a)

Low suction, and (b) High suction.

Based on the test results for both remolded and undisturbed loess specimens in Fig.
5.68, it can be observed that the change in void ratio of unsaturated specimens at suction
values up to ¥ = 50 kPa is smaller compared to the void ratio change of the saturated
specimens. The test result at suction ¢y = 20 kPa is close to the results obtained under
saturated condition. It can be concluded that the stiffness increases with an increase in
suction. Comparing the unloading path of all tests, it can be stated that there is similar

behavior for all specimens.

The yield stress of undisturbed loess is greater than that of remolded soil because of

the cementation bonding inside the undisturbed loess. As the vertical stress increases,
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the cementation inside undisturbed soil is continuously destroyed and cannot be regener-
ated. The difference in void ratio between unsaturated remolded and undisturbed loess
under small and high pressure intervals is not very significant, whereas the difference in
void ratio is significant in the intermediate pressure interval. The compression curve of
undisturbed soil gradually transitions to that of remolded soil, and the deformation gen-
erated in this process can be regarded as the collapse deformation of the macrostructure

caused by the instability of the cementation structure.
e Loading collapse curve

The above test results were utilized to determine the characteristic parameters and cal-
ibrate the functions of the Barcelona Basic model, as described in Section 6. Various
methods, including Casagrande’s method (Casagrande, 1936), can be employed to deter-
mine the pre-consolidation pressure. The findings from tests conducted on unsaturated
over-consolidated soil, as reported in Alonso et al. (2005), indicated the presence of two
distinct zones, namely the elastic zone and the plastic zone. The pre-consolidation pres-
sure, denoted as py in partially saturated states and pj, in fully saturated states, separates

the elastic and plastic zones based on the applied vertical stress.

Fig. 5.69 illustrates the loading-collapse line (LC), where the LC yield curves were ob-
tained by determining the yield points from the experimental compression curves. The
shape of the LC yield curves is consistent with those given by Alonso et al. (1990). The re-
sults indicate that the yield stresses at various suctions for the undisturbed loess samples
are higher than those in the remolded loess samples. This suggests that the differences in
the fabric of the undisturbed and remolded loess samples are reflected in the distinct LC

yield curves.
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Figure 5.69: Vertical net stress at yield vs. suction.

5.4.2 Change of degree of saturation during compression

Fig. 5.70 illustrates the changes in the degree of saturation versus net vertical stress. The
results show that the degree of saturation of the specimens increases with the increase in
net vertical stress, and the slopes of the curves associated with different constant matric
suctions are nearly identical. The degree of saturation decreases during unloading. Un-
der high vertical stress, the macrostructure of the soil becomes densified, which reduces
the pore volume and consequently increases the degree of saturation. Moreover, with an
increase in applied suction, the change in the degree of saturation after the compression
of unsaturated soils becomes smaller.

Under a large vertical load, according to the theory proposed by Likos and Lu (2004),
the SWCC shifts to the right, causing an increase in the water content of the sample, even
under constant suction conditions. This occurs due to the decrease in the curvature of
the gas-liquid interface, which leads to water inflow into the sample. Additionally, as the
vertical stress increases, the soil particles start to realign and move closer to each other,
transforming from an unstable state to a stable state. The greater the vertical stress, the
greater the effect of water content on the change of degree of saturation due to the large

change of soil volume, see in Fig. 5.70.
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Figure 5.70: Net vertical stress vs. degree of saturation for (a) Remolded loess samples,

and (b) Undisturbed loess samples.

5.4.3 SWCC under various net stress conditions

e Structure effects

Fig. 5.71 illustrates the first wetting path of remolded and undisturbed loess samples un-
der different constant applied vertical stresses. The applied suction was stepwise decreased
while the applied net stress remained constant. The wetting curves of the undisturbed
loess samples resulted in smaller suctions for a given degree of saturation and vertical
stress, compared to the remolded loess samples, as shown in Fig. 5.71(b). This differ-
ence is attributed to the presence of large inter-aggregate pores in the undisturbed loess,
which affect the wetting process under higher suctions, leading to a lower air entry value.
However, at lower applied stresses of 50 and 100 kPa, the trend is less distinct, as shown
in Fig. 5.71(a). Remolded loess, compared to undisturbed loess, demonstrated a higher
drainage rate. Moreover, the undisturbed loess sample at 50 kPa started from a higher
degree of saturation and reached a nearly saturated state with a flat increase of degree of

saturation.
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Figure 5.71: Variation of degree of saturation with suction along first wetting path and
under applied vertical stress of (a) 50 kPa, 100 kPa, and (b) 150 kPa, 200 kPa.
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Figure 5.72: Variation of degree of saturation with suction along first drying path and
under applied vertical stress of (a) 50 kPa, 100 kPa, (b) 150 kPa, 200 kPa.

Fig. 5.72 displays the soil water retention curves of remolded and undisturbed soil samples
under different vertical stresses, corresponding to the first drying path. As the suction
increases, water content reduces due to water drainage, leading to a decrease in pore
volume and the migration of liquid water within the macroscopic pores. At the lowest
vertical stress, the air entry values determined by the drying curve were 56.4 kPa and 12.8
kPa for the remolded and undisturbed loess samples, respectively. However, for an applied
stress of 100 kPa, the air entry value of the undisturbed loess sample was higher (111 kPa)
than that of the remolded loess sample. At greater applied net stress (Fig. 5.72(b)), the
undisturbed loess samples showed smaller air entry values and the corresponding curves

were located to the left of the remolded ones at respective applied stresses.
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e Loading effects

The impact of vertical stress on the soil water characteristic curves of loess was investi-
gated. Fig. 5.73 illustrates the soil water retention curve of the remolded loess sample
under different vertical stresses during the first wetting and first drying cycles. As the

applied net stress increased, the air entry value (AEV) also increased.
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Figure 5.73: Variation of degree of saturation with suction for the remolded loess sample

under different vertical loading, (a) First wetting path, and (b) First drying path.

The impact of vertical loading on the SWCC of remolded loess is primarily due to
changes in void ratio caused by the vertical loading. The wetting path data are arranged
according to the applied stresses. As the matric suction decreases along the wetting path,
the degree of soil saturation gradually increases. This increase in saturation leads to the
destruction of the loess structure. The pore connectivity of the soil structure is strong,
and the degree of saturation is more sensitive to changes in suction. In contrast, the
ordering of the drying path data is less distinct. For instance, the respective points of
150 kPa and 200 kPa are very close and intersect with each other. Similarly, for suctions
greater than 100 kPa, the drying path of 100 kPa lies below that of 50 kPa.
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Figure 5.74: Variation of degree of saturation with suction for the undisturbed loess sample

under different vertical loading, (a) First wetting path, and (b) First drying path.

Fig. 5.74 illustrates the changes in the degree of saturation with applied suction
under different vertical stresses for the first wetting and first drying of the undisturbed
loess samples. For both the wetting and drying paths, the samples subjected to 50 kPa
applied stress exhibit a distinct trend compared to those subjected to 100-200 kPa applied
stresses. The curves for the 50 kPa samples are flatter because the low applied stress is
not enough to compact the large macropores in the undisturbed loess samples. During
wetting, the 50 kPa sample starts at a higher degree of saturation (approximately 60%)
and crosses the three other curves at around 80% degree of saturation, resulting in the

lowest air-entry value of approximately 9.2 kPa.

The drying path for the 50 kPa samples (Fig. 5.74(b)) is notably below those of the
greater applied stresses, possibly because the large macropores allow for water drainage
at low suctions. The curves and respective air-entry values for the 100, 150, and 200 kPa
samples are observed according to the applied stresses, whereas for the wetting paths, no
ordering with applied stress was observed. In general, the greater the applied net stress,
the greater the air-entry value and suctions required for a given degree of saturation. Fur-
thermore, the degree of saturation gradually increases with a decrease in matric suction

under different vertical pressures, but the rate of increase varies.

Fig. 5.74 shows that there was a significant increase in the degree of saturation with
increasing applied vertical stress under the same suction. This increase can be attributed

to the fact that the undisturbed soil structure of the sample was altered by the increase
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in vertical stress, and the suction helped to enhance the structural stability of the soil
skeleton. With greater vertical stress, there was more rearrangement of soil particles un-
der the same suction, resulting in better pore connectivity in the soil. As a result, the
degree of saturation decreased or increased more rapidly with respect to the respective

applied suction.
e Hysteresis phenomenon

From Fig. 5.75, we can observe a gap between the wetting and drying curves, which is
known as the hysteresis phenomenon of the soil water characteristic curve. This phe-
nomenon can be attributed to four factors: the bottle-neck effect caused by the uneven
cross-sectional diameter of the pore channel, the entrapment of air generated during the
drying and wetting process, a decrease in the influence of capillary forces on the water
retention characteristic curve when suction is large, and an increase in the influence of
adsorption effect of the soil surface. The adsorption effect is mainly related to the mineral

composition and specific surface area of the soil.

In this study, the undisturbed and remolded loess have the same mineral composition
and similar influence of adsorption force on total suction. Their initial pore size distri-
bution differs. However, loading changed the pore size distribution, resulting in small
differences in the pore size distribution between undisturbed and remolded loess samples.
As suction increases, the difference in the water retention characteristic curve between

undisturbed and compacted loess becomes less significant.
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Figure 5.75: Hysteresis behaviour in w-1) plane for remolded loess sample along different

hydraulic path, (a) Low vertical stress, and (b) High vertical stress.
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Figure 5.76: Hysteresis behaviour in .S,-1 plane for remolded loess sample along different

hydraulic path, (a) Low vertical stress, and (b) High vertical stress.

In Fig. 5.75, it can be observed that at all applied stresses, the water content during
the initial first wetting path remained below that of the subsequent drying path. Addi-
tionally, the water content during the following second wetting path was lower than that

of the two prior paths.
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Figure 5.77: Hysteresis behaviour in w-v plane for undisturbed loess sample along different

hydraulic path, (a) Low vertical stress, and (b) High vertical stress.
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Figure 5.78: Hysteresis behaviour in .S,-¢ plane for undisturbed loess sample along differ-

ent hydraulic path, (a) Low vertical stress, and (b) High vertical stress.

Fig. 5.75 and Fig. 5.76 illustrate the hysteretic behavior of the remolded loess samples in
terms of water content versus suction and degree of saturation versus suction, respectively.
Similarly, Fig. 5.77 and Fig. 5.78 show the hysteresis behavior for the undisturbed loess

samples. In all cases, the data represents the first wetting, first drying, and second wetting.

For the remolded loess samples, it can be observed that each applied stress results in
a different hysteresis behavior (Fig. 5.79(a)). The hysteresis is most pronounced for 50
kPa, while it is smallest at 100 kPa. The samples at 150 kPa and 200 kPa exhibit similar
behavior, with no hysteresis between the first wetting and first drying in the suction range
between 50 and 800 kPa (see Fig. 5.79).

