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ABSTRACT 

Discrete Element Method (DEM) is a numerical process that uses the concept of 

particulate mechanics, and it is capable of modelling the discontinuous response of 

particulate materials. It was utilized in this research for agricultural and geotechnical 

engineering applications.  

In an agricultural engineering application, the particle contact microparameters of 

various crop residues - canola, corn, flax, oats, and wheat - and their interfaces with 

soil were characterized. These microparameters can be used to improve the reliability 

of soil-tool-residue DEM models, which in turn is important for the design of high-

performance soil-engaging tools.  Microparameters for the materials were determined 

by using a calibration methodology.  Laboratory tests were initially performed to obtain 

information on the macroscopic behavior of the material. Then, discrete element 

models of the tests were generated to back-calculate the microparameters by 

simulating the laboratory test results. Linear contact model, with particle stiffness and 

friction as microparameters, was used to describe the behavior of the interactions 

between crop residue particles and of the soil-residue interfaces. Ring shear test was 

conducted to identify the internal friction angle of the crop residues, while direct shear 

test was carried out to measure the friction angle of the soil-residue interfaces. The 

DEM models of ring shear and direct shear tests were then developed and used in 

simulating the measured test results. The DEM simulations of both tests were found to 

efficiently calibrate the microparameters for residue-residue and soil-residue 

interactions. 

In a geotechnical engineering application, the microparameters of the main 

constituents of an earth fill dam were characterized by conducting DEM simulations of 

triaxial and large-scale direct shear tests. These microparameters were utilized in 

developing a landslide DEM model that simulated the observed excessive movements 

(landslide) in the dam. The sliding surface of the DEM model was developed based on 

the pre-landslide and post-landslide topography observed from a 3D digital terrain 

model of the site and slope stability analyses. Validation of the DEM model was 

successful as it was able to simulate the observed depression at the crest and bulging 
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at the toe of the dam. The DEM model can then be used as basis in assessing future 

slope movements in other earth fill dams.  

An attempt was also done to predict the behavior of potential landslides that 

involve larger-scale movements and faster particle velocities. This was performed to 

observe the capabilities of DEM in providing information on the dynamics and 

kinematics of the soil flow, which can be beneficial for risk assessment and design of 

hazard mitigation measures.  
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CHAPTER 1 

INTRODUCTION 

1 INTRODUCTION 

Mechanics is a branch of science that involves the study of displacements and 

forces and how it influence the behavior of specific materials in various applications 

(Atkinson, 2007). Particle or particulate mechanics is one of the branches of mechanics 

and it specifically involves the study of motion of distinct or separate particles. The 

discrete element method (DEM) is a numerical process that uses the concept of 

particulate mechanics to model the discontinuous response and behavior of granular 

materials when subjected to various loading conditions. It can simulate the mechanical 

behavior of a particulate system by using a collection of distinct particles, like discs and 

spheres, that interact with each other (Cundall and Strack, 1979). One advantage of 

DEM is that it is a useful tool for simulating physical processes that involve large 

displacements and separation of material constituent particles (Soni and Venugopal, 

2012). Due to this advantage, it has been used effectively in simulating large-scale 

processes involved in various fields like construction and building materials, agriculture, 

geotechnical, mining, mechanical, and industrial engineering.  This research focused 

on the utilization of DEM in the applications of two specific fields: geotechnical and 

agricultural engineering. In geotechnical engineering application, it was used in 

developing a landslide model that can simulate the observed excessive movements 

(landslide) in a particular earth fill dam in Canada. In agricultural engineering 

application, it was used in observing soil-tool-residue interactions that exist during the 

tillage of agricultural fields.  
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1.1 AGRICULTURAL ENGINEERING APPLICATION 

There is a constant need to improve the productivity of the agricultural industry in 

order to cope up with the increasing demand for food. One way of ensuring improved 

productivity is to design and develop high-efficiency agricultural machinery and 

equipment that can assist in the tillage and seeding of agricultural fields. Soil-engaging 

tools are among the main constituents of these agricultural machines and they directly 

interact with the materials present in agricultural fields (Zeng, 2019).  The required 

attributes for a high-efficiency soil-engaging tool is that it should be capable of 

generating optimal soil conditions, with minimal energy input, for the seeds and plants 

to be introduced and grown in the field. In order to design tools with such attributes, 

comprehensive knowledge of the resulting soil dynamics due to soil-tool interaction is 

necessary. This soil dynamic behavior involves the soil interparticle forces, soil-tool 

interactions forces, and sweeping or movement of soil particles (Murray, 2016).  

