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ABSTRACT 

Geotechnical problems such as slope stability and post-failure movement are 

closely related to mechanical behaviors of unsaturated soil. Besides cohesion and 

friction, matric suction is one of the major factors controlling the mechanical 

behaviors of unsaturated soil. For example, rainfall-induced slope failure, which is 

one of the widespread natural hazards in the unsaturated zone, is basically caused 

by dissipating matric suction in the topsoil. Therefore, it is important and necessary 

to clarify the mechanical behaviors of unsaturated soil and to develop a novel 

method for slope stability and post-failure movement analysis by considering 

matric suction properly. 

Matric suction is directly related to the water content of unsaturated soil, and 

it can be represented by the so-called soil-water characteristic curve (SWCC). It has 

been found that SWCC is different from soil to soil from laboratory experiments. 

However, it has not been fully clear why SWCC is so different and what are the 

major influence factors up to now because the origin of matric suction is complex; 

it is also not entirely clarified how matric suction contributes to shear strength. 

Furthermore, matric suction is simply taken as an apparent cohesion to reinforce 

shear strength in the existing slope stability analysis. Besides it is difficult to 

determine the proper apparent cohesion from matric suction, matric suction would 

not affect post-failure movement in the existing analysis method. Therefore, in 

order to clarify the mechanical behaviors of unsaturated soil and to develop a novel 

method for slope stability and post-failure movement analysis, the following issues 

should be solved: (1) how to simulate matric suction numerically from both 

capillary suction and adsorption suction; (2) how to clarify the influence factors of 

SWCC from different soils; (3) how to clarify contributions of matric suction to 

shear strength; (4) how to develop a method for slope stability and post-failure 

movement analysis based on matric suction in rainfall-induced landslide study. 

This study aims at solving the above issues by developing numerical methods 

for microscopically simulating the mechanical behaviors of unsaturated soil and for 

macroscopically analyzing the effect of matric suction on rainfall-induced 
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landslides based on Discontinuous Deformation Analysis (DDA). At first, a 

capillary suction model and an adsorption suction model are proposed based on 

capillary theory and double-layer theory for calculating matric suction, and a 

microscopic DDA simulation method (called micro_DDA) is developed by adding 

suction forces separately on adjoining DDA blocks. Then, the major influence 

factors of SWCC are analyzed and clarified with a series of DDA models from 

various soils and saturations. In addition, how matric suction reinforces the shear 

strength of soil is investigated and the contributions of matric suction to shear 

strength is clarified. Finally, a novel method (called macro_DDA) is developed by 

adding the equivalent suction force on DDA blocks directly so that geoengineering 

problems related to matric suction can be easily simulated. And the slope stability 

and post-failure movement of a real rainfall-induced landslide in the North Kyushu 

area are analyzed to show the usefulness of macro_DDA. 

This thesis comprises the following chapters: 

Chapter 1 introduces the background, the scope and the objectives of this 

study, and the organization of the thesis. The studies on landslides and mechanical 

behaviors of unsaturated soil are also introduced.  

Chapter 2 reviews several research topics on unsaturated soils. At first, the 

concepts of effective stress, matric suction, SWCC, shear strength, microstructure 

are introduced. Then, the slope stability analysis by taking matric suction as an 

apparent cohesion to reinforce shear strength is reviewed in detail. Finally, the 

fundamental theory and the contact mechanism of DDA are introduced. The key 

issues to be solved are clarified.  

Chapter 3 develops micro_DDA for microscopically simulating matric 

suction of unsaturated soils by incorporating a capillary suction model and an 

adsorption suction model into the original DDA. The matric suction calculated 

based on capillary theory and double-layer theory is acting as the suction force 

exerted to the surface of adjoining DDA blocks which represent soil particles. The 

capillary suction is modeled by the following three steps: (1) potential capillary 

bridges are searched and determined among soil particles under a designated 

capillary radius; (2) capillary water distribution is determined to meet the water 
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content in the multi-particle system; (3) surface tension and matric suction are 

added to soil particles based on Young-Laplace equation. In adsorption suction 

model, bound water and clay minerals are assumed as “clay layer” and evenly 

covered around DDA particles, and the suction force is calculated based on double-

layer theory by the same three steps as for capillary suction model. In order to 

validate micro_DDA, the SWCCs of pure Toyoura sand and sand-clay mixture as 

two cases are simulated, and the obtained results are in good agreement with the 

experimental results.  

Chapter 4 analyzes some influential factors of SWCC and shear 

characteristics of unsaturated soil based on the developed micro_DDA. At first, the 

influential factors such as particle size, specific surface area (for cohesive soil), and 

contact angle are investigated. It is found that (1) the particle size has less influence 

on SWCC for cohesionless soil than cohesive soil; (2) specific surface area can 

influence SWCC significantly; (3) contact angle influences hydraulic hysteresis of 

SWCC distinctly when it is over 20°. It is also shown that micro_DDA has 

advantages comparing with experimental analysis because it can easily and quickly 

assess the influence of the different specific surface area and contact angles on 

SWCC, which is difficult and time-consuming for experimental methods. And then, 

the direct shearing test of Toyoura sand is simulated, and the “peak effect” of the 

shear strength with respect to matric suction is reproduced and investigated. The 

“peak effect” of sand can be explained by the proposed micro parameter CSN (so-

called number of the capillary bridge), which is quantitatively in accordance with 

the peak shear strength. Since adsorption suction is an indispensable factor for 

cohesive soil, when the contact area of the clay soil decreases slightly, the 

adsorption suction becomes the dominant factor for apparent cohesion, which well 

explains why there is hardly a “peak effect” phenomenon for cohesive soil.  

Chapter 5 develops macro_DDA for analysis of macro geoengineering 

problems considering matric suction in DDA. In the existing slope stability analysis 

method, matric suction is taken as apparent cohesion to reinforce shear strength. 

However, matric suction reinforces both shear strength and tensile strength by 

increasing normal stress, also, matric suction still affects post-failure movement. 
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For this reason, macro_DDA is developed by considering the mechanical behavior 

of matric suction as an equivalent suction force added among DDA blocks. The 

equivalent suction force is a function of saturation and can be estimated from 

SWCC. Macro_DDA is validated by using a single block sliding model and a multi-

blocks sliding model. The evaluated safety factor is in good agreement with the 

theoretical solution. It is also found that the runout distance is related to the degree 

of saturation which shows good agreement with the experimental results. Finally, a 

practical rainfall-induced landslide is simulated and discussed. The simulation 

results show that the dissipation of matric suction in the topsoil is a determining 

factor for this slope failure, and matric suction still affects the run-out distance after 

slope failure. 

Chapter 6 concludes the results and achievements of the study as well as states 

the relevant issues that need to be solved in future studies. 
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τ Shear strength 2.2 

τus the shear strength due to the matric suction 2.2 

c' effective cohesion 2.2 

ϕ' friction angle 2.2 

ϕb friction angle related to the matric suction 2.2 

  normalized volumetric water content 2.2 

κ fitting parameter 2.2 

REV Representative Elementary Volume 2.2 

s  suction stress 2.2 

FOS Factor of safety 2.2 

FDM Finite Difference Method 2.2 

FEM Finite Element Method 2.2 

u0 Translations of block centroid along the x axis 2.3 

v0 Translations of block centroid along the y axis 2.3 
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CHAPTER 1 

1. INTRODUCTION  

1.1 BACKGROUND 

1.1.1 LANDSLIDES 

Landslides, one of the most widespread geological phenomena on the earth’s 

surface, frequently occur in mountainous areas all around the world (Coe and Godt, 

2001; Bucknam et al., 2001). The general term “landslide” describes the gravity-

driven movements of slope-forming materials, e.g., rock, soil, artificial fill, or a 

combination of them. Landslides include a wide range of ground movements, such 

as rockfalls, shallow landslides, deep-seated slope failures, mudflows, and debris 

flows (Jackson, 1997; Varnes, 1974; Hutchinson, 1988; WP/WLI, 1990; Highland 

and Bobrowsky, 2008; Gokceoglu and Sezer, 2009). Landslide is one of the most 

severe natural hazards because it has a significant impact on the economy and 

society worldwide (Guzzetti, 2006; UNEP, 1997; EM-DAT, 2003). Figure 1.1 

shows the hot-spots of global landslides (modified from Nadim et al., 2006) and the 

spatial distribution of fatal landslides, and each dot represents a single landslide 

(Petley, 2012). Landslides can cause thousands of casualties. For example, (1) more 

than 60,000 landslides induced by the 2008 Wenchuan earthquake caused about 

20,000 fatalities; (2) 918 deaths and thousands of homeless in the mountainous 

region of Rio de Janeiro State are due to several shallow landslides triggered by 

heavy rainfalls in 2011 (Rosi et al. 2019). 
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Global Landslide Hazard Zonation – Hot-Spots

Degree of Hazard

Negligible to very low         (Class 1-2)

Low                                        (Class 3)

Low to moderate                 (Class 4)

Moderate                              (Class 5)

Medium                                (Class 6)

Medium to high                   (Class 7)

High                                       (Class 8)

Very high                              (Class 9)
(a)

(b)

 

Figure 1.1 (a) Global landslides hazard zone and Hot-Spots (modified from 

Nadim et al., 2006); (b) Spatial distribution of fatal landslides, each dot represents 

a single landslide. (from Petley, 2012) 

 

In addition to innumerable casualties, landslides can lead to significant 

financial losses (Fleming and Taylor, 1980). Although landslide losses are hard to 

obtain and estimates may not be accurate, Table 1.1 provides a comparison of the 

annual losses from landslides for three countries: Italy, Japan, and the United States 

(Sidle and Ochiai, 2006). The annual landslide costs for both Japan and Italy are 

about US$4 billion, about 1.6 times that for the United States. In the United States, 

landslides are estimated to be responsible for between 25 and 50 deaths and more 

than US$2–3 billion in damage per year (Schuster and Highland, 2001; National 

Research Council, 2004). Table 1.2 lists the ranking of major natural hazards by 

deaths from EM-DAT (2003). Landslides associated with extreme events (e.g., 
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Storms and earthquakes) have caused thousands of casualties and enormous 

financial losses. Therefore, it is imperative to study landslides to prevent and 

mitigate the potential hazards from them. 

 

Table 1.1 Average annual costs for Italy, Japan, and the United States (from Sidle 

and Ochiai, 2006) 

Country Italy  Japan  United States 

Annual cost (BUS$) 4.00 4.00 2.50 

Population (M) 58.15 127.40 301.00 

GDP (BUS$) 1,760.00 4,218.00 13,130.00 

Per capita (US$/person) 68.79 31.40 8.31 

%GDP 0.23 0.09 0.02 

 

Table 1.2 Ranking of major natural hazards by deaths in EM-DAT (2003) 

(avalanche is not included in landslides) 

Rank Disaster Type All Deaths Deaths (1992-2001a) 

1 Drought 563,701 277,574 

2 Storms 251,384 60,447 

3 Floods 170,010 96,507 

4 Earthquakes 158,551 77,756 

5 Volcanoes 25,050 259 

6 Extreme Temperature 19,249 10,130 

7 Landslides 18,200 9,461 

8 Wave/Surges 3,068 2,708 

9 Wildfires 1,046 574 

Total  1,211,159 533,416 

a2002 IFRC World Disaster Report (http://www.cred.be/emdat/intro.htm) 

 

Landslides can be classified into several types based on the movement and the 

material involved (Varnes, 1958; 1978; Cruden and Varnes, 1996; Hungr et al., 

2001). The type of movement is separated into falls, topples, slides (rotational and 

translational), spreads, and flows. Materials are separated into two classes, soil, and 

rock. The process resulting in landslides occurrence can be divided by “causes” and 

http://www.cred.be/emdat/intro.htm
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“triggers” (Lu and Godt, 2013). Landslides are caused by many factors, such as 

geologic, morphologic, hydrogeological factors. Landslides can be triggered by 

some specific events, such as heavy rainfall, strong earthquake, snow melting, a 

variety of human activities, and many others (Keefer, 1984; Wieczorek, 1996; Yin 

et al., 2009). The landslides triggered by heavy rainfall occur in a wide variety of 

climatic, geologic, and topographic settings. Especially, rainfall-induced landslides 

often occur wholly or partly in the unsaturated zone (Godt et al., 2009). Table 1.3 

lists some recent cases of rainfall-induced landslides in the south of China and south 

of Japan that belong to the tropical monsoon climate. These landslides are 

concentrated on the occasion of summer and autumn, and it is clear that seasonal 

rainfall is the triggering factor (Shrestha et al., 2000; Wooten et al., 2008).  

 

Table 1.3 Cases of Rainfall-induced landslides in China and Japan 

Location Country 
Date 

Day/month/year 

Kumamoto Japan 06/2008 

North Kyushu Japan 07/2009 

Wakayama  Japan 08/2011 

Tokyo  Japan 10/2013 

Hiroshima  Japan 08/2014 

North Kyushu Japan 07/2017 

West Japan Japan 07/2018 

Zigui China 06/1985 

Wuxi China 10/1988 

Huaying China 07/1989 

Lanping China 09/2000 

Xuanhan China 09/2004 

 

Further, according to a recent survey, about half of the 40 most destructive 

landslide disasters worldwide in the past century resulted from prolonged or intense 

rainfall (Sidle and Ochiai, 2006). Although the volume of individual shallow 
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landslides is often small, typically less than 1000 m3, extensive areas are often 

affected (Lu and Godt, 2013). Figure 1.2 (a) shows landslides that were triggered 

by heavy rainfall in January of 2011 in the Novo Friburgo region of southeastern 

Brazil, more than 400 fatalities were reported from this disaster. Figure 1.2 (b) 

shows shallow landslides triggered by rainfall in Yan’ an, northwestern China, July 

2013. It caused 8135 slope failures, 10000 living caves damaged, and 45 fatalities. 

Therefore, the study on the rainfall-induced landslide is necessary. 

0 100m
(a)

0 100m
(b)

 

 

Figure 1.2 (a) The photos of the shallow landslide of Fukuchi-machi (Photo is 

from https://www.ajiko.co.jp) (b) Shallow landslide triggered by rainfall in Yan’ 

an, northwestern China, July 2013. It caused 8135 slope failures, 10000 living 

caves damaged, and 45 fatalities. (Wang et al., 2015) 

https://www.ajiko.co.jp/
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Rainfall-induced landslides are typically shallow landslides in hillslope 

environments (Cruden and Varnes, 1996; Sidle and Ochiai, 2006; Trustrum et al., 

1999). So, rainfall-induced shallow landslides are classified as translational 

landslides with depth/length ratios of less than 0.1 (Skempton and Hutchinson, 

1969), and slope angle 20⁰-40⁰ (Yu et al. 2016). These landslides mainly occur in 

the loose, sandy deposits that are derived from the glacial and non-glacial sediments 

that underlie the bluffs (Galster and Laprade, 1991).  

Recent studies state that the mechanism of rainfall-induced landslides is due 

to the loss of matric suction during rainstorms (Sorbino et al., 2013; Kim et al., 

2017). Matric suction changes the state of stress of unsaturated soil, and these 

changes directly or indirectly lead to shallow slope failure. There are two major 

issues in the study on rainfall-induced landslides. The first one is how to reveal the 

mechanism of matric suction on unsaturated soil, i.e. hydraulic properties and 

mechanical properties. The second one is how to evaluate the influence of matric 

suction on slope stability and runout distance. Because matric suction is one of the 

key concepts of unsaturated soil mechanics, the first issue can help us to have a 

deep understanding of matric suction. Then, the second issue can help us to apply 

the mechanism research on matric suction to practical engineering. Therefore, both 

of the two issues are important and necessary. 

In conclusion, rainfall-induced shallow landslides can occur in a wide variety 

of climatic, geologic, and topographic settings, especially in the hillslope 

environment with loose, sandy deposits. They have caused a lot of casualties and 

enormous financial losses. The mechanism of rainfall-induced landslides is the loss 

of soil matric suction. Therefore, it is necessary to have further research on the 

mechanism of matric suction and the influence of matric suction on shallow slope 

stability and runout distance. 

1.1.2 RESEARCH METHOD FOR UNSATURATED SOIL  

Shallow landslides prevention and mitigation are dependent on the full grasp 

of the hydraulic and mechanical properties of unsaturated soil (Rahardjo et al., 
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2007; Kim, 2001; Khalili et al., 2004). The experimental method is a conventional 

method for soil researches. Laboratory test results provide a solid foundation for 

the theory of soil mechanics, numerical modeling, and engineering applications. 

For example, Soil-water characteristic curve (SWCC), the relationship between 

water content and matric suction, is conventionally obtained by experimental 

methods, such as pressure plate apparatus, tensiometer techniques, and filter paper 

method (Albrecht, Benson, and Beuermann 2003; Bicalho et al. 2007; Lourenço et 

al. 2006). The shear strength of soil is measured by using a direct shear instrument. 

The advantages of the direct shear instrument are the simple instrument, convenient 

sample preparation, and easy operation. Based on the laboratory test results, there 

are many research achievements (Escario, 1980; Kokusho and Takeji, 1980; 

Vanapalli and Lacasse, 2009; Zhang et al., 2010; Taheri and Tatsuoka, 2012). The 

soil test plays an important role in investigating the engineering properties of the 

soil and obtaining the physical and mechanical indexes of the soil. 

However, experimental methods have some disadvantages. On the one hand, 

experimental methods cannot distinguish the different mechanisms of matric 

suction because the experimental methods for the determination of “suction” in the 

soil are based on the principle that the water potential in the soil is equal (Baker and 

Frydman 2009). Hence, some researchers, alternatively, resorted to combining 

laboratory tests with other methods. Some researchers attempted to propose some 

mathematical models to depict the full suction range of SWCC. Among the 

mathematical models, the most popular ones are the van Genuchten (VG) model 

(Van Genuchten 1980) and Fredlund-Xing (FX) model (Fredlund et al. 1996), 

which are established based on the capillary mechanics and pore size distribution. 

In the proposed model, some parameters have ambiguous physical meanings, thus, 

they must be fitted to the experimental results, which somewhat limits its 

application (Kido 2019). Other researchers proposed some physical models to 

predict SWCC from the water-retention mechanism rather than the curve fitting of 

SWCC. The most used physical models are based on the conceptual model: “bundle 

of cylindrical capillaries" (BCC) model (Tuller, Or, and Hillel 2004; Watanabe and 

Flury 2008). Also, the adsorption model is adopted to account for the higher suction 
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range (Lu 2016; Xiao, Cheng-gang, and Guo-qing 2018). Further, some researchers 

combined the BCC model with the adsorption model to improve the accuracy of 

prediction and expand the scope of application (Tuller, Or, and Dudley 1999). 

On the other hand, due to the limitation of the laboratory apparatus, it is 

difficult to obtain sufficient microscopic information of soil during the test. For 

example, both experimental results and field investigations have shown that the 

variation of shear strength with respect to matric suction is highly non-linear. 

Donald conducted a set of direct shear tests on four types of sandy soil (Donald 

1956). The experimental results showed that the shear strength increases to a peak 

value and then decreases with matric suction continuously increasing. Subsequently, 

a lot of studies on shear strength for sandy soil had found a similar "peak effect" 

(Hongzhou 2007). On the other hand, the experimental results of silty soil showed 

that the increase of matric suction contributes slightly to the shear strength in the 

high suction range (Melinda et al. 2004; Rahardjo, Heng, and Choon 2004). The 

micro mechanism of these shear characteristics is still not fully clarified. 

With the great development of computer science, numerical simulation plays 

a more and more important role in soil mechanical analysis. It can easily simulate 

complicated models. With the development of the Discrete Element Method (DEM), 

a new paradigm is formed in soil study. Thus, researchers attempted to adopt 

numerical methods to analyze the microscopic mechanism of SWCC (Romero and 

Simms 2008; Anandarajah and Amarasinghe 2012; Li et al. 2020) and shear 

characteristics because they can efficiently simulate the detailed internal 

information such as the coordination number and force chain (O'Sullivan and Cui 

2009), while the laboratory test results are used to calibrate the numerical 

simulation results. Thus, the numerical simulation method built a bridge to link 

macroscopic behavior and the microscopic mechanism of granular material (Sun 

and Jin 2009).  
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1.2 SCOPE AND OBJECTIVES 

1.2.1 EXISTING PROBLEMS 

As introduced in previous sections, rainfall-induced landslide is one of the 

most widespread and damaging natural disasters, and the dissipation of matric 

suction in the topsoil is one of the disaster-causing factors. Therefore, it is important 

and necessary to clarify the mechanical behaviors of unsaturated soil and to develop 

a novel method for slope stability and post-failure movement analysis by 

considering matric suction properly.  

Matric suction, including capillary suction and adsorption suction, is an 

important stress state variable for unsaturated soil. Matric suction is directly related 

to the water content of unsaturated soil and it can be represented by the so-called 

soil-water characteristic curve (SWCC). Laboratory tests show that different soils 

have different SWCC. However, it has not been fully clear why SWCC is so 

different and what are the major influence factors up to now due to the origin of 

matric suction is complex; it is also not entirely clarified how matric suction 

contributes to shear strength.  

Furthermore, matric suction is simply taken as an apparent cohesion to 

reinforce shear strength in the existing slope stability analysis. Besides it is difficult 

to determine the proper apparent cohesion from matric suction, matric suction 

would not affect post-failure movement in the existing analysis method. Therefore, 

in order to clarify the mechanical behaviors of unsaturated soil and to develop a 

novel method for slope stability and post-failure movement analysis, the following 

issues should be solved: (1) how to simulate matric suction numerically from both 

capillary suction and adsorption suction; (2) how to clarify the influence factors of 

SWCC from different soils; (3) how to clarify contributions of matric suction to 

shear strength; (4) how to develop a method for slope stability and post-failure 

movement analysis based on matric suction in rainfall-induced landslide study. 

1.2.2 OBJECTIVES OF THE STUDY 

In order to have a deep understanding of the mechanism of matric suction on 
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soil properties and its application on rainfall-induced shallow landslides, multi-

scale research is necessary. As shown in Figure 1.3, the micro-scale research aims 

to reveal the mechanism of matric suction of unsaturated soil. The site-scale 

investigation aims to analyze the slope stability, movement behaviors, and runout 

distance with respect to matric suction. The connection between these two issues is 

SWCC. 

For this purpose, this study aims to develop numerical methods to 

microscopically simulate the mechanical behaviors of unsaturated soil and to 

analyze the macroscopic effect of matric suction on rainfall-induced landslides by 

extending original Discontinuous Deformation Analysis (DDA). Owing to the 

development of computer technology, the numerical method shows great 

advantages in analyzing mechanical behavior, and DDA is a flexible and powerful 

numerical simulation method and can be used to analyze the mechanical behavior 

of discrete material (multi-block system). At first, a capillary suction model and an 

adsorption suction model are proposed based on capillary theory and double-layer 

theory for calculating matric suction, which is taken as coupling forces separately 

adding on adjoining DDA blocks. Then, the major influence factors of SWCC are 

analyzed and clarified with a series of DDA models from various soils and 

saturations. In addition, how matric suction reinforces the shear strength of soil is 

investigated and the contributions of matric suction to shear strength is clarified. 

Finally, a novel method is developed by adding the equivalent suction force on 

DDA blocks directly so that geoengineering problems related to matric suction can 

be easily simulated. And the slope stability and post-failure movement of a real 

rainfall-induced landslide in the North Kyushu area are analyzed to show the 

usefulness of the novel method.  

1.3 THESIS ORGANIZATION  

This thesis comprises the following chapters: 

Chapter 1 introduces the background, the scope and the objectives of this 

study, and the organization of the thesis. The studies on landslides and mechanical 

behaviors of unsaturated soil are also introduced.  
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Chapter 2 reviews several research topics on unsaturated soils. At first, the 

concepts of effective stress, matric suction, SWCC, shear strength, microstructure 

are introduced. Then, the slope stability analysis by taking matric suction as an 

apparent cohesion to reinforce shear strength is reviewed in detail. Finally, the 

fundamental theory and the contact mechanism of DDA are introduced. The key 

issues to be solved are clarified.  

Chapter 3 develops micro_DDA for microscopically simulating matric 

suction of unsaturated soils by incorporating a capillary suction model and an 

adsorption suction model into the original DDA. The matric suction calculated 

based on capillary theory and double-layer theory is acting as the suction force 

exerted to the surface of adjoining DDA blocks which represent soil particles. The 

capillary suction is modeled by the following three steps: (1) potential capillary 

bridges are searched and determined among soil particles under a designated 

capillary radius; (2) capillary water distribution is determined to meet the water 

content in the multi-particle system; (3) surface tension and matric suction are 

added to soil particles based on Young-Laplace equation. In adsorption suction 

model, bound water and clay minerals are assumed as “clay layer” and evenly 

covered around DDA particles, and the suction force is calculated based on double-

layer theory by the same three steps as for capillary suction model. In order to 

validate micro_DDA, the SWCCs of pure Toyoura sand and sand-clay mixture as 

two cases are simulated, and the obtained results are in good agreement with the 

experimental results.  

Chapter 4 analyzes some influential factors of SWCC and shear 

characteristics of unsaturated soil based on the developed micro_DDA. At first, the 

influential factors such as particle size, specific surface area (for cohesive soil), and 

contact angle are investigated. It is found that (1) the particle size has less influence 

on SWCC for cohesionless soil than cohesive soil; (2) specific surface area can 

influence SWCC significantly; (3) contact angle influences hydraulic hysteresis of 

SWCC distinctly when it is over 20°. It is also shown that micro_DDA has 

advantages comparing with experimental analysis because it can easily and quickly 

assess the influence of the different specific surface area and contact angles on 
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SWCC, which is difficult and time-consuming for experimental methods. And then, 

the direct shearing test of Toyoura sand is simulated, and the “peak effect” of the 

shear strength with respect to matric suction is reproduced and investigated. The 

“peak effect” of sand can be explained by the proposed micro parameter CSN (so-

called number of the capillary bridge), which is quantitatively in accordance with 

the peak shear strength. Since adsorption suction is an indispensable factor for 

cohesive soil, when the contact area of the clay soil decreases slightly, the 

adsorption suction becomes the dominant factor for apparent cohesion, which well 

explains why there is hardly a “peak effect” phenomenon for cohesive soil.  