The test results also indicated that the degree of saturation of the undisturbed loess
samples (Fig. 5.78) and the remolded loess samples (Fig. 5.76) reached a level between
90% and 100%. These results suggest that it was not possible to fully saturate the soil
samples at zero suction, especially at low values of net vertical stress. This behavior is
likely due to the presence of air bubbles trapped between the soil particles, which prevent

full saturation of the soil structure.
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Figure 5.79: The magnitude of hysteresis (Dy/w) under different vertical stress values (a)

Remolded loess sample, and (b) Undisturbed loess sample.

5.4.4 Volume change during wetting and drying

Fig. 5.80(a) illustrates the variation of void ratio with applied suction during gradual
wetting of the soil by multi-step suction decrease under the same constant net vertical
stress. The void ratio decreases reached their maximum values at zero suction. A large
collapse occurs in the suction range from 1000 kPa to 100 kPa, corresponding to the
transition range under specific loading conditions. Under this range, there is a continuous
seepage pathway for both pore water and pore air. The decrease in capillary force during

the suction decrease process causes deformation at the macrostructural level.
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Figure 5.80: Variation of void ratio with suction for the remolded loess sample along the

first wetting path and first drying path, (a) First wetting path, and (b) First drying path.
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As shown in Fig. 5.80(a), with an increase in the degree of saturation, the amount
of wetting deformation under the same pressure gradually decreases. The soil becomes
denser, its compressibility decreases, and collapsibility gradually decreases as well. The

collapsibility of loess under different suction and different wetting processes varies.
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Figure 5.81: Variation of void ratio with suction for the remolded loess sample along the

second wetting path.

In Fig. 5.80(a), for the lower suction range (less than 100 kPa), the e - suction curves
under different vertical pressures are approximately parallel. The e—suction curve can be
divided into two sections. Before the turning point, the void ratio rapidly decreases with
decreasing suction. After the turning point, the void ratio gradually decreases with de-
creasing suction. The vertical pressure has a significant impact on the deformation during
stepwise wetting. As the vertical pressure increases, the e—suction curve gradually shifts
downwards, but the slopes of the curve do not change significantly. This phenomenon

reflects the increase in collapsibility under greater vertical pressure.

Fig. 5.80(b) shows the variation of the void ratio with applied suction upon gradual
drying of the soil. In the first drying process, as the matric suction increases, the av-
erage skeleton stress of the soil increases, the soil skeleton is compressed, the void ratio
becomes smaller, and the contact area between soil particles increases. Fig. 5.80(b) indi-

cates that the values of void ratio decreased progressively as the applied suction increased.

In the second wetting process, as the matric suction decreases, the average skeleton stress
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of the soil decreases and the void ratio decreases (Fig. 5.81). However, since the sam-
ple experienced a prior wetting-drying cycle with significant void ratio decrease, the soil

sample volume was only slightly compressed during the second wetting.

The data in Fig. 5.80 shows that dry-wet cycling can induce irreversible deformations in
a compacted soil, with the effect varying depending on the applied vertical loading. The
deformation of the compacted soil was found to be most severe under the first wetting and

drying, while subsequent cycles led to a new equilibrium state with reduced deformation.

Laboratory tests revealed that dry-wet cycling resulted in collapsing properties in the
compacted loess, manifesting as secondary collapsing. This may be attributed to the
role of salt crystals, which are part of the soil skeleton as cementation agend. Repeated
leaching during wet-dry cycling caused changes in the content and composition of soluble
salts, which in turn led to a thicker diffusion layer in the electric double layer on the soil
particle surfaces, weakening their connections. Hydrophilic clay minerals such as illite
and montmorillonite can absorb water, causing the soil skeleton to swell, which can also

contribute to the observed deformation.

As the vertical stress increases, the overhead structure of the loess changes to a surface-
contact cement structure, leading to an increase in the relative sliding of the particles
and a decrease in the collapsing coefficient. With an increase in the number of wet and
dry cycles, remolded loess is more likely to experience wet collapse. During the drying
process, the soil skeleton shrinks unevenly, resulting in the expansion of some small pores
and an increase in the volume of large pores in the soil, causing the soil volume to be
unable to return to its initial state before wetting. Therefore, the dry-wet cycle has the
most significant influence on the compressive characteristics of the soil with the highest
vertical stress. The amount of deformation has a negative correlation with the number of
dry and wet cycles, i.e., it increases with increasing vertical loading and decreases with

an increase in the number of dry and wet cycles.
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Figure 5.82: Variation of void ratio with suction for the undisturbed loess sample along
the first wetting path and first drying path, (a) First wetting path, and (b) First drying
path.
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Figure 5.83: Variation of void ratio with suction for the undisturbed loess sample along

the second wetting path.

In Fig. 5.82, the void ratio evolution with suction of an undisturbed soil sample is
presented. The initial unsaturated state was set as the starting point for the wetting path
in Fig. 5.82(a), where no further settlement was observed under a constant net vertical
stress during the consolidation process. The applied suction was then decreased in mul-
tiple steps, inducing a significant reduction in void ratio and volumetric change during

subsequent wetting-drying processes, as shown in Fig. 5.82(a), Fig. 5.82(b) and Fig.
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5.83. When the applied vertical stress is large, the soil sample’s structural strength may

not withstand deformation and damage, leading to significant compression during wetting.

The wetting curve of undisturbed loess has a larger slope initially and then shows a
smaller volume change after reaching a certain suction value. The sample then follows
a drying path, which also induced a void ratio reduction due to shrinkage. The second
wetting path induced again a wetting induced void ratio decrease, but with a lower mag-
nitude as during first wetting. As expected, no swell was observed for all samples in Fig.
5.82. Under high vertical loading (Fig. 5.82(a)), the soil experiences greater compression
deformation than at smaller load. As the soil becomes progressively saturated with wa-
ter, and the degree of saturation increases with the decrease of suction, the deformation
increases at a gentler rate. This is because the skeleton particles are primarily connected

through cementation bonds.

Undisturbed soil samples typically exhibit cementing bonding that can support exter-
nal loading at relatively low degrees of saturation. However, when suction decreases, the
bonding can be broken by inflow water, resulting in collapse deformation and densification
of the soil structure. This process can cause dispersion and disruption of silt-clay bridges
or buttresses within the interparticle matrix, leading to a rearrangement of the soil skele-
ton into a more closely packed structure after the collapse of cavities and destruction of

the macrostructure.

Under K| condition during oedometer tests, shearing forces can cause slippage between
solid particles. Undisturbed loess can undergo progressive collapse after saturation, with
the subsequent collapse curve overlapping with the compression curve of the saturated
undisturbed loess sample. During subsequent saturation processes, the cementation be-
tween clay particles can partially fail, leading to greater collapse deformation. This is
because the increase in water content decreases the cementation of clay particles in undis-
turbed loess, resulting in large plastic deformation under different vertical loading and

significant impairment of its structure.
o Effect of structure on suction induced deformation

Fig. 5.84 compares the results of cyclic wetting and drying on remolded and undisturbed
soil samples. Differences in sample preparation and sedimentation processes can result in
variations in microstructure, which are more apparent under low vertical loading. Com-

paring the curves of undisturbed and remolded soil (Fig. 5.84), it can be observed that
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the collapse line of undisturbed soil gradually approaches that of remolded soil as the
vertical loading increases. At high pressure values, the difference in void ratio between
remolded and undisturbed loess samples is not significant. However, at low pressure, the
difference in void ratio is considerable, indicating that undisturbed soil exhibits greater
resistance to collapse within this pressure range. The collapse curve of soil ultimately

reaches a constant value.
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Figure 5.84: Variation of void ratio with suction under different vertical stress, (a) Low

vertical stress, and (b) High vertical stress.

The influence of soluble salt cementation on soil deformation is limited by low vertical
pressure, with deformation mainly dependent on wetting (Fig. 5.84(a)). The decrease in
suction reduces the number of cementation points in the undisturbed loess sample and
increases soil deformation. However, under high vertical pressure, many cementation

bonds have already been destroyed by the increase in mechanical load.

5.4.5 Comparison with single oedometer test

The collapse potential obtained by stepwise suction controlled wetting for both remolded
and undisturbed soil samples is compared to those obtained using the single and double
oedometer tests (Fig. 5.85). The collapse potential of the stepwise suction-controlled
wetting for the remolded sample was found to be in between those determined by the
single and double oedometer tests. The stepwise obtained collapse potential of the undis-
turbed sample was found to be very similar to the respective collapse potential obtained
by single pedometer tests. The obtained values of collapse potential for the stepwise first

wetting are listed in Tab. 5.14. Fig. 5.86 summarizes the measured collapse potential at
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four different applied vertical stresses for the first wetting path, the first drying path and
the second wetting path for the remolded and undisturbed samples. The shrinkage and
collapse potential due to the first drying and second wetting are found to be significantly

smaller as compared to the first wetting for both sample states.
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Figure 5.85: Collapse potential versus vertical stress from different test methods.

Table 5.14: Collapse potential from first wetting test (stepwise suction decrease).

Remolded loess sample (C) Undisturbed loess sample (U)
Vertical stress Collapse potential Vertical stress Collapse potential
50 4.30 50 1.87
100 5.93 100 2.97
150 15.58 150 6.56
200 16.24 200 7.59

The collapsibility of loess is influenced by various physical properties, including its natural
water content, dry density, microstructure, mineral composition, confining conditions, and
hydraulic properties. The hydraulic properties, in turn, depend on factors such as the
historical maximum suction, wetting degree, and wetting path. Further, as the vertical
loading increases, the soil becomes more susceptible to irreversible volume collapse. The
fundamental reason for the change in the soil’s macroscopic deformation characteristics is

the irreversible alteration of its microstructure under the influence of dry and wet cycles.
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Figure 5.86: Variation of collapse and shrinkage potentials with the vertical net stress

value, (a) Remolded loess sample, and (b) Undisturbed loess sample.

e BBM parameters from suction controlled compression test

The model parameters for the BBM model are derived from the suction-controlled oe-
dometer tests. Investigations carried out in the controlled-suction oedometer cell reveal
that the stiffness behavior of unsaturated loess is influenced not only by the void ratio but
also by the suction. The method of parameter derivation follows the guideline provided
in Alonso et al. (1990).

Fig. 5.87(a) shows that the slope of the elastic part of the consolidation line (k(s))
is slightly suction-dependent and decreases as the suction increases. r(s) is equivalent
to the unloading slope parameter, which is determined by unloading paths in a stress-
specific volume plane, and can be adjusted as the suction varies. When «; is negative,
ki(s) will increase as the suction decreases and reach a peak when the suction equals zero.
A comparison is made between the BBM parameters obtained from the results of the

suction-controlled oedometer compression tests.
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Figure 5.87: k and A vs. suction for remolded and undisturbed loess samples from suction

controlled compression test, (a) £ vs. suction, and (b) A vs. suction.