Previously, only the interaction of soil and tools has been the major focus of study 

and research for the development of effective agricultural equipment. But with the rise 

in popularity of conservation tillage, crop residues present in the field have been 

considered as a critical factor as well (Chen et al., 2016). Therefore, interactions of 

three factors - soil, crop residue, and tilling tool - should be considered for studying 

processes involved in conservation tillage fields. Understanding not only the resulting 

soil behavior but also the crop residue behavior, as they interact with soil-engaging 

tools, became integral for the design of agricultural equipment for conservation tillage 

(Zeng and Chen, 2019) 
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There are many approaches that can be considered in order to study and observe 

soil-tool-residue interactions in the preparation of agricultural fields. One of these 

approaches is numerical modelling, which involves the development of a soil-tool-

residue numerical model that can simulate the tilling and seeding processes. Among 

the available numerical methods, discrete element method has been used by a couple 

of researchers (Mak et al., 2012; Sadek and Chen, 2015; Zeng and Chen, 2019) in 

developing soil-tool-residue models because of its capability to consider the complex 

and heterogeneous nature of soil and residues. DEM is effective in simulating soil-tool-

residue interactions in tillage as the behavior of soil in this process involves excessive 

displacements, separation, mixing, crack propagations, and the flow of particles 

(Shmulevich, 2009). 

This research is part of a broader research project with the objective of developing 

a soil-tool-residue model to assist in the design and development of a high-performance 

soil-engaging tool. The reliability of a soil-tool-residue DEM model depends on the input 

particle contact microparameters. This research involved the identification of 

microparameters that can appropriately represent the interactions between the 

materials involved in tillage. The contact microparameters of soil, crop residue, and 

soil-residue interface need to be identified; however, the main focus of the author’s 

research was to identify crop residue (residue-residue) and soil-residue interface 

microparameters. 

1.2 GEOTECHNICAL ENGINEERING APPLICATION 

An earth fill dam, which was constructed with glaciolacustrine clay, in Canada has 

experienced excessive movements (landslide). This may be due to the instabilities that 
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can be correlated with time-dependent strength degradation, which are common in 

aging dams, particularly, those constructed in the prairie provinces in Canada (Alfaro 

III, 2016; Ubay et al, 2019).  In order to study the dynamics of the post-failure flow that 

has occurred (forensic) on the earth fill dam and to have insights on the possible 

behavior of potential future landslides in the vicinity and other aging dams, a landslide 

numerical model capable of performing runout analysis can be developed (McDougall, 

2017). Performing runout analysis using landslide numerical models are significant in 

determining the extent (runout distance) and dynamics (velocity, kinetic energy, and 

impact pressures) of a particular soil mass flow. These details are necessary for risk 

assessment and planning of mitigation measures against the hazards of a potential 

landslide in the area (Li et al., 2012).  

There are two ways to numerically model landslide: 1) using discrete soil blocks 

or particles (discontinuum) that are rolling and sliding or 2) modelling it using a viscous 

continuous mass (continuum) flowing over a surface. In this research, the focus was to 

explore the discontinuous approach, which utilizes DEM, to develop a landslide model 

that can simulate soil mass movements on the earth fill dam. The discontinuous 

approach was deemed effective as landslide is more of a dynamic process and 

movements of soil particles - like bouncing, sliding, rolling and free-falling - on the 

ground surface can be realistically simulated using DEM (Poisel and Preh, 2008; 

Lemiale et al., 2012). These specified soil particle movements and interactions can 

simulate the occurrence of fractures and the consequent large-scale movement of a 

landslide (Lu et al., 2014). DEM also does not have constraints on the extent of 

separation and displacement of particles, which allows the possible simulation of the 
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landslide from failure to sliding proper (Poisel and Roth, 2004). DEM has been used by 

various researchers for landslide simulations (Preh and Poisel, 2008; Li et al., 2012; Lu 

et al., 2014; Lo et al., 2016; Zhao et al., 2016). 

In order to develop a reliable landslide DEM model, the microparameters of the 

constituents of the earth fill dam that has slid or experienced significant movements - 

the clay core and rockfill components - need to be identified. This part of the research 

mainly focused on the characterization of the microparameters of these two materials. 