Chapter 5 develops macro_DDA for analysis of macro geoengineering 

problems considering matric suction in DDA. In the existing slope stability analysis 

method, matric suction is taken as apparent cohesion to reinforce shear strength. 

However, matric suction reinforces both shear strength and tensile strength by 

increasing normal stress, also, matric suction still affects post-failure movement. 

For this reason, macro_DDA is developed by considering the mechanical behavior 

of matric suction as an equivalent suction force added among DDA blocks. The 

equivalent suction force is a function of saturation and can be estimated from 

SWCC. Macro_DDA is validated by using a single block sliding model and a multi-

blocks sliding model. The evaluated safety factor is in good agreement with the 

theoretical solution. It is also found that the runout distance is related to the degree 

of saturation which shows good agreement with the experimental results. Finally, a 

practical rainfall-induced landslide is simulated and discussed. The simulation 

results show that the dissipation of matric suction in the topsoil is a determining 

factor for this slope failure, and matric suction still affects the run-out distance after 

slope failure. 

Chapter 6 concludes the results and achievements of the study as well as states 

the relevant issues that need to be solved in future studies. 

The thesis organization is shown in Figure 1.4. 
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Figure 1.3 Schematic diagram of objectives of the thesis: micro scale investigations on the mechanism of SWCC and shear strength 

and site scale investigations on the slope stability and post-failure state (Photo is from https://www.ajiko.co.jp)

https://www.ajiko.co.jp/


 

14 

 

Chapter 1: Introduction

Chapter 2: Review of unsaturated soil and DDA method

Chapter 6: Conclusions and future studies

Chapter 3:The development of matric suction model for cohesive and 

cohesionless soil based on conventional DDA method 

Chapter 4: The analysis of influence factors of SWCC and shear 

characteristics of unsaturated soil based on developed model 

 Micro mechanism 

analysis of 

unsaturated soil

Stability and run-out 

analysis of shallow 

analysis

Chapter 5: The development of a DDA-based method for macro 

geoengineering problems by considering the effect of matric suction 

and an analysis of a rainfall-induced shallow landslide 

 
Figure 1.4 The thesis organization 

 



 

15 

 

REFERENCES 

Albrecht, B., C. Benson, and S. Beuermann, Polymer capacitance sensors for 

measuring soil gas humidity in drier soils. Geotechnical Testing Journal, 2003. 

26(1): p. 3-11. 

Anandarajah, A. and P.M. Amarasinghe, Microstructural investigation of soil 

suction and hysteresis of fine-grained soils. Journal of geotechnical and 

geoenvironmental engineering, 2012. 138(1): p. 38-46. 

Baker, R. and S. Frydman, Unsaturated soil mechanics: Critical review of physical 

foundations. Engineering Geology, 2009. 106(1-2): p. 26-39. 

Bicalho, K.V., et al., Filter paper method of soil suction measurement. 2007. 

Bucknam, R. C., Coe, J. A., Chavarria, M. M., et al. (2001). Landslides Triggered 

by Hurricane Mitchin Guatemala: Inventory and Discussion, U.S. Geological 

Survey Open File Report 01-443. 

Coe, J. A., and Godt, J. W. (2001). Debris Flows Triggered by the El Ni˜no 

Rainstorm of February 2–3, 1998, Walpert Ridge and Vicinity, Alameda 

County, California, U.S. Geological Survey Miscellaneous Field Studies Map 

MF-2384, 3 sheets, scale 1:24,000. 

Council, National Research. 2004. Partnerships for reducing landslide risk: 

assessment of the national landslide hazards mitigation strategy (National 

Academies Press). 

Cruden, David M, and David J Varnes. 1996. 'Landslides: investigation and 

mitigation. Chapter 3-Landslide types and processes', Transportation research 

board special report. 

Donald, IB. 1956. "Shear strength measurements in unsaturated non-cohesive soils 

with negative pore pressures." In Proceedings of the 2nd Australia–New 

Zealand Conference on Soil Mechanics and Foundation Engineering, 

Christchurch, New Zealand. Technical Publications Ltd., Wellington, New 

Zealand, 200-04. 

EM-DAT 2003. The OFDA/CRED International Disaster Database - www.em-

dat.net - Universit´e Catholique de Louvain - Brussels - Belgium. 



 

16 

 

Escario, V. 1980. Suction–controlled penetration and shear tests, Proceedings of the 

Fourth International Conferenceon Expansive Soils, American Society of Civil 

Engineers, Denver, CO, Vol. 2, pp. 781–797. 

Fleming, R. W., and Taylor, F. A. (1980). Estimating the Costs of Landslide Damage 

in the United States. U.S. Geological Survey Circular 832. 

Fredlund, D., et al., 1996.The relationship of the unsaturated soil shear strength to 

the soil-water characteristic curve. Canadian geotechnical journal, 33(3): p. 

440-448. 

Galster, Richard W, and William T Laprade. 1991. 'Geology of Seattle, Washington, 

United States of America', Environmental and Engineering Geoscience, 28: 

235-302. 

Godt, J. W., Baum, R. L, and Lu, N. (2009). Landsliding in partially saturated 

materials, Geophysical Research Letters, 36, L02403. 

Gokceoglu, C., and Sezer, E. 2009. A statistical assessment on international 

landslide literature (1945–2008). Landslides, 6(4): 345-351. 

Guzzetti, F. 2006. Landslide hazard and risk assement, University Bonn, Perugia. 

Highland, L.M., Bobrowsky, Peter 2008. The landslide handbook—A guide to 

understanding landslides. Geological Survey Circular, Reston, Virginia, U.S. 

Hongzhou, L., Measurement of Matric Suction Using Tensiometers and Its 

Geotechnical Engineering Application [J]. Geotechnical Investigation & 

Surveying, 2007. 7. 

Hungr, O., Evans, S. G., Bovis, M. J., and Hutchinson, J. N. (2001). A review of the 

classification of landslides of the flow type, Environmental and Engineering 

Geosciences, 7(3), 221–238. 

Jackson, J.A. 1997. Glossary of Geology. In Glossary of Geology. American 

Geological Institute, Alexandria, Virginia. 

Keefer, D. K. (1984). Landslides caused by earthquakes, Geological Society of 

America Bulletin, 95(4), 406–421. 

Khalili, N., Geiser, F., and Blight, G. E. (2004). Effective stress in unsaturated soils: 

review with new evidence, International Journal of Geomechanics, 4(2), 115–

126. 



 

17 

 

Kido, R., Microscopic characteristics of partially saturated soil and their link to 

macroscopic responses. 2019. 

Kim, T.-H. (2001). Moisture-induced tensile strength and cohesion in sand. Ph.D. 

thesis, Department of Civil, Environmental and Architectural Engineering, 

University of Colorado, Boulder, Colo. 

Kim, Junghwan, Yongmin Kim, Sangseom Jeong, and Moonhyun Hong. 2017. 

'Rainfall-induced landslides by deficit field matric suction in unsaturated soil 

slopes', Environmental Earth Sciences, 76: 808. 

Kokusho, Takeji. 1980. 'Cyclic triaxial test of dynamic soil properties for wide 

strain range', Soils and Foundations, 20: 45-60. 

Li, L., et al., The effects of soil shrinkage during centrifuge tests on SWCC and soil 

microstructure measurements. Bulletin of Engineering Geology and the 

Environment, 2020: p. 1-17. 

Lourenço, S., et al., Development of a commercial tensiometer for triaxial testing 

of unsaturated soils, in Unsaturated Soils 2006. 2006. p. 1875-1886. 

Lu, N., Generalized soil water retention equation for adsorption and capillarity. 

Journal of geotechnical and geoenvironmental engineering, 2016. 142(10): p. 

04016051. 

Lu, Ning, and Jonathan W Godt. 2013. Hillslope hydrology and stability 

(Cambridge University Press). 

Melinda, F., et al., Shear strength of compacted soil under infiltration condition. 

Journal of Geotechnical and Geoenvironmental Engineering, 2004. 130(8): p. 

807-817. 

Nadim, F., Kjekstad, O., Peduzzi, P., Herold, C., and Jaedicke, C. 2006. Global 

landslide and avalanche hotspots. Landslides, 3(2): 159-173. 

O'Sullivan, C. and L. Cui, Micromechanics of granular material response during 

load reversals: combined DEM and experimental study. Powder Technology, 

2009. 193(3): p. 289-302. 

Petley, David. 2012. 'Global patterns of loss of life from landslides', Geology, 40: 

927-30. 

Rahardjo, H., O.B. Heng, and L.E. Choon, Shear strength of a compacted residual 



 

18 

 

soil from consolidated drained and constant water content triaxial tests. 

Canadian Geotechnical Journal, 2004. 41(3): p. 421-436. 

Rahardjo, H., Ong, T. H., Rezaur, R. B., and Leong, E. C. (2007). Factors 

controlling instability of homogeneous soil slopes under rainfall, Journal of 

Geotechnical and Geoenvironmental Engineering, 133(12), 1532–1543 

Romero, E. and P.H. Simms, Microstructure investigation in unsaturated soils: a 

review with special attention to contribution of mercury intrusion porosimetry 

and environmental scanning electron microscopy. Geotechnical and 

Geological engineering, 2008. 26(6): p. 705-727. 

Rosi, Ascanio, Vanessa Canavesi, Samuele Segoni, Tulius Dias Nery, Filippo 

Catani, and Nicola Casagli. 2019. 'Landslides in the mountain region of Rio 

de Janeiro: a proposal for the semi-automated definition of multiple rainfall 

thresholds', Geosciences, 9: 203. 

Schuster, Robert L, and Lynn Highland. 2001. Socioeconomic and environmental 

impacts of landslides in the western hemisphere (Citeseer). 

Shrestha, A. B., Wake, C. P., Dibb, J. E., and Mayewski, P. A. (2000). Precipitation 

fluctuations in the Nepal Himalaya and its vicinity and relationship with some 

large scale climatological parameters, International Journal of Climatology, 30, 

317–327. 

Sidle, R, and Hirotaka Ochiai. 2006. 'Processes, prediction, and land use', Water 

resources monograph. American Geophysical Union, Washington. 

Skempton, AW, and John Hutchinson. 1969. "Stability of natural slopes and 

embankment foundations." In Soil Mech & Fdn Eng Conf Proc/Mexico/. 

Sorbino, Giuseppe, and Marco Valerio Nicotera. 2013. 'Unsaturated soil mechanics 

in rainfall-induced flow landslides', Engineering geology, 165: 105-32. 

Sun, Q. and F. Jin, The multiscale structure of granular matter and its mechanics. 

physics, 2009. 38(4): p. 225-232. 

Taheri, A, and F Tatsuoka. 2012. 'Stress–strain relations of cement-mixed gravelly 

soil from multiple-step triaxial compression test results', Soils and 

Foundations, 52: 748-66. 

Trustrum, NA, B Gomez, MJ Page, LM Reid, and DM Hicks. 1999. 'Sediment 



 

19 

 

production and output: The relative role of large magnitude events in steepland 

catchments', Zeitschrift für Geomorphologie Supplement Volumes: 71-86. 

Tuller, M., D. Or, and D. Hillel, Retention of water in soil and the soil water 

characteristic curve. Encyclopedia of Soils in the Environment, 2004. 4: p. 

278-289. 

Tuller, M., D. Or, and L.M. Dudley, Adsorption and capillary condensation in 

porous media: Liquid retention and interfacial configurations in angular pores. 

Water Resources Research, 1999. 35(7): p. 1949-1964. 

UNEP 1997. World Atlas of Desertification, London: Arnold. 

Van Genuchten, M.T., A closed‐ form equation for predicting the hydraulic 

conductivity of unsaturated soils. Soil science society of America journal, 

1980. 44(5): p. 892-898. 

Vanapalli, SK, and F Lacasse. 2009. "Comparison between the measured and 

predicted shear strength behaviour of four unsaturated sands." In Proc. of the 

4th Asia-Pacific Conf. on Unsaturated Soils. Australia, 121-27. 

Varnes, D.J. 1974. The logic of geological maps, with reference to their 

interpretation and use for engineering purposes. U.S. Geological Survey 

Professional Paper, 837: 48. 

Varnes, David J. 1958. 'Landslide types and processes', Landslides and engineering 

practice, 24: 20-47. 

Varnes, David J. 1978. 'Slope movement types and processes', Special report, 176: 

11-33. 

Wang, G., Li, T., Xing, X. and Zou, Y. 2015. Research on loess flow-slides induced 

by rainfall in July 2013 in Yan’an, NW China. Environmental Earth Sciences 

73(12), 7933-7944. 

Watanabe, K. and M. Flury, Capillary bundle model of hydraulic conductivity for 

frozen soil. Water Resources Research, 2008. 44(12). 

Wooten, R. M., Gillon, K. A., Witt, A. C., et al. (2008). Geologic, geomorphic, and 

meteorological aspects of debris flows triggered by Hurricanes Frances and 

Ivan during September 2004 in the southern Appalachian Mountains of Macon 

County, North Carolina (southeastern USA), Landslides, 5, 31–44. 



 

20 

 

Wieczorek, G. F. (1996). Landslide triggering mechanisms, in R. L. Schuster, and 

R. J. Krizek, eds., Landslide Analysis and Control, Transportation Research 

Board Special Report 176, National Academy of Sciences, National Research 

Council, Washington, D.C., pp. 76–90. 

WP/WLI, 1990. A suggested method for reporting a landslide. International 

Association Engineering Geology Bulletin, 41: 5-12. 

Xiao, X., Z. Cheng-gang, and C. Guo-qing, Shear strength of unsaturated soils 

considering capillary and adsorptive mechanisms. ROCK AND SOIL 

MECHANICS, 2018. 39(6): p. 2059-+. 

Yin, Y., Wang, F., and Sun, P. (2009). Landslide hazards triggered by the 2008 

Wenchuan earthquake, Sichaun, China, Landslides, 6(2), 139–152. 

Yu, B., et al., Topographical and rainfall factors determining the formation of gully-

type debris flows caused by shallow landslides in the Dayi area, Guizhou 

Province, China. Environmental Earth Sciences, 2016. 75(7): p. 1-18. 

Zhang, Chao-Bo, Li-Hua Chen, Ya-Ping Liu, Xiao-Dong Ji, and Xiu-Ping Liu. 2010. 

'Triaxial compression test of soil–root composites to evaluate influence of 

roots on soil shear strength', Ecological Engineering, 36: 19-26. 

  



 

21 

 

CHAPTER 2 

2. REVIEW OF UNSATURATED SOIL STUDIES AND DDA METHOD 

2.1 INTRODUCTION  

Unsaturated soil covers significant areas of the earth’s surface and embraces a 

wide range of soil types (Lu and William, 2004). Unsaturated soil is a type of 

multiphase discontinuous material, which consists of solid particle, water, and air 

(Fredlund, D.G. et al., 1993a). Recently, contractile skin, which is the interface 

between air and water, is regarded as the fourth phase for its unique acts on soil 

(Wang and Fredlund, 2003). For engineering practice, except for extreme arid areas 

and underwater engineering, most of the engineering problems involved 

unsaturated soil (Collins and Znidarcic, 2004; Francois et al., 2007). There are 

several types of typical unsaturated soils, such as expansive soils, loess, residual 

soil. These soils have the basic characteristic, that is, there is matric suction in the 

soil. Matric suction is highly dependent on the water content of the soil, and it is 

the root cause for the complex nature of unsaturated soils. Therefore, compared to 

saturated soil, unsaturated soil has complicated physical and mechanical behaviors. 

The first issue of this chapter focuses on the basic concepts of unsaturated soil. 

Discontinuous Deformation Analysis (DDA) was initially developed by Dr. 

Shi (Shi, 1988), and it is an energy-based numerical distinct method with the 

implicit solution. Then, 3-D DDA was finished by Dr. Shi (Shi, 2001). The element 

in DDA method is the block, and each block has translation displacement, rotation 

displacement, and deformation (normal strain and shear strain). DDA method is 

established on minimizing the total potential energy of a system, which constitutes 

elastic stress, initial stress, body force, inertia force, point loading, and contact force. 
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The requirements of non-penetration and non-tension need to be satisfied among 

blocks, so it adopts a penalty function, which adds or reduces contact springs to 

simulate mutual contacts among adjacent blocks by the open-close iteration (OCI). 

DDA method is able to analyze the static and dynamic behavior of discontinuous 

materials. Over the past decades, DDA has been used in various research fields, and 

significant developments have been achieved for DDA from theory to practice. 

Maclaughlin and Doolin (2006) summarized more than 100 published and 

unpublished validation studies for DDA. The second issue of this chapter focuses 

on the theory and application of DDA. 

2.2 UNSATURATED SOIL  

With the introduction of matric suction, soil mechanics has been extended to 

unsaturated soil mechanics (Fredlund and Rahardjo, 1993b). In this chapter, the 

basic concepts of unsaturated soil such as effective stress; matric suction; soil-water 

characteristic curve (SWCC) are introduced. Then, the shear strength of unsaturated 

soil is introduced. Further, as the mechanical behaviors of soil are a result of 

microstructural evolution with external environmental changes, soil microstructure 

is introduced in detail. Finally, shallow slope stability, which is an important 

application of unsaturated soil mechanics, is introduced in detail. 

2.2.1 EFFECTIVE STRESS AND MATRIC SUCTION  

Terzaghi, the father of soil mechanics, has put forward the theory of effective 

stress in his classical literature, theoretical soil mechanics (Terzaghi, 1950). The 

concept of effective stress has been widely accepted up to now. He defined the 

difference between total stress and pore water pressure as effective stress for 

saturated soils, the equation form is as follow: 

 ' wu = −  (2.1) 

where σ’ is the effective normal stress; σ is the total normal stress; uw is the pore-

water pressure. The concept of effective stress provides a fundamental basis for 

studying soil mechanics. According to the principle of effective stress, mechanical 
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behaviors of saturated soil are governed by effective stress. The validity of the 

effective stress has been verified by experiments (Rendulic, 1936; Bishop and Eldin, 

1950; Skempton,1961). 

Then, the concept of effective stress is extended to unsaturated soil. In the 

1950s, Bishop (Bishop, 1950; Bishop, 1960) extended the effective stress equation 

for unsaturated soil based on Terzaghi’s effective stress: 

 ' ( ) ( )  = − + −a a wu u u  (2.2) 

where σ’ is the effective normal stress; σ is the total normal stress; ua is the pore-air 

pressure; uw is the pore-water pressure; (σ - ua) is the net normal stress and (ua - uw) 

is the matric suction; χ is the effective stress parameter which ranges from 0 to 1. 

The relationship between χ and the degree of saturation Sr has been obtained by 

experiments. Also, some effective stress equations were put forward (Croney, 1952; 

Jennings, 1961; Jennings and Burland, 1962; Aitchison, 1965; Matyas and 

Radhakrishna, 1968).  

Since the 1970s, Fredlund and Morgenstern (1977), based on previous studies, 

proposed the theory of two independent stress variables for unsaturated soil. 

Unsaturated soil naturally had been viewed as a three-phase system; however, as a 

fourth phase, the contractile skin was introduced in analyzing the equilibrium 

conditions of unsaturated soil. Consequently, (σ - ua) and (ua - uw) are the most 

commonly used stress variables to formulate the constitutive relationship.  

Both the effective stress theory (Bishop, 1959) and the independent stress 

variable theory (Fredlund and Morgenstern, 1977) are the two most representative 

theories for the research of the state of stress of unsaturated soil. For both theories, 

the term matric suction (ua - uw) is an important parameter for describing the 

mechanical behaviors of unsaturated soil.  

The study on soil suction started from the pedology and agricultural 

engineering in the early 1900s (Buckingham, 1907; Gardner and Widtsoe, 1921; 

Richards, 1928; Schofield, 1935; Edlefsen and Anderson, 1943; Childs and Collis-

George, 1950; Bolt and Miller, 1958; Corey and Kemper, 1961). Soil suction is the 

general term that is used to refer to matric suction, osmotic suction, or total suction 
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(Krahn and Fredlund 1972). The equation form of soil suction is as follows: 

 
a wu u = − +( )  (2.3) 

where ψ is total suction; (ua - uw) is the matric suction; π is osmotic suction. Osmotic 

suction is related to the dissolved salt content in pore water, and it does not play an 

important role in the mechanical behaviors of unsaturated soil (Fredlund 2006). 

However, matric suction (ua - uw) is a stress state variable (Lu 2008), and it has a 

significant influence on the mechanical behaviors of unsaturated soil, such as shear 

strength (Kayadelen, Tekinsoy, and Taşkıran 2007), constitutive model (Alonso, 

Gens, and Josa 1990; Lloret et al. 2003). In general, matric suction is derived from 

two parts: capillary suction (ua - uw)c and adsorption suction (ua - uw)a (Lebeau and 

Konrad 2010). Their mechanism is totally different (Yan, Cheng-gang, and Guo-

qing 2015). Capillary suction is derived from capillary action, whereas, adsorption 

suction is derived more from physical-chemical interaction between clay minerals 

and bound water. At present, matric suction is discussed more based on the capillary 

phenomenon because the mechanism of capillary action is clear and the 

mathematical model is simple (Lu and Likos 2006). However, using only the 

capillary model to predict the whole suction range may cause inaccuracy because 

this model neglects the physical-chemical interactions in soil (Iwamatsu and Horii 

1996). Capillary action is able to account for matric suction of cohesionless soil 

perfectly, whose value is usually less than 102 kPa. But for cohesive soil, the major 

contribution of matric suction results from the bound water adsorption onto the clay 

particles rather than capillary action (Tuller and Or 2001; Lebeau and Konrad 2010), 

and its value is usually in the range from 102 kPa to 105 kPa. Therefore, in order to 

have an in-depth understanding of matric suction in soil, it is necessary to take both 

capillary water and bound water into account. 

Further, suction measurement is an important part of suction researches. Matric 

suction covers a wide range of values; those at the lower range (<102 kPa) are easier 

to measure, but those at the higher range (>102 kPa) become harder to measure. The 

devices and measurement range are listed in Table 2.1. Psychocmeters (Campbell, 

1971; Albrecht et al. 2003), filter paper method (McKeen, 1981; Chandler and 
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Gutierrez, 1986; Houston, 1994; Fredlund, 1995; Bicalho et al. 2007; Sun, 2011), 

tensiometer (Muraleetharan, 1999; Becker et al., 2002; Lourenço 2006), axis 

translation technique (Cresswell et al., 2008; Xu, 2015; Wang, 2019), thermal 

conductivity sensors (Phene, 1971; Sattler and Fredlund, 1989; Wong and Fredlund, 

1989) are the conventional suction measurement methods. 

 

Table 2.1 Devices for the measurement of soil suction (modified after Fredlund, 

1993) 

Device Suction type Range 

Psychometers Total suction 100- ~ 8000 

Filter paper Total suction Entire range 

Tensiometers Matric suction 0 -90 

Null-type pressure plate (axis 

translation) 
Matric suction 0-1500 

Thermal conductivity sensors Matric suction 0-400 

Pore fluid squeezer Osmotic suction Entire range 

 

2.2.2 SOIL-WATER CHARACTERISTIC CURVE 

Soil-Water Characteristic Curve (SWCC) refers to the constitutive relationship 

between water content and matric suction, and a typical SWCC is shown in Figure 

2.1. SWCC provides a conceptual understanding between the mass (or volume) of 

water in the soil and the energy state of the water phase. Also, SWCC is an 

important hydraulic property and an indispensable tool to depict the mechanical 

properties of unsaturated soil (Fredlund and Morgenstern 1976; Assouline, 2001; 

Zhang et al., 2009; Huang et al., 2010; Zhou et al., 2016). It has been used to predict 

the permeability, shear strength, and constitutive relation of unsaturated soil 

(Fredlund, D.G. et al., 1993). The shear strength changing with matric suction is 

another vital issue for unsaturated soil mechanics (Vanapalli, 2009).  
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Figure 2.1 A typical Soil-Water Characteristic Curve (SWCC) 

 

In the 19th century, Briggs (1897) firstly proposed that the water-holding 

capacity of the soil is due to surface tension. Then, through further investigation, 

Haines (1923; 1925; 1930) initially put forward that surface tension is considered 

as a positive factor to increase stress between soil particles; meanwhile, he used a 

capillary model to explain the theory. Furthermore, Bishop extended Terzaghi’s 

effective stress principle of saturated soil to unsaturated soil by using the SWCC as 

a tool. Moreover, Fredlund and Morgenstern (1977) proposed a shear strength 

equation of unsaturated soil, and Vanapalli (1996a; 1996b) and Lu (2010) also put 

forward an effective stress equation with some simplification of Bishop’s ffective 

stress equation. All those proposed equations are directly or indirectly used SWCC.  

A typical SWCC can be divided into three zones: boundary-effect zone, 

transition zone, and residual zone. Soil suction in the boundary-effect zone is low, 

and soil is assumed as saturated in this zone. With the decrease of water content, 

soil suction becomes higher and has more engineering significance. In the transition 

zone, capillary water generally expands into a continuous water body in soil, and 

both water and air are continuous. Thus, it is also called water-air bi-open state for 

this zone, and capillary action provides the main part of matric suction. In the 

residual zone, the contribution of matric suction on the effective stress of soil is 

mainly from the physical-chemical interaction between clay minerals and bound 
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water. In this zone, matric suction is extremely high and sensitive to water content 

variation.  