According to the model proposed by Alonso et al. (1990), the slope of isotropic consol-
idation lines A\(s) decreases monotonically with the increase of suction from the saturated
value A(0), becoming asymptotic to a value r. Fig. 5.87(b) shows the variation of A
for both types of samples with suction. Experimental results reveal that A(s) for both
undisturbed and remolded loess samples is a function of suction. For the remolded loess
sample, the slope of the plastic part of the compression line A(s) decreases with increasing
suction. In contrast, the value of A(s) increases with increasing suction from 20 to 50
MPa for undisturbed loess samples and then remains nearly constant. The reason is that
the compression curves for different suction were not completely ordered according to the

suction applied.
e BBM parameters from wetting and drying test

Fig. 5.88 displays the stiffness of both remolded and undisturbed soil samples under dif-
ferent wetting and drying paths as represented by the slope of compression line in the
elastic zone k(s). The results indicate that (s) is slightly influenced by stress path, net
vertical stress, suction, and degree of saturation. The stiffness change caused by changes
in suction decreases as the vertical loading increases. The first wetting path results in the
lowest stiffness under various vertical loading conditions as indicated by the highest x(s).
However, overall the suction effects on k(s) are not as pronounced as for A. In case of the
undisturbed samples, the effects of cyclic wetting and drying on k(s) are even less than

for the remolded samples.
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Figure 5.88: Variation of x with vertical loading along different wetting and drying paths,
(a) Remolded loess sample, and (b) Undisturbed loess sample.
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Figure 5.89: Loading collapse curves from suction controlled compression tests and first

wetting tests.

The yield stress of both undisturbed and remolded soil can be represented by the LC
curve when plotted on the p — s plane. As shown in Fig. 5.89, the yield stress increases
with increasing suction, which is attributed to the decreasing water content and the soil’s
increased ability to resist external loads. It can also be observed that the yield stress of
undisturbed soil at a given suction is greater than that of remolded loess, indicating that

undisturbed soil undergoes less deformation under increasing loads than remolded soil.
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Figure 5.90: Loading collapse curves from unsaturated compression tests and first drying

tests.

The elastic zone of undisturbed soil is also larger than that of remolded soil in the two-
dimensional p — s plane, indicating that it requires a larger suction and net mean stress
to induce yielding. The presence of the soil structure in undisturbed soil contributes to
its stronger ability to withstand external loads. In the suction decrease test, it was found
that as the net mean stress increased, the change in yield suction was small. Therefore, it
can be concluded that the yield suction of both undisturbed and remolded loess increases

at a constant rate with an increase in net mean stress.

Undisturbed soil has a strong structure that can withstand external forces before plastic
deformation. Under low suction, the difference in pre-consolidation pressure between the
remolded and undisturbed loess samples is minimal. This is due to the damage caused
to the undisturbed soil structure by wetting, causing its deformation property to shift
and become similar to that of remolded soil with increasing degrees of saturation. In
Fig. 5.90, the yield suction of the remolded and undisturbed loess samples obtained from
the first wetting test is shown. This intersection suction marks the point at which elas-
tic deformation shifts to plastic deformation under certain vertical loading. This finding
is consistent with the collapsing tests of undisturbed and compacted loess in the single
oedometer test results. In the low suction state, the collapsibility of undisturbed loess
is similar to that of compacted loess. However, in conditions of low water content and
high suction, the strong structure of undisturbed loess results in a significantly greater

collapsibility compared to remolded loess.
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e Movement of yield surface

Fig. 5.91 displays the yield suction obtained from the first and second wetting tests under
various vertical loading. The yielding curve of the undisturbed loess sample is located be-
low that of the remolded loess sample. This implies that the collapsibility of the remolded
loess sample is greater than that of the undisturbed loess sample. The yield suction of the
remolded and undisturbed loess samples varies linearly with loading. To induce plastic
deformation, a greater decrease in suction is required for the undisturbed loess sample

under the same vertical loading.
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Figure 5.91: Yield suction vs. net vertical stress from suction controlled wetting and

drying tests.

After cyclic wetting and drying, the yield surface shifts downwards, indicating that
the structure of the sample has become more stable during the second wetting path. The
elastic zone expands to a larger area. The yield suction of the soil is linked to the initial
void ratio and structural state of the soil. Under different vertical stress, the yield suctions

of the unsaturated undisturbed loess are equal.

5.5 Permeability test

This section focuses on the saturated permeability coefficients of remolded and undis-
turbed loess under different vertical loading conditions. The falling head test was em-

ployed to determine the permeability, as the loess soil requires a relatively high hydraulic
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gradient to induce water flow through the soil mass due to its low permeability.

In order to perform unsaturated seepage calculations, it is necessary to determine both
the soil-water characteristic curves and the coefficient of saturated permeability. The
unsaturated coefficient of permeability of the collapsible soil is primarily a function of
the degree of saturation, while the saturated coefficient of permeability is a function of
the void ratio. Therefore, tests on the saturated permeability under different vertical
loads inducing different void ratio are used to study the influence of the void ratio on

permeability.

5.5.1 Effect of the sample structure and vertical loading

The results of the tests suggest that the applied vertical loading has a significant impact
on the void ratio, thus, on the permeability coefficient of the soil (Fig. 5.92). This is
because the size and number of voids in the soil decreases and the contact area between
the soil particles increases with increasing vertical loading, resulting in lower permeability,
particularly when the soil mass is confined at a high stress level. It was also found that
the saturated permeability of undisturbed soil is larger than that of remolded soil due to

the higher void ratio at the respective confining stresses.
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Figure 5.92: Measured saturated permeability coefficient vs. net vertical stress.

The permeability coefficient of the undisturbed sample is larger than that of the remolded

sample. The undisturbed soil typically contains large pores and vertical joints that are
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mostly semi-closed, which can restrict the flow of water. In contrast, the remolded soil
often presents a more uniform pore structure, which can allow for easier liquid flow.
However, remolded loess is more prone to collapse deformation at lower stresses, which
destroys the original connected pores and results in a denser soil sample that impedes the

flow of water.

5.5.2 Unsaturated permeability

The estimation of unsaturated permeability coefficients for loess soils based on SWCC
and the empirical model proposed by Brooks and Corey (1964a) is a common practice in
soil science and geotechnical engineering. The model can also estimate the unsaturated
permeability coefficient by assuming a certain pore size distribution and using the pore
size distribution index (n). The smaller the n value, the wider the pore size distribution,

and the larger the unsaturated permeability coefficient.
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Figure 5.93: Evolution of unsaturated permeability coefficient over suction for the re-

molded sample.
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Figure 5.94: Evolution of unsaturated permeability coefficient over suction for the undis-

turbed sample.

The results of the permeability coefficient estimation show that the unsaturated per-
meability coefficient decreases as the suction increases for both remolded and undisturbed
loess soils (Fig. 5.93 and Fig. 5.94). One reason is that the suction increase induces vol-
umetric shrinkage resulting in a more narrow pore size distribution with a decrease in the
effective pore size and a decrease in the unsaturated permeability coefficient. The second
reason is because the movement of water through the soil is hindered by the air-filled
pores, which reduce the continuity of the water flow path. The effect of suction on perme-
ability is more pronounced at low suctions, where the decrease in water content is more
significant. As the suction approaches the air entry value, the permeability coefficient
decreases rapidly, indicating the transition from the liquid phase to the gas phase in the
soil. The relationship between suction and permeability is often described by the rela-
tive permeability curve, which is a dimensionless function that relates the permeability
of the soil under unsaturated conditions to the permeability under saturated conditions.
Both suction and vertical loading affect the unsaturated permeability coefficient of loess,
indicating the importance of considering the unsaturated condition in geotechnical engi-

neering design and analysis.
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5.6 Summary

This chapter presents the experimental results, analysis, and discussions of the test pro-

gram conducted on both remolded and undisturbed loess soils.

e The collapse potential was studied in this thesis using both single oedometer and
double oedometer tests. The collapse potential decreased as the initial water con-
tent increased. However, the collapse potential showed a non-linear relationship to
the applied vertical stress at inundation with larger initial water content. Until a
certain critical load, the collapse potential increased with increasing applied verti-
cal stress at inundation. After this critical load, the collapse potential decreased
with increasing applied vertical stress at inundation. The critical load depended on
the pre-consolidation pressure of the sample. The collapse potential from double

oedometer tests was slightly larger than that from single oedometer tests.

e The results of direct shear tests showed that the peak strength decreased as the
initial water content increased. For samples with the same initial water content,
the shear strength of the undisturbed samples was larger than that of the remolded
samples. Under low vertical loading and high suction value, undisturbed loess be-
haved as a brittle material. The samples with large initial water content showed
hardening behavior. The effect of confining pressure on the loess sample responses
in the drained triaxial compression tests was similar to that in the direct shear tests.

In general, as the confining pressure increased, the stress hardening also increased.

e The results of testing the soil water characteristics curve (SWCC) for both remolded
and undisturbed loess showed that the hydraulic loading path affects the shape of
the SWCC. The experimental data in this case show hysteresis in the SWCC for
both types of soil, being most significant after the first drying.

e Three empirical SWCC models from the literature were used to fit the experimental
data. To determine the best fit, residual analysis was used to predict the model
parameters, and statistical analysis was performed to evaluate the fitting quality.
Data transformation was used to find a linear relationship between the degree of

saturation and suction, in order to make it easier to analyze and interpret the data.

e The constant suction oedometer tests revealed that the stiffness is higher at larger
suction values, and the swelling indexes are similar for tests performed at various
constant suction values. The effect of suction on the pre-consolidation pressure is

significant, with an increase observed in the measured pre-consolidation pressure
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with increasing suction for the defined suction range tested. The pre-consolidation

pressure of the undisturbed sample is larger than that of the remolded sample.

e The results of suction-controlled wetting and drying tests show that the vertical
load and direction of hydraulic loading path influence the shape of the soil water
characteristic curve (SWCC). With an increase in vertical load, the curve shifts to
the right of the suction value, and for a certain suction value, the degree of saturation
under the drying path is larger than that under the wetting path. The air entry
value of loess increases with increasing vertical load, but the SWCC located in the

residual zone is less influenced by vertical load.

e The measured water content change, volume change, and controlled suction can
be directly linked to the SWCC under certain confining conditions. The interpre-
tation of the results provides insight into the behavior of unsaturated loess under
different stress and suction conditions, and the factors that influence its volumetric

mechanical behavior.

e The saturated permeability under different vertical loads decreases with increasing
vertical load. The unsaturated coefficients of permeability of remolded loess and
undisturbed loess decrease as suction increases in an unsaturated state. These
findings provide insight into the behavior of loess under varying saturation and
vertical load conditions, and contribute to the understanding of its permeability

properties.






6 Numerical modeling and discussion

This chapter explains the mathematical equations related to the employed constitutive
models and the applied boundary conditions. The thermo-hydro-mechanical model de-
scribing unsaturated soil behaviour as implemented in the CODE_BRIGHT constitutive
law library is introduced. Both the constitutive models for stress-strain behaviour and
hydraulic hysteresis behaviour are presented. Furthermore, the atmospheric boundary
conditions are discussed and their complexity and capabilities in modeling the meteoro-

logical conditions influencing the slope behaviour are revealed.

6.1 Theoretical framework for hydro-mechanical

modeling

This study applies the CODE_BRIGHT software developed by UPC. The software can
consider the thermal-hydraulic-mechanical coupling under mechanical, hydraulic and ther-
mal boundary conditions. In this section, the basics of finite element simulations consider-
ing unsaturated soil with three-phase coupling are explained. This chapter introduces the
balance equations, constitutive equations, equilibrium restrictions and constraints equa-
tions used in the finite element calculations to consider the solid-liquid-thermal coupling

process in unsaturated soil under various boundary conditions.