Then, using these microparameters, a landslide model was developed to study the 

applicability of DEM in performing runout analysis to determine the movements of the 

earth fill dam.  

1.3 THESIS OBJECTIVES 

In line with the introductions made in Section 1.1 and 1.2, the main objectives of 

this research are as follows: 

For agricultural engineering application: 

- Characterize the discrete element contact model microparameters of crop 

residue and soil-residue interface. 

For geotechnical engineering application: 

- Characterize the discrete element contact model microparameters of the 

material components of an earth fill dam. 

- Develop a discrete element landslide model that can simulate the past landslide 

of an earth fill dam, and attempt to use this model to study potential landslides 

which can occur in other dams that have experienced movements.  
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1.4 THESIS ORGANIZATION 

This research is comprised of five chapters:  

Chapter 1 provides an introduction on discrete element method and for what 

purpose it will be utilized in this research. The main objectives are outlined.  

Chapter 2 reviews the related works found in the literature that discuss the 

formulation of DEM and the processes involved in developing a discrete element 

model. 

Chapter 3 focuses on the agricultural engineering application component of this 

study. It discusses the methodologies, for both the laboratory experiments and 

numerical simulations, undertaken to characterize crop residue and soil-residue 

interface microparameters. It presents the results obtained and the corresponding 

conclusion. 

Chapter 4 focuses on the geotechnical engineering application component of this 

study. It discusses the methodologies followed to develop a landslide model that can 

simulate the observed soil movements of an earth fill dam. It shows the results of the 

study on the applicability of runout analysis in determining the movements of the dam. 

Chapter 5 provides the conclusions and recommendations in this research. 
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CHAPTER 2 

LITERATURE REVIEW 

2 LITERATURE REVIEW 

This chapter helps in the comprehension of the different methodologies and 

procedures to effectively use DEM for numerical modelling applications. For agricultural 

engineering applications, the main output of this research is to provide material 

microparameters that that feed to a research program that analyzes soil-tool-residue 

interaction for the design of high-performance tillage equipment. Hence, the bulk of the 

literature review will focus on the different calibration methods to characterize material 

microparameters. A short review was conducted to have an insight on how DEM is 

used to develop soil-tool-residue models and to determine the impact of 

microparameters on the modelling results. For geotechnical engineering applications, 

a more thorough review was provided for landslide modelling using DEM.  

This chapter is composed of three parts. The first part provides an introduction 

about discrete element method. It discusses the basic assumptions in DEM, force-

displacement laws that describe the interaction between particles, and advantages and 

limitations of using DEM in numerical modelling. The second part reviews the different 

calibration approaches that can be performed to identify material microparameters. It 

outlines the effectiveness of different laboratory tests when used for calibration 

purposes. The last part gives a preview on the capabilities of DEM to be used on 

agricultural engineering (soil-tool-residue model) and geotechnical engineering 

(landslide model) applications.   
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2.1 DISCRETE ELEMENT METHOD 

2.1.1 Introduction 

DEM models a particulate system as a collection of independent particles that are 

able to exhibit large displacements, separations, rotations, and mixing, where the 

deletion and creation of new contacts between particles is possible as the simulations 

run (Mei, 2017). Its capability on analyzing systems on a microscopic level allows it to 

observe the correlation between microscopic and macroscopic mechanical behavior of 

materials (Shmulevich, 2009).  

Most DEM models perform according to the following assumptions (Itasca, 2018): 

- Particles are considered rigid bodies wherein its assumed shape is spherical. 

Arbitrary particle shapes can be created by clumping these spherical particles 

together. 

- Soft-contact approach is used to describe the physical interaction of contacts 

allowing overlap to occur between particles. 

- The extent of the overlaps at infinitesimally small contact areas is used to 

calculate the corresponding contact forces through force-displacement laws. 

- Bonds can be assigned at contact points. 

The soft-contact approach is considered because accurate simulations of the 

deformations between particles are very complicated to reproduce (Luding, 2008).  