Generally, the suction range of cohesionless soil is within 102 kPa, and it can 

be perfectly explained by the capillary model. However, the SWCC of cohesive soil 

has a wide suction range. Based on the experimental results, the highest suction can 

reach 106 kPa. Therefore, the contribution of bound water must be considered. 

Lebeau and Konrad (2010) divided the SWCC into two parts: the contribution of 

capillary water and the contribution of bound water. Then, Lu (2016) proposed a 

generalized conceptual SWCC model for both capillary suction and adsorptive 

suction as shown in Figure 2.2. A detailed introduction of components of matric 

suction and their variation with soil type and saturation can refer to (Lu and Likos 

2004).  

 

  

Figure 2.2 The conceptual SWCC considering both capillary suction and 

adsorption suction (referring Lu (2016)) 

 

Conventionally, the laboratory test is the most straightforward method for the 

acquisition of SWCC. SWCC is measured by laboratory equipment such as pressure 

plate, tensiometer, and so on (Woodburn et al., 1993; Bicalho et al., 2007; Agus et 

al., 2010). The procedures of the laboratory test, are technically complicated and 

time-consuming (ASTM, 1997). Then, researchers also make an effort to estimate 
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SWCC by using the pore distribution curve or the grain-size distribution curve 

alternatively (Aubertin, 2003; Fredlund, 1995; Fredlund et al., 2011; Gitirana et al., 

2004).  

2.2.3 SHEAR STRENGTH 

The safety of the engineering structure is dependent on the shear strength of 

the underlying soil. The shear strength of saturated soil (Terzaghi, 1936) is 

presented as follows: 

 ( ) ta '' nwc u = + −  (2.4) 

where τ is the shear strength; c’ is the effective cohesion; ϕ’ is the friction angle; σ 

is the total normal stress; uw is the pore-water pressure; (σ - uw) is the net normal 

stress.  

The soil for the engineering structure is usually unsaturated. Therefore, the 

shear strength of unsaturated soil has to be taken into consideration. The shear 

strength of unsaturated soil extended by Bishop (1960) are: 

 ( ) ( )tan ' tan '' a a wc u u u   = + − + −  (2.5) 

where ua is the pore-air pressure; (σ - ua) is the net normal stress and (ua - uw) is the 

matric suction; χ is the effective stress parameter, which varies from 0 to 1. The 

first two terms are subject to the Mohr-Coulomb criterion when the soil is saturated. 

The third term is shear strength due to matric suction when the soil is unsaturated. 

This equation is still widely accepted up to now. Thereafter, Fredlund and 

Morgenstern (1978) proposed a shear strength equation for unsaturated soil, which 

is in terms of two independent stress state variables: 

 ( ) ( )tan ' t n  a' a a w

bc u u u  = + − + −  (2.6) 

where ϕb is the friction angle related to the matric suction, and the other terms are 

the same as the above mentioned. Eq. (2.6) is widely employed in shear strength 

analysis of unsaturated soils. Extract the last term of Eqs. (2.5) and (2.6), and focus 

on the analysis of unsaturated strength: 

 ( ) ( )tan ' tan  =app a w

b

a wc u u u u = − −  (2.7) 
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where capp is the shear strength due to the matric suction. Fundamentally, parameter 

ϕb depends on ϕ’ and degree of saturation Sr. For simplification, Vanapalli (1996), 

based on the experimental data, has proposed two empirical equations to predict the 

shear strength due to suction, one of them is: 

 ( ) tan) '(app a wu uc  = −   (2.8) 

where Θ is the normalized volumetric water content, κ is a fitting parameter 

between the measured and predicted values. Θκ is equivalent to the parameter  and 

has the relation with ϕb as follow: 

 
btan

 =
tan '

  =  



  (2.9) 

The value range of Θ is from 0 to 1, and the effective stress equation can smoothly 

transit from saturated state to unsaturated state. The parameter  is considered as 

“the pore-water pressure acts over an area of the soil”, and Θ has the same physical 

meaning.  

In summary, matric suction can provide extra shear strength for soil. The 

contribution of matric suction on the shear strength is mainly dependent on the 

value of matric suction and the effective stress parameter , which is a function of 

the degree of saturation, and the contribution mainly reflects on apparent cohesion.  

2.2.4 SOIL MICROSTRUCTURE 

The study of soil microstructure has been accompanying by the development 

of soil mechanics for several decades (Saba et al., 2014). From the micro 

perspective, the hydraulic properties and mechanical properties are a result of 

microstructural evolution with external environmental changes. Soil microstructure 

researches can provide a connection between the micro mechanism and macro-

mechanical behaviors. 

The structure of soil refers to the shape, size, and characteristics of the particles 

themselves, the arrangement of the particles in space, the pore characteristics, and 

the total contact of the particles. Terzaghi, who is considered as the founder of soil 

mechanics, was the first to pay attention to the microstructure of soil and to 
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highlight its influence on the physical and mechanical properties of soil at his 

classical works, theoretical soil mechanics (Terzaghi, 1950). Following the creative 

work of Terzaghi, Kubiena (1932) put forward the essential concepts on 

microstructure such as microfabric, plasma, and skeleton. In the following years, 

based on the concept of “Microfabric”, many researchers were engaged in the 

studies of microstructural soil in detail, e.g. (Brewer, 1964; O’Brien, 1971; Mitchell, 

1976; Tan, 1982; Wang, 1982; Mitchell, 2005; Wang, 2000; Wang, 2001; Kong, 

2011; Sun, 2018).  

In the early stage, the researches on soil micro-scale analysis concentrated on 

micromorphology, which is focused on the description or explanation of the 

mineralogical features and the geometric characteristics. Such as mineral 

composition, particle size distribution, particle and pore morphology, contact types, 

etc. (Prakongkep, 2010; Zhang and Shi, 2007; Saba et al., 2014; Sun and Tang, 

2018). For example, Figure 2.3 shows the conceptual structures of silt or sand 

particles: the loose arrangement (Figure 2.3 (a)) and the tight arrangement (Figure 

2.3 (b)). Figure 2.4 shows the basic contact of silt or sand particles: the point 

contact (Figure 2.4 (a)) and the point contact (Figure 2.4 (b)). Figure 2.5 shows 

the skeleton particle morphology: the angular soil particle (Figure 2.5 (a)); the 

rounded soil particle (Figure 2.5 (b)); the clothed angular soil particle (Figure 2.5 

(c)); the clothed rounded soil particle (Figure 2.5 (d)). The angular soil particle and 

the rounded soil particle are the most common soil skeleton particle for sandy soil. 

For clayey soil, the soil particles are usually clothed with a layer of thin clay film. 

Mitchell had studied soil fabric features and summarized them into five typical 

micro soil fabric (Mitchell and Soga, 2005). Consequently, soil with different 

skeleton particles presents different mechanical properties (Wang, 1984; Shen, 

1992; Shi et al., 1997; Wang et al., 2001; Shi et al., 2002). In this research, we 

focused on the soil structure in Figure 2.3. 
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(a)                       (b) 

Figure 2.3 the conceptual structures of silt or sand particles (a) loose arrangement 

(b) tight arrangement 

 

            

(a)                            (b)  

Figure 2.4 the basic contact types of silt or sand particles (a) the point contact (b) 

the surface contact 

 

   

(a)               (b)               (c)               (d) 

Figure 2.5 The skeleton particle morphology: (a) the rounded soil particle; (b) the 

angular soil particle; (c) the clothed rounded soil particle; (d) the clothed angular 

soil particle 

 

Optical microscopy is a mostly used technique in soil microstructure research 

(Smart, 1966; Pires et al., 2013; Hou, 2018). With the development of electron 

microscopy (Gillott, 1968; Tovey et al., 1981; Sergeyev et al. 1980; Zhang and Shi, 

2007; Zhou and Fang, 2009), and mercury intrusion porosimetry (Klock et al., 
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1967; Lapierre et al., 1990; Kong, 2008; Zhou et al., 2010; Tang et al., 2015; Zhang 

et al., 2017), the more detailed and targeted researches were conducted (Zhang and 

Kong, 2013; Wang, 2019; Li, 2005; Ye, 2005; Xu, 2015).  

The researches on microstructure are not only on the soil microstructure itself 

but tend to couple with mechanical behaviors (Chen et al., 2011; Minabe et al., 

2016; Liu et al., 2018). The micromechanical analysis on unsaturated soil could 

date back to Fisher’s research (1926). Fisher is regarded as a pioneer in soil-water 

interaction research, and he analyzed the effect of surface tension on the ideal soils 

(spherical surface). Based on Fisher's results, Sparks (1965) proposed a suitable 

stress equation for gelatin soil, moreover, which firstly took different wetting angles 

into account. Dallavalle (1943) proposed an approximate expression using the 

contact spheres model to describe the relationship between the meniscus radius of 

curvature, the fill angle, and the contact sphere radius. Cho and Santamarina (2001) 

explained several phenomena of unsaturated materials with the evolution of 

capillary force during drying. Molenkamp (2003) discovered that the cohesion 

generated by matric suction is significant in the low-saturation of fine-grained soil. 

To date, a set of micro soil models have been proposed (Pusch, 1966; Dudley, 1971; 

Liao, 1979; Gao, 1979; Qian, 1980; Gao, 1980; Li, 1980; Gao, 1981; Gao, 1984; 

Miao, 1990; Hu; 1995; Shi, 1997; Jiang et al., 2009; Kong, 2011). One of the most 

common simplifications in these studies is that soil particles are simplified as the 

disc (2-D) or ball (3-D) with equal or unequal radii. Meanwhile, the soil 

microstructure is relatively simple, and most of the soil structures are assumed in a 

cubic arrangement or a tetrahedral arrangement. 

In order to have a deep understanding of soil microstructure, more and more 

scholars adopted numerical methods in the study of soil-water interaction. DEM 

was one of the most used numerical methods in unsaturated soil research. Soulié 

(2006) investigated a polydisperse granular material in which the particle 

interactions are governed by a capillary force law. In order to evaluate the influence 

of capillary action on the macroscopic behavior, Jiang (2010) applied the 3-D DEM 

to treat the soil particles as rigid spheres, and the capillary action is taken as the 

inter-particle force. Other similar works also have been done by many researchers, 
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e.g. Soulié (2010), Payam (2011), Du (2015).  

The Importance of microscopic researches on soil can be summarized as 

follows: (1) The physical and mechanical properties of soil, such as shear strength, 

deformation, permeability, are the evolution of the microstructure being affected by 

external factors. Therefore, microstructural researches are helpful for a deeper 

understanding of the nature of the soil. (2) For unsaturated soil mechanics, most 

researches are concentered on matric suction. Matric suction is derived from 

capillary action and adsorption action, which belong to the discipline of 

micromechanics. Thus, microstructure research is a bridge to analyze the soil-water 

interaction for unsaturated soil. 

In conclusion, the micro-scale analysis gradually becomes a more concerned 

issue of soil mechanics for its unique role in revealing the nature of soil. The 

microstructural research laid a foundation for the research of hydraulic property and 

mechanical property of soil. However, the microstructure of soil is complex, and 

the microstructural researches on unsaturated soil still need further study. 

2.2.5 MATRIC SUCTION AND SHALLOW SLOPE STABILITY  

Slopes in nature are affected by many external factors, and the long-term 

effects of these factors will change the stability of slopes. For soil slopes, water 

content variation such as rainfall (Crosta, 2003b; Ebel et al., 2007; Lu et al., 2012), 

snow-melting, and even irrigation are the common factors to trigger landslides. The 

rainfall-induced slope failure is the research focus in this study.  

Rainfall-induced landslides could occur in a variety of soil types (Dai, Lee, 

and Wang 2003), and most of them occurred in mountainous areas (Hwang et al. 

2015; van Asch et al. 2007; Jia et al. 2012). These slope failures are prone to occur 

in the soil slopes of 20⁰-40⁰ (Yu et al. 2016) because the slope angle that is less than 

20° is too gentle for shallow landslides (Godt et al. 2008) and soil thickness is too 

small for a slope angle more than 40° (Montgomery and Dietrich 1994). The sliding 

surface is typically a depth of a few centimeters to a few meters, and the long failure 

plane is parallel to the slope surface. The landslide volume is relatively small (Ran 

et al. 2018).  
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The dissipation of matric suction in the topsoil is one of the disaster-causing 

factors of rainfall-induced landslides (Yang et al. 2017; Augusto Filho and 

Fernandes 2019). Generally, matric suction is high for unsaturated soil in the dry 

state; however, when the water content increases due to rainfall (Zhan, Ng, and 

Fredlund 2007; Rahardjo et al. 2001; Chen et al. 2007), snowmelt (Naudet et al. 

2008; Kawagoe, Kazama, and Sarukkalige 2009), or irrigation (Wang, Wu, and 

Zhou 2004; Zhang et al. 2009), the shear strength provided by matric suction is 

reduced (Godt, Baum, and Lu 2009; Li et al. 2003). The dissipation of matric 

suction is mainly associated with the apparent cohesion loss (Yajing, Baoping, and 

Boxun 2011), which directly leads to slope failure and significantly influences the 

post-failure behaviors (Qian and Koerner 2004; Rao 1996). How to consider the 

effect of matric suction on slope stability and post-failure behaviors is an 

outstanding research topic. 

Numerous researchers focused on slope stability analysis and made great 

achievements (Zhang et al. 2011). Up to now, several physical-based models have 

been proposed. Tsai and Wang (2008) proposed a physical-based model to assess 

the slope stability induced by the dissipation of matric suction (Tsai, Chen, and 

Yang 2008), then they considered the effect of the degree of saturation on the unit 

weight and the shear strength in their model (Tsai and Chen 2010; Tsai and Wang 

2011). Montrasio (2008) proposed an empirical equation to approximate the 

suction-induced cohesion based on the experimental data and introduced a 

simplified stability model to evaluate the safety factor of slopes (Montrasio and 

Valentino 2008). Then, they applied the model to some rainfall-induced landslides 

in Italy (Montrasio, Valentino, and Losi 2009, 2012). 

In addition, matric suction also plays an important role in the estimation of the 

runout distance in the post-failure analysis (Legros 2002; Dahl et al. 2013). The 

experimental results showed that the runout distance of soil mass has a high 

variation under different water content (matric suction) (Zheng 2018). Further, the 

laboratory tests of hillslope debris flow in Switzerland revealed that water content 

is the dominant factor for the runout distance. Even a small increase in water content 

is able to produce a considerably larger runout distance, and the correlation between 
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water content and maximum runout distance can be fitted by an exponential 

function (Hürlimann, McArdell, and Rickli 2015). Thus, matric suction is an 

indispensable and irreplaceable factor in the analysis of post-failure behaviors of 

rainfall-induced landslides. 

 

  

Figure 2.6 Shear strength of different types of soil with respect to matric suction. 

(modified after (Vanapalli et al. 1996)) 

 

Both experimental results and field investigations have shown that the matric 

suction gradually increases with soil water decreases, but the larger matric suction 

does not mean that it always has a larger contribution to the shear strength (GENG 

et al. 2012). The variation of shear strength with respect to matric suction is highly 

non-linear. Figure 2.6 shows the typical shear strength with respect to matric 

suction for cohesionless soils and silts. The shear strength of cohesionless soil 

decreases in the high suction range; the contribution of matric suction on the shear 

strength of silty soil is small in the high suction range.  

The concept of suction stress was put forward by Lu (2006; 2008) to refers to 

all inter-particle stress. The inter-particle stress includes but is not limited to, (1) 

negative pore-water pressure caused by soil matrix; (2) capillary force that acts at 

the surface of air-water interface; (3) an electric double-layer force; (4) a van der 

Waals attractive force; (5) the Born inter-atomic repulsive forces. Forces (1) and (2) 

can be reflected by matric suction (ua - uw). For forces (3)-(5), Lu provides some 
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research results. Because the forces (3)-(5) are difficult to be quantitively 

determined, they are simplified as a percentage of matric suction that will be 

expressed as the parameter κ and introduced in the following. As shown in Figure 

2.7, at the REV (Representative Elementary Volume) scale, there is no stress for dry 

soil (Figure 2.7 (a)). With water filled in soil, inter-particle stress gradually 

develops and causes soil deformation (Figure 2.7 (b)). The developed inter-particle 

stress can be mechanically substituted by suction stress (Figure 2.7 (c)). 

 

    

(a) dry soil: no stress         (b) wet soil: matric suction 

 

(c) equivalent suction stress 

Figure 2.7 the concept of equivalent suction stress at the REV scale: (a) dry soil: 

no stress, (b) wet soil: matric suction, (c) equivalent suction stress. (modified from 

Lu and Likos (2004)) 

 

Figure 2.8 shows the possible patterns between suction stress and the degree 

of saturation Sr of three typical soil: sandy soil, silty soil, and clayey soil. Different 

soil has different features. For sandy soil and some silty soil, suction stress is a few 
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kPa in the residual zone and boundary-effect zone, which means suction stress has 

little influence on the effective stress of soil. In the transition zone, the magnitude 

of suction stress reaches tens of kPa, and the exact value is dependent on soil types. 

Suction stress often has a peak value in the range ~40 < Sr < ~60. For clayey soil 

and some silty soil, the mechanism of suction stress is different in the residual zone, 

and bound water contributes more to suction stress, which causes suction stress 

increasing with water content decrease. 

 

 

Figure 2.8 Illustrations of variations of suction stress as a function of the degree 

of saturation for different soils (after Lu et al., 2010). 

 

Landslides have a lot of patterns, and the most encountered are translational 

sliding ( Figure 2.9 (a)) and rotational sliding (Figure 2.9 (b)). The mechanism of 

these two slope failures is different. The rainfall-induced slope failure often 

presents as the translational failure model, hence, which will be adopted in the 

following chapters. Theoretical analysis method and numerical simulation method 

are two conventional methods to assess the stability of soil slopes, and each of these 

methods has strengths and weaknesses. 
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(a)  

 

(b)  

Figure 2.9 Two mechanisms of slope failure. (a) Translational slope failure and (b) 

rotational slope failure  

 

The most conventional slope stability analysis method is based on the concept 

of “limit equilibrium”, which defines the critical state when the shear stress of a 

slope is in the just-stable mechanical equilibrium with the shear strength of the soil 

material. 

The factor of safety (FOS) is expressed as the ratio of shear strength of soil τf 

to the shear stress τd for the limit equilibrium state as follows: 
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(2.10) 

The methods of slices are the most popular limit equilibrium technique. In this 

approach, the slope is discretized into many vertical slices, and three mechanical 

equilibrium equations need to be satisfied: (1) force equilibrium in the horizontal 

direction, (2) force equilibrium in the vertical direction, and (3) moment 

equilibrium. Bishop simplified method, Ordinary method of slices (Swedish circle 

method/Petterson/Fellenius), Spencer’s method, Sarma’s method, etc. are examples 

of the common slope stability analysis methods (Fredlund and Krahn, 1977; Bishop, 

1955; Spencer, 1967; Sarma, 1975; Fredlund, 1984; Janbu and Nilmar, 1973; Chugh 

and Ashok, 1982; Morgenstern and Price, 1965; Lowe and Karafiath, 1960). The 

assumptions of each method are summarized by Fredlund (Table 2.2). 

 

Table 2.2 The soil slope stability analysis methods and its assumptions (from 

Fredlund, 1984) 

Method Assumption 

Ordinary method of 

cells 
Interslice forces are neglected.  

Bishop's 

simplified/modified  

Resultant interslice forces are horizontal. There are no 

interslice shear forces.  

Janbu's generalized 
An assumed line of thrust is used to define the location of 

the interslice normal force.  

Spencer  

The resultant interslice forces have constant slope 

throughout the sliding mass. The line of thrust is a degree 

of freedom.  

Chugh 
Same as Spencer's method but with a constant acceleration 

force on each slice.  

Morgenstern-Price 

The direction of the resultant interslice forces is defined 

using an arbitrary function. The fractions of the function 

value needed for force and moment balance is computed.  
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Fredlund-Krahn 

(GLE)  
Similar to Morgenstern-Price.  

Corps of Engineers  

The resultant interslice force is either parallel to the ground 

surface or equal to the average slope from the beginning to 

the end of the slip surface.  

Lowe and Karafiath  

The direction of the resultant interslice force is equal to the 

average of the ground surface and the slope of the base of 

each slice.  

Sarma  

The shear strength criterion is applied to the shears on the 

sides and bottom of each slice. The inclinations of the slice 

interfaces are varied until a critical criterion is met.  

Ordinary method of 

cells 
Interslice forces are neglected. 

 

The limit analysis is another useful tool for solving problems of slope stability 

analysis in the past decades years since Chen (1975) published the limit analysis 

and soil plasticity. This method is based on the assumptions: (1) the material is 

elastoplastic or rigid-plastic; (2) the limit state is described by a yield; (3) the 

material obeys the potential flow rule. The limit analysis theorems contain the upper 

bound plastic collapse theorem and the lower bound plastic collapse theorem. The 

upper bound theorem states that if a kinematically admissible mechanism is found, 

then the limit load calculated by equating the rate of work of external forces to the 

rate of internal energy dissipation is not smaller than the true limit load. Based on 

the upper bound plastic collapse theorem, the calculated factor of safety is only the 

upper estimation of actual value. It is believed that the limit analysis method is an 

appropriate engineering tool ( Drucker and Prager, 1952; Chen, 1975; 1990; 1997; 

Michalowski, 1989; 1995; 2002; 2010). 

With the developments of computer technology in recent decades, the 

numerical simulation method has become more and more popular for engineering 

practice. Numerical simulation method provides a new paradigm for analyzing 

engineering problems, and it can overcome the shortages of the conventional 
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analysis method. Examples of these shortages include complex geometry, material 

anisotropy, non-linear behavior, which are hard to be solved by conventional 

methods. However, numerical modelling has some limitations. For example, the 

input parameters are not usually measured, and some control parameters are 

empirical parameters that are hard to be determined. Numerical simulation methods 

used for slope stability analysis can be categorized into continuous methods, e.g., 

Finite Element Method (FEM) (Clough, 1960), Finite Difference Method (FDM) 

(Mitchell and Griffiths, 1980), and discontinuous methods, e.g., Discrete Element 

Method (DEM) (Cundall, 1971) and Discontinuous Deformation Analysis (DDA) 

(Shi and Goodman, 1985; 1989). 

FEM is a mathematical method that was first developed by Courant (1943). 

Then, Clough (1960) developed and used this method for engineering analysis. The 

ideas of FEM can be summarized as follows: (1) dividing the domain of the problem 

into a collection of subdomains, and each subdomain represented by a set of 

element equations; (2) recombining all sets of element equations into a global 

equation for the final calculation. FEM is a valuable tool for slope stability analysis 

(e.g., Prevost, 1981; Griffiths and Prevost, 1988; Elgamal et al., 1990; Griffiths and 

Lane, 1999; Taiebat et al., 2011; Zheng et al., 2009, Latha and Garaga, 2010; Zhang 

et al., 2012a).  

Discrete Element Method (DEM) is another common numerical simulation 

method to be used in analysis of slope stability. In the discontinuous methods, soil 

is assumed as discontinuous material with fissures and joints developed in soil body. 

The block is allowed for large movement, and the interactions among individual 

blocks are linked by contacts. DEM (Cundall, 1971) is developed based on 

Newton's second law. The dynamic equation of equilibrium and the boundary 

conditions for each block are satisfied for each time step. Some applications of 

DEM can be found in the literature (Cundall, 1992; Chang, 1992; Zhang et al., 1997; 

Papantonopoulos et al., 2002; Psycharis et al., 2003; Bhasin and Kaynia, 2004; 

Pekau and Cui, 2004; Komodromos et al., 2008; Papaloizou and Komodromos, 

2009; Pal et al., 2011). Recently, DDA (Shi and Goodman, 1985; 1988; 1989), a 

member of the family of the DEM, has been employed in analyzing the behaviors 
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of block systems. With several decades’ development, DDA has overcome some of 

its limitations, and it has become a powerful tool in simulation discontinuous 

problems. The fundamentals of DDA will be introduced in detail in the next section. 

2.3 CONVENTIONAL 2-D DDA 

2.3.1 THEORY OF 2-D DDA 

2.3.1.1 Displacement function 

In 2-D discontinuous deformation analysis (DDA) method, the model is made 

up of a certain number of deformable individual blocks. Each block i has six degrees 

of freedom, which includes rigid-body displacement, rigid-body rotation, normal 

strain, and shear strain. Therefore, the deformation variable of a block i can be 

expressed as: 

 ( )
T

0 0 0       i x y xyD u v r   =  (2.11) 

where Di is the matrix of displacement, which includes six basic variables of 

displacement and deformation. (u0, v0) is the rigid-body displacement; r0 is the 

rigid-body rotation; (εx, εy) is the normal strain; γxy is the shear strain of the gravity 

centroid point (x0, y0) of a block, respectively. In DDA method, it is assumed that 

the large displacements are the accumulation of incremental displacements and 

deformations at each time step. Within each time step, the incremental 

displacements of all points are relatively small, so it is reasonable to adopt the first-

order approximation to represent the displacements of all blocks. 