6.1.1 Balance equations

The compositional approach is adopted in CODE_BRIGHT to establish the mass balance
equations (Olivella et al., 1996).

175
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e Mass balance of solid

Mass balance of solid:

9(ps(1—9))
ot

ps is the mass of solid per unit volume of solid, ¢ is the porosity, and j, is the flux of solid.

+v-(,)=0 (6.1)

The expression for porosity variation reads:

Do _ 1[4 D] g
e =~ a-aBE| va-av- G (62)

Therein u is displacement and ¢ is time. The material derivative with respect to the solid

is defined as follows:

Dg(e) O(e) du

e Mass balance of water

Water can exist both in liquid and gas phases. The total mass balance of water is ex-

pressed as:

Op"Si9p + pg Se9)
ot

+ V- GE 4 = (6.4)

DS(p}USl +p;usg) Do w w du
¢ i EH(P: Si+p, Sg)¢)V‘E

p}’ is mass content of water per unit volume of liquid phase, i.e., pi” = w/’p, py is mass

(P Si+plS,) FV-(, ) = 7 (6.5)

content of water per unit volume of gas phase, i.e., py = wy'p,. w;” denotes the mass
fraction of water in the liquid phase. w;" denotes the mass fraction of water in the gas
phase. f*" is an external supply of water. .S; is the degree of saturation of liquid phase
and Sy is the degree of saturation of gas phase. p; and p, are the density of liquid and gas
phases, respectively. j;” is the mass flux of water in the liquid phase and j; is the mass

flux of water in the gas phase.

The sum of the nonadvective and fluid motion advective fluxes is separated from the
total flux in order to simplify algebraic equations. This flux is relative to the solid phase
and is denoted by jl/w. It corresponds to the total flux minus the advective part caused by
solid motion. When solid deformation is negligible, then 7' = j. The relative contribution

of each flux term to the total flux is not always the same.
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e Mass balance of air

Air is the main component of the gas phase and it can also be dissolved in the liquid phase.

Ds(p?Sl + paSg) a a DS¢ a a dll
) Dt 5 +(P151+Pg5g)ﬁ+((PzSI+PgSg)¢)V‘a

pf is the mass of air per unit volume of liquid phase, i.e., pf = wi'p;, pj is the mass of

+7-G+i) = f* (6.6)

air per unit volume of gas phase, i.e., pj = wypy, wi' denotes the mass fraction of air in
the liquid phase. wy denotes the mass fraction of air in the gas phase. j; is the mass flux
of air in the liquid phase and jj is mass flux of air in the gas phase, and f* denotes the

external supply of air.

e Momentum balance for the medium
V-ea+b=0 (6.7)

where o is the stress tensor and b is the vector of body forces.

e Energy balance for the medium

The equation for internal energy balance for the porous medium is established taking into

account the internal energy in the solid, liquid and gas phases (Ej, Ej, E,), respectively:

8(E5,05(1 — ¢) + Elplsl(l5 + EgpgSg(b) _ (bsgpg apgv .
ot pg Ot

i. is energy flux due to conduction through the porous medium, the fluxes in solid (jz,),

(e +ips tim +tig,) = 19 (6.8)

in liquid (jg;), and in gas (jg,) are advective fluxes of energy caused by mass motions.

f9 is an internal /external energy supply.

6.1.2 Constitutive equations of the elasto-plastic model

In CODE_BRIGHT, the BBM-TEP is one of the models implemented to simulate the
coupled thermo-elastoplastic behaviour of unsaturated soils (Gens et al. (1995)). Two

stress variables (net stress

The soil water characteristic (SWCC) model is used to describe the relationship between
water content (degree of saturation) and suction. Due to the existence of hysteresis in the
relationship between the degree of saturation and suction, a SWCC model with hysteresis

is used to explain the water retention behaviour of loess. Such a SWCC model can
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predict the loess water retention behaviour under complex hydraulic loading paths. To
build the hysteretic SWCC model, the empirical model introduced by Van Genuchten
(1980) is employed for both the main drying curve and the main wetting curve under
no-deformation conditions. Furthermore, a new parameter (a,.) is introduced to take
into account the reduction in the maximum degree of saturation due to the appearance

of entrapped air during the initial drying path (Nguyen-Tuan (2014)):

Soc - Sls — Qoc (69)

The scanning curve depends on the suction in the previous step and the trend of the
capillary force in the following step. S,. is used as a discriminating coefficient. The

effective degree of saturation is defined as follows:

Sl - Slr
Se = 6.10
Sls - Slr - <Soc - Sl>aoc/<soc - Sl) ( )
SOC—SZIO SOC—Sl<0
(6.11)

Soc_Sl:Soc_Sl SOC_SIZO

The residual liquid saturation (S5,.) and maximum liquid saturation (S;s) determine the

minimum and maximum degree of saturation possible to be reached in the soil.

The wetting scanning curves are defined as straight lines with a constant absolute value of
the effective saturation increment caused by changes of suction (dS./di) from the initial
state to the end value at the main wetting curve (see Fig. 6.1). The drying scanning
curves are described similarly, but in the opposite direction. The model for the scanning
curve is initiated when the hydraulic path deviates from the first drying path. The bound-
ary scan criterion is used to define the incremental form of the scanning curve (Beliaev
and Hassanizadeh, 2001). The degree of saturation of gas is shown on the vertical axis on
the left-hand side of Fig. 6.1(b). Compared to Fig. 6.1(a), Fig. 6.1(b) includes the value
of entrapped air, which means the maximum degree of saturation on main wetting path

is not similar to the one on initial drying curve.
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Figure 6.1: Schematic explanation of the cyclic SWCC model.

The maximum effective degree of saturation achieved in the scanning path is:
Sew = f(Va, M, Po.a) + dSe (6.12)

g is the suction value on the drying path, A\; and Py are serving as shape parameters.

The index d indicates values on the initial drying curve.

The equation for the effective degree of saturation at transition state (scanning curves
equation) reads:

hw—1) dS. +S.., wetting — dryin
g - ) S : g = arying (6.13)

wlid__wfu dSe + Seq  drying — wetting

The cyclic SWCC test shows that the relationship between the degree of saturation and

suction, followed by various hydraulic loading paths, is based on air-entry values and
water-entry values (Likos and Lu, 2013). Following the approach in Nguyen-Tuan (2014),
a parameter (n) which can consider the air occlusion during wetting and drying cycles is
implemented in the model. The air entry value (P 4) and the water entry value (Fp,,)

are modified as follows:
By = Pow + (57 )" (Poa — Pow) (6.14)

Pila=Poa+ (1= (51,)")(Poa— Pow) (6.15)

Sg . and Sg’w are the effective degrees of saturation at transient positions of the j* drying-

wetting loop.
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6.1.3 Constitutive equations for the heat conduction

e Conductive flux of heat

Fourier’s law is used to compute conductive heat flux:

i. = —ArvT (6.16)

The conductivity of the phases of the soil reads:

Adry = AL 2N (6.17)

gas

_ =9 yo
Asat = )\solz’d}\liquid

(6.18)

Ar is the soil thermal conductivity. A4, is the thermal conductivity of the dry porous
medium and A is the thermal conductivity of the water-saturated porous medium. A4,
Niquids Agas are solid, liquid, and gas phase thermal conductivity, respectively (Gens and

Alonso, 1992). The dependence of thermal conductivity on porosity is taken into account.

The dependence of thermal conductivity on the degree of saturation is given by:

)\T = )\sat Sl + )\dry(l - \/gl) (619>
e Dispersive fluxes of mass and energy

Fick’s law is applied for air or water in gas or liquid phase which reads:

il (paD.) VW), (6.20)

a__

w! denotes the mass fraction of ’i’-th species in a-phase, D, is the mechanical dispersion

tensor (« indicates the gas or liquid phase) defined as:

q,495

D/a:dt|qa|]:+(dl_dt>|q ’

(6.21)

where d; is longitudinal dispersivity and d; is transversal dispersivity, ¢ is the flux of the

liquid phase, when « is [.

Mechanical dispersion heat flux is computed by means of Fourier’s law:
i, = —(capaD.)VT (6.22)

where ¢, is the specific heat of the a phase.
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6.1.4 Atmospheric boundary conditions
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Figure 6.2: Atmospheric boundary conditions applied on three phases element (Zhang
et al., 2005).

When introducing the atmospheric boundary conditions, several fluxes are to be consid-

ered, namely, the fluxes of gas and liquid phases (air and water fluxes) (see Fig. 6.2).
e Flux of air
Ja = wyqe = (1 —wy)q, (6.23)
qq is the flux of the gas phase:
g = Y9(Pg — Pga) (6.24)

P,, is the atmospheric pressure and 7, is a leakage coefficient. Only the advective part in

the flux of air is considered.
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e Flux of water
jw - krainP + kevapE +,];U +jsr (625)

P is the rainfall, £ is the evaporation, j’ is the advective flux of vapor in the gas phase,
and j,, is the surface runoff, where coefficients k,4;, and keyqp are rain index and evapo-

ration index.

Evaporation FE is given by an aerodynamic diffusion relation:

E= M(pm — pv) (6.26)

Pva and p, are the absolute humidity of the atmosphere and at the node of the boundary
condition, respectively. A constant profile for p, is assumed between this node and height
zo- k is the von Karman’s constant, u is a stability factor, v, is the wind velocity, zq is
the roughness length, and z, is the screen height at which v, and p,, are measured. The

advective flux of vapour by the gas is given by:

g = W5 qg 1f Dy > Pga
I 979 U 7 (6.27)
j;ﬂ = %qg Zf Py < Pga

where pg, is the atmospheric gas density and g, is the flux of the gas phase. The flux of

water through the liquid phase, j;° is represented by the surface runoff as:

-sr = Tw — Pga > Dga
Jsr = YDl — Pga) D1 > Py (6.28)
jsr =0 bi < Pga

Jsr 18 the surface runoff which corresponds to the flow rate of water through the liquid
phase j’. 7, is a leakage coefficient. The ponding is not explicitly simulated. When the

soil is saturated (p; > p,,) all rainfall that cannot infiltrate will runoff.
e Total energy flux
Je = kraaRn + Hs + H. (629)

k,qq 18 the radiation index.

R, is the radiation which can be given as the measured radiation data (R,,).

H, is the sensible heat flux, which can be calculated through an aerodynamic diffusion
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relation.

k2vq

s — mpgaCCL(Ta — T) (631)

C, is the specific heat of the gas. H. is the convective or latent heat flux, which can be
calculated by the internal energy of liquid water, vapor, and air. The convective latent

heat flux H, is calculated as:

H, = hy(E + 32) + hia(P + §5) + haoja (6.32)

hy, hi, and hyg are the free energies of vapor, liquid water, and air, respectively. All three
of these properties depend on temperature. For h, and h,g, temperatures used are the
temperatures at the node of the boundary. In terms of h;,, the temperature is the dew

point temperature, which depends on the atmospheric vapor pressure.