The cycle of processes in DEM follows a particular sequence. It starts with the 

determination of a specific time step that should usually be small enough to ensure no 

excessive overlaps will occur between the particles. The motion of the particles is then 

defined by Newton’s  second law of motion by using the body, applied, and contact 
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forces that were calculated from the previous cycle (Tanaka, 2001). As the model 

advances in time, particle positions are then updated. Contacts are either created or 

deleted based on the resulting particle overlaps and separations due to their 

movements. Force-displacement laws or contact models then assess the overlaps to 

calculate corresponding forces at the interface. The summation or resultant force acting 

on the particle is then calculated, which in turn will cause the particle to move again 

and repeat the cycle.  

2.1.2 Force-Displacement Laws / Contact Models 

The modelling platform used in this study is the Particle Flow Code in Three-

Dimensions (PFC3D), a commercially available software that follows the DEM 

formulation previously discussed. The PFC3D was used in all the DEM simulations 

performed in this research. There are a couple of pre-defined force-displacement laws 

or contact models that describe the behavior of interparticle and particle-wall 

interactions in PFC3D.  Particularly three contact models were explored in this 

research: linear contact model, linear parallel bond model, and rolling resistance linear 

model. 

2.1.2.1 Linear Contact Model 

There are two components that make up the linear contact model: the linear and 

dashpot components, which act parallel to each other. Linear elastic and frictional 

behavior that does not resist tension is supplied by the linear component, while the 

viscous behavior that dampens force and contributes to energy loss is contributed by 

the dashpot component. These components are generated at infinitesimal contact 

areas between particles as they overlap. Two microparameters characterize the force 
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contributed by the linear component, namely, normal stiffness (kn) and shear stiffness 

(ks). These two parameters act like linear springs that exhibit constant stiffness 

whatever conditions are simulated. And for the dashpot component, the dashpot force 

is controlled by the normal (βn) and shear (βs) critical-damping ratios. Another 

microparameter is the particle friction coefficient (µ) that introduces a force that resists 

slip between particles. It sets a Coulomb limit on the shear force that can be generated 

before sliding occurs.  

As a summary, the linear contact model has a total of five microparameters: 

normal stiffness (kn), shear stiffness (ks), normal critical-damping ratio (βn), shear 

critical-damping ratio (βs), and friction coefficient (µ). Figure 2.1 shows the schematic 

of the linear contact model microparameters. Linear contact model is considered the 

least computationally intensive contact model. It is the preferred contact model to use 

for extensive DEM simulations due to its simplicity that yields reasonable simulation 

runtime (Itasca, 2018). 

 
 

Figure 2.1. Diagram of linear contact model microparameters (Itasca, 2018). 
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2.1.2.2 Linear Parallel Bond Model 

The linear parallel bond model is a linear based model that offers the behavior of 

two interfaces: the first interface encompasses the same linear behavior and 

parameters as discussed in Section 2.1.2.1, and the second one involves the 

generation of parallel-bonds between particles. This parallel-bond is like an adhesive 

or cementitious material with a determinate size that acts at the interface of two 

particles. Parallel-bonds act in line with the linear component, and they create an elastic 

interaction between particles that provides a tensile and additional shear resistance. 

These bonds can transfer both moment and force on the contacting particles. Breakage 

of bonds only occurs when its specified strength is exceeded by the applied forces. 

Once broken, the bond will not be recreated upon the generation of new contacts unless 

the bond method is invoked or called in the code. This bond can be correlated to the 

cohesion that exists between the particles of cohesive materials (Mak et al., 2012). 

Interparticle bonding has a great impact on the structure and stress-strain behavior of 

particulate materials (Leroueil and Vaughan, 1990). The linear parallel bond model with 

broken bonds behaves the same way as the linear contact model. Microparameters 

that define the behavior of the parallel-bonds are bond normal stiffness (�̅�𝑛), bond shear 

stiffness (�̅�𝑠), bond tensile strength (𝜎𝑐), and bond cohesive strength (𝑐̅).  Schematic of 

the microparameters of the linear parallel bond model is displayed in Figure 2.2 (Itasca, 

2018). 
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Figure 2.2. Diagram of linear parallel bond model microparameters (Itasca, 2018). 
 