Because DDA adopts the first-order displacement approximation, stress and 

strain in each block are constant. The rigid-body displacement, rigid-body rotation, 

normal strain, shear strain, and the total displacement of an arbitrary point (x, y) in 

a block i can be obtained as follows: 

1. Rigid-body displacement (u, v) of an arbitrary point (x, y) of a block: 
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vv

    
=     

    
 (2.12) 

2. Rigid-body rotation (u, v) of an arbitrary point (x, y) of a block: 



 

43 

 

 ( )0

0

0

( - )

( - )

y yu
r

v x x

−  
=   

   
 (2.13) 

3. Normal strain (u, v) of an arbitrary point (x, y) of a block: 
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4. Shear strain (u, v) of an arbitrary point (x, y) of a block: 

 ( )0

0

( - ) / 2

( - ) / 2
xy

y yu

v x x


  
=   

   
 (2.15) 

5. The total displacement (u, v) at any point (x, y) of a block can be 

represented as follow: 

   i i

u
T D

v

 
= 

 
 (2.16) 

   0 0 0

0 0 0

1 0 ( - ) ( - ) 0 ( - ) / 2

0 1 ( - ) 0 ( - ) ( - ) / 2
i

y y x x y y
T

x x y y x x

− 
=  
   

(2.17) 

where Ti is the displacement function of any point (x, y) of block i, Di are variables 

representing the block displacement and deformation. The displacement of any 

point of block i can be calculated by this equation. 

2.3.1.2 Global equilibrium equation 

DDA adopts the implicit solution, displacement and deformation of each block 

are obtained by solving the global equilibrium Eq. (2.18), which involves all 

discrete deformable blocks. The global equilibrium equation is set up on the 

principle of minimum potential energy, which is similar to the Finite Element 

Method (FEM). The potential energy includes but not limits to (1) the elastic stress, 

(2) the initial constant stresses, (3) the body forces, (4) the inertia forces, (5) the 

contact forces of the blocks system. Assume that there are n blocks in a block 

system, the global equilibrium equation of the blocks is presented as follows: 
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where Kij is a 6×6 submatrix sub-matrix of the block, Kij (i = j) depends on the 

material properties, and Kij (i ≠ j) depends on the contact properties between block 

i and block j, Di and Fi are 6×1 submatrices, Di is the deformation variable of block 

i, Fi is the loading of block i. 

The total potential energy of a blocks’ system with n blocks is formed as: 
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(2.19) 

For block i, equations 
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 (2.20) 

represent the equilibrium of all loads and contact forces acting on the block along 

x, y directions, respectively. Equations 
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 (2.21) 

 

represent the moment equilibrium of all loads and contact forces acting on the block. 

And equations 
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represent the equilibrium of all external forces and stresses on the block. 

The differentiations 
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are the sub-matrix Kij in Eq. (2.18). The differentiations 

 
( )0

,  1, ,6
ir

r
d


− =


                (2.24) 

are the free terms of Eq. (2.18) after moving to the right side of the equation, which 

are the sub-matrix Fi. 

2.3.1.3 Submatrices of non-contact loadings  

2.3.1.3.1 Submatrix of elastic stiffness 

The elastic strain energy generated by the elastic stresses of block i is 

 ( )e

1
Π d d

2
x x y y xy xy x y     = + +  (2.25) 

where the integral domain is the area of block i. For each time step, blocks are 

assumed as linearly elastic. The relations between stress and strain can be 

established as 

 E =  (2.26) 

where 

 ( )0 0 0
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x y xy   =  (2.27) 
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where E is Young’s modulus and υ is Poisson’s ratio of block material for plane 

stress and plane strain as appropriate. Eq. (2.25) can be represented by the block 

displacement variables 

 
1

d d
2 2

T Ti
e i i i i i i

S
D E D x y D E D = =             (2.30) 

Minimizing Πe by taking the derivatives, the corresponding 6 × 6 submatrices 

are obtained and added to the global stiffness matrices Kij in the global equilibrium 

Eq. (2.18), as shown below 

 i i iiS E K→                       (2.31) 

2.3.1.3.2 Submatrix of initial stress 

In DDA, the computed stresses of the previous time step will be transferred to 

the next step as initial stresses. For block i with initial constant stresses, 

 ( )0 0 0

0 0 0 0
T

x y xy   =  (2.32) 

the potential energy can be expressed as: 

 0 0

1
d d

2 2

T TiS
x y     = =  (2.33) 

Minimizing Πσ by taking the derivatives, the corresponding 6 × 1 submatrices 

is obtained and added to the global force matrices Fi in the global equilibrium Eq. 

(2.18), as shown below 

 0i iS F− →                          (2.34) 

2.3.1.3.3 Submatrix of point loading 

Assuming the point loading (Fx, Fy) acts on any point (x0, y0) within block i. 
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The potential energy of the point load is 
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 (2.35) 

Minimizing Πp by taking the derivatives, the corresponding 6 × 1 submatrices 

is obtained and added to the global force matrices Fi in the global equilibrium Eq. 

(2.18), as shown below: 
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2.3.1.3.4 Submatrix of body force 

Assuming that (fx, fy)  is the constant body force acting on the block i, the 

potential energy is 

 

 

( )( )

vΠ d d

= , d dy

0 0 0 0

x

y

xT T

i i

y

T
T

i x i y i

f
u v x y

f

f
D T x y x

f

D f S f S

 
= −  

 

 
−  

 

 = −  



  (2.37) 

Minimizing Πv by taking the derivatives, the corresponding 6 × 1 submatrices 

is obtained and added to the global force matrices Fi in the global equilibrium Eq. 

(2.18), as shown below: 

 0 0 0 0
T

x i y i if S f S F  →   (2.38) 

The constant body force is equivalent to a point load on the centroid of gravity. 

2.3.1.3.5 Submatrix of the force of inertia 

In DDA, the dynamic computation inherits the full velocity at the end of the 

previous time step. The static computation inherits a certain percentage of the 

velocity at the end of the previous time step as the initial velocity at the beginning 

of this time step.  

Denote (u(t), v(t)) as the time-dependent displacement of any point (x, y) of 
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block i and ρ as the mass per unit volume. The force of inertia per unit volume is 
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The potential energy of inertia force applied on block i is 
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Denote Δt as the time interval of the time step; Di as the displacement 

increment during this time step; Di (t) = [0] is the displacement at the beginning of 

the time step; Di (t + Δt) is the displacement increment during the time step. Di can 

be described by the time integration: 
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Assume the acceleration is constant over this entire time step. Then applying 

the scheme of the average acceleration in Eq. (2.34) 
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D V t

t t tt

 +  
= = −

  
       (2.42) 

where 

 ( )
( )i

i

D t
V t

t


=


                    (2.43) 

The velocity at the end of this time step is 

 ( ) ( )
2

+i i iV t t D V t
t

 = −


                (2.44) 

Then, the potential energy becomes 

( ) ( )
( )

( )i 2

2 2
Π , , d dT T

i i i i iD T x y T x y x y D V t
tt


 

= − 
  

       (2.45) 
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Minimizing Πi by taking the derivatives, the corresponding 6 × 6 submatrices 

and two 6 × 1 submatrices are obtained and added to the global stiffness matrices, 

Kii, and the global force sub-matrices, Fi, in the global equilibrium Eq. (2.18),  

respectively, as shown below: 

Mass matrix: 

 
( )

( ) ( )2

2
, , d dT

i i iiT x y T x y x y K
t


→


            (2.46) 

Velocity matrix: 

 ( ) ( ) ( )
2

, , d dT

i i i iV t T x y T x y x y F
t


→

              (2.47) 

The integration can be obtained from 

( ) ( )

1 2
1 2 3

3
3 1 3

3
3 2

3 31 2 1 2

0 0 0 0 0

0 0 0 0 0

0 0 0
2

, , d d 0 0
2

0 0 0
2

0 0
2 2 2 4

T

i i

S

S

S S
S S S

ST x y T x y x y S S S

S
S S

S SS S S S

 
 
 
 −

+ − 
 
 = −
 
 
 
 
 − +
 
 

 (2.48) 

where 

 
( )

( )

( )

2

1 0

2

2 0

3 0

d d

d d

d d

d d

S x y

S x xx x y

S y yy x y

S xy x y x y

 =

 = −


= −


= −










                     (2.49) 

 

0

0

xd d

d d

yd d

d d

x y
x

x y

x y
y

x y


 =




=










                         (2.50) 

(x0, y0) is the centroid of block i and S, S1, S2, and S3 can be calculated in terms 
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of the coordinates of the blocks vertices. 

2.3.1.3.6 Submatrix of measured displacement 

The boundary condition is also allowed in DDA, displacement (um, vm) is 

sometimes fixed or pre-determined on any prescribed point (x0, y0) within block i. 

Assuming that the virtual displacement of the point is (u, v), it imposes a stiff spring 

to force its displacement (u, v) to (um, vm). Then, the total strain energy of the spring 

is 

( ) ( )

( ) ( ) ( )  

2 2

m

0 0 0 0 0 0

Π
2

, , ,
2 2

m m

m mT T T T

i i i i i i m m

m m

k
u u v v

u uk k
D T x y T x y D kD T x y u v

v v

 = − + −
 

   
= − +   

   

      

(2.51) 

where k is the stiffness of the spring. 

Minimizing Πm by taking the derivatives, the corresponding 6 × 6 submatrices 

and two 6 × 1 submatrices are obtained and added to the global stiffness matrices, 

Kii, and the global force sub-matrices, Fi, in the global equilibrium Eq. (2.18), 

respectively, as shown below 

 ( ) ( )0 0 0 0, ,T

i i iikT x y T x y K→                 (2.52) 

 ( )0 0

mT

i i

m

u
kT x y F

v

 
→ 

 
                  (2.53) 

It should be noted that the stiffness of the springs could not be increased 

infinitely to lock the fixed points. It is usually set under the order of magnitude 

around 10 ~ 100E0L0 to ensure that the whole coefficient matrix will not become 

ill-conditioned as the introduction of these springs. E0 is Young’s modulus of the 

block material and L0 is the average block “diameter”. The flow chart of DDA is 

shown in Figure 2.10. 
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Start

Input block geometry, physical and 

control parameters, loading etc. 

Contact detection

Computation of contact terms

(add/subtract contact springs)

Solve the global equilibrium equations 

for displacement vector

Iteration number m9≥n ?

Update the block vertex coordinates, 

velocities and stresses

Check for convergence

Step nn=Final step ?

Stop

Yes

Yes

Yes

No

NoStep nn++

Shorten time 

increment

No

Computation of non-contact terms

Open-close 

iteration

Note: n is defined by the user, default as 6
 

Figure 2.10 Flow chart of the procedures of the DDA program (Zhang, 2017) 
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2.3.2 CONTACT MECHANISM 

2.3.2.1 Contact types and contact states 

In 2-D DDA method, the contacts are classified into three types: vertex-to-

vertex (V-V), vertex-to-edge (V-E), edge-to-edge (E-E). As the E-E contact can 

transfer into two V-E contact types, the basic contacts are two types: V-V (Figure 

2.11 (a)) and V-E (Figure 2.11 (b)). For example, the E-E contact of P1P2 to P3P4 

shown in Figure 2.11 (c) can be treated into two V-E contacts of P1 to P3P4 and P4 

to P1P2. Hence, there are only two types of contact in the original DDA program.  

 

P1

P2

   

P1

   

P3 P2
P1

P4

 

 

(a) V-V contact        (b) V-E contact        (c) E-E contact 

Figure 2.11 Three contact types in 2-D DDA: (a) vertex-to-vertex (V-V) contact; 

(b) vertex-to-edge (V-E) contact; and (c) edge-to-edge (E-E) contact. 

 

The penalty technique is used to avoid penetration between blocks after the 

contact searching is finished. When some penetrations occurred between two blocks, 

the springs are added in normal and/or tangent direction to prevent penetration. In 

the DDA method, at each time step, the program enforces that there are no-tension 

and no-penetration between blocks by increasing or decreasing springs for every 

contact before moving to the next time step, and this process is named open-close 

iteration (OCI). After defined the contact between blocks, the force can be 

calculated depending on the contact states. There are three types of contact states 

are defined: open, locked, and sliding, and the contact state is determined by the 

Mohr-Coulomb failure criterion as follows: 
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 tann n s s n np 0 and p p cl locked     + →  (2.54) 

 tann n s s n np 0 and p p cl sliding     + →  (2.55) 

 n np 0 open  →  (2.56) 

where pn and ps are the penetration distance in the normal and shear directions, δn 

and δs are the stiffness of the normal and shear spring, respectively, they can be 

defined by the user according to the properties of the material, generally, δn is set 

as 10~1000 times of elastic modulus of material and ks is set as a quarter of kn; c 

and ϕ are the strength parameters: cohesion and friction angle, l is the length of 

contact. Figure 2.12 shows the three states by using a vertex-to-edge contact. For 

open contact state (Figure 2.12 (a)), there is neither normal spring nor shear spring 

added into the equilibrium equations. For sliding contact state (Figure 2.12 (b)), 

there is both normal spring and friction force are added into the equilibrium 

equations. For locked contact state (Figure 2.12 (c)), there are both normal spring 

and shear spring are added into the equilibrium equations. 

 

P1

Block i

Block j

 

P1

Block i

Block j

Friction 

force

Normal spring

 

P1

Block i

Block j

Shear spring

Normal spring

   

(a)                     (b)                     (c) 

Figure 2.12 Three states of contact: (a) The open state; (b) The sliding state; (c) 

The locked state 

 

2.3.2.2 Submatrices of contact force 

2.3.2.2.1 Submatrix of normal spring 

Denote P1 as entrance point and P2P3 as entrance edge. (xk, yk) and (uk, vk) are 
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the locations and displacements of Pk (k =1,2,3). The normal distance from point P1 

to edge P2P3 can be computed by: 

 

1 1 1 1

2 2 2 2

3 3 3 3

1
1

1

1

x u y v

d x u y v
l l

x u y v

+ +


= = + +

+ +

 (2.57) 

where 

 

2 2

2 2 3 3 2 2 3 3

2 2

2 3 2 3

( ) ( )

( ) ( )

l x u x u y v y v

x x y y

= + − − + + − −

 − + −

 (2.58) 

Neglecting the second and third order infinitesimal terms,   can be expresses 

as 

 

1 1 1 1

0 2 2 2 2

3 3 3 3

1 1

1 1

1 1

u y x v

S u y x v

u y x v

  + +  (2.59) 

where 

 

1 1

0 2 2

3 3

1

1

1

x y

S x y

x y

=  (2.60) 

Then, the normal distance can be rewritten as 
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 (2.61) 

where 
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( ) ( ) ( ) ( )2 3 1 1 1 2 3 2 1 1, ,r r

r

y y t x y x x t x y
e

l

− + −
=  (2.62) 

 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

3 1 1 2 2 1 3 2 2 2

1 2 1 3 3 2 1 2 3 3

, ,

, ,
+

r r

r

r r

y y t x y x x t x y
g

l

y y t x y x x t x y

l

− + −
=

− + −
 (2.63) 

Then, the strain energy of the normal contact spring can be expressed as 

 
2=

2
k

p
Π d  (2.64) 

where p is the stiffness of normal spring and is a large positive number, typically 

between 10E-100E. The strain energy of the normal contact spring then can be 

rewritten as 

 

2
6 6

0

1 1

=
2

k r ri r rj

r r

Sp
Π e d g d

l= =

 
+ + 

 
   (2.65) 

Minimizing Πk by taking the derivatives, the submatrices are obtained and 

assembled to the global stiffness matrix and the global force matrix in the global 

equilibrium equation: 
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2.3.2.2.2 Submatrix of shear spring 

Denote point P0 as the contact point on edge P2P3. The shear spring is 

established between P1 and P0 along the direction of P2P3. The shear distance 

between P1 and P0 along the direction of P2P3 can be represented as 
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( )

0 1 2 3

1 1 0 0

3 3 2 2 3 3 2 2

1 1 0 0

1

1
=

d P P P P
l

x u x u
x u x u y v y v
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 (2.72) 

Neglecting the second and third order infinitesimal terms, the shear distance 

can be rewritten as 
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1 00
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 (2.73) 

Suppose P1 is on block i and P0 is on block j, the incremental displacements 

of these two points are: 

 ( )1

1 1
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= ,i i
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x y
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Then, the shear distance can be obtained as 
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where 

 
( ) ( ) ( ) ( )2 3 1 1 1 3 2 2 1 1, ,r r

r

y y t x y x x t x y
e
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− + −
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( ) ( ) ( ) ( )2 3 1 0 0 2 3 2 0 0, ,r r
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x x t x y y y t x y
g
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=  (2.78) 

Then, the strain energy of the shear contact spring can be expressed as 
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1 1
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Sp
e d g d
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 (2.79) 

 

where p is the stiffness of shear spring and is a large positive number, typically 

between 10E-100E.  

Minimizing Πk by taking the derivatives, the submatrices are obtained and 

assembled to the global stiffness matrix and the global force matrix in the global 

equilibrium equation. 

2.3.2.2.3 Submatrix of frictional force 

Frictional force is considered as a load, so the stiffness matrix is still 

symmetric. It can be computed from the normal contact force: 

 ( )tanF pds =  (2.80) 

where d is the normal distance. tan(ϕ) is the frictional coefficient. s is expressed as: 

 

1, 0

sgn( ) 0, 0

1, 0

x

x x

x




= =
− 

 (2.81) 

Frictional force is along the direction: 

 ( )3 2 3 2

1
x x y y

l
− −  (2.82) 

Then, the potential energy of the frictional force acting on P1 is: 
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where 

 ( )
( )

( )

1

2

3 2 3T

1 1

3 2 4

5

6

/
= , =

/
i

e

e

x x l e
x y

y y l e

e

e

 
 
 
 −  
  

−    
 
 
  

H T  (2.84) 

Minimizing Πf by taking the derivatives, the submatrices are obtained and 

assembled to the global force matrix in the global equilibrium equation: 
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2.3.3 RECENT DEVELOPMENTS AND APPLICATIONS  

DDA is an innovative method for solving discontinuous deformation problems. 

After decades of development and improvement, DDA has been applied to a wide 

range of fields. The main research fields are summarized as follow:  

Basic theory of DDA (Ke, 1996; Koo and Chern, 1998; Cheng, 1998; Doolin 
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and Sitar, 2004; Doolin, 2005; Zhang et al., 2015; Jiang and Yeung, 2004; Wu, 

2005; Beyabanaki et al., 2008; Beyabanaki and Bagtzoglou, 2012; Beyabanaki and 

Bagtzoglou, 2014; Shi, 2013; Shi, 2015; Wu et al., 2005; Sasaki, 2007; Yeung et al., 

2007; Ning, 2012; Zhang et al., 2016). Landslide (Ohnishi et al. 1995; Zhao et al., 

1997; Wu et al. 1997; Sitar and MacLaughlin, 1997; Chen and Ohnishi 1999; Luan 

et al., 2000; Hatzor et al. 2002; Hatzor et al., 2004; Hatzor, 2003; Sitar et al., 2005; 

Wu, 2010; Kveldsvik et al, 2009; Wu et al, 2009; Wu and Chen, 2011; Wu, 2011; 

Zhang et al, 2013). Tuning and mining (Yeung, 1993; Yeung and Leong, 1997; Law 

and Lam, 2003; Wu et al, 2004; Tsesarsky and Hatzor, 2006). Dam stability (Dong 

et al, 1996; Kottenstette, 1999; Shi, 2007). Rock fall (Chen, 2003; Wu et al, 2005; 

Ma et al, 2011; Chen et al, 2013). Flow-stress process (Kim et al., 1999; Koyama, 

2011; Kaidi et al., 2012). 

DDA has several features to make it suitable for microscopic soil study. 

Simplex integral (Shi 1996) is suitable for dealing with arbitrary polygonal particles, 

which makes DDA form more complex microstructures. The implicit time 

integration scheme can ensure the stability of numerical computation for a larger 

time step (MacLaughlin and Doolin 2006). The above-mentioned features make 

DDA one of the research hotspots among numerical methods. Zhang (2000) applied 

DDA to simulate the plane stress test of soil in the microscope, and it revealed the 

mechanism of several unique properties of soil such as elastoplasticity, dilatancy, 

strain-softening, etc. Comparing to experimental results, it revealed that DDA 

method is a powerful tool to study the various properties of soil at the microscale. 

Subsequently, Guo (2008) used DDA to study the mechanical characteristics of 

coarse granular material, and the results indicated that it is feasible to study the 

mechanical properties of coarse particles with DDA method.  
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CHAPTER 3 

3. DEVELOPMENT OF MICRO_DDA FOR MECHANICAL 

ANALYSIS OF UNSATURATED SOIL1 

3.1 INTRODUCTION  

As reviewed in the previous chapter, matric suction is the unique reason for 

the complex behaviors of unsaturated soil. Understanding the mechanism of matric 

suction has become a topic of great importance. Matric suction is derived from two 

parts: capillary suction and adsorption suction (Lebeau and Konrad 2010), and 

Their mechanism are totally different (Yan, Cheng-gang, and Guo-qing 2015). 

Capillary suction is derived from capillary action, whereas, adsorption suction is 

derived more from physical-chemical interaction between clay minerals and bound 

water. Generally, capillary suction and adsorption suction can be distinguished 

conceptually (Hua et al. 2020). However, it is difficult to distinguish them 

experimentally because the “suction” obtained by experiments is based on the 

principle that the water potential in the soil is equal (Baker and Frydman 2009). 

Considering the capillary model and adsorption model separately is the first 

requirement to revealing the micro-mechanism of the shear strength of unsaturated 

soil (Xiao, Cheng-gang, and Guo-qing 2018). Further, because laboratory tests are 

 
1 Chapter 3 is partilly based on the following journal papers: 

[1] Guo, L., Li, T., Chen, G., Yu, P., Peng, X., & Yang, D. 2019. A method for microscopic unsaturated soil-

water interaction analysis based on DDA. Computers and Geotechnics, 108, 143-151. 

[2] Guo, L., Chen, G., Li, C., Xia, M., Gong, S., & Zheng, L. 2021. A bound water model for numerical 

simulation of SWCC in the wide suction range based on DDA. Computers and Geotechnics, 139, 104378. 
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seldom conducted in microscopic scope currently, it is unable to provide deep 

insights into the mechanism of matric suction. Fortunately, the numerical 

simulation method, particularly DDA method, shows great advantages in analyzing 

discontinuous material like granular aggregates.  

In this chapter, a capillary model and an adsorption model are proposed to 

simulate matric suction based on the conventional DDA method. At first, a capillary 

model is presented in Section 3.2, and then, a simple and practical adsorption model 

is proposed in Section 3.3. Finally, the proposed models are validated by the ideal 

contact disc model in Section 3.4 and are applied to reproduce the SWCC of 

Toyoura sand in Section 3.5. The conclusions are given in Section 3.6. 

3.2 CAPILLARY MODEL  

3.2.1 INTRODUCTION TO YOUNG-LAPLACE EQUATION  

Matric suction is partly derived from the capillary action. Capillary action is 

able to account for matric suction of cohesionless soil, whose value is usually less 

than 102 kPa. The relation of air pressure, water pressure, surface tension, and radius 

of curvature of the meniscus can be expressed as Young–Laplace equation: 

 
1 2

1 1
cosa w su u T

r r

 

− = + 
 

( )  (3.1) 

where ua is the pore-air pressure; uw is the pore-water pressure; (ua - uw) is the matric 

suction; Ts is the surface tension; θ is contact angle; r1 and r2 are the principal radii 

of curvature of contractile skin. Young–Laplace equation describes the pressure 

difference across a two-dimensional interface between static fluids, such as water 

and air. From the molecular scale, the phenomenon of surface tension results from 

the attraction of interface between liquid and air, and the value of surface tension 

depends on the liquid character and temperature.  
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Figure 3.1 (a) surface tension on 3-D warped liquid surface; (b) 2-D liquid bridge 

between the contact disc soil particle; (c) schematic diagram of the force of the 

liquid bridge  

 

Figure 3.1 (a) is the schematic diagram of the derivation of Young–Laplace 

equation. When the liquid surface turns from ABCD to A’B’C’D’, there is an 

equation: Ts dA = (ua -uw) dV, where dV = xydz, dA = xdy +ydx, dx = xdz r1, dy = ydz 

r2,. The above equation can be raaggenge into Young–Laplace equation (Eq. (3.1)). 

In 2-D problems, the third dimension can be assumed as infinity, there is one 

principal radius of curvature r, and the other radius of curvature r is infinity. For 

simplification, pore-air pressure is commonly referred to as 0kPa, which makes 

pressure < 101kPa be negative, and pressure > 101kPa be positive. Young–Laplace 

equation in two-dimension can be simplified as: 

 coss
w

T
u

r
− =  (3.2) 

To account for the effect of matric suction on soil particles, an ideal capillary 

water model between soil particles is shown in Figure 3.1 (b) and (c). In a closed 

environment, there are two small disc soil particles, after giving a certain volume 

of capillary water, as long as two particles close near enough, there would appear 

capillary water between particles (Figure 3.1 (b)). Then, the capillary force would 

act on soil particles, and the capillary force can be calculated by the Young–Laplace 

equation (Figure 3.1 (c)). Due to the capillary action, the soil particles “sucked” 
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together, and a liquid bridge is formed. A simple capillary system is formed in 

Figure 3.1 (b). Also, the capillary system can be presented as other patterns (Figure 

3.2 (a) and (b)). As long as capillary water content is proper and the material is 

hydrophilic, the liquid bridge can be formed. 

 

r1
  

Figure 3.2 (a) infinite planar model (b) capillary tube model 

 

 

Figure 3.3 Typical microscopic unsaturated soil with soil particles, capillary 

water, and air. 