6.1.5 Hydraulic constitutive equations

e Liquid advective flux

Generally, Darcy’s law has been used to describe the advective flow of the water phase.

kk,
q = _u_llvPl — P18 (633)

1y is the dynamic viscosity of the pore liquid, g is the gravity acceleration vector, p; is
the liquid density, and k,; is the liquid relative permeability. k is the tensor of intrinsic

permeability that depends on porosity according to the Kozeny’s model:

¢° (1 —¢o)
(1—9)2 2

¢o is the reference porosity, kg is the intrinsic permeability for a matrix with porosity ¢y.

k = ko 3 (6.34)

The relative permeability (k,;) is derived from the Mualem-van Genuchten closed-form

model:
b= VB0 — (1 S0))? (6:3)

A is a shape parameter for the retention curve. The two-parameters van Genuchten SWCC

S, = (1 + <Z%) 13) B (6.36)

model reads:
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» = Do (U—T> (6.37)

010
Po is a model parameter which represents the air entry value in a certain hydraulic loading

path. or is the surface tension of the liquid. org is the surface tension of the liquid in

which py was measured.

Olivella et al. (1996) provided the empirical equation for calculating o7

252.93

= 0.03059 _— 6.38
or P (273.15 + T) (6.38)

e Gas phase relative permeability is defined as:
krg = ASY, (6.39)

Seq is the effective gas degree of saturation.

S, — 85!
Sep = -9 Trg 6.40
g9 Sgs _ 57/‘9 ( )

where S, is the residual gas degree of saturation and S, is the maximum gas degree of

saturation.

6.2 Numerical simulations of a soil column

In this subsection, the influence of atmospheric boundary conditions on the temperature
and degree of saturation, as well as water pressure distribution inside a soil column is
discussed. A hysteresis model for the Soil-Water Characteristic Curve (SWCC) was em-
ployed to consider the difference caused by the hydraulic loading history, which can more
reliably reproduce the reality. A Thermo-Hydraulic (TH) analysis of the problem of a soil

column under atmospheric conditions was performed.

6.2.1 Geometry and discretization

Atmospheric boundary conditions were applied at the top of the 10 m high and 5 m wide
soil column. Triangular finite elements were used for discretization of the geometrical

model and the discretization involved in total 220 finite elements.
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6.2.2 Boundary conditions

e Initial conditions for coupled TH analysis

In reality, the initial pore water pressure is influenced by the depth, hydraulic proper-
ties of the material, and the groundwater table. The calculation results are affected by
the constitutive parameters and the simplified initial boundary conditions, which mainly
reflect the general law of the unsaturated seepage field under atmospheric conditions.
The initial conditions include the initial hydraulic and thermal conditions (see Table 6.1).
The initially given suction of the soil column was linearly distributed along the height,
-10 MPa at the top and 0 MPa at the bottom of the column. Zero vertical stress applies
to the ground surface. The soil is considered to be homogeneous, meaning it has the same
permeability in the x and y directions. Initial conditions have a great effect on the pore

water pressure of the soil column.

Table 6.1: Initial values

parameter porosity vertical stress pore water pressure
unit - MPa MPa
value 0.46 - -10

e Boundary conditions and simulated phases

The study defined the flux boundary conditions, porosity, liquid pressure, and gas pres-
sure conditions for the TH type problem under atmospheric loads. The initial pore water
pressure was set at the surface with -10 MPa. The water table was set at the bottom of
the column, where the suction (p, - p;) value must be 0. The sides and bottom of the soil

column are considered as impervious.

The approach to studying the influence of individual variables on the results was to
change one variable at a time while keeping the others constant. When the evaporation
factor was set to 0, no evaporation was calculated for liquid flux, but convective energy
flux was still calculated based on evaporation. When the radiation factor was set to 0, no
radiation (R,) was calculated, but the total energy flux was not 0. That is, even when
all of the factors and variables are set to 0, evaporation, gas pressure, relative humidity,
and other variables still had an effect on pore water pressure. The parameter values of

the atmospheric boundary conditions can be seen in Table 6.2.2:
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Table 6.2: Parameters of the atmospheric boundary conditions

Atmospheric parameter Variable Unit Value
Latitud A Rad 0.75712
Time when autumn ts S 2.28096e7

Time at noon tm S 43200
Height main roughness Zo m 2e-2
Screen height Za m 1.5
Stability factor o kg/m3 1.0
Atmospheric gas density Pga kg/m3 1.2
Dry albedo Ag - 0.2
Wet albedo A, - 0.2
Gas leakage coeflicient Yo kg/m?/MPa le6
Liquid leakage coefficient ol kg/m?/MPa -1e6
Rain factor Kyain - 1.0
Radiation factor Kyqd - 1.0
Evaporation factor Kevap - 1.0

6.2.3 Influence of atmospheric boundary conditions

Based on meteorological data, the variations of net radiation, wind velocity, relative hu-
midity, and air temperature with time have been prescribed at the boundaries. At top
surface these values have been evaluated. The results in Fig. 6.3 to Fig. 6.7 indicate that
net radiation, wind velocity, relative humidity, and air temperature all play a role in the
change of pore water pressure and temperature. These changes are relatively large and

within the range of observed meteorological data.

Evaporation, which is directly related to changes in surface pore water pressure and
temperature, is largely determined by net solar radiation. Stronger evaporation leads
to more intense changes in pore water pressure and temperature. Low air temperature
slows down evaporation and results in almost no change in suction and temperature (see
Fig. 6.3a). The results shown in Fig. 6.3(b) and Fig. 6.4(b) indicate that the amount
of temperature changes with air temperature and relative humidity, which increases first
and then decreases. Relative humidity affects the rate of change of surface suction and
temperature, but its impact on temperature is smaller compared to the effect of rainfall

variation (see Fig. 6.4(a) and Fig. 6.6(a)). Wind velocity accelerates the convection of air
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and the circulation of air on the ground surface, affecting the change of surface pore water
pressure and temperature (see Fig. 6.5(a)). The increase in wind speed and net radiation
has a linear relationship with the change of pore water pressure (see Fig. 6.5(a) and Fig.
6.7(a).

on evaporation was calculated based on daily wind speed. Greater net radiation leads

Net radiation has a particularly significant impact. The effect of wind velocity

to larger evaporation, which in turn causes a rise in suction and an increase in surface

temperature (see Fig. 6.7a).
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All meteorological parameters have an impact on the pore water pressure in the soil,
but rainfall and evaporation are the most influential factors (Fig. 6.6(b)). Wind speed,
net radiation, air temperature, and relative humidity are indirect factors that affect the

pore water pressure in soil through evaporation.

6.2.4 Influence of the SWCC hysteresis model

The neglect of the Soil Water Characteristic Curve (SWCC) hysteresis is only appropriate
when wetting and drying conditions are monotonic, but it leads to inaccurate results in
cyclic wetting and drying conditions such as intermittent precipitation and evaporation.
Different hydraulic models were used to evaluate the effect of the hysteresis model on the
simulation results, under the same boundary conditions, initial conditions, and material
parameters. Hysteresis model 1 is explained in Eq. 6.12 and Eq. 6.13. Hysteresis model
2 is explained in Eq. 6.14 and Eq. 6.15. The simulations were performed both with and
without consideration of the SWCC hysteresis.
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Figure 6.8: Change of (a) pore water pressure, and (b) temperature by using SWCC model

without and with hysteresis.

In conclusion, the results from Fig. 6.8(a) show the influence of different models on pore
water pressures. Hysteresis in the soil-water characteristic curve (SWCC) results in lower
infiltration and smaller changes in pore water pressure. Fig. 6.8 shows that there is only

a small effect of hysteresis on temperature and less effect on pore water pressure in the
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unsaturated zone (see days 0-10). This observation further highlights the importance of

implementing and using appropriate models to accurately simulate the SWCC hysteresis

behavior.

6.3 Summary

The following items summerize the main outcomes and the main issues discussed in this

chapter:

e Firstly, the theoretical framework used for fully coupled thermo-hydro-mechanical

numerical simulations is presented. Equations for mass balances are presented for a
mixture of solid, water, and air phases. The equations for the balance of energy and
momentum were given for the entire medium. The BBM in the form implemented
in CODE_BRIGHT was introduced which in this thesis is used to model the unsat-
urated soil behavior. In addition, models reproducing the hysteresis of the SWCC
are introduced in this chapter. The model taking air entrapment and variation of
the air entry value during the drainage and wetting into account is proposed as
most relevant (Nguyen-Tuan, 2014). Finally, the equations used to account for the

atmospheric boundary conditions were discussed.

One of the objectives of this study is to employ the atmospheric boundary conditions
to study the instability of loess slope in a more realistic way. The influence of the
atmospheric boundary conditions were firstly studied based on a soil column, where
the thermal and liquid fluxes on the boundary in contact with the atmosphere were
prescribed based on meterological data. It was found that the rate and magnitude
of temperature and pore water pressure changes in the soil are dependent on several
factors, such as the liquid flux and the heat transfer between atmospheric gas and the
soil material. The model response sensitivity to the different atmospheric variables,
e.g. of the results for pore water pressure and temperature, was studied. It has
been found that the rainfall is the most influencing factor for pore water pressure,
followed by the relative humidity and wind velocity. In terms of soil temperature,
however, among atmospheric conditions, atmospheric temperature matters most.
Moreover, low relative humidity may result in very low temperature change inside
the soil.
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e For the specific purpose of SWCC modelling, a benefit can be gained from the
simulations involving cyclic evaporation and precipitation phenomena. In order to
be valid along the whole loading path, including the first drying and the subsequent
drying and wetting paths, a functional expression of the water retention curve with
hysteresis and scanning curves was used. The effect of SWCC hysteresis on the
hydraulic and thermal behaviour has been also analyzed by means of simulations of
the soil column. In the simulation model, both the hysteresis in the water retention
curve (hysteresis model 1) and the reduction in the maximum degree of saturation
after the first drying path (hysteresis model 2) were considered. Comparison with
the results obtained using various SWCC models shows that the SWCC model with
hysteresis has an influence on the results for the pore water pressure and temperature
distribution in the soil. In conclusion, the comparison between numerical simulation
results employing different hydraulic models indicates the need to consider water

retention hysteresis.
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In this chapter an advanced constitutive model together with atmospheric boundary con-
ditions are employed to perform coupled THM analysis of loess slope behaviour and to
study the slope failure process. The fully coupled hydro-mechanical analysis of water
infiltration was performed using the finite element code CODE_BRIGHT. The numer-
ical simulations were performed using GID as the pre-processor and post-processor for

CODE_BRIGHT. A typical unsaturated loess slope in Xi’an was used as a study case.

The BBM-TEP constitutive model is used in the numerical analysis to describe the be-
haviour of the slope-building loess material with respect to the coupled thermo-hydro-
mechanical loading. The model is based on the hydro-mechanical behavior of loess ma-
terial, as described by Garakani et al., 2015. The constitutive model parameters of the
BBM-TEP model were determined from the experimental data and from available data
in the literature for similar soil materials. The slope geometry was taken from field mea-
surements, while the boundary conditions were set based on meteorological data from
a nearby weather station. The numerical simulation takes into account factors such as
antecedent rainfall and evaporation that may impact the distribution of water pressure
within the slope under atmospheric conditions. The aim of the simulation is to study the

development of stresses and strains, heat transfer, and water flow in the slope.