2.1.2.3 Rolling Resistance Linear Model 

The rolling resistance linear model is also a linear based model that introduces an 

additional microparameter, the rolling resistance coefficient (µr). The rolling resistance 

coefficient causes the generation of a torque that resists the rotational motion of the 

particles. The maximum limiting value for the torque that resists rotation is defined by 

the product of the normal force acting on the particle at that instance and the set value 

of the rolling resistance coefficient. The value of µr can be correlated to the surface 

roughness and non-sphericity of the particles that constitute the actual material. Thus, 

it is of great importance in some DEM simulations that simplify the system by using 

circular or spherical particles. The inclusion of rolling resistance on the contact model 

between spherical particles is reasonable as particles are not really spherical in nature 

and their surfaces are generally uneven and have rough textures (Iwashita and Oda, 
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1998). The rolling resistance coefficient is sometimes called as “shape parameter” or 

“bond area parameter” (Jiang et al., 2006; Ai et al., 2011). 

2.1.3 Advantages and Limitations of Discrete Element Method 

Discrete element method (DEM) is capable of simulating physical processes that 

involve the occurrence of discontinuity within the material or separation of its 

constituent particles (Mei, 2017). This discontinuous behavior has a significant role in 

the overall response of particulate materials. It introduces the possibility of modelling 

physical phenomena like anisotropy, micro-fractures, and localized instabilities 

(Belheine et al., 2009). A continuum-based model like the finite element method (FEM) 

is not capable of simulating such occurrences (Ahlinhan et al., 2018). One reason is 

that it is limited by its formulation from the small strain theory which makes the method 

unsolvable when there is an excessive separation between the elements. Also, DEM is 

proven to be a reliable approach to comprehend the distinct elements that dictate the 

constitutive behavior of granular materials (Sitharam et al., 2002). 

FEM does not account for the geometry and behavior of a particle as an isolated 

entity (O’Connor, 1996). Individual properties of the particles, like particle shape and 

size, are significant in observing and describing the macroscopic behavior of granular 

materials, such as soil.  DEM presents the advantage of individually defining the 

possible shape of the particles, may it be spherical or arbitrary, in its simulations. If ever 

spherical particles will be used to represent non-spherical particles, contact 

microparameters can be adjusted to possibly represent the angularity or irregularity in 

particle shapes (Shmulevich, 2009).  
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The main limitation of DEM is that it is highly computation intensive, specifically, 

when simulations involve a large number of particles. Despite the advances in 

computing ability of machines, thorough DEM simulations with intricate representations 

of particle geometry still yield extremely long runtimes. A common approach to deal 

with this constraint is to consider a fewer number of particles by increasing the particle 

size and to simplify the particle shape. Thus, simulations using DEM are typically a 

simplification of the actual physical system in terms of particle interactions, size, shape, 

and quantity of particles involved (O’Sullivan, 2011). The particles considered are 

usually of basic geometric shapes like disks (two-dimensional models), spheres (three-

dimensional models), and polygon blocks. Disks and spheres present the advantage 

of having less extensive computations, though it exhibits an intrinsic tendency to roll 

which has a great impact on the macroscopic behavior of the material. As stated by 

Dobry (1992), accurate simulations of the actual behavior of the material becomes 

difficult with just the slightest variation of the real particle shape with the spheres/disks 

used in the model.  

Another challenge in DEM is the characterization of microparameters. There are 

not a lot of common laboratory experiments that can measure the micromechanical 

model parameters that describe the particulate behavior of materials. Also, these 

particle-based parameters cannot be directly correlated to the continuum-based 

parameters that most laboratory experiments measure (Ahlinhan et al., 2018). In order 

to compensate for the differences made by simplifying the intricacy of the actual particle 

geometry, and absence of quantitative method of measuring microparameters, a 

calibration or back-calculation process, wherein the results of an actual and simulated 
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laboratory tests are matched, is necessary to characterize microparamaters 

(Shmulevich, 2009).  

2.1.4 Relevance 

The preceding sub-sections in Section 2.1 provided the author with a 

comprehensive understanding of the fundamentals and mechanics of the discrete 

element method (DEM). Knowing the basic assumptions made in modelling the 

interactions between the particles is important in order to have an insight on how a 

DEM model operates. The three different contact models discussed are the existing 

contact models used in this research. Gaining knowledge on the capabilities of each 

contact model helped in choosing which of the contact models is most appropriate to 

use for specific simulations. Reviewing the advantages and limitations of DEM provided 

information on what DEM is capable of and why it is suitable for the processes that will 

be modelled in this research. 