 

Mitchell had studied soil fabric features and summarized them into five typical 

micro soil fabric (Mitchell and Soga, 2005). In the micro-scale, the cohesionless 

soil can be idealized as an assemblage of solid particles with pores partly being 

filled with liquid or gas (Figure 3.3). According to the Young–Laplace equation, 

when remaining the soil structure is unchanged, the capillary water distribution is 

determined. Then, there is a one-to-one correspondence between water content and 

capillary suction. Further, SWCC can be obtained, and the mechanical effect of 

r1

r 

Soil particle 

Air 

Capillary water 

Contractile skin 
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matric suction on the unsaturated soil can be estimated. Naturally, the research on 

soil-water interaction needs to combine with the soil microstructure. Because the 

distribution of capillary water has a close relationship with the soil microscopic 

parameters such as the shape, size, and distribution of soil particles (Reed, 2005; 

Zhang et al., 2005; Tan et al., 2013; Zhou et al., 2011; Zhang et al., 2013). In light 

of these considerations, the difficulty in studying the soil-water interaction of 

unsaturated soil lies in how to determine the distribution of capillary water in the 

random-shaped soil particle assemblage. As long as the capillary water distribution 

at any degree of saturation can be quantitively determined, the hydraulic and 

mechanical parameters such as SWCC and suction stress of soil can be 

quantitatively determined.  

Up to now, however, the studies on microstructure and matric suction are 

relatively inadequate. There are two reasons for the research status, (1) because of 

the limitation of experiment instruments, most of the study of soil microstructure is 

based on dry soil. Thus, it cannot reflect the dynamic process of interaction between 

capillary water and soil particle from a micro perspective. (2) it is difficult for 

analytical methods to calculate the exact value of matric suction among random-

shaped soil particle assemblage at any degree of saturation. Thus, the research on 

the micro mechanism of matric suction and the effect of matric suction on the 

hydraulic and mechanical properties of unsaturated soil is still inadequate.  

The numerical method provides a solution for the researches. DDA method is 

good at dealing with any-shaped blocks, and it can quantitatively process multi-

block system. However, the conventional DDA did not simulate capillary action 

among the soil particle assemblage. Therefore, it is necessary to develop a capillary 

model to simulate capillary water among the soil particle assemblage. The 

following sections will introduce the assumptions and the algorithms of the 

capillary model in DDA.  

3.2.2 DEVELOPMENT OF CAPILLARY MODEL USING DDA 

In this section, the algorithms of a capillary model based on DDA will be 

introduced. As introduced in the previous sections, the physical and mechanical 
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behaviors of the soil are too complicated to be fully simulated. To simplify the 

complicated conditions and capture the main features of unsaturated soil, capillary 

model is developed based on three reasonable assumptions: 

(1) The solid-liquid contact angle of each soil particle is the same. 

(2) The capillary water only follows the Young–Laplace equation. 

(3) The soil particles are convex polygons. 

As soil particles are made up of different minerals, they have different solid-

liquid contact angles. For simplification, in capillary model, the contact angle of all 

soil particles is assumed as the same. The second assumption is to emphasize the 

capillary action in soil, and the third assumption facilitates the soil particle 

processing of capillary model and improves computational efficiency.  

The implementation of capillary model consists of four main subfunctions. 

The first and the second subfunctions are to search the contractile skins among the 

DDA blocks, which are the core algorithms of capillary model. Owing to the correct 

contact detection of DDA method, capillary model can further search the contractile 

skins based on the contact mechanism. The third subfunction and fourth 

subfunction are to calculate the water content and to apply external force (matric 

suction and surface tension) on the blocks. 

3.2.2.1 Capillary water between two soil particles 

A two-particle model is used to illustrate the algorithm of contractile skins 

detection among the DDA blocks here. This model consists of a triangle particle A 

and a rectangular particle B, as shown in Figure 3.4. According to the assumptions, 

the radii r of the curvatures of the contractile skins (water-air interfaces) are the 

same for all soil particles in the whole system. The contractile skins would appear 

when two particles are close enough. The distribution of capillary water can be 

determined after the position of the center O1 and O2 of the contractile skins C1 and 

C2 between two soil particles are determined. Then, according to the Young-Laplace 

equation, matric suction can be calculated after capillary water distribution is 

determined.  
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Figure 3.4 Schematic diagram showing capillary water between soil particles 

 

The contractile skin is a part of a circular arc, and it can be drawn by the three 

points: the center O (xo, yo); the start point of the circular arc Ps (xs, ys); and the end 

point of the circular arc Pe (xe, ye). In the capillary model, the order of the contractile 

skin is set as anticlockwise. For contractile skin C1, the start point Ps1 (xs1, ys1) is 

located on particle A, and the end point Pe1 (xe1, ye1) is located on particle B. 

Similarly, for contractile skin C2, the start point Ps2 (xs2, ys2) is located on particle 

B, and the end point Pe2 (xe2, ye2) is located on particle A. The angle of the contractile 

skin is γ1 and γ2. Then, another parameter Opening angle corresponding to the 

contractile skin C1 is defined as α1, and the contractile skin C2 is defined as α2. 

Finally, the parameter contact angle is defined as θ, which is dependent on soil 

materials. The parameters γ, α, and θ are important, and they determined whether 

the contractile skin can be formed. Based on the geometrical relationship, Eq. (3.3) 

is obtained.  

 2   + + =  (3.3) 

Because the contractile skin in unsaturated soil is the concave meniscus, 0 < γ 

< π. Thus, the condition of the contractile skin existence between soil particles is 

that 0 < θ + 2α < π.  

For each soil particle, the center of the contractile skin O (xo, yo) formed a 

closed figure surrounded the particle, and each center O (xo, yo) is corresponding to 

a point on the surface of the soil particle. So, the track of the center point can be 

determined by each side of the soil particle (DDA block), and the track of the center 

point can be seen as the edge OPs moves forward along the particle surface 

anticlockwise/clockwise parallelly. This closed figure of each soil particle is named 
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Track Center (TC), and this method is named the TC method hereinafter.  

It is worth noting that the vertice of the particle is unsmooth, and the track of 

the center point hence is discontinuous at the vertice. To avoid the discontinuity of 

the track of the center point, it is treated as a circular arc with the radius r at the 

vertice to connect the adjacent part of the tracks. Then, because the contact angle 

is not equal to 0, there would be two tracks of the center point for each soil particle, 

and they are the anticlockwise direction and the clockwise direction, respectively, 

as shown in Figure 3.5 (a) and (b). In capillary model, the anticlockwise TC is 

named Left Track Center (LTC), and the clockwise TC is named Right Track Center 

(RTC).  

Soil particle A  

r

 

r

Soil particle A  

 

(a)                                     (b) 

Figure 3.5 The track of the center point for a triangle soil particle (a) the 

anticlockwise direction and (b) the clockwise direction 

 

Based on the algorithm, only remain the intersection points between LTC and 

RTC of two particles as the center of the potential contractile skins, such as RTC of 

particle A and LTC of particle B O1 (xo1, yo1) and O2 (xo2, yo2) or LTC of particle A 

and RTC of particle B O3 (xo3, yo3) and O4 (xo4, yo4). As shown in Figure 3.6, there 

will be four centers of the contractile skin Oi (i =1,2,3,4), accordingly, each center 

Oi is corresponding to a contractile skin Ci. These four contractile skins can be 

classified into two sets: C1 and C2 start from particle B and end at particle A, and 

C3 and C4 start from particle A and end at particle B. Base on the capillary 

mechanics, the convex-shaped C2 and C4 are invalid. C2 and C4, thus, need to be 

removed and remain the valid concave-shaped contractile skins C1 and C3.  
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(a)                                (b) 

Figure 3.6 The intersection of the center points between two soil particles (a) the 

LTC of particle A to the RTC of particle B; (b) the LTC of particle B to the RTC of 

particle A 

 

After removing the invalid convex-shaped C2 and C4, the remained valid 

concave-shaped contractile skins C1 and C3 are the liquid surfaces. As shown in 

Figure 3.7 (a), the points Ps1, Pe1, Ps2, Pe2 are the vertexes of the capillary water, 

and the blue area is the capillary water (Figure 3.7 (b)). 
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(a)                                       (b) 

Figure 3.7 (a) The liquid surfaces between two soil particles and (b) the capillary 

water area between two soil particles 

 

3.2.2.2 Capillary water in multi-particles model 

The potential contractile skins between two particles can be determined by the 

TC method according to the above process. For the multi-particle system with N 

particles (N > 2), it can be divided into 2

NC   two-particle systems, and the 
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contractile skins can be calculated by the TC method. When the capillary water is 

higher enough, there would be overlapped capillary water. As shown in Figure 3.8, 

contractile skins a, b belong to particle A and particle B; contractile skins c, d belong 

to particle A and particle C; contractile skins e, f belong to particle B and particle C. 

When the water content is low (Figure 3.8 (a)), there is no overlap of capillary 

water. However, when the water content is high (Figure 3.8 (b)), there would be 

overlapped water areas and an enclosed air area. According to the Kelvin equation 

(Eq. (3.4)), the pressure in the air bubble keeps the same, so the air bubble would 

turn to be a circle (2-D). Currently, this kind of air bubble is not disposed of yet, 

which could lead to capillary water distribution in high saturation is not accurate. 

However, it has limited influence on SWCC because the total capillary water 

content did not change. 

 
0 2

In s

r

p T M
RT

p r
=  (3.4) 

where R is the gas constant; T is the thermodynamic temperature; pr is the saturated 

vapor pressure when the curvature radius of contractile skin is r; p0 is the saturated 

vapour pressure when the contractile skin is flat; r is the radius of curvature of the 

contractile skin, and the convex contractile skin is negative and the concave 

contractile skin is positive; ρ is the liquid density; M is molar mass; Ts is surface 

tension.  
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(a)                            (b) 

Figure 3.8 (a) The capillary water among multi-particle system at a low water 

content; (b) The capillary water among multi-particle system at a high water 

content. 
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After determining the capillary water surface among soil particles, the 

capillary water will be filled by a designed color. Because capillary water may have 

an overlapped portion (Figure 3.8 (b)), the final capillary water distribution is too 

complex to have a theoretical solution. In order to calculate the capillary water area, 

the bitmap of the designed color is captured. Then, the capillary water content of 

the whole particle system can be attained. This method does not count the 

overlapped area repeatedly. When the certain capillary water content is preset in the 

system, the corresponding capillary water distribution and the matric suction can 

be obtained by iterating the radius of curvature of the contractile skin r. The 

algorithm is based on dichotomizing search in the following steps: 

(1) The capillary water content of the system is Vw. For a given ri (e.g. ri = 

0.1μm), calculating the capillary water content Vr, based on the above processes in 

Section 3.2.2.1;  

(2) If Vr < Vw, increasing ri (10-1μm< ri < 103μm), otherwise decreasing ri till 

Vr = Vw. Then, r of the preset capillary water content is determined, and matric 

suction can be calculated. 

3.2.2.3 Capillary forces among particles 

The capillary water distribution and matric suction can be determined by the 

TC method. Then, the capillary forces will be exerted on the surface of soil particles. 

The forces exerted on the particles include two parts: matric suction (ua - uw) and 

surface tension Ts, which are shown in Figure 3.9. First, the matric suction (ua - uw) 

is added on the submerged surface of each edge of particles, which is shown by the 

blue arrows in Figure 3.9, and the equivalent capillary force, which is equal to (ua 

- uw)×L, is added on the center of each submerged boundary. Second, the surface 

tension Ts is added on each margin of the three-phase boundary, which is shown by 

the black arrows in Figure 3.9. The submatrix of matric suction and the submatrix 

of surface tension are added to the DDA governing equation.  
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(a)                         (b) 

Figure 3.9 (a) The capillary forces among multi-particle system at a low water 

content; (b) The capillary forces among multi-particle system at a high water 

content 

 

It is worth noting that the surface tension Ts only exists on the three-phase 

boundary, and the air bubble in Figure 3.9 has no contribution to the soil suction. 

When soil is in the boundary effect zone, which means air exists in the form of 

bubbles, capillary mechanics is no longer dominated the mechanical behavior of 

soil, and soil can be treated as saturated soil in this zone. On the other hand, for 

cohesive soil, capillary action also does not dominate the mechanical behavior of 

soil in the residual zone. Thus, this model is mainly developed for cohesionless soil 

in the transition zone. 

The flow chart of the developed program is shown in Figure 3.10. 
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Figure 3.10 The flow chart of the capillary model 
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3.2.3 SUMMARY  

It is highlighted that the non-contact capillary model is developed and the non-

spherical blocks are adopted in the study. According to capillary mechanics, the 

liquid bridge appears on the hydrophilic surface of particles when the distance 

between particles is less than the capillary radius. In the capillary model, capillary 

suction is treated as an external force rather than as contact properties. As long as 

the distance is between particles less than the capillary diameter, capillary water 

would appear on the block surface. The proposed model reflects the mechanism of 

capillary action, so it can effectively simulate the capillary-induced soil 

microstructure changes.  

3.3 ADSORPTION MODEL 

The properties of bound water are quite different from capillary water, but it 

also has a great influence on the engineering properties of soil. For example, plastic 

limit (PL) wp, an important property of cohesive soil, is associated with bound water 

content. Adsorptive suction occurs in the high suction range (McQueen and Miller 

1974), and it starts from the end of sorption and finishes up to the highest soil 

suction. When the water content in soil decreases, the capillary action decreases and 

the bound water takes the leading role gradually.  

3.3.1 INTRODUCTION TO THE DOUBLE-LAYER THEORY 

Matric suction from bound water is caused by a combination of double-layer 

repulsion, van der Waals attraction, and cementation, which are more involved with 

physical-chemical interaction between clay minerals and water. Clay minerals can 

adsorb some water to form a thin water film, which becomes bound water. In 

general, the electrostatic effect dominates bound water rather than the effect of 

gravity. The farther the bound water is away from the clay particle surface, the less 

attracted it will be, accordingly bound water gradually transitions to free water. The 

physical basis of this phenomenon can be explained by the double-layer theory 

(Grahame 1947; Singh and Uehara 1998). In this theory, due to the isomorphous 
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substitution of clay minerals or the dissociation of surface molecules, clay minerals 

adsorb ions and are charged with a layer of ions, which is the first layer of bound 

water and it is thus called the "adsorption layer". The ion layer attracts ions with 

opposite charges in the pore water via the Coulomb force. This second layer is 

loosely associated with clay minerals. Because the second layer is made of free ions 

that move in the water under the influence of electric attraction and thermal motion 

rather than being firmly anchored, it is, thus, called the "diffuse layer". The double-

layer theory can explain most of the phenomena in unsaturated soil. The authors 

intend to propose an adsorption model based on double-layer theory to simulate the 

high suction range of SWCC based on DDA.  

Based on this theory, the value of matric suction is closely associated with the 

volume of bound water and the specific surface area of soil (Adamson and Gast 

1967). The maximum volume of bound water is an important parameter, which is 

called the bound water capacity θbmax. According to the experimental results, the 

bound water capacity θbmax is around 1% of cohesionless soil, but it can account for 

17% of the total weight for clayey soil (Kegong and Songyu 2010). θbmax for various 

soil are summarized by Lu (Lu 2016), and the experimental results have shown that 

the bound water capacity θbmax of sand-clay soil is around 5% (Wang, Li, and Su 

2014; Zhang, Li, and Li 2016). According to Tuller and Or (2005), the gravimetric 

bound water content θb is a function of the thickness of bound water film h (m) and 

specific surface area Sa (m2/kg) and the density of water ρw (Tuller and Or 2005): 

 b a wh S =    (3.5) 

Therefore, the specific surface area of soil is another important parameter because 

it determined the thickness of bound water film h under a certain θb. Anderson and 

Hoekstra (1965) analyzed frozen clay pastes of montmorillonite, halloysite, and 

kaolinite at low water contents by X-ray and indicated bound water film (the 

double-layer) is from 0.5 to 1.0 nm in thickness. Low (1994) further investigated 

the thickness of water films next to the particle surfaces and concluded that this 

thickness is at least 3.5 nm. For highly plastic clays, the average thickness of bound 

water film can reach 10 nm (Mitchell and Soga 2005). Sepaskhah (2010) 
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summarized Sa of various soil samples and proposed an empirical equation to 

estimate Sa: 

 
0.9053.89 gSa d −=  (3.6) 

where dg is the geometric mean diameter of soil particles. Eq. (3.6) is an empirical 

equation based on the pedo-transfer function (PTF). This empirical equation has 

been validated by a different set of data, which is more than 20 types of soil 

(Sepaskhah et al., 2010). Further, the thickness of bound water film h can be 

assumed as a function of matric suction (Iwamatsu and Horii 1996):  
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svl

w a w a

A
h

g u u 
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−
 (3.7) 

where Asvl (J) is the Hamaker constant, which can be assumed as -6 ×10-20J for soil; 

(ua - uw)a (kg/m2) is the matric suction from bound water; ρw (kg/m3) is the density 

of the liquid; g (m/s2) is the acceleration due to gravity. Eq. (3.7) is based on the 

assumptions that (1) neglecting contributions of capillary condensation; (2) forces 

that include electrostatic and hydration forces play a role in controlling water films  

(Iwamatsu and Horii 1996). Substituting Eq. (3.7) into (3.5), the relationship 

between bound water content θb and matric suction (ua - uw)a is established.  

3.3.2 DEVELOPMENT OF ADSORPTION MODEL USING DDA  

To further extend DDA to simulate matric suction of cohesive soil, a simple 

and practical adsorption model is developed.  

In the micro-scale, the cohesionless soil can be idealized as an assembly of 

solid particles with pores partly being filled with liquid or gas (Yuan and Chareyre 

2017). Because soil particles exist in the form of a single-grain structure and the 

capillary model is able to account for soil-water interaction of cohesionless soil 

properly. As the clay content (montmorillonite, illite, and kaolinite) increases in soil, 

the clay particles are clothed to the skeleton particles. Mitchell summarized this 

type of soil structure in Figure 3.11 (Mitchell and Soga, 2005). Figure 3.11 (a) 

presents the sand-clay fabric as observed in the scanning electron microscope 

(SEM) (Dafalla et al. 2020). With the clay content further increasing, clay particles 
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may form the flocculated fabric, which is beyond the scope of this research. 

Naturally, there is a threshold for clay content to make the clay particles be only 

attached to the surface of the skeleton particles without forming a granular structure 

(Huang et al. 2020). In this study, authors focus on the soil with low clay content 

specifically, in which condition soil structure can be generalized in Figure 3.11 (b). 

In addition, the difference in particle size between sand and clay is more than 

two orders of magnitude. The particle size of clay is less than 0.005 mm, but it is 

more than 0.1 mm for sand particles. Therefore, it is hard to simplify clay particles 

as DDA blocks. For simplification, the adsorption model is based on the reasonable 

assumptions:  

(1) The clay minerals are assumed to be evenly covered around the skeleton 

particles. Compared to the skeleton particles (Calcite, Quartz, or Feldspar), clay 

particles (Montmorillonite, Illite, or Kaolinite) are too small to be depicted as a 

DDA block, so, they are simplified as cloth of skeleton particles, as shown in Figure 

3.12 (a).  

(2) Bound water and clay minerals formed a mixture that covered skeleton 

particles, which is called “clay layer” in this model. The thickness of clay layer rc 

for each skeleton particle is the same, and the clay layer may contain several layers 

of clay particles. When the bound water is lost (dehydration), the clay layer 

becomes thinner, and vice versa. Because the clay content Vc is a constant and only 

bound water content Vb varies in soil, rc can be further expressed as rc = rcc + rcb. 

rcc is the thickness of clay particles without bound water, which is a constant; rcb is 

the thickness of bound water, which is a variable. The range of rc is between rcc and 

rcc + rcb. The maximum value of rcb is determined by the bound water capacity θb,max, 

so 0 < rcb < rcb,max. Accordingly, rcc < rc < rcc + rcb,max. It should be noted that the 

thickness of “clay layer” of each particle is different in the real case. In this model, 

the thickness of “clay layer” is not a real condition but an average value, which 

could be seen as the average thickness of sand particles in a model.  

(3) The bound water and the capillary water are independent. The capillary 

water is in the outermost layer and obeys the capillary mechanics, and the bound 

water obeys the double-layer theory, as shown in Figure 3.12 (b). A similar 
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assumption is adopted widely in the micro soil-water interaction analysis (Hua et 

al. 2020). 

 

 

Figure 3.11 (a) Sand–clay fabric as shown in the scanning electron microscope 

(SEM) (Dafalla et al. 2020) and (b) the schematic diagram of the dehydration of 

cohesionless soil with low clay content in low water content.  
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(a)                            (b) 

Figure 3.12 The diagrammatic drawing of (a) adsorption model (b) adsorption 

model and capillary model in DDA 

 

Taking two soil particles (DDA blocks) A and B into consideration, as shown 

in Figure 3.12 (a), each soil particle has a clay layer with equal thickness rc. A point 

(x, y) on the clay layer can be calculated by the following equation: 
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where (x, y) is a point on the surface of the clay layer; (xi, yi) is a point on the edge 

of a block; rc is the thickness of the clay layer; φ is the angle between the outer 

normal direction of the edge and the x-axis (φ ∊ [0,2π)). As the edge is not smooth 

at the vertices, the clay layer at the vertices is assumed to be an arc, which can be 

determined by each interior angle and the thickness rc, and the arc is simplified as 

a decagonal polyline in the program. The boundary of the clay layer to each particle 

can be determined by Eq. (3.8). 

After finishing the distribution of the clay layer to each particle, the next step 

is to match the thickness of the clay layer rc with the total volume content of clay 

layer. The volume of clay layer is also calculated by counting the volume of gray. 

Assuming that the volume of clay is Vc, the volume of bound water content is Vb, 

the volume of clay layer is Vc + Vb, and the volume of skeleton particles is Vs. Vc 

and Vs are constant, and the Vb can be determined by rcb. Then, bound water content 

θb can be determined by Eq. (3.9): 

 ( )
( )max0b

b b b

s c s

V

V V d
  =  

+
 (3.9) 

where ds is the relative density of soil. The algorithm is based on dichotomizing 

search:  

(1) Given a small rc (rc = 0.01μm) and calculating the volume of clay layer (Vc 

+ Vb)try by counting the equivalent pixel numbers of color gray;  

(2) If (Vc + Vb)try < Vb + Vc, increase rc, otherwise decrease rc until (Vc + Vb)try 

= Vb + Vc. Through the above processes, the relationship between rc and Vb + Vc can 

be established, and then bound water content θb can be determined.  

Finally, adsorption suction is applied to the surface of soil particles. The 

contact length l between two particles can be determined by the clay layer of each 

particle. Then, matric suction from adsorption (ua - uw)a can be obtained by Eq. 

(3.5) and (3.7). Finally, the equivalent force of adsorption suction Fa = Θκ (ua - 

uw)a×l will be applied to the center of l based on the empirical equation Eq. (2.8) 
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proposed by Vanapalli (1996), as shown in Figure 3.12 (a). As the bound water and 

the capillary water are assumed to be independent. The capillary water is in the 

outermost layer and obeys the capillary mechanics, as shown in Figure 3.12 (b). 

The flow chart of adsorption model is shown in Figure 3.15, and the steps with the 

color green are the extension parts.  
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Figure 3.13 The flow chart of the procedures of the adsorption model in DDA. 

3.3.3 SUMMARY  

This study aims to propose a simple and practical adsorption model to simulate 

hydraulic properties and mechanical properties under adsorption suction (in the 

high suction range) based on DDA. This model can simulate features of the 

cohesive soil. Further, the micro_DDA, provides an innovative approach to 

simulate the mechanism of matric suction in a wide suction range by considering 

both capillary water and bound water, and it can simulate some features of cohesive 

and cohesionless soil.  

3.4 ACCURACY VALIDATION OF MICRO_DDA  

In this section, a cubic packing disc-particle model is built to validate the 

hydraulic and mechanical response of the developed models. The cubic packing 

disc-particle model has been widely adopted in unsaturated soil researches (Dalla 

Valle 1943; Sparks 1965; Cho and Santamarina 2001), for example, Lu (2004) 

accounted for the effective stress parameter χ based on an idealized contact ball 

model. As the force application in both the capillary model and adsorption model 

is in the same way, here, we validate the capillary model because it has the 

analytical solution. 

3.4.1 SWCC  

In Section 3.2.1, the ideal contact disc model (Figure 3.1 (b)) has been used 

to illustrate the Young-Laplace equation. In this model, soil particles are idealized 

as discs with the radius R; the surface of the capillary water is approximated as a 

part of a circular arc with the radius r, so it is easy to deduce the following geometric 

and physical relationships in Eqs. (3.10)-(3.14) (suppose that the contact angle is 

0º): 

(sec 1)= −r R  (3.10) 

2 2(tan (sec 1) ( 2 ))    = − − − −sV R  (3.11) 
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( ) (sec 1)a w su u T R − = −  (3.12) 

2 ( )sin 2  = 2 (sin (sec 1) 1)cap a w s sF R u u T T  = − + − +  (3.13) 
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−
 (3.14) 

where R is the radius of soil particles and θ is the half-filling angle; r is the radius 

of curvature of contractile skin; Vs is the single area of the capillary water; Ts is 

surface tension; (ua - uw) is matric suction; Fcap is the pull force by a single capillary 

connection; τcap is suction-induced shear stress; ϕ’ is the internal friction angle. 

 

 

 

(a)                 (b)                  (c) 

Figure 3.14 The DDA simulation model of cubic packing disc-particle at different 

water content (a) without water (b) low water content; (c) high water content  

 

Then, the identical contact disc DDA model is built. The parameters of the 

physical and mechanical of the contact-disc model are given in Table 3.1 and Table 

3.2. Figure 3.14 (a), (b), and (c) are DDA models with different water content. In 

capillary model, the capillary water area is obtained by counting the equivalent 

pixel numbers. The theoretical results of the capillary water area are plotted with 

solid curves, while the simulated values are plotted with dotted symbols in Figure 
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3.15. They show quite good consistent, and only when the radius of capillary water 

r is larger enough, there is a small fluctuation of the capillary water area of DDA 

results comparing to analytical results. It suggests that micro_DDA is a reliable 

approach in unsaturated soil analysis. 