7.1 Introduction of Baqiao slope

This section presents the study of the hydrogeology, meteorology, and geology conditions
of the Bagqiao slope. Furthermore, the disaster scenario which includes the occurrence
time of landslide and sliding mass is discussed. Special focus is put on the antecedent

rainfall and continued landslides.

193
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7.1.1 Slope failure disaster case

The case study focuses on a catastrophic loess landslide that took place in Bagiao table-
land, Xi’an, China on September 17, 2011 (see Fig. 7.1). The landslide resulted in 32
deaths. The trigger of the landslide was heavy antecedent rainfall of short duration and
high daily rainfall intensity, the heaviest rainfall being 53.9 mm on 11 September (see Fig.
7.2).

Second I;mdslide

p-Second landslide
g R R ko~ 13 1N e -
R i |

Fu

Figure 7.1: Photographs of the Baqgiao landslides in September 2011.

The Bagiao slope has a steep backside with an inclination angle of 78°. The sliding
material is mainly composed of Malan loess (Q)3). Before the rainfall, the slope was
unstable and several cracks had formed. The height of the landslide is 96 m, the width
is 170 m, and the average thickness is 12 m, with the maximum thickness being 17.5 m.
The sliding distance was about 150 m, with a total sliding volume of about 15 x 10* m?3.

The original slope angle was 35°, but after excavation by a brick factory for construction,



7.1 Introduction of Bagiao slope 195

the slope became 60° and the height was increased to 96 m. The topography is generally
gentle in the upper part, steep in the middle, and gentle again in the foot parts.
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Figure 7.2: Climate data at Baqiao site during September 2011.

From September 1st to September 17th 18:00 PM, 2011, the rainfall in Xi’an city was
236.3 mm, which was 4.7 times more than the rainfall during the same period of the
previous year. It was the highest amount of rain for the past 60 years. During 15-day
rainfall period, there were 3 intense rainfalls. The first intense rainfall occurred from
September 5th to 7th, 2011, with a total amount of 106.37 mm rainfall and a maximum
single-day rainfall of 63.9 mm. The second intense rainfall occurred from September 10th
to 12th, with a total rainfall of 74.2 mm and the maximum daily rainfall reaching 57.88
mm (see Fig. 7.2). The last heavy rainfall was from 17th to 19th of September. The
heavy rainfall in a short period of time caused water infiltration through the cracks on

the top of the slope, increasing the soil water content and the likelihood of a landslide.

7.1.2 Location and hydrological conditions

The Bagiao slope is part of the Bailu tableland in Xi’an, China. It is located in the
southeast of Xi’an and is under the jurisdiction of Baqiao district (see Fig. 7.3(a)). Bailu
tableland is the largest loess plateau near Xi’an and has an area of 238 km?, a length of
28 km and a width of 7-10 km. It has an altitude that ranges from 690 to 780 m, with
the highest point reaching 803.9 m. The Bailu tableland has a difference in elevation of

150 to 200 m compared to the nearby river, and there is a gully located near it.
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Figure 7.3: Location of Bagiao slope in China (a) and climate data in Xi’an area (b).

The upper Maran loess, as determined from field investigation, is characterized by a struc-
ture with large pores and strong collapsibility. Vegetation roots grow directly into this
loess and there are well-developed joints present in the layer. The topographic profile of
the Bailu tableland is displayed in Fig. 7.3(a).

Bailu District has a continental monsoon climate. According to the data from the me-
teorological station (Fig. 7.3(b)), the average temperature over the years is 13.2°C. July
is the hottest month with an average temperature of 27°C, while January is the coldest
month with an average temperature of -1.4°C. The recorded minimum temperature is -
17.4°C, and the maximum temperature is 43.3°C. The average absolute humidity is 11860

kPa, the relative humidity is 69.3%, and the average annual evaporation is 1376.7 mm.

In Bailu District, more than 77% of the precipitation occurs during the rainy season
from May to October. The precipitation distribution is not uniform and has significant
regional differences. The climate is characterized by the combined effects of the southeast
monsoon and cold, dry air from the Menggu plateau to the northwest, creating an extra-
tropical monsoon climate. The average annual precipitation and monthly precipitation
are 584.9 mm and 53.7 mm, respectively. The maximum annual precipitation, monthly
precipitation, and daily precipitation reach 1,132 mm, 259 mm, and 72 mm, respectively,

as observed by meteorological observations.

The area in Bailu District is prone to geological disasters such as collapses and landslides
due to its unique geological topographical and geomorphological conditions. Landslides

are mostly concentrated during autumn and winter and 97.3% of landslide events occur
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during the rainy season from May to October. These landslides are primarily located
along the river sides. An investigation of the loess area showed that landslides mostly
occur on slopes with an inclination of 35° —55°. Historically, these landslides have caused
significant damage to the local population and their property, and have also had a direct

impact on the geological environment of Xi’an.

7.1.3 Stratigraphy and geography

The stratigraphy in this study induces mainly Quaternary strata. The Quaternary loess
covers the entire area by the Malan and Lishi loess deposit. The Malan loess was de-
posited in the Late Pleistocene, while Lishi loess was deposited in the Middle Pleistocene.
In addition, the Quaternary deposits are fragmented by distribution both in the gully and
on the hill slopes along the edge of the Bailu tableland. The original surface covers more
than 100 m of loess. The middle part of the slope is red mud, and the lower part is sandy
mudstone. The geological cross-sectional profile of the Bagiao landslide is shown in Fig.

7.4. The exposed layers in the Baqiao slope are mainly Quaternary aeolian loess deposits.

The interlayer of the slope is made up of a combination of Aeolian loess and ancient
soil, with the surface layer being composed of 3 (Malan) loess and the middle part being
composed of ()3 (Lishi) loess. The layers of the slope include Wucheng, Lishi, and Malan
loess, with the ancient soil layer being thin (less than 1m in thickness). The Aeolian loess
has a loose texture, is highly collapsible, and has a unique jointing structure, along with

a metastable strength characteristic.
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Figure 7.4: The section profile of Bagiao landslide.
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There is solely an information in literature that the water level is located deep in the
slope. The literature suggests that the groundwater level in the vicinity of the slope in
question was found to be more than 80 meters deep. As a result, recharge of groundwater
in the loess slope due to rainfall can be ignored without considering the cracks, which

could provide a preferential pathway for water.

7.2 Slope modeling

This section describes the process of establishing a numerical model for the slope, including
finite element discretization and the application of boundary conditions. It also provides

the initial conditions and material parameter values used in the model.

7.2.1 Geometry and discretization

The numerical model for the slope was created based on the field geometrical conditions.
To simplify the model and reduce computational cost, the slope structure was simplified
into three different soil layers. The top layer is (03 loess with an average thickness of 14
meters, followed by the second and third layers which are Q2 and (), loess with a thickness

of 30 m and 55 m respectively.

Figure 7.5: Finite element discretization (a) and boundary conditions (b).

The accuracy of the numerical results can be affected by mesh discretization. To
minimize the influence of discretization, a suitable mesh discretization was determined
by ensuring that the model responses are not influenced by the domain size and domain
discretization. A sufficiently fine finite element discretization was used to reduce dis-
cretization error during analysis (see Fig. 7.5). After evaluating the impact of various

finite element sizes on the numerical results, a finite element discretization with a total of
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820 triangular elements and 1430 nodes was chosen. Additionally, small time steps were
selected for the finite element simulation to accurately capture the progression of pore

water pressure or stress.

7.2.2 Model parameters and boundary conditions

Chapter 6 explains the atmospheric boundary conditions and the constitutive model that
are foreseen to be used in the numerical simulations. The boundary conditions such as
rainfall, temperature, relative humidity, wind velocity, and radiation are presented in
Section 6.2.4. The model parameters and the unsaturated permeability coefficient that
influences the pore water pressure are also discussed in Section 6.2.2. The balance equa-
tions and the theoretical framework for modeling two-phase flow can be found in Section
6.1.

Table 7.1: Mechanical parameters

Elastic parameter  k;g ko Koin Vg o o Qgp Dref
unit MPa MPa
Q2 0.06 -0.3 10 04 0.01 -0.003 0 -0.147 0.01
Q1 0.21 -0.061 10 0.3 0.01 0 0 001 0.01

Plastic parameter  A(0) r I6] k  pso p° M a p*0 @
unit MPa MPa
Q2 0.15 0.75 0.05 0.1 0.1 0.1 1 0.3 14 32
Q1 0.244 0.75 80 0.1 0.01 01 12 099 0.05 32

Table 7.2: Hydraulic parameters

Hydraulic parameter 0o Sis Sir Po A k oo
unit N/m - - MPa - m? -
Q2 0.072 1 0 .01 0.02 0.18 le-16 0.44

1 0.072 1 0 0.05 0.18 le-18 0.42
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Table 7.3: Gas conductivity parameters

Gas conductivity parameter Ap Sz S Ay Ay Spg Sgs D n 7o
unit - - - - - - - m?s'K"Pa - -
Q> 018 1 0 1 3 1 0 5.9%*107¢ 2.3 0.8
Q1 018 1 0 1 3 1 0 59107 2.3 1.0

Table 7.4: Initial state parameters

Soil type porosity vertical stress horizontal stress P Py T
unit - MPa MPa MPa MPa C
Q- 0.42 0.02 0.02 -0.3 0.1 20
Q1 0.40 0.03 0.03 -0.1 0.1 20

The parameters for the hydraulic and mechanical constitutive models of the top layer
(Q3) are obtained from the results of suction-controlled compression tests and are de-
scribed in detail in Section 6.2.2 of the thesis. The constitutive models represent the
main characteristics of the material and capture its behavior using a limited number of
parameters, see Table 7.1, Table 7.2, Table 7.3, and Table 7.4.

The plane strain calculation model has fixed horizontal displacement at the side bound-
aries and fixed horizontal and vertical displacement at the bottom boundary. The hy-
draulic boundary conditions are introduced via impermeable boundaries on the side and
a fixed head boundary at the bottom (see Fig. 7.5(b)). Rainfall infiltration is simulated
by prescribing a liquid flux on the top slope boundary.

7.3 Results and discussion

7.3.1 Variation of pore water pressure

e Influence of antecedent rainfall

The boundary conditions were defined based on the 3-month period (July-September)
and the 1-month period (September) to calculate the pore water pressure before the main

rainfall event. In this case, horizontal and vertical permeability coefficients are considered
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to be equal.
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Figure 7.6: The difference in pore water pressure caused by antecedent precipitation, (a)

pore water pressure distribution, and (b) pore water pressure development with time along
depth.