2.2 MICROPARAMETER CALIBRATION 

The accuracy of DEM simulations highly depends on the input microparameters 

defined in the model (Coetzee, 2016). Identification of appropriate microparameters is 

quite challenging and the standard approach is to calibrate or back-calculate them by 

simulating laboratory tests and matching the results obtained with the physical 

laboratory tests carried-out. The initial step is to perform sensitivity analysis to identify 

how each of the contact model microparameters affects the results of the simulations. 

A calibration approach will then be designed based on the results of the sensitivity 

analysis. Subsequently, systematic adjustment of microparameters is performed to 

match the measured laboratory test results. Potential problems in this calibration 
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methodology is that simulation results may be sensitive on two or more 

microparameters. There are instances wherein no unique values of microparameters 

can be identified since more than one set of microparameters can reproduce the target 

macroscopic response of the simulated material (Marigo and Stitt, 2015). It is important 

to take note that these calibrated microparameters are not classified as actual material 

microproperties, but as apparent microproperties (Preh, 2017).  

There are different laboratory tests that have been considered by researchers for 

the calibration of microparameters of various materials. Some of the laboratory tests 

that have been simulated in order to identify material microparameters are direct shear 

test (Coetzee and Els, 2009; Kotrocz and Kerenyi, 2017), ring shear test (Simons et 

al., 2015; Falke et al., 2018), triaxial test (Nandanwar and Chen, 2017; Ahlinhan et al., 

2018), unconfined compression test (Lo et al., 2011), and one-dimensional 

compression test (Coetzee and Els, 2009; Mei, 2017). The following sub-sections will 

discuss calibrations of microparameters using direct shear, ring shear, and triaxial test 

results. 

2.2.1 Direct Shear Test (DST) 

Sadek et al. (2011) calibrated microparameters of hemp core and fiber by using 

DEM simulations of direct shear test. Linear contact model was used in order to 

simulate the interactions between the hemp fiber and core particles. To remove the 

variability on the results brought about by porosity of the simulated material, the 

researcher set a particular porosity for all the simulations performed. Sensitivity 

analysis on the direct shear test model was carried out to identify the influence of both 

the particle stiffness and friction coefficient, and the conclusion drawn was that both 



Chapter 2  Literature Review 

 

17 
 

parameters are highly influential on the simulated internal friction angle. Upon running 

a couple of simulations, it was observed that using a particle friction coefficient of unity 

yields the closest simulated results to the measured ones. Hence, devised calibration 

approach was to maintain a particle friction coefficient of 1 and systematically adjust 

the particle stiffness to match the simulated and measured shear strength and internal 

friction angle. Final microparameters obtained by the researchers yielded relative errors 

of less than 5% between the measured and simulated results. The microparameters 

were beneficial for the design of machines used for hemp fiber processing. 

Using direct shear test simulations, Coetzee and Els (2009) indicated in their 

calibration of linear contact model microparameters of corn grain samples that both 

particle stiffness and friction are influential on the simulated material internal friction 

angle. From the results of sensitivity analysis, one notable trend observed on the 

influence of the two parameters is that as the particle friction coefficient decreases, the 

sensitivity of the model on particle stiffness simultaneously decreases, specifically 

when particle stiffness values considered are above 100 kN/m. They also indicated that 

two or more combinations of microparameters can yield similar results. Consequently, 

they concluded that identifying a unique combination of particle stiffness and friction 

coefficient is not feasible when calibrating microparameters using direct shear test 

simulations. In order to identify a unique set of values for the parameters, the 

researchers considered simulating another laboratory test, the unconfined 

compression test, to calibrate and identify the appropriate particle stiffness. Upon 

determining a specific value for the particle stiffness, they subsequently calibrated 

particle friction using direct shear test. The calibrated microparameters were used on 
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large-scale simulations for agricultural applications, specifically, silo discharge and 

bucket filling. 

 Kotrocz and Kerenyi (2017) also performed simulations of direct shear test and 

used the Hertz-Mindlin contact model with an integrated parallel-bond interface. The 

parallel-bond contact model was introduced to simulate the cohesive behavior of soil. 

To minimize the number of microparameters to be calibrated, they correlated the 

macroparameters measured from the actual laboratory test to the microparameters 

used in the simulations. For example, the particle bond shear strength was assumed 

to be approximately equal to the measured soil cohesion, and the particle shear 

modulus used was derived from the gradient of the shear force-displacement diagram. 

The microparameter that was calibrated was only the particle bond radius. Sadek et al. 

(2011) also attempted