 

Table 3.1 Control Parameters of the DDA model 

Parameter Soil particle 

Dynamic control parameter 1 

Maximum displacement ratio, g2 0.001 

Time step, g1 (s) 0.01 

Contact spring stiffness, kn (kN/m) 1.0×108 

Factor of over-relaxation 1.3 

 

Table 3.2 Physical and mechanical parameters of ideal DDA model 

 

Specific 

gravity, 

(kg/m3) 

Elasticity 

modulus, 

E (GPa) 

Poisson

’s ratio, 

ν 

Friction 

angle 

(°) 

Cohes

ion, 

(kPa) 

Surface 

Tension 

(mN/m) 

Contact 

Angle 

(°) 

Plate 9000 100 0.2 0 0 72.75 179 

Particle 2650 10 0.15 30 0 72.75 0 

 

  

Figure 3.15 Caparison between analytical result and simulation result of SWCC 
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3.4.2 SHEAR STRENGTH  

In the previous section, SWCC has been validated by comparing the simulated 

result with the analytical solution. However, the mechanical response in DDA 

involves the contact mechanism. In this section, a shear model is used to validate 

the accuracy of the developed model. 

Referring to the direct shear apparatus, a simple shear model is established to 

validate the capillary model (Figure 3.16 (a)). In this model, the bottom plate and 

upper plates are fixed by four fixed points, and the shear stress Ps and normal stress 

Pn are applied through the lower plates and the top plate. Four point loads are set 

on the lower plate and the top plate to exert shear stress and normal stress, 

respectively. Two measure points are set on the low plate and the top plate to 

observe the horizontal displacement and the vertical displacement, respectively.  

 

Upper Plate

Lower Plate

Soil particles

Bottom Plate

Top Plate

Ps

Pn

  

(a)                        (b) 

Figure 3.16 (a) DDA model and (b) shear failure state at matric suction = 5.2kPa 

 

Both soil particles and plates are DDA elements. The radius of the particles is 

0.1mm, and the size of the model is 0.8mm×0.8mm. As DDA particles are 

polygonal particles, each particle is built as regular thirty-six sides to approximate 

the disc particle. As no interlocking between soil particles, the internal friction angle 

ϕ’ equals the sliding friction angle. This is a coupled simulation of sliding friction 
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and capillary action, and the relationship of shear strength τ and matric suction (ua-

uw)c (includes surface tension) can be calculated by Eq. (3.14). 

The physical and mechanical parameters of the model are shown in Table 3.2. 

To keep the plates being rigid, frictionless, and free of water, the modulus of 

elasticity is set as 10 times of soil particles, the friction angle is 0°, and the contact 

angle is set as 179°. Sliding friction angle ϕ’, modulus of elasticity E, and Poisson's 

ratio υ of soil particles are assumed as 30.0°, 10 GPa, and 0.15. Surface tension 

value refers to the surface tension of water at room temperature (Vargaftik, Volkov, 

and Voljak 1983), and the contact angle is assumed to be zero. By referring to the 

published papers (Zhang, Li, and Guo 2000; Peixi and Shaozhong 2008), the normal 

contact spring is 100 times greater than Young's modulus of particles, and the 

tangential contact spring is half of the normal contact spring. The time step is 0.001 

s; the maximum displacement ratio is 0.01; the factor of over-relaxation is 1.3. This 

simulation is using quasi-static analysis mode, thereby the dynamic control 

parameter is 0.98. For parametric calibration, the matric suction of 1 kPa is set in 

the simulation. 

In this simulation, the normal stress is maintained constant at 1 kPa. Before 

loading the normal stress, the model is run to a steady state without additional load. 

Then, the normal stress and shear stress are successively applied to the soil particles. 

The shear failure state is defined as reaching 10% of the shear strain. As matric 

suction and surface tension are simplified as the external load in micro_DDA, when 

the shear stress reached the target stress, soil specimen will be sheared to fail in the 

determined shear surfaces. One of the shear failure models is shown in Figure 3.16 

(b).  

As shown in Figure 3.17, the relationship between shear strength and capillary 

suction is simulated and compared with the analytical solution. To ensure the 

analytical solution exists (no capillary bridge contacts), the matric suction between 

2kPa and 8kPa is presented, which is corresponding to the half-filling angle θ from 

23⁰ to 43⁰. The analytical result is plotted with solid curves, while the simulated 

values are plotted with dotted symbols. The shear strength is approximately linear 

increase with the matric suction increase, and the simulation results are in 



 

110 

 

agreement with the analytical result.  

 

2 4 6 8
1.0

1.5

2.0

2.5

 analytical

 DDA

 

 

sh
ea

r 
st

re
n
g
th

 (
k
P

a)

matric suction (kPa)
  

Figure 3.17 The comparison of the shear strength versus matric suction between 

the DDA results and analytical results  

 

3.5 VALIDATION CASE: SWCC OF TOYOURA SAND 

3.5.1 SWCC OF PURE TOYOURA SAND 

Toyoura sand is a naturally formed sand in Japan, and it is a standard material 

used for physical model tests. It is a type of pure sand without any organic matter 

or clay content and having an even particle distribution (Chiaro, Koseki, and Sato 

2012; Koseki, Yoshida, and Sato 2005). These characteristics can minimize the 

variances of laboratory test results by making test results consistent and 

reproducible. Based on the above characteristics, Toyoura sand is used to prove the 

availability of micro_DDA. The physical parameters of Toyoura sand are shown in 

Table 3.3, and grain size distribution (GSD) curves are shown in Figure 3.18. 

Three experimental SWCCs of Toyoura sand are employed in this study. Abe 

(1994) conducted SWCC tests on a Toyoura sand specimen using the pressure plate 

method, while Tokoro (2009) and Ishikawa (2014) used the pressure membrane 

method to conduct SWCC tests. As shown in Figure 4.1, the tested results have a 

minor difference in the air-entry values (AEV) of different methods. Compared to 
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each result, the AEV of the pressure plate method is seen to be smaller than that of 

the pressure membrane method, and the difference is less than 1 kPa. Although there 

are minor quantitative differences in these three test results, the influence of void 

ratio and different test methods are relatively small. 

 

 

Figure 3.18 GSD curve of Toyoura sand and DDA model (Abe 1994) 

 

Table 3.3 Physical parameters of Toyoura sand and DDA model 

Material 

Specific 

gravity, 

ds  

Elasticity 

modulus, 

E (kPa) 

Poisson’s 

ratio, ν 

Surface 

tension, 

Ts 

(mN/m) 

Contact 

angle, 

(°) 

Friction 

angle, 

(°) 

Cohesion

, (kPa) 

Toyoura 

sand 
2.65 1.0×106 0.15 73 0 25 0 

DDA 

particle 
2.65 1.0×106 0.15 73 0 25 0 
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Figure 3.19 Comparison between test results and DDA simulation results for 

SWCC of Toyoura sand  

 

(a)

3.65 mm

5.6 mm

Confined box

Soil particle

 

Figure 3.20 DDA model for micro Toyoura sand 

 

Then, a random-packing DDA model with arbitrary polygon particles is 

employed here. As shown in Figure 3.20, the DDA model contains 660 particles, 

and the physical parameters of DDA model are listed in Table 3.3. The control 

parameters of DDA are given that the contact spring stiffness is 5×108 kN/m; the 

time step is 0.01 s; the maximum displacement ratio is 0.001; the dynamic control 

parameter is 1.0; the factor of over-relaxation is 1.3. All these control parameters 

are in the reasonable range, and they are referred from the literature (Zhang et al. 
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2015; Do and Wu 2020). 

 

rθ 

r

       

rθ 

2r

r

 

(a)                 (b) 

Figure 3.21 The comparison between (a) contact-ball model and (b) contact-

cylinder model  

 

It is worth noting that the stimulated SWCC is based on a 2-D model in this 

study. Therefore, it is necessary to introduce a dimensionless correction factor to 

convert 2-D results into 3-D results. The comparison between the conceptual 

contact-ball model (Lu and Likos 2004) and the contact-cylinder model (The third 

dimension is equal to the diameter 2r) is shown in Figure 3.21 (a) and (b), and the 

conversion equation is based on these two models. We assume that the 2-D model 

is a cross-section of the contact-cylinder model and the third dimension is 2r, then 

2-D results can convert into 3-D results. As shown in Figure 3.22, the theoretical 

3-D SWCC (Theory_cap (3-D)) and 2-D SWCC (Theory_cap (2-D)) are presented. 

The difference of SWCC below Sr = 20% is around 2%. However, the difference 

increases with Sr, and the maximum difference reaches 20% at matric suction 3kPa. 

The dimensionless correction factor α is determined by the ratio of two saturations 

in Figure 3.21, and α is a function of matric suction.  

Similarly, an equation to convert 2-D void ratio into 3-D void ratio is proposed: 

 
( )3 2

1
3 1

2
d de e= +  

(3.15) 
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where e2d is 2-D void ratio, and e3d is 3-D void ratio. This conversion equation is 

derived from the comparison between the contact-cylinder model and the contact-

ball model by assuming equal interparticle distances, as shown in Figure 3.21. 

DDA particles are sub-circular particles, and Eq. (3.15) is used to approximately 

estimate 3-D void ratio. 2-D void ratio of the model is 0.15. After being converted 

by Eq. (3.15), 3-D void ratio becomes 0.73. It's necessary to note that 2-D to 3-D 

conversion is based on regular packing of spherical particles and cylindrical 

particles. It has to admit that this conversion is rough, and there should inevitably 

be an error for the estimated results. Assuming that soil particles or soil pores as 

cylinder or sphere have been widely considered and adopted in the literature (Lu 

and Likos, 2004). In this research, authors refer to previous researches to roughly 

estimate 3-D parameters based on 2-D parameters. 

 

 

Figure 3.22 Comparison between theoretical results and simulated results of the 

SWCCs and the calibration of 2-D and 3-D models 
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Liquid 

bridge

  

Figure 3.23 Soil particles with capillary water at water content 20% 

 

In this simulation, only capillary model is adopted. The matric suction is 

calculated by gradually increasing the capillary radius, and the water content is 

determined by the pixel value. Figure 3.23 shows the DDA model with water 

contents of 20%. Figure 3.19 shows the comparison of the SWCCs of the tested 

results and the simulation results. Generally, simulation results reflect the 

characteristics of the SWCCs, which are S-shaped with an inflection point, and 

simulation results are basically in the range of the experimental data. The simulation 

results have indicated that this numerical method is highly applicable for the 

simulation of SWCC of pure Toyoura sand.  

3.5.2 SWCC OF TOYOURA SAND WITH CLAY 

Suwal and Kuwano (2019) investigated the matric suction of Toyoura sand 

with clay and non-plastic silt by the pressure membrane technique. In this study, the 

experimental SWCC of Toyoura sand with non-plastic silt (the brand name is “DL-

clay”) and SWCC of Toyoura sand with kaolin clay are employed. The gradation 

of non-plastic silt is from 1 μm to 100 μm, and D50 is 23 μm. The tested data and 

the fitted curves by Fredlund-Xing model are shown in Figure 3.24 (Abe, 1994, 

Suwal and Kuwano, 2019). The SWCCs of Toyoura sand with non-plastic silt is not 

much different from that of pure Toyoura sand. This minor difference can be 

explained by the capillary phenomenon. Thus, it can be concluded that only particle 

size distribution has a limited effect on matric suction. However, it is evident that 

Toyoura sand with kaolin clay has higher matric suction than that with non-plastic 
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silt at the same degree of saturation, and the difference is clear in the low saturation 

because the water retention mechanism of kaolin clay is physical-chemical 

interaction rather than capillary.  

Then, micro_DDA is used to simulate the Toyoura sand with kaolin clay. In 

this simulation, the input parameters are that clay content is 20%; the cavitation 

pressure is 100kPa; the specific surface area is 50m2/g that is estimated by Eq. (7); 

the end of adsorption is at Sr = 40%, which is the boundary between the “primary 

transition zone” and the “secondary transition zone”; the bound water capacity θbmax 

is 5%, which is estimated based on the reference of Lu (2016). Figure 3.25 (a) 

shows the soil particles with the clay layer, which is in the high suction range 

(beyond cavitation pressure), and Figure 3.25 (b) shows the soil particles with clay 

layer and capillary water, which is in the low suction range (below cavitation 

pressure). 

 

 

Figure 3.24 The tested data and fitted curves by Fredlund-Xing model of pure 

Toyoura sand (Abe, 1994), Toyoura sand with 20% kaolin clay and 20% non-

plastic silt (“DL-clay”) (Suwal and Kuwano 2019)  
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(a)                             (b) 

Figure 3.25 DDA model of (a) soil particles with a clay layer; (b) soil particles 

with clay layer and capillary water 

 

 

Figure 3.26 The tested SWCCs of Toyoura sand with 20% kaolin clay and with 

20% non-plastic silt (“DL-clay”) (Suwal and Kuwano, 2019), and the simulated 

SWCCs by DDA 

 

The comparison between simulation results and tested results is shown in 

Figure 3.26. The curve that considers both capillary water and bound water “DDA 

(capillary + adsorption)” is closer to the tested results of “kaolin 20%”. In the high 

suction range, the simulated curve fitted the tested results well. Compared with 

SWCC of “DDA (capillary)”, the water content decreases slowly with the increase 

of matric suction at a high matric suction range, which is in accordance with the 

typical SWCC of cohesive soil. There is still a gap between the tested results and 

simulated results in the low matric suction range, which will be discussed in Section 

3.5.3.  
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3.5.3 DISCUSSION 

Capillary suction and adsorption suction can be distinguished conceptually 

(Hua et al., 2020), but it is difficult to accurately distinguish experimentally as 

introduced previously (Baker and Frydman, 2009). Especially, they may work 

together in the “transition zone” (Lu, 2016); as shown in Figure 2.2, both capillary 

suction and adsorption suction is needed to be considered between “cavitation 

pressure” and “end of adsorption”. This makes it more difficult to accurately predict 

the SWCC of cohesive soil by numerical simulation. In this simulation, the authors 

proposed two reasonable approaches to estimate this parameter, and both of them 

are based on the analysis of soil microstructure. Authors had to admit that even the 

end of adsorption can be limited in a certain range through microscopic analysis, it 

is still hard to determine the exact value of the end of adsorption for the complicity 

of soil. Authors assumed that bound water starts to work at the boundary of 

“primary transition zone” to “secondary transition zone” because capillary action is 

less and less obvious and bound water starts to play the main role physically (Bao, 

2004). To improve the accuracy of simulation, it still needs further research on the 

mechanism of soil-water interaction. 

Further, the specific surface area Sa of soil is an important parameter, and it is 

various from soil to soil. Although fruitful achievements have been achieved on the 

estimation of Sa (Ersahin et al., 2006; Fooladm, 2011), in order to accurately 

simulate the SWCC, more research should be devoted to determining the exact 

value of Sa of a soil. In addition, this simulation is still unable to simulate the model 

with a large number of blocks (>104) due to the computational efficiency, this is 

one of the challenges in future study.  

3.6 CONCLUSIONS 

In this chapter, micro_DDA (capillay model and adsorption model) has been 

developed for analyzing soil-water interaction from the micro-scale. First, Young–

Laplace equation is introduced. Then, based on three reasonable assumptions, a 

capillary model is proposed and incorporated into DDA to simulate capillary 

suction of unsaturated soil. Further, the double-layer theory is introduced, and then, 
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a simple and practical adsorption model is developed to simulate adsorption suction 

of unsaturated soil. In addition, the contact disc particle model is used to validate 

the accuracy of the developed model. Finally. The SWCCs of Toyoura sand and 

sand-clay mixture are used as cases to prove the applicability of the developed 

models. 

In general, the micro-DDA is developed based on the physical models, and it 

provides an innovative approach to simulate the matric suction by considering both 

capillary water and bound water. The developed models compensate for the 

shortage of laboratory tests and provide an insight into the soil-water interaction of 

unsaturated soil. Therefore, it is a powerful tool in the analysis of unsaturated soils. 

As micro_DDA introduced some parameters that related to the unsaturated soil, 

it is necessary to summarize and make a description of the introduced parameters. 

Further, there are some output parameters for the description of hydraulic and 

mechanical behaviors analysis. It is necessary to give an introduction to the output 

parameters. The introduced parameters in mico_DDA are summarized in Table 3.4. 

 

Table 3.4 The description of the introduced parameters in the proposed model 

Parameter Range Model Description 

Surface 

tension, Ts 

(mN/m) 

68~75 
Capillar

y model 

Surface tension of water is adopted in this model. 

The value of surface tension depends largely on the 

liquid character and temperature. The listed value 

range is water between 0℃ and 40℃ 

Contact 

angle, (°) 
0~90 

Capillar

y model 

Contact angle is an important parameter for 

hydraulic hysteresis of SWCC. The listed value is 

the common range of experimental values for sand. 

Capillary 

water 

content 

0~θmax 
Capillar

y model 

As soil water at high water content is controlled 

more by gravity than capillary, it is recommended to 

conduct mechanical behaviors simulation at low 

water content (degree of saturation < 80% is 

recommended). 

Specific 

surface 

area Sa 

(m2/g) 

0~103 

Bound 

water 

model 

Specific surface area has importance for soil 

adsorption of clayey soil, which can be obtained by 

laboratory test and estimated from particle size 

distribution. It is used for calculating adsorption 

suction. 
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Bound 

water 

content 

0~θmax 

Bound 

water 

model 

Adsorption water content is not directly shown in 

the model. It is a parameter for calculating 

adsorption suction. This parameter can be measured 

by laboratory test, which is usually less than 5%. 

End of 

adsorption

* 

Soil 

dependant 

Bound 

water 

model 

End of adsorption is assumed in the transition zone 

or the boundary-effect zone, which is dependent on 

soil types. Generally, the soil with finer particles has 

a high value of end of adsorption. 

Sand 

volume/cla

y volume 

Soil 

dependant 

Bound 

water 

model 

These two parameters are for calculating adsorption 

suction. As bound water model is developed for low 

clay soil, the clay content is preferred lower than 

30%. 

* The parameter end of adsorption can be seen as a coupling parameter, which could 

influence the simulation result. However, it is empirical. Although it can be limited 

in a certain range based on the characteristics of SWCC and soil pores, more cases 

are still needed to train this parameter and to improve the performance of simulation 

results. 
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CHAPTER 4 

4. MICROSCOPIC ANALYSIS OF SWCC AND SHEAR STRENGTH2 

4.1 INTRODUCTION 

As introduced in Chapter 3, micro_DDA has been developed and has been 

validated by simulating the SWCCs of Toyoura sand and sand-clay mixture. In this 

chapter, the influence factors of SWCC and shear characteristics of unsaturated soil 

are analyzed.  

In Section 4.2, the influence factors of SWCC are analyzed, which includes 

average particle size, particle size distribution, contact angle, and specific surface 

area. In Section 4.3, shear characteristics of Toyoura sand are simulated to prove 

the applicability of micro_DDA in the analysis of mechanical properties. Further, 

the micro-mechanism of the “peak effect” of shear strength for cohesionless soil is 

explained from the proposed micro parameters. Finally, the discussion and 

conclusions are given in Section 4.4 and Section 4.5. 

4.2 INFLUENCE FACTORS OF SWCC 

SWCC varies greatly for different types of soils, and it is affected but not 

limited by the factors of particle characteristics and pore characteristics (Zhou and 

Yu 2005; Hou, Li, and Xie 2016). SWCCs of pure Toyoura sand and sand-clay 

mixture are presented in the previous Chapter. In order to further analyze some key 

 
2 Chapter 4 is partilly based on the following journal paper: 

[1] Guo, L., Chen, G., Gao, J., & Li, C. 2021. Micro-scale analysis on shear characteristics of unsaturated soil 

by considering capillary suction and adsorption suction based on DDA. Engineering Analysis with Boundary 

Elements, 132, 321-334. 



 

128 

 

influence factors of SWCC, various DDA models are established. 

4.2.1 PARTICLE SIZE 

The average particle size is a key factor for SWCC. To analyze the relationship 

between soil particle size and SWCC, the theoretical analysis and DDA models with 

different particle sizes are built to demonstrate the regular pattern of SWCC of 

unsaturated soil. For simplification, soil structure is supposed to be a square pattern, 

as shown in Figure 4.1. In these DDA models, the conditions are the same, except 

the particle radius R is reduced by half from model a to model c. The physical and 

mechanical parameters refer to Table 3.1 and Table 3.2. 

 

   

(a) model a (R = 0.01mm); (b) model b (R = 0.005mm); (c) model c (R = 0.0025mm) 

Figure 4.1 Three cubic packing contact-disc DDA models (0.08mm×0.08mm) 

with different particle size 

 

  

Figure 4.2 The SWCC of ideal contact-disc models 
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The simulation results and the theoretical solution are shown in Figure 4.2. It 

is clear that particle size has a significant effect on the SWCC. The capillary water 

is more evenly dispersed among the fine particle soil, and there are more soil-water 

contacts than the coarse particle model. Matric suction has a negative correlation 

with the particle size; accordingly, the fine-grain soil has a rather high apparent 

cohesion. In conclusion, average particle size has a significant influence on SWCC. 

As long as the soil type is determined, the matric suction range can be roughly 

determined. 

The influence of particle size distribution (PSD) of sandy soil on the SWCC is 

examined in this section. As shown in Figure 4.3, three models having the same 

size of 5.6 mm × 4.8 mm, denoted as 1, 2, and 3, are developed in the simulation. 

Model 1, 2, and 3 contain 730 particles, 710 particles, and 600 particles, 

respectively. Figure 4.4 shows the PSD curves. According to the United States 

Department of Agriculture (USDA) soil taxonomy (ST), the particles belong to 

sandy soil. The uniformity coefficients (Cu) of the three models are 2.13, 2.33, and 

2.85, while their median diameters (D50) are 0.24 mm, 0.26 mm, and 0.34 mm. To 

eliminate the influence of the pore characteristics, the models are built with the 

same void ratio of 0.70, which corresponds to a relative density of 83 %, and the 

pore size distribution (PoSD) curves of the three models are shown in Figure 4.5. 

The pore size of the models ranged from 0.05 mm to 0.23 mm. The median 

diameters of the pore sizes of the three models are 0.103 mm, 0.105 mm, and 0.116 

mm.  

 

5.6 mm

4.8 mm

(a)   Model 1 (b) Model 2 (c)  Model 3  

Figure 4.3 DDA models with the different PSD 
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Figure 4.4 PSD curves of the three DDA models 

 

  

Figure 4.5 PoSD curves of the three DDA models 

 

  

Figure 4.6 The simulated results under different PSD  
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The simulated SWCCs are shown in Figure 4.6. The results of Model 1 and 

Model 2 are close. Comparatively, the model with big particles (Model 3) has a low 

matric suction under the same water content, but the difference is not significant. 

The simulated results are another supportive evidence for the conclusion that the 

PSD of sandy soil is less sensitive to SWCC, which has shown in the experimental 

SWCC in Figure 3.24. 

4.2.2 CONTACT ANGLE 

The contact angle reflects the hydrophilicity of mineral material. Liquids with 

a low contact angle are more hydrophilic, while a high contact angle suggests low 

hydrophilia. The main causes for hysteresis behavior can be interpreted by the 

variation of contact angle during the drying and wetting processes (Zhou 2013). 

The mechanism of hysteresis for unsaturated soil has been well explained 

theoretically, however, it is difficult to be observed by conventional techniques 

(Kido 2019). In this simulation, Model 1 in Section 4.2.1 was used to simulate the 

influence of the contact angle on the SWCC. 

 

 

Figure 4.7 The simulated results under different contact angles 
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of saturation. For contact angles lower than 20°, the SWCCs are close to each other, 

while the discrepancy is distinct for the high contact angles. The drying contact 

angle is significantly different from the wetting contact angle, which is one of the 

reasons for the hysteretic loop of the SWCC. The effect of the contact angle tends 

to diminish at high matric suction.  

4.2.3 SPECIFIC SURFACE AREA  

For cohesive soil, the specific surface area Sa is an important parameter. 

According to Eqs. (3.6) and (3.7), Sa directly determined the value of matric suction 

under a given bound water content θb. Here, to theoretically analyze the effect of 

Sa, the SWCCs with the specific surface area of soil vary from 25 m2/g to 100 m2/g 

are simulated based on the model in Figure 3.20. Assuming that bound water 

capacity is 5% and the end of sorption at Sr = 35%. With the Sa increases from 25 

m2/g to 100 m2/g, SWCC shows a big difference as shown in Figure 4.8. With the 

increase of matric suction, the difference of Sr of each curve is diminished, and the 

maximum difference of Sr is less than 2% at matric suction 1000 kPa.  

 

 

Figure 4.8 The simulated SWCCs with the various specific surface area of soil 
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4.3 ANALYSIS OF SHEAR STRENGTH 

In this section, shear characteristics of Toyoura sand as a case are analyzed at 

a micro-scale. First, the direct shear test of Toyoura sand is simulated and compared 

with the experimental results. Then, the shear characteristics “peak effect” of shear 

strength is analyzed based on the capillary model. Further, the influence of clay 

content is analyzed based on the adsorption model. 

4.3.1 MODEL SETTINGS 

As shown in Figure 4.9, a simplified direct shear model is established. The 

size of the model is 5.6 mm×3.6 mm. All plates are rigid and frictionless, and the 

bottom plate and upper plates are fixed by four fixed points. The shear stress Ps and 

normal stress Pn are applied through the lower plates and the top plate. Three point 

loads are set on the lower plates to exert shear stress and two measure points are set 

to measure the horizontal displacement. Four loading points are set on the top plate 

to exert normal stress and three measure points are set to observe the vertical 

displacement. The DDA control parameters and the simulation procedures are 

identical to the validation case in Section 3.4.2. Parameters of DDA particles are 

listed in Table 3.3. The PSD curve of Toyoura sand and DDA particles are shown 

in Figure 3.18. The simulation results of SWCCs in Figure 3.19 and Figure 3.24 

are adopted.  