Fig. 7.6 shows that the changes in pore water pressure inside the slope are affected by
the antecedent rainfall, exhibiting a higher pore water pressure when there is antecedent
rainfall before the main rainfall. As rainfall duration increases, suction into the slope
decreases continuously at a rate that also decreases. Simulation results indicate that
antecedent rainfall plays a role in triggering landslides, with this effect diminishing over
time. If there is no significant rainfall during the antecedent period, the reduction in
suction typically lags behind the rainfall process (as shown in Fig. 7.6(b)). On the other
hand, if there is heavy rainfall during the antecedent period, the suction decreases rapidly
during the rainfall process. Antecedent rainfall is a sufficient condition for landslide
development, while rainfall intensity is a necessary condition. The combination of these

two factors can lead to final slope instability.

e Influence of evaporation

The infiltration process is influenced by the material properties and the atmospheric
boundary conditions. Rainfall and evaporation are the most direct factors that affect the

pore water pressure in the soil.
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Figure 7.7: The difference in pore water pressure caused by evaporation, (a) Pore water

pressure development, and (b) temperature development with time.

Fig. 7.7 demonstrates how evaporation affects pore water pressure in the soil. Evapora-

tion increases the suction and affects the seepage conditions at the slope boundary. The

effect of rainfall and evaporation is limited to depths above 3 m, and pore water pressure

changes mainly occur on the subsurface of the slope. Soil that is at a greater depth has

a delayed response due to the infiltration rate, therefore, at the greater depth a longer

suction response time is required. Infiltration of surface water affects only the upper 3 m

of the intact loess. Neglecting evaporation leads to overestimation of flow flux.
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(a), and pore water pressure along depth for different days (b).

The 15-minute high-intensity rainfall caused a significant reduction in matric suction,

with suction increasing after the rainfall stopped, but without returning to its original
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value. During the heaviest rainfall on 12th of September 2011 (194.5 mm/day), the matric
suction at a depth of 1 m approached zero (see Fig. 7.8(b)). The long-duration rainfalls
of low intensity (10th-15th September) had a greater effect than the short-duration, high-
intensity rainfall on 12th of September (see Fig. 7.8(a)). Precipitation is the main factor
that controls variations in pore pressure across the slope and hence of the suction that
occurs across the portion of the slope that is immediately subject to atmospheric bound-
ary conditions. When the suction becomes large enough, further precipitation does not

cause an increase in pore water pressure.
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Figure 7.9: Temperature (a) and vapor concentration (b) development with time under

atmospheric boundary conditions.

The water pressure at observation point A located 3 meters below the surface evolves
with rainfall, as shown in Fig. 7.8(a). The fully coupled THM simulation takes into ac-
count displacements, initial conditions, and changes in soil permeability due to changes in
porosity. Comparing results with and without considering mechanical deformation shows
the influence of coupled hydro-mechanical behavior on pore water pressure (Fig. 7.8(a))
and on temperature and vapor concentration (see Fig. 7.9). The water pressure calcu-
lated from the coupled THM model is lower than the one calculated by the TH model,
indicating that the TH analysis may underestimate the stability of the slope’s superficial
layer. On the other hand, the temperature distribution at the observation point 5 meters

below the surface does not appear to be dependent on the slope deformation (Fig. 7.9(a)).
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Figure 7.10: Time history of pore water pressure (a) and degree of saturation (b) at
different depth.

A high-intensity rainfall can increase the degree of saturation in the soil, as shown in Fig.
7.10(b). The time of 0 days corresponds to the date of 28th of August with regard to the
climate data in Fig. 7.2(b).

subsequently increased stepwise until day 15. From day 15 to day 17, there was a signifi-

The degree of saturation firstly decreased until day 3 and

cant increase in the degree of saturation, followed by a nearly constant, slightly decreasing
behaviour until day 30. The total increase in the degree of saturation was greatest at a
depth of 0.1 m, followed by those of 3 and 5 m depth. The pore liquid pressure as rep-
resentative for the matric suction behaviour develops accordingly (Fig. 7.10(a)). Suction
first increases (as shown by more negative liquid pressure), and then decreases somehow

stepwise to nearly zero at 0.1 m depth and -0.7 MPa at 3 m depth.

Maximum suction variations occurred at a depth of 0.1 m, and pore pressure variations
generally decrease with depth, occurring mostly in the upper 3 m. Heavy rainfall events
(1st of September 2011) lead to only a slight reduction in matric suction at depths of
up to 5 m. The degree of saturation is low at the onset of rainfall, but increases with
the duration of rainfall, resulting in an increase in the increment of pore water pressure

generated by rainfall.

The pore water pressure at the same depth but at different locations along the slope
varies, with greater changes in response to rainfall at the top, middle, and toe of the slope
(see Fig. 7.13). The rate of change of pore water pressure is faster closer to the slope
surface and slower further away (see Fig. 7.10(a)). During the following rainfall, the pore

water pressure at the top of the slope increases rapidly. The change in pore water pressure



7.3 Results and discussion 205

over time inside the slope is slower due to water flow in unsaturated soil and deformation
of the soil, as shown in Fig. 7.10(a). After rainfall stops, water infiltration continues, and
suction on the slope surface gradually decreases. Suction in the slope decreases over time

during rainfall infiltration.

Fig. 7.10(a) indicates that there is a lag in the response between the development of
the pore water pressure in the soil and the change of the atmospheric conditions. The lag
time increases with depth. During the initial period of rainfall, the pore water pressure
at a certain depth from the surface still decreases. After a period of rainfall, the pore
water pressure starts to transfer from upwards to downwards. As the distance from the
ground surface increases, the lag time also increases. These observations suggest that the

dynamics of pore water pressure in the slope are complex and depend on various factors.
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Figure 7.11: The distribution of pore water pressure along the slope after 0 day (a) and
30 days (b).

As the rainfall duration increases, the matric suction inside the slope gradually de-
creases. The calculations for the slope pore water pressure are presented in Fig. 7.11.
The influence of atmospheric conditions on pore water pressure decreases with depth.
Suction near the surface is much higher than in deeper layers, and at depths below 1.5 m
the suction is already very low. The rainfall leads to an increase in pore water pressure
in the soil layer in the first two meters from the surface. This increase is less due to the
low permeability of the soil in the case under consideration. Concluding, the change in
pore water pressure occurs mainly in a shallow zone of soil close to the surface. Another

conclusion is that obviously the increase in pore water pressure is closely related to the

accumulated precipitation.



206 7 Loess slope simulation

7.3.2 Development of displacements and plastic area

Fig. 7.12 shows the relationship between cumulative rainfall and total soil displacement
at point A. Soil displacements increase with increasing rainfall intensity, and the total
displacements increase over time due to increased horizontal and vertical compressive dis-
placement. The horizontal displacements during evaporation are larger than that during
precipitation. Displacements are less affected by atmospheric boundary conditions com-

pared to water pressure and temperature.
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Figure 7.12: Shear stress and total displacement time history (a) and stress path (q-1)

inside the slope (b) under rainfall condition at point A.

Slope displacement is impacted by multiple factors such as soil conditions and rainfall.
Changes in these variables can cause sudden changes in displacement, which is displayed
as a step-like growth trend on the displacement curve (see Fig. 7.12). Rainfall has a
delayed effect on landslide displacement, and the length of the lag time is influenced by
different factors. The rate of displacements is proportional to the increasing rate of max-
imum principal stress, and the slope displacements increase due to the rainfall. However,
after a prolonged period of continuous rainfall, there was a significant increase in slope
displacements or slope deformations, which continued to increase at a decreasing rate as

the rain persisted.
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Figure 7.13: Contours of total displacements (a), contours of horizontal displacements (b)

under atmospheric boundary conditions.

The displacements of the slope are mainly vertical downward due to gravity, with the
maximum displacements at the top of the slope. However, the contour of displacement
shown in Fig. 7.13 indicates that the horizontal displacements are mainly distributed
near the slope surface, with the maximum horizontal displacement appearing at the foot
of the slope. The significant change in displacement gradient occurs on the foot of the
slope, and the density of the displacement vector line is larger at the foot of the slope.
The distribution of displacement contour decreases gradually along with the depth from
the slope surface to the inside of the slope. The displacements inside the slope are small

and less affected by rainfall.

7.3.3 Progress of slope failure

The process of slope failure is illustrated in Fig. 7.14, Fig. 7.15, and Fig. 7.16. When soil
is locally damaged, stress is transferred to the surrounding soil and failure occurs when
the shear stress exceeds the shear strength. Under continuous rainfall, the damaged area
gradually expands, leading to a progressive landslide. The failure zone gradually extends
from the toe to the top of the slope. The restraint effect is small along the vertical direc-
tion of the slope, and the large shear stress generates along the upward-slope direction.
During rainfall, the shear stress on the slope foot increases significantly, centralizing at
the foot of the slope. With sustained infiltration, loess softens, resulting in a stress con-
centration in weak zones and forming the saturated zone at the bottom of the loess. As
the failure zone gradually extends to the surrounding soil, a failure surface is formed and
a sliding body and zone develop from back to front, with the plastic zone continuing to
expand. The upper part of the slope experiences greater deformation than the lower part,

and the plastic shear strain before the failure of the slope is presented in Figs. 7.14 and
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7.15(a), while Figs. 7.15(b) and 7.16 represent the state after the failure. Fig. 7.16 is for
day 30 after failure.
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Figure 7.14: Deviatoric plastic strain after 0 day (a) and 5 days (b).
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Figure 7.16: Deviatoric plastic strain after 30 days.

The instability of soil slopes is often a gradual process resulting from the accumulation
of local deformation, which can be assessed using a criterion based on the distribution
of plastic zones. This study uses an advanced constitutive model to investigate the de-
velopment of the plastic zone of a slope under rainfall, as shown in Fig. 7.16. Rainfall
infiltration causes the slope to gradually shift from local to widely distibuted large plastic
deformation, leading to overall slippage failure. A shear band-type bifurcation can occur
where plastic deformation is concentrated, and failure due to plastic deformation and

shear strain localization can happen even without complete saturation of the sediment.
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7.4 Summary

Numerical simulations using the finite element code CODE_ BRIGHT were performed
to assess the processes leading to a loess landslide due to atmospheric boundary condi-
tions. A coupled THM analysis was used with imposed atmospheric boundary conditions,
and the material parameters, initial conditions, and boundary conditions are presented
in Section 7.2. The influence of atmospheric boundary conditions on slope stability was
investigated through a series of numerical simulations of a soil column (see Chapter 6)
and employing a numerical model of a real slope. The coupled hydo-mechanical anal-
ysis was competent in fully reproducing stress strain behaviour, vapour transport, and
temperature conduction in the soil. The simulations of the slope were based on model

parameters derived from testing of loess samples performed as part of the thesis.

This study considers the failure mechanism of loess slope under unsaturated soil conditions
and examines the effects of antecedent rainfall and evaporation on slope stability under
atmospheric boundary conditions. The research done in this thesis involved performing a
number of analyses to determine the relationship between changes in atmospheric bound-
ary conditions and the slope response. Based on the results of the numerical simulations

several conclusions can be drawn:

e The historical Baqiao slope failure was not caused by a single rainfall event, so
this study compares the results of the simulations of landslide processes with and
without accounting for antecedent rainfall. It was found that the antecedent rainfall
had a significant effect on the water pressure in the top surface layer of the slope.
However, the more distant in time the preceding precipitation events are, the less

impact they have on slope stability.

e The study found that evaporation has a significant impact on the water pressure
within the slope. Ignoring evaporation can lead to underestimation of slope stability
because the negative water pressure is smaller. Suction in the slope decreases rapidly
during rainfall. The fluctuations in the atmospheric boundary conditions cause

changes in evaporation and infiltration, leading to fluctuations in water pressure.

e The hydraulic characteristics of the soil significantly affect the water pressure in the
slope. The influence of atmospheric conditions on water pressure and temperature
in the slope becomes less significant as depth increases. For a loess soil slope,

atmospheric conditions have a significant impact up to a depth of 5 meters. Over
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time, the water pressure reaches a steady state with minimal variation, and this
time is mainly dependent on factors such as rainfall intensity, duration, soil depth,

initial water pressure, and loess initial saturation.

e The calculation of water pressure in the slope using a coupled THM analysis, which
takes into account slope deformation caused by water infiltration, shows a smaller
suction value compared to calculations that do not consider slope deformation. The
amount of deformation is influenced by soil hydraulic and mechanical characteristics
as well as precipitation, and lower soil permeability improves slope stability against
more intense and prolonged rainfall. To investigate the impact of infiltration on
slope deformation, the contribution of negative pore water pressure needs to be

examined.

e Section 7.3.3 presents the results of the analysis of the slope failure process and
the depth of the soil mass affected by the failure, leading to a conclusion about the
relationship between rainfall events and the cause of slope failure due to infiltra-
tion. The numerical simulation results are consistent with field observations for the
hydrological conditions studied. In general, shallower failures are associated with
plastic deformation, while deeper failures are linked to changes in effective stress
throughout the slope. However, the depth of failure is not only influenced by the
mechanical characteristics of loess material but also by the hydraulic characteristics
of the soil. Furthermore, this chapter gives a qualitative assessment of the location

of the failure zones depending on the atmospheric boundary conditions.

In conclusion, the use of rigorous finite element analysis can be considered as an effective
method for studying the behaviour of slopes that yields relatively accurate results. This
approach is particularly useful for analysing processes in loess slopes and for identifying

the mechanisms that cause loess slope failure during rainfall events.
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8.1 Conclusions

The main objective of the thesis is to investigate the coupled hydro-mechanical behaviour
of unsaturated loess and the loess slope instability mechanism. Due to the complex be-
haviour of unsaturated loess soils, the focus of the thesis was mainly on approaches and
solutions to selected problems related to the response of loess slopes to the changes in the
atmospheric conditions. The approaches employed in this study include experimental and
numerical methods. In the experimental part, different devices, measurement methods
and test procedures are used and in the numerical part mathematical models and finite
element simulations are applied. The effects of hydraulic loading history and the loess
structure on the deformation and shear strength of loess were experimentally investigated.
An advanced constitutive model, the Barcelona basic model, was employed in loess slope
simulations. The finite element method was used to solve the posed boundary value
problems for simulating the loess slope instability with the emphasis on the atmospheric
boundary conditions. The numerical models and approaches developed to simulate the
loess slope behaviour have been shown to be capable of describing the stress-strain rela-
tionship of unsaturated soil under hydromechanical loading and have proved to be useful
for simulating complex loess landslide behaviour under atmospheric boundary conditions.

Based on the results obtained within this thesis the following conclusions can be drawn.

8.1.1 Experimental work

Determining the physical and chemical properties of the specific loess material through
MIP and SEM studies is an important part of characterizing and understanding the loess
material behavior. The results showed that the pore structure of loess is heterogeneous.
The comparison of the microstructure of remolded and undisturbed loess samples showed
that the presence of clay particles and soluble salts in the undisturbed loess samples cre-

ates bridging and cementation between the solid particles, which underlies the significant
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differences between the two types of loess samples.

The results of the collapse tests showed that the collapsibility has the largest value at
a critical vertical stress, which is dependent on the soil condition (remolded or undis-
turbed) and the soil initial state. Both single and double oedometer tests showed that
before the maximum collapsing pressure, the collapsibility coefficient decreased with an
increase in initial water content, and increased with an increase in pressure (Fig. 5.6).
After passing the maximum collapsing pressure, the collapsibility coefficient decreased
with an increase in the applied vertical stress at inundation. However, the quantitative
collapsibility obtained by the two methods was different for the two types of loess sam-
ples, indicating that the stress path affects the collapsibility coefficient of the remolded
sample. Specifically, the collapsibility coefficient value obtained from a single oedometer
test was less than that obtained from a double oedometer test (Fig. 5.5). The results also
showed that there were significant differences in engineering properties between remolded
and undisturbed loess samples, with the collapsibility of the remolded loess sample being

larger than that of the undisturbed loess sample (Fig. 5.7).

The presented results of single-stage and multi-stage shear tests conducted to investigate
the influence of initial water content, test method and soil structure on the unsaturated
shear strength parameters allow the following conclusions to be drawn. Undisturbed loess
exhibits greater unsaturated shear strength compared to remolded loess (see Fig. 5.19).
The shear strength of loess decreases nonlinearly with an increase in water content (see
Fig. 5.26). During shear deformation, loess exhibits dilatancy at low vertical load and low
initial water content, and contraction at high vertical load and high initial water content.
Moreover, it shows visible brittleness at low water content and ductility at high water
content (see Fig. 5.9). The influence of water content on the unsaturated shear strength
of undisturbed loess is due to two factors, namely, the cohesive force that is present in the
remolded sample, and the additional cohesive force provided by the cementation bond in
the undisturbed sample (see Fig. 5.26).

As described in Chapter 5.2.5, the results of testing the soil-water characteristic curve
(SWCC) of loess under various wetting-drying cycles indicate that the maximum degree
of saturation cannot be achieved after subsequent wetting due to entrapped air within
the sample, resulting in hysteresis between the drying and wetting curves (see Fig. 5.36).
The degree of hysteresis is influenced by the degree of homogeneity and changes after

different drying-wetting cycles, as reported in the literature. The effect of the hydraulic
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loading history disappears once the suction reaches the residual suction value (see Fig.
5.45 to Fig. 5.50). The air entry value tends to increase as the number of dry and wet cy-
cles increases. The permeability coefficient of loess decreases with the increase in vertical
load (see Fig. 5.92), while the unsaturated coefficients of permeability decrease with the
increase in suction (see Fig. 5.94). Overall, the results of the experiments conducted to
determine the dependence between suction and pore water content reveal the specificity
of the loess’s SWCC, which is influenced not only by the applied mechanical stress but
also by the suction history and the hydraulic loading path.

The suction-controlled compression tests presented in Section 5.3.3 reveal that the com-
pressibility of loess decreases with increasing suction, while the pre-consolidation pres-
sure increases with increasing suction. The undisturbed loess is found to be in an over-
consolidated state. The reloading process in the compression test under different suction
values shows that the rebound coefficient of loess does not depend much on suction. The
test also reveals that the collapse deformation of loess has three stages with changes in
suction, but the amount of collapse is not significantly different from that recorded in the
single odometer test (see Fig. 5.85). During the entire process of wetting, there is both
elastic compression and plastic collapsing under the saturation process. The constant
suction compression experiment shows that the SWCC is affected by the stress state,
and the relationship between suction and saturation changes when mechanical load is
applied. The air entry value increases with the increase of vertical stress. The LC line
obtained from the suction-controlled compression experiment and the LC line obtained
by the constant load wetting test do not coincide, indicating the stress path dependence
of the remolded loess behavior (see Fig. 5.89). Soil hydraulic and mechanical behavior
influence each other in a complex way, with pore water pressure causing soil deformation
and altering its hardening behavior, while deformation alters the relationship between

degree of saturation and suction.

8.1.2 Numerical work

Unlike using a single relationship between the degree of saturation and suction, the model
used in this thesis can accurately capture the hysteresis of the soil hydraulic characteris-
tics, which is essential for reliable predictions. The implication is that neglecting hysteresis

in hydraulic behavior can lead to unrealistic simulations and, therefore, the recommen-
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dation is to use an adequate soil water relationship model to reflect the realistic field

conditions.

The results in this dissertation from the use of a coupled hydromechanical (THM and
HM) constitutive model that accounts for the interaction between pore water pressure
and stress demonstrate the large capacity of the coupled THM and HM simulations to
adequately model processes in unsaturated soils. The CODE_BRIGHT finite element code
developed by the Polytechnic University of Catalonia (UPC) used here to simulate and an-
alyze the behavior of the Baqgiao slope under atmospheric boundary conditions has proven
to be a very good tool for analyzing such problems. Rainfall-initiated loess landslides in-
volve complex processes that are influenced by different meteorological conditions. In this
study, several atmospheric parameters including evaporation and precipitation, ambient
temperature, relative humidity and wind speed are considered to comprehensively study
the distribution of pore water pressure, soil temperature and displacements based on the
Bagqiao slope example. Chapter 6.1.5 shows that the pore water pressure inside the slope
is strongly influenced by the considered atmospheric variables (see Fig. 6.3 - Fig. 6.7).
Therefore, in addition to precipitation, other atmospheric conditions play a significant

role in the stability of loess slopes.

It can be confidently concluded that the results of the numerical analysis carried out
in the dissertation helped to better understand the progressive failure of the Bagiao land-
slide due to rainfall. By using the soil-water characteristic curve model with hysteresis and
by employing the BBM model as implemented in CODE_BRIGHT, the distribution and
variation of pore water pressure inside the loess slope under atmospheric boundary condi-
tions and the development of the plastic zone in the slope body were effectively simulated
and the obtained numerical solutions proved to be reliable. Furthermore, based on the re-
sults in the thesis, it can be concluded that the coupled thermo-hydromechanical (THM)
simulation, which takes atmospheric boundary conditions into account, gives more ade-
quate results in predicting slope instability than those obtained from the coupled thermo-
hydro simulation. As a final conclusion, the research findings of this dissertation can be
the basis for developing a methodology to analyze actual landslide problems in loess areas

and help to understand the mechanism of its occurrence.
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8.2 QOutlook

Based on the findings of this study, the following recommendations are proposed for fur-
ther research on undisturbed unsaturated loess to improve the understanding and solution

to geotechnical engineering problems:

Suction-controlled triaxial tests can provide valuable information on the hydro-mechanical
behavior of unsaturated loess under various stress paths. Advanced techniques, such as
those for directly obtaining unsaturated coefficients of permeability, can be employed.
However, further research is needed to develop a hydro-mechanical coupled model that
considers variables such as suction, net pressure, and degree of saturation, in order to accu-
rately represent undisturbed loess. Furthermore, a new constitutive model with structural
parameters must be developed to specifically represent the mechanical behavior of undis-
turbed loess. Microstructure properties of undisturbed loess under different conditions
should also be investigated, and a connection should be made between the changing mi-

crostructure and hydro-mechanical behavior.

The study proposes that probabilistic analysis can be utilized to consider the spatial
anisotropy of the material within the slope and to investigate the landslide under rainfall.
Additionally, a new hysteresis hydraulic model can be incorporated into the finite element
method to simulate the material’s behavior under different hydraulic paths. To further
investigate the failure of loess slopes induced by rainfall, the simulation should consider
fissures and cracks that create preferential infiltration paths. Although appropriate model
parameters are necessary to accurately capture the unique hydraulic coupling character-
istics of undisturbed loess, the finite element method can be improved to study the loess

landslide under rainfall with a deep-set sliding surface.
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