It's necessary to note that frictional strength includes sliding friction and 

interlocking among sand particles. In microscopic analysis, the interlocking is hard 

to be theoretically determined, meanwhile, the 2-D particles have less degrees-of-

freedom, which increases the interlocking between particles. Therefore, it is 

necessary to calibrate the friction angle. By trial-and-error, the simulation results 

match with the experimental results when reducing the sliding friction angle to 10

º.  
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Figure 4.9 Micro DDA direct shear model 

 

4.3.2 SIMULATION RESULTS AND MICROANALYSIS 

4.3.2.1 SHEAR CHARACTERISTICS OF PURE TOYOURA SAND  

The shear characteristics of unsaturated Toyoura sand are simulated and 

compared with the experimental results. To this end, the simple shear test results 

conducted by Lee (1999) are employed in this study. In their experiments, the shear 

stress continuously increases from 0kPa until the soil specimen is failed at capillary 

suction 0kPa, 1.5kPa, 3.0kPa, 4.5kPa, and 6.0kPa under normal stress (σ) 2.5kPa, 

5.0kPa, and 7.5kPa, respectively. The experimental results of shear stress τ and 

shear displacement γ under each capillary suction and normal stress are shown in 

Figure 4.10. 
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Figure 4.10 The relationship between shear stress τ and shear displacement γ of 

each matric suction (ua - uw) under three normal stress (modified from (LEE et al. 

1999)) 

 

To reproduce the direct shear tests, DDA models are to be sheared under three 

levels of normal stress and five levels of capillary suction, respectively. As shear 

failure states under each capillary suction are similar, as an example, the models of 

normal stress 2.5kPa, 5kPa, and 7.5kPa under capillary suction 1.5kPa are shown 

in Figure 4.11. The upper part of the soil specimen rises with the development of 

the shear displacement during the shearing process. The height of the soil sample 

after the shear failure (shear displacement γ = 0.5mm) increases from 3.6mm to 

3.91mm, 3.7mm, and 3.63mm under normal stress 2.5kPa, 5kPa, and 7.5kPa, 

respectively. Figure 4.12 shows the relationship between volumetric strain and 

shear displacement on each capillary suction under normal stress 2.5kPa, 5.0kPa, 

and 7.5kPa. Due to the size effect, the soil specimen is failed when the shear 

displacement γ is beyond 0.5mm (Figure 4.13). The model shows an obvious 

dilatancy trend under normal stress 2.5kPa, and dilatancy gradually disappears with 

the increase of confining pressure. The simulation is in accordance with the 

characteristic of coarse sand (Li and Quan-mei 2016). The simulation results did 

not show a strong correlation between capillary suction and dilatancy, which is 

probably because the capillary suction is too low to affect the dilatancy. 

σ = 7.5kPa 
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2.5kPa

Dilatancy 3.91mm

 

(1) 

5kPa

3.7mm

 

 (2) 

7.5kPa

3.63mm

 

(3) 

Figure 4.11 The shear failure state under capillary suction 1.5kPa at (1) normal 

stress 2.5kPa; (2) normal stress 5kPa; (3) normal stress 7.5kPa  

 



 

137 

 

0 2 4 6 8 10
-2

-1

0

1

 0 kPa

 1.5 kPa

3 kPa

 4.5 kPa

 6 kPa

 

 

v
o
lu

m
at

ic
 s

tr
ai

n
 (

%
)

displacement (0.1mm)  
0 2 4 6 8 10

-2

-1

0

1

 0 kPa

 1.5 kPa

3 kPa

 4.5 kPa

 6 kPa

 

 

v
o
lu

m
at

ic
 s

tr
ai

n
 (

%
)

displacement (0.1mm)   

(1) normal stress = 2.5kPa            (2) normal stress = 5kPa 

 

0 2 4 6 8 10
-2

-1

0

1

 0 kPa

 1.5 kPa

 3 kPa

 4.5 kPa

 6 kPa
 

 

v
o
lu

m
at

ic
 s

tr
ai

n
 (

%
)

displacement (0.1mm)  

(3) normal stress = 7.5kPa  

Figure 4.12 The relationship between volumetric strain and shear displacement γ 

on each capillary suction (ua - uw) under three normal stress. 

 

The relationship between shear stress τ and shear displacement γ on each 

capillary suction under normal stress 2.5kPa, 5.0kPa, and 7.5kPa are presented 

in Figure 4.13. Compared to the three figures, it is evident that shear stress 

increases with normal stress. In each figure, the shear stress increases with the 

presence of capillary suction, and the increase is evident under lower normal stress. 

However, there is no positive correlation between capillary suction and shear 

strength, and shear strength drops when capillary suction is beyond 4.5kPa. This 

“peak effect” is able to prove that simulation results are in agreement with the 

experimental results (LEE et al. 1999).  
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Figure 4.13 The relationship between shear stress τ and shear displacement γ on 

each capillary suction (ua - uw) under three normal stress. 

 

4.3.2.2 MICROSCOPIC ANALYSIS  

In this section, the “peak effect” of shear strength is quantitatively analyzed 

based on the micro parameters. In the micro-scale analysis, the coordination 

number (CN), which defines as the average contact number of particle assembly, is 

an illustrative parameter to interpret the mechanical behaviors of granular materials. 

The relationship between CN and shear displacement under various capillary 

suction and normal stress is presented in Figure 4.14. Note that the contact number 

adopted in this analysis is the locked contact of DDA, which is smaller than the 

total contact. Figure 4.15 can explain the stress-strain curve in Figure 4.14 from 

σ = 7.5kPa 

σ = 5kPa σ = 2.5kPa 
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the micro-scale. In each figure, CN increases with the presence of capillary suction, 

and the increase is evident under lower normal stress. CN has a positive relationship 

with shear displacement before shear failure, and CN decreases dramatically after 

the soil sample failure. Compared to each figure, CN increases with normal stress 

before reaching the peak value, and the peak value of CN is positively related to 

normal stress. The results indicate that both normal stress and capillary suction 

increase the particle connection, thereby shear strength of unsaturated sand is 

increased. The influence of external factors can be partly reflected in parameter CN.  
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Figure 4.14 The relationship between coordination number and shear 

displacement γ on each capillary suction (ua - uw) under three normal stress. 

 

σ = 2.5kPa σ = 5kPa 

σ = 7.5kPa 



 

140 

 

0 2 4 6 8 10
0

1

2

3

4

 2.5kPa

 5kPa

 7.5kPa

 

 

C
N

S

matric suction (kPa)
 

Figure 4.15 The relationship between the number of capillary bridge (CSN) and 

capillary suction under normal stress 2.5kPa, 5.0kPa, and 7.5kPa. 

 

In each figure of Figure 4.14, the higher capillary suction has a larger CN, 

however, the peak CN appears at the capillary suction 4.5kPa rather than 6kPa. 

Therefore, the authors proposed a parameter to quantitively interpret this 

phenomenon. Referring to the concept of CN, the number of the capillary bridge 

(CSN) is proposed, which defines as the average number of capillary bridges of 

particle assembly. Capillary bridges have a significant influence on shear strength 

(Yulong and Huan 2019). The capillary bridge can form on adjacent particles under 

low water content; with the increase of water content, the capillary bridges would 

be merged. Thus, CSN converges to CN at extremely low water content and reduces 

to 0 at the degree of saturation 100%. The simulated relationship between CSN and 

capillary suction before shearing is presented in Figure 4.15. As expected, it shows 

that CSN increases to a peak value and then decreases to a constant value with the 

increase of the capillary suction, and the peak value of CSN is in accordance with 

the peak shear strength in Figure 4.13 and the high value of CN in Figure 4.14. 

Therefore, in the range of low matric suction, CSN is the main reason for the “peak 

effect” of shear strength. CSN contributes to forming more particle connections, 

which is the micro-mechanism of the “peak effect” of shear strength. In micro-scale 

analysis of sandy soil, CSN needs to be considered in the estimation of mechanical 

behaviors of sand. 
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4.3.2.3 THE INFLUENCE OF CLAY CONTENT  

In this section, the influence of clay content on the shear characteristics is 

analyzed based on adsorption model. As shown in Figure 3.24, the capillary water 

content is extremely low when matric suction beyond 10kPa, in this simulation, 

apparent cohesion is assumed to come from adsorption suction when matric suction 

beyond 10kPa. 
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Figure 4.16 The relationship between the clay layer contact and adsorption 

suction under normal stress 7.5kPa 

 

It is different from the capillary model, there is no parameter similar to CSN. 

There are two parameters to determine apparent cohesion: the value of adsorption 

suction and the total contact area of clay layer (2-D model is contact length). In this 

simulation, referring to the concept of the normalized area of water proposed by 

Vanapalli (Vanapalli et al. 1996), a contact coefficient is defined as the ratio of the 

total contact length to the perimeter of all blocks, whose value is between 0 and 1. 

The contact coefficient is calculated at different adsorption suction under normal 

stress 7.5kPa. As shown in Figure 4.16, the contact coefficient approximately 

linearly decreases with the logarithm of adsorption suction, and the decrease of 

contact coefficient is relatively small within 0.1. Because the bound water content 
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is small, and the water variation has a small influence on the thickness of the clay 

layer. Further, the relationship between CN and shear displacement under various 

adsorption suction at normal stress 7.5kPa is presented in Figure 4.17. Therefore, 

the adsorption suction is the dominant factor for apparent cohesion, accordingly, 

there is no “peak effect” of shear strength, which is in agreement with experimental 

results of sand-clay mixture (Kohgo and Moriyama 1998; Feng et al. 2017).  
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Figure 4.17 the relationship between CN and shear displacement γ under various 

adsorption suction at normal stress 7.5kPa 

4.4 DISCUSSION 

The discrepancies between the simulation results and the experimental results 

and the limitation of this simulation are discussed. In this simulation, polygonal 

(non-circular) particles are adopted. Comparing with the disc element-based (2-D) 

method, it has more surface contacts under the same condition. Therefore, 

polygonal particles tend to form a stable microstructure, and the polygonal particles 

model is generally higher friction angle than the circular particles model under the 

same condition. Because coordination number is an illustrative parameter to 

interpret the mechanical behaviors of soil, the influence of particle shape can be 

reflected in CN. Under a similar condition, DDA results of CN are relatively larger 

than the other DEM results, the CN of which are usually less than 4.0 (Liu, Zhou, 
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and Wu 2007) (Jiang, Leroueil, and Konrad 2004). This simulation provides a 

reference for the influence of particle shape on shear characteristics, and further 

researches will analyze the coupling of matric suction and particle shape.  

In this simulation, the mechanism of adsorption suction on shear 

characteristics is not considered, instead, a semi-empirical equation is adopted. Also, 

the effect of clay on the friction angle is neglected. To improve the accuracy of 

simulation, the mechanism analysis on adsorption suction is a critical issue. 

Finally, the capillary model and adsorption model are still in the developing 

stage, this simulation is still unable to simulate the model with a large number of 

blocks (>104) due to the computational efficiency. In micro_DDA, the key functions 

of searching the clay layer of each particle and determining the contact length of 

the clay layer take up most of the computation time. Generally, the computation 

time of the micro_DDA is 3 to 5 times of conventional DDA, and the exact results 

depend on the boundary conditions and parameters of the model. For this reason, 

the algorithm is being optimized currently.  

4.5 CONCLUSIONS 

In this chapter, the SWCC and the shear strength of unsaturated soil are 

investigated based on micro_DDA. Micro_DDA can overcome the limitations of 

laboratory tests such as the measuring range limitations, time-consuming, and high 

cost. It can provide a micro perspective to explain the experimental results. 

The influential factors of the SWCC are analyzed based on the micro_DDA. 

It shows that average particle size has a significant influence on the SWCC. The 

small particle size has a higher matric suction under the same water content. The 

influence of contact angle on SWCC is not clear below 20°; specific surface area 

of cohesive soil influences SWCC significantly, specifically, at high suction range.  

The shear characteristics of unsaturated soil have been studied at a micro-scale 

by considering the contribution of capillary suction and adsorption suction. The 

“peak effect” of the shear strength of Toyoura sand has been simulated and 

explained by the micro parameter CSN (number of the capillary bridge). In micro-

scale analysis, CSN needs to be considered in the estimation of mechanical 
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behaviors of cohesionless soil. The shear characteristics of the sand-clay mixture 

are used as an example to show that the adsorption model is indispensable. In the 

high matric suction range of cohesive soil, adsorption suction is the dominant factor 

for apparent cohesion. As the contact area of the clay layer decreases slightly, and 

adsorption suction controls shear strength, therefore, there is no “peak effect” for 

cohesion soil. 

Micro_DDA provides an innovative approach to simulate the mechanism of 

matric suction in a wide suction range by considering both capillary water and 

bound water. And micro_DDA can explain some features of unsaturated soil from 

micro-mechanism, therefore, it could be a powerful tool to link the macro behavior 

with microstructure evolution.  
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CHAPTER 5 

5. DEVELOPMENT OF MACRO_DDA FOR SHALLOW LANDSLIDES 

ANALYSIS CONSIDERING MATRIC SUCTION3 

5.1 INTRODUCTION 

Shallow landslide is one of the widespread geo-hazards in the unsaturated zone 

(Harp et al., 2008; Coe et al., 2004). The dissipation of matric suction in the topsoil 

is one of the disaster-causing factors of rainfall-induced landslides (Yang et al. 2017; 

Augusto Filho and Fernandes 2019).  

As introduced in Chapter 3, micro_DDA has been developed, and the 

hydraulic and mechanical behaviors of unsaturated soil have been analyzed from 

the micro mechanism in Chapter 4. Microscopically, soil can be treated as granular 

material with water and air filled up in the soil skeleton, and the capillary suction 

and adsorption suction as an equivalent force is exerted on the surfaces of the soil 

particle. However, soil cannot be treated as granular material anymore when 

analyzing large-scale engineering problems such as shallow landslides, and 

assumptions in micro-scale researches are not suitable for analyzing practical 

engineering problems.  

Rainfall is the main reason for reducing the soil suction, and it is the key factor 

to trigger the landslide (Caine, 1980; Crosta and Frattini 2003; Collins and 

Znidarcic, 2004; Reid, 1994; Iverson, 2000). In recent years, landslides caused by 

 
3 Chapter 5 is partilly based on the following journal paper: 

[1] Guo, L., Chen, G., Gong, S., Sun, H., & Chantat, K. 2021. Analysis of Rainfall-induced Landslide Using 

the Extended DDA by Incorporating Matric Suction. Computers and Geotechnics, 135, 104145. 
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extreme weather have occurred frequently (Sidle and Ochiai, 2006). According to 

statistics, since the 1980s, about 50% of catastrophic landslides that occurred in 

China were directly triggered by heavy rainfall. Among most of the cases, the 

shallow landslides are the majority (Huang, 2007). Therefore, it is vital to analyze 

the mechanism of soil suction for shallow landslides to prevent or mitigate this type 

of geo-disaster. In the existing slope stability analysis method, matric suction is 

taken as apparent cohesion to reinforce shear strength (Montrasio and Valentino 

2008). However, matric suction reinforces both shear strength and tensile strength 

by increasing normal stress, also, matric suction still affects post-failure movement. 

In this chapter, a simple and practical model is proposed to meet the need for 

analysis of geoengineering problems with respect to matric suction. Then, the 

performance of the developed program is validated by a single block sliding model 

and the multi-block sliding model. Finally, an example of the shallow landslide is 

used to show how the developed program is applied to analyze practical engineering 

problems. In order to distinguish this from mico_DDA, the developed program is 

called macro_DDA. Macro_DDA is developed in Section 5.2, and the developed 

program is validated by two models in Section 5.3. A case study of a rainfall-

induced landslide is analyzed in Section 5.4. The conclusions are given in Section 

5.5. 

5.2 DEVELOPMENT OF MACRO_DDA 

As introduced in Chapter 2, SWCC is an indispensable tool to depict the 

mechanical properties of unsaturated soil. The empirical Eq. (2.8) proposed by 

Vanapalli (1996) is adopted here. The magnitude of suction stress is decided by 

three factors: matric suction (ua - uw), degree of saturation Sr, and a fitting parameter 

κ. The suction stress is as follow: 

 ( ) ( )s

a wu u  = −   (5.1) 

where σs is suction stress; (ua - uw) is the matric suction; Θ is the normalized 

volumetric water content; κ is a fitting parameter. According to Vanapalli (1996),  

Θ can be simplified as the degree of saturation Sr. Eq. (5.1) is validated by both the 
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thermodynamical theory and experiment results. The geometric meaning of Eq. 

(5.1) is illustrated in Figure 5.1, the area of the shaded part is suction stress σs with 

the fitting parameter κ = 1. The parameter κ is used to cover the other factors such 

as the mechanical effects of forces (3)-(5), and experimental errors. The fitting 

parameter κ has a value range for different soil based on the researches. From the 

viewpoint of energy, matric suction is the mechanical energy stored in soil water 

per unit volume of soil water, and suction stress is the mechanical energy stored in 

soil water per unit REV. 

 

 

Figure 5.1 Illustration of suction stress from the viewpoint of energy stored in soil 

water. 

 

In conventional DDA, as long as the contact state turns from the locked into 

the sliding or the open, the cohesion c would be removed permanently from the 

adjacent edges even the contact state turns back to the locked (Figure 5.2 (a)). Thus, 

cohesion c would not affect the mechanical behaviors of the separated blocks 

anymore in DDA. Because DDA is originally developed for analyzing rock material, 

effective cohesion c does not exist with the rock being separated. However, 

according to unsaturated soil mechanics, matric suction exists even blocks undergo 

large displacement and recovers when blocks come together again (Shi-qiao and 

Hai-peng 2010). In this study, a model is introduced to conventional DDA to extend 

it in simulating the mechanical behavior of matric suction. 
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Figure 5.2 The comparison of DDA and macro_DDA when the contact state turns 

from the locked to the sliding or the open: (a) cohesion = 0 kPa; (b) and (c) matric 

suction ≠ 0 kPa, and the equivalent load is ( ) ( )a ws s u uF l Sr −= . 

 

In macro_DDA, the mechanical behavior of matric suction is simplified as an 

equivalent load, which is added on the adjacent blocks as long as they are close 

enough no matter what the contact state is. The value of the suction-induced load is 

determined by the equivalent load and the contact length ls. A proper method has 

been proposed to simulate the suction-induced load, whose implementation is done 

in three steps. The schematic diagram is shown in Figure 5.2 (b) and (c), and the 

computational procedures are similar to adsorption model: 

(1) Each block has an influence range with the same width r. As shown in 

Figure 5.2 (b), the influence range of each block is a closed curve that consists of 

several lines and arcs. Because the block adopted in this research is a polygon-

shaped object, the trace of influence range can be determined by the vertices of the 

block. Taking Block j as an example, point A (x, y) on the influence range can be 

determined by point B (xi, yi) (between vertices (x1, y1) and (x2, y2)) and width r 

through the following equation: 

 1 2

cos

sin

i

i

i

x x r
x x x

y y r





= +
 

= +
 （ ）  (5.2) 

where (x, y) is a point on the influence range; (xi, yi) is a point on the edge of a 

block; r is the width of influence range; θ is the angle between the outer normal 
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direction of the edge and the x-axis (θ ∊  [0,2π)). The influence range is not 

continuous at the vertices due to the edge is not smooth at the vertices. So, the 

influence range at the vertices is supposed to be an arc, whose trace can be 

determined by the angle α and width r, and the arc is simplified as a decagonal 

polyline in macro_DDA. 

(2) Determination of the contact length ls. As shown in Figure 5.2 (c), if the 

influence ranges have contacts (supposing C (x3, y3) and D (x4, y4) are the 

intersection points), the contact length corresponding to CD between two adjacent 

blocks is ls. Because there is a one-to-one correspondence between the block and 

the influence range (the vertice corresponding to an arc), the contact length ls can 

be determined by detecting the positional relationship of influence ranges. For the 

multi-block system with N blocks (N > 2), each block needs to be checked for 

contact length ls with the rest of the blocks. The contact length ls of the multi-block 

system can be obtained by the above procedures. 

(3) Calculation of the equivalent load Fs by the following equation: 

 ( ) ( )a ws s u uF l Sr −=   (5.3) 

As shown in Figure 5.2 (c), Fs is added to the surface of the contact length in 

the outer normal direction of Block j. Meanwhile, the counter-acting force Fs’ is 

applied to Block i. There are three input parameters, which include the degree of 

saturation Sr, matric suction (ua - uw), and the fitting parameter κ. Sr and (ua - uw) 

can be determined by SWCC as introduced in the previous section, and κ depends 

on soil types (Vanapalli and Fredlund 2000). 

In macro_DDA, the equivalent load Fs, in essence, is an additional load due to 

matric suction. The mechanical behavior of apparent cohesion depends on Fs and 

friction angle ϕ’. Fs is computed at each time step and added to the global force 

matrices of the global equilibrium Eq. (2.18) with other stresses and forces. The 

flow chart of the macro_DDA is depicted in Figure 5.3, and the procedures in 

shaded boxes are modified parts. 

Finally, it should note that the parameter influential range r is an important 

input parameter of macro_DDA. The influence range is similar to the “clay layer” 
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in adsorption model. In macro_DDA, the thickness of “clay layer” is related to the 

vale of adsorption suction, but in macro_DDA, its influential range is only used to 

search contact between blocks. Therefore, to ensure that each block only affects 

adjacent blocks, the value of r should be set appropriately. According to capillary 

mechanics, it is reasonable to set r at centimeter-scale, and the value of r needs to 

adjust according to different models.  
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Figure 5.3 The flow chart of the macro_DDA. 

 

5.3 VALIDATION OF MACRO_DDA 

In order to validate macro_DDA, numerical sliding models are adopted. The 

factor of safety of the simple sliding model and sliding distance of the multi-block 

sliding model is used to examine the correctness of macro_DDA. 
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5.3.1 SIMPLE SLIDING MODEL 

The simple sliding model is the most frequently used model for numerical 

method validation (Zhang et al. 2015). In order to validate the performance of 

macro_DDA, the simulated safety factor of the simple sliding model is compared 

with the limit equilibrium method. As shown in Figure 5.4, a small size rectangular 

block A rests on a fixed block B with a 30º incline, and the resting block A is allowed 

to slide along the incline. Physical parameters of the blocks and DDA control 

parameters are listed in Table 5.1. To guarantee reasonable simulated results, the 

contact spring stiffness is 100 times of elasticity modulus. Because the full dynamic 

analysis is used, the velocity of block A inherits the one in the last time step. To 

simplify the model, the effective cohesion c’ = 0 kPa and friction angle ϕ’ = 22º. 

An ideal SWCC adopted in the model is shown in Figure 5.5, which is 

corresponding to sandy soil, and the fitting parameter κ is simplified as 1.0 

(Vanapalli and Fredlund 2000). The parameters adopted in this model are the 

common values of the sliding model, which are used for the validation of the 

developed program.  

Because the mechanism of matric suction in macro_DDA is to increase the 

normal stress between blocks, the sliding block A is stable on the incline as long as 

load Fs is large enough. The safety factor (FOS) of sliding block A can be expressed 

as follows: 

 
( )   ' '
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where FOS is the safety factor; ϕ' is internal friction angle; θ is slope angle; γ is unit 

weight; Z is the width of the block, Sr is the degree of saturation; κ is a fitting 

parameter; (ua - uw) is matric suction. Matric suction-induced safety factor variation 

ΔFOS can be expressed as follows: 

 ( )a w r

tan '
FOS

Z
S

n
u

si
u  

 
 − =   (5.5) 

 



 

159 

 

θ = 30°

0.5m

 

Figure 5.4 The DDA simple sliding model 

 

 

Figure 5.5 Soil-Water Characteristic Curve (SWCC) adopted in the model 

 

Table 5.1 Parameters for the simple sliding model 

Unit 

weight, γ 

(kN/m3) 

Elasticity 

modulus, 

E (GPa) 

Poisson’s 

ratio, ν 

Dynamic 

control 

parameter 

Maximum 

displaceme

nt ratio, g2 

Time 

step, 

g1 (s) 

Contact 

spring 

stiffness, kn 

(kN/m) 

Factor of 

over-

relaxation 

1700 1.0 0.2 1.0 0.01    0.01 1.0×108 1.3 

 

Figure 5.6 is the comparison of FOS-Sr between the limit equilibrium method 

and DDA simulated results in the transition zone. The overall trend of FOS is 

decreasing with the increase of the degree of saturation after reaching the peak value 

that is near 1.6, and it is approximately corresponding to the degree of saturation 
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50%. The error between simulated results and the limit equilibrium method does 

not exceed 5%. Therefore, the simulated results are in good agreement with the 

limit equilibrium method, indicating that macro_DDA exhibits sufficient accuracy 

to simulate the stability of the sliding block. 

 

 

Figure 5.6 The comparison of the safety factor between macro_DDA and limit 

equilibrium results. 

 

 

Figure 5.7 The simple sliding model 

 

5.3.2 MULTI-BLOCK SLIDING MODEL 

Macro_DDA has been verified by simulating the safety factor of the simple 

sliding model. However, the sliding mass usually consists of debris material, and 
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the simple sliding model is too simple to illustrate the kinetic behaviors after the 

landslides occurred. In this regard, the multi-block sliding model is adopted in this 

simulation. 

 

  

Figure 5.8 The experimental results (modified from Zheng (2018)) and DDA 

results of the relationship between runout distance and degree of saturation 

 

Zheng (2018) conducted a research on the relationship between runout 

distance and water content of sand material. In their experiments, silica sand 

(average particle size = 1mm) is used. The inclined chute is 140cm long, the 

horizontal chute is 170cm long, and the slope angle is 30⁰. The volume of sand 

particles is 4.5L, and the friction angle between sand and chute is 17⁰. The sand 

particles rushed down from the upper part of the inclined chute and stopped on the 

horizontal section. As shown in Figure 5.8, the runout distance has a minimum 

value with the degree of saturation increases, and Zheng (2018) fitted the 

relationship with a cubic polynomial curve.  
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Bottom Sliding surface 

Fixed baffle 

 

Figure 5.9 The multi-block sliding model 

 

 

Figure 5.10 The SWCC adopted in the simulation (Linna et al. 2017) 

 

In order to reproduce the experimental results, a DDA model is built as shown 

in Figure 5.9. The sliding surface is 30º and 140cm long, which is fixed on the top 

of the bottom sliding surface. A fixed baffle on the top of the soil sample is used to 

limit the vertical displacement. The actual soil contains a huge number of particles, 

and it is difficult to be simulated by current computers (Jiang 2019). Therefore, 

under the premise of ensuring the authenticity of numerical simulation, it is 

particularly important to reduce the number of particles as much as possible. 
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Theoretical analysis shows that as long as the similarity criterion is satisfied, the 

scaled model has the same mechanical behaviors as the prototype (Feng and Owen 

2014). The DDA model consists of 140 smaller rectangular-shaped blocks, whose 

sizes are from 1cm to 4cm. The average particle size for the model is around 10 

times of the prototype. Based on capillary mechanics, the apparent cohesion is 

derived from the surface tension, to ensure the model has the same mechanical 

response as the prototype, the apparent cohesion should be enlarged 10 times 

according to the similarity criterion (Feng and Owen 2014). The friction angle ϕ’ 

between sand and the slope is 17º (Zheng 2018), and the fitting parameter κ is 1.0 

in this model (Vanapalli and Fredlund 2000). Physical parameters and DDA control 

parameters refer to Table 5.1. An observation point M is set in a block to collect the 

kinetic information. The observation point can move along with its affiliated block, 

and the kinetic information is updated in every calculated time step. Figure 5.10 

shows the tested SWCC of silica sand (Linna et al. 2017), which is fitted by the 

Fundlund-Xing model. 
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Figure 5.11 The the post-failure state of the multi-block model at different degree 

of saturation 
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Figure 5.11 shows the post-failure state simulated by macro_DDA. The runout 

distance at Sr 100%, 80%, 50%, 20%, and 0% are 152cm, 141cm, 124cm, 130cm, 

and 152cm, regardless of the burst blocks. The relationship between runout distance 

L and the degree of saturation Sr is shown in Figure 5.8. These simulated results 

are in good agreement with the experimental results conducted by Zheng (2018). 

There is a threshold value of the degree of saturation Sr1 to minimize the runout 

distance, which is corresponding to the maximum apparent cohesion. L decreases 

with Sr when Sr < Sr1, while L increases with Sr when Sr > Sr1. Therefore, the 

simulated results show that macro_DDA can simulate the effect of water content on 

the runout distance of granular materials. 

5.4 A CASE STUDY OF RAINFALL-INDUCED LANDSLIDE 

5.4.1 BACKGROUND INFORMATION 

5.4.1.1 Overview landslide disasters in Northern-Kyushu area  

Japan is one of the regions in the world with the highest rainfall. Seasonal 

rainfall and typhoons caused natural disasters frequently occur in summer and 

autumn. Kyushu island is located in the south of Japan (Figure 5.12), where it is in 

the sub-tropical maritime climate zone, and most of the rainfall occurs from June 

to August, so it is one of the areas most affected by natural disasters. The Fukuchi 

mountain fault zone runs through the study area. According to statistics, geological 

disasters caused by typhoons and seasonal rainfall from 1969 to 2009 are listed in 

Table 5.2 (Kasama et al., 2011). 
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Figure 5.12 The location of the Kyushu area (Modified from Google) 

 

Table 5.2 The history geo disaster in Kyushu area from 1969 to 2009 (from 

Kasama et al., 2011) 

Year Month Place Triggering factor 
Death and 

missing person 

1969 June 
Kagoshima-shi, 

Kagoshima 

Localized 

downpour 
52 

1971 August 
Kagoshima-shi, 

Kagoshima 

Localized 

downpour 
47 

1972 July 
Asakura, 

Kumamoto 

Localized 

downpour 
115 

1976 June 
Kagoshima-shi, 

Kagoshima 

Localized 

downpour 
32 

1982 July 
All prefectures, 

main Nagasaki 

Localized 

downpour 
259 

1984 June 
Itsuki-machi, 

Kumamoto 
Seasonal rain front 16 
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1986 July 
Kagoshima-shi, 

Kagoshima 

Localized 

downpour 
18 

1990 July 

Ichinomiya-

machi, 

Kumamoto 

Seasonal rain front 11 

1990 September 
Setouchi-machi, 

Kagoshima 
Typhoon No. 19 11 

1993 August 
Kagoshima-shi, 

Kagoshima 

Localized 

downpour 
47 

1997 July 
Izumi-shi, 

Kagoshima 
Seasonal rain front 21 

1999 June 
All prefectures, 

main Hiroshima 
Seasonal rain front 24 

2003 July Middle Kyushu Seasonal rain front 24 

2004 September Western Japan Typhoon No. 21 17 

2005 September 
Yamaguchi and 

Western Kyushu 
Typhoon No. 14 25 

2006 July Kagoshima Seasonal rain front 5 

2007 July 
Kumamoto and 

Kagoshima 
Seasonal rain front 2 

2008 June Kumamoto Seasonal rain front 1 

2009 July North Kyushu Seasonal rain front 34 

 

The studied case is the rainfall-induced landslide by torrential rain in 

Northern-Kyushu July 2009. Affected by the humid airflow in the rainfall season, 

a large number of cumulonimbus clouds have formed in Northern-Kyushu, 

resulting in heavy rainfall. The rainfall zone is strong and very active. Heavy 

rainfall concentrated on July 24-26, and cumulative rainfall in many places had 

exceeded 500.0mm. The rainfall caused 71 debris flows, 5 landslides, and 173 slope 

failures. These disasters caused a total of 32 death and 43 injured and hit Yamaguchi, 

Fukuoka, Oita, Kumamoto, Nagasaki, and Saga. 
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5.4.1.2 The Fukuchi-machi slope failure 

Geological setting 

The study area is located in the north of Fukuchi-machi, where are 45km east 

of Fukuoka prefecture and 45km south of Kitakyushu prefecture. The slope is 

located near the Fukuchi mountain fault, and Figure 5.13 shows the geologic map 

of the Fukuchi-machi area. The Fukuchi mountain fault zone is an active fault, 

which is distributed from the area of Kitakyushu-city to Tagawa-city (Figure 5.13 

(a)). The study area is located in the mountainous area on the east side of the fault 

zone. The lithology of the mountainous area consisting of the Lower Cretaceous 

Kanmon Group, the Upper Cretaceous granodiorite, and the Paleozoic 

metamorphic series (the Yobino Group) (Figure 5.13 (b)). The detail in the 

formation of the geological setting of Fukuchi mountain fault can be found in the 

https://www.jishin.go.jp. 

 

(a)                        (b) 

Figure 5.13 (a) The main fault zone of the North-Kyushu area, (b) The lithology 

of the study area (Earthquake Research Promotion Headquarters Earthquake 

Research Committee, 2013, Resource: https://www.jishin.go.jp/). 

 

Figure 5.14 (a) is shown the topographic map of the study area, and Figure 

5.14 (b) is shown the 3-D topography of the landslide. The highest point of Fukuchi 

https://www.jishin.go.jp/
https://www.jishin.go.jp/
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mountain is around 901m, and the elevation descended from the east to the west. 

The river has developed in the south of Fukuchi mountain, and the valleys have 

been eroded by the small rivers.  

 

0 500m

 

 (a) 

0 200m

 

(b) 

Figure 5.14 (a) The topographic map of the study area; (b) The 3-D topography of 

the post-failure landslide (Modified from Google). 
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The slope failure occurred on the hillside of the mountain with an elevation of 

295 m and a vertical drop of 160 m. The local lithology is granodiorite, and the 

surface is covered by around 3m highly weathered reddish-brown soil. The original 

slope angle is 24º-32º, and the size of the landslide is 50 m in width, 400 m in length, 

and 3 m in depth. The affected area is 13,000 m2, and the volume of collapsed soil 

is 50,000m3. The direction of the landslide is from the east to the west, and it is a 

wedge-shaped collapse and slender horseshoe-shaped distribution. The terrain of 

the landslide can be classified into three areas along the main sliding direction. The 

first area is the collapsed area that altitude decreases from 290 m to 250 m a.s.l. and 

the slope angle around 40º. The second area is the running area with altitude 

decreases from 250 m to 145 m a.s.l and an average slope angle of 28º. The third 

area is the deposited area with altitude decreases from 145 m to 135 m a.s.l and an 

average slope angle of 8º. 

Meteorological data and Material properties 

The heavy rainfall mainly concentrated on July 24-26, and the total rainfall 

reached 568mm, about one-third of the annual rainfall. According to local 

meteorological data, as shown in Figure 5.15, the heavy rainfall lasts about 1 hour 

from 19:00 to 20:00 and then weakens from around 21:00. The rainfall reached 

243.5mm in a short period from 17:00 to 21:00. The disaster occurred 50 minutes 

later. The landslide and debris flow occurred around 21:40. Figure 5.16 is shown 

the post-failure state of Fukuchi-machi landslide.  
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Figure 5.15 The local rainfall data 

 

0 200m

(a)

 

0 200m

(b)

 

 

Figure 5.16 (a) and (b) The photos of the shallow landslide of Fukuchi-machi; (c) 

The topographic map of the shallow landslide of Fukuchi-machi (Photo is from 

https://www.ajiko.co.jp) 

 

5.4.2 SLOPE ANALYSIS 

5.4.2.1 Slope modeling  

In this simulation, referring to the geometric data and the cross-sectional 

profile of the slope (Kasama et al. 2011), a simplified 2-D DDA model is built in 

Figure 5.17. There are two types of materials in the model: bedrock and soil. The 

bedrock (base block) is fixed at the bottom, and the sliding mass rests on the 

(c) 

https://www.ajiko.co.jp/
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bedrock. Considering the computation efficiency, the sliding mass (soil) consists of 

1000 small blocks, whose sizes are in the range of 0.01m to 1 m. In order to 

eliminate the influence of the joints on simulated results, the sliding mass is meshed 

by the Voronoi method. As marked in the model, the whole slope consists of three 

parts: collapse area, running area, and deposited area.  

 

Collapse area 

Running area 

Deposited area 

3m

375m  

Figure 5.17 DDA model of the Fukuchi-machi landslide 

 

Table 5.3 Material properties of the collapsed soil and bedrock 

 
Unit weight, 

γ (kN/m3) 

Elasticity 

modulus, 

E (GPa) 

Poisson’

s ratio, ν 

Friction 

angle， 

ϕ’ (º) 

Cohesion, 

c (kPa) 

Tensile 

strength, 

σt (kPa) 

Soil 1700 0.2 0.3 30 10 0 

Bedrock 2300 2.0 0.13 30 0 0 

 

Based on the experimental test results conducted by Kasama (2011), the 

cohesion is 12 kPa under water seepage and 46 kPa without water seepage. The 

cohesion 12 kPa can be assumed as effective cohesion, which is unrelated to water 

content variation, and the cohesion 46 kPa is the total cohesion that includes both 

effective cohesion and apparent cohesion. Therefore, apparent cohesion loss is 
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more than 30 kPa. In order to simplify the model, the effective cohesion and 

apparent cohesion are assumed as 10 kPa and 30kPa, respectively. The friction 

angle ϕ’ is 30º, which is in accordance with the input parameters of the numerical 

simulation conducted by Kasama. As there is no in-situ data available for soil 

suction, we use linear interpolation to estimate the apparent cohesion of each degree 

of saturation. According to the research of Tamada (2009), in the North-Kyushu 

area, the average saturation (no rainfall for more than 3 weeks) is 70% (Tamada, 

Taninobu, and Kawasaki 2009). Because the torrential rainfall lasted for a long time 

and reached as high as 80 mm/h (Kasama et al. 2011), the saturation is assumed as 

100% in this condition (Tamada, Taninobu, and Kawasaki 2009). So, in this 

simulation the initial saturation is assumed as 70%, which is corresponding to the 

apparent cohesion 30kPa; the final saturation is 100%, which is corresponding to 0 

kPa. Apparent cohesion at the specified saturation range linearly decreases from 

30kPa to 0kPa. In order for DDA model to have the same mechanical behaviors as 

the prototype, the similarity criterion has to be satisfied as to the validation case in 

Section 5.3.2. As DDA particle size is around 100 times larger than prototype, the 

matric suction should be enlarged 100 times. The input value of matric suction is 

fine-tuning based on the similarity criterion. According to Eq. (5.5), the decrease 

of the safety factor is only determined by the apparent cohesion loss without 

considering the dynamic rain erosion. In DDA model, the time step is 0.005s; the 

maximum displacement ratio is 0.001; the dynamic control parameter is 1.0; the 

factor of over-relaxation is 1.3. Physical parameters are listed in Table 5.3, which 

is referred from the published paper (Kasama et al. 2011), and some parameters are 

also referred from the geology report  

(https://warp.da.ndl.go.jp/info:ndljp/pid/11293659/www.jishin.go.jp/main/chousa

kenkyuu/chiiki_chousa/h25_kokura.pdf).  

5.4.2.2 SWCC estimation  

The grain size distribution curves are shown in Figure 5.18. The content of 

particle size that over 0.1mm is over 60%, and the particle size that between 

0.05mm and 0.5mm is missing. So, it can be simplified as a sand-clay mixture. For 

simplification, the particle that greater than 0.5 mm are treated as the DDA block 

https://dl.ndl.go.jp/info:ndljp/pid/11373408
https://dl.ndl.go.jp/info:ndljp/pid/11373408
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whose content is around 70%; the particle that less than 0.05mm are treated as the 

clay layer whose content is around 30%. DDA model is established (Figure 5.19). 

Then, micro_DDA is used to simulate SWCC. In this simulation, the input 

parameters are that clay content is 30%; the cavitation pressure is 100kPa; the 

specific surface area is 40m2/g that is estimated by Eq. (7); the end of adsorption is 

at Sr = 100%. Because the sand particle is large and capillary suction is small, so 

the clay may start to act at high saturation. For simplification, it is assumed as 

100%; the bound water capacity θbmax is 6%. The input parameters of SWCC 

estimation are in Table 5.4, which is based on the soil samples of Fukuchi-machi. 

The simulated SWCC is presented in Figure 5.20, and it is the input parameters of 

the macro_DDA.  

 

 

Figure 5.18 The grain size distribution curve of soil sample in Fukuchi-machi 
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Figure 5.19 Micro DDA model 50mm×50mm. 

 

Table 5.4 The input parameters of micro_DDA 

Material 

Bound water 

capacity, 

θbmax (%) 

Specific 

surface area, 

(m2/g) 

Surface 

tension, Ts 

(mN/m) 

Contact 

angle, 

(°) 

Clay 

content

, (%) 

Sand 

content, 

(%) 

DDA 

particle 
6 40 73 60 30 70 

 

 

Figure 5.20 The simulated SWCC based on the Micro-DDA 
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is large. The maximum difference of clay content for different soil samples is 

around 30% (Kasama et al. 2011). So, the estimated SWCC may not represent the 

real soil SWCC, but it can provide a reference for the slope stability analysis. 

5.4.2.3 Slope failure simulation 

A series of simulations are conducted from Sr = 70% to 100%. The slope is 

stable under Sr < 80%. As shown in Figure 5.21 (a), there is topsoil loosening that 

occurred at the upper part of the slope surface at Sr = 80%. Under rainfall conditions, 

the apparent cohesion decreases with the degree of saturation increase, and FOS 

decreases to less than 1.0. Based on the simulation results, the critical state (FOS = 

1.0) is approximately at Sr = 83% which is corresponding to apparent cohesion 17 

kPa. As shown in Figure 5.21 (b), The slope as a whole is stable under Sr = 85%, 

but there is a slight creep that occurred in the upper part of the slope with some soil 

falling.  

Topsoil loosening

 

(a) 
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Creep 

 

(b) 

Figure 5.21 The stable states at (a) Sr = 80% and (b) Sr = 85% 

Then, the whole process of post-failure under degrees of saturation 90%, 95%, 

and 100% are shown in Figure 5.23, which are corresponding to apparent cohesion 

10kPa, 5kPa, and 0kPa. When the degree of saturation is over 90%, shallow slope 

failure started from the collapse area, and the collapsed soil moved along with the 

running area. Finally, the collapsed soil mainly accumulated in the middle part of 

the running area at Sr = 90% (Figure 5.23 (a)), in the lower part of the running area 

at Sr = 95% (Figure 5.23 (b)), and in the deposited area at Sr = 100% (Figure 5.23 

(c)). Thus, there is a positive correlation between runout distance and the degree of 

saturation. Apparent cohesion is an important parameter for the estimation of the 

runout distance, and macro_DDA can quantitively simulate this mechanical 

behavior. 

In addition, in order to illustrate the difference between macro_DDA and DDA, 

the post-failure state is simulated by conventional DDA. As depicted in Figure 5.22, 

the post-failure states from the conventional DDA under cohesion 20kPa and 30kPa 

are similar. The sliding materials are accumulated in the deposited area, and the 

deposit pattern is also similar to each other, suggesting that the conventional DDA 

cannot accurately simulate the effect of apparent cohesion after slope failure. 
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Deposited area 

 

(a) 

Deposited area 

 

(b) 

Figure 5.22 Post-failure states at (a) cohesion 20 kPa and (b) 30 kPa simulated by 

conventional DDA 
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T = 33s

T = 70s

T = 540s

T = 38s

T = 66s

T = 560s

T = 38s

T = 62s

T = 530s

 

(a)                                    (b)                                    (c) 

Figure 5.23 Post-failure states at (a) Sr = 90%, (b) Sr = 95%, and (c) Sr = 100% simulated by macro_DDA
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5.4.2.4 Discussion 

As depicted in Figure 5.14, one of the characteristics of the landslide is the 3-

D topography. It can be asserted that the topography has an influence on the slope 

stability and runout to some extent. In this study, we mainly concentrated on the 

influence of matric suction on the mechanical behavior of the sliding mass by 

employing 2-D DDA, which cannot take the effect of 3-D topography into account. 

In order to accurately simulate the rainfall-induced landslides, 3-D DDA method 

needs to be developed in the future. Then, the relationship between rainfall and the 

saturation variation is complicated, which involves but is not limited to soil 

permeability, moisture distribution, rainfall types, and geological settings. In this 

study, we simply considered the equivalent apparent cohesion. These limitations 

will be discussed in future studies. 

5.5 CONCLUSIONS 

A simple and practical model has been proposed and macro_DDA is developed 

based on the conventional 2-D DDA to meet the need for analysis of geoengineering 

problems with respect to matric suction. The performance of macro_DDA is 

validated by a single block sliding model and the multi-block sliding model. The 

safety factor of the simple sliding model simulated by macro_DDA shows a good 

agreement with the analytical solution. Then, the simulated relationship between 

runout distance and the degree of saturation of the multi-block sliding model is in 

accordance with the experimental results. The simulation results have shown the 

accuracy of macro_DDA. Finally, a case study of the rainfall-induced landslide in 

Fukuchi-machi is presented by using the developed program macro_DDA. Two 

main effects of matric suction on the shallow slope are focused. First, matric suction 

contributes to slope stability. It can be asserted that matric suction loss is a 

determining factor for shallow slope stability. Second, matric suction also affects 

the sliding distance when shallow slope failure occurred.  

In the existing slope stability analysis method, matric suction is taken as 
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apparent cohesion to reinforce shear strength (Montrasio and Valentino 2008). This 

simplification may cause inaccuracy when analyzing shallow slope runout because 

the cohesion would be removed after the relative displacement occurs between 

blocks. macro_DDA is able to be used to estimate the safety factor of shallow slope 

and runout distance after slope failure occurred. 
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CHAPTER 6 

6. CONCLUSIONS AND FUTURE STUDIES 

6.1 CONCLUSIONS 

Geotechnical problems such as slope stability and post-failure movement are 

closely related to mechanical behaviors of unsaturated soil. For example, rainfall-

induced slope failure, which is one of the widespread natural hazards in the 

unsaturated zone, is basically caused by dissipating matric suction in the topsoil. 

Therefore, it is important and necessary to clarify the mechanical behaviors of 

unsaturated soil and to develop a novel method for slope stability and post-failure 

movement analysis by considering matric suction properly.  

In this research, first, a capillary suction model and an adsorption suction 

model are proposed based on capillary theory and double-layer theory for 

calculating matric suction. Then, the major influence factors of SWCC are analyzed 

and clarified with a series of DDA models from various soils and saturations at a 

micro-scale. In addition, how matric suction reinforces the shear strength of soil is 

investigated and the contributions of matric suction to shear strength is clarified. 

Further, a novel method is developed by adding the equivalent suction force on 

DDA blocks directly so that geoengineering problems related to matric suction can 

be easily simulated. Finally, the slope stability and post-failure movement of a real 

rainfall-induced landslide in the North Kyushu area are analyzed to show the 

usefulness of the novel method.  

The following major conclusions can be drawn: 
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1. Two models (capillary model and adsorption model) are proposed to extend 

DDA in unsaturated soil analysis, and the developed programs are named 

micro_DDA. Capillary model is able to simulate capillary suction for cohesionless 

soil, and adsorption model is further developed to simulate adsorption suction for 

cohesive soil at a micro-scale. These two models provide a microscopic perspective 

to account for the wide range of SWCC and mechanical properties of unsaturated 

soil.  

In two models, DDA blocks are treated as ideal soil particles, and matric 

suction that is treated as an external force is exerted among blocks based on the 

Young-Laplace equation and double-layer theory. Capillary model is developed in 

three steps: (1) Determine potential contractile skins among particles with a 

designated capillary radius; (2) Determine reasonable capillary water distribution 

in the multi-particle system; (3) Add capillary force to particles based on the Young-

Laplace equation. In adsorption suction model, bound water and clay minerals are 

assumed as “clay layer” and evenly covered around DDA particles, and the suction 

force is calculated based on double-layer theory by the same three steps as for 

capillary suction model. In order to validate the proposed method, the SWCCs of 

pure Toyoura sand and sand-clay mixture as two cases are simulated, and the 

obtained results are in good agreement with the experimental results. 

2. The SWCC and shear characteristics of unsaturated soil have been 

investigated based on two developed programs at a micro-scale. 

(1) The influential factors such as particle size, specific surface area, and 

contact angle are investigated. It is found that the particle size of cohesionless soil 

has less influence on SWCC; specific surface area of cohesive soil influences 

SWCC significantly; contact angle influences hydraulic hysteresis of SWCC 

distinctly when it is over 20°. It is shown that the proposed numerical method has 

advantages in the analysis of influential factors comparing with experimental 

analysis. For example, it can easily and quickly assess the influence of the different 

specific surface area and contact angles on SWCC, which is difficult and time-

consuming for experimental methods. 

(2) The direct shearing test of Toyoura sand is simulated, and the “peak effect” 
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of the shear strength with respect to matric suction soil is reproduced and 

investigated. The “peak effect” of sand can be explained by the proposed micro 

parameter CSN (number of the capillary bridge), which is quantitatively in 

accordance with the peak shear strength. Since adsorption suction is an 

indispensable factor for cohesive soil, when the contact area of the clay soil 

decreases slightly, the adsorption suction becomes the dominant factor for apparent 

cohesion, which well explains why there is hardly a “peak effect” phenomenon for 

cohesive soil. 

3 Macro_DDA is developed to meet the need for analysis of macro 

geoengineering problems with respect to matric suction. Then, it is used to evaluate 

the shallow slope stability and runout with respect to matric suction. 

In macro_DDA, the effect of matric suction is assumed as an equivalent load, 

which is a function of matric suction, degree of saturation. The performance of 

macro_DDA is validated by a single block sliding model. The safety factor of the 

simple sliding model simulated by macro_DDA shows a good agreement with the 

analytical solution. Then, the simulated relationship between runout distance and 

the degree of saturation of the multi-block sliding model is in accordance with the 

experimental results.  

Finally, a practical rainfall-induced landslide is simulated and discussed. The 

simulation results show that the dissipation of matric suction in the topsoil is a 

determining factor for this slope failure, and matric suction still affects the runout 

distance after slope failure. 

6.2 FUTURE STUDIES 

Micro_DDA is a powerful tool in interpreting the soil-water interaction of 

unsaturated soils. Nonetheless, unsaturated soil is far from being fully understood 

currently, and all relevant issues still need further study. In-depth and extensive 

research should be continued in the future. 

(1) Micro_DDA is still in the developmental stage. It only can process limited 

soil particles (< 104) for limitation of computing capacity. 

(2) 2-D method can reveal the hydraulic properties and mechanical properties 
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of unsaturated soil. However, the real unsaturated soil has a 3-D structure, which 

exhibits a more complex structure than the 2-D model. Therefore, to gain a further 

understanding of soil-water interaction, 3-D analysis should be considered.  

(3) The mechanism of matric suction is complex, and comprehensive analysis 

on matric suction is still necessary and a challenge in future studies.  

(4) Macro_DDA mainly concentrated on the shallow landslide with respect to 

matric suction. The consideration of 3-D topography of the landslide is still needed. 

Then, the dynamic interaction between rainfall and slope is complicated, which 

involves but is not limited to soil permeability, moisture distribution, rainfall types, 

and geological settings. These limitations will be discussed in future studies. 

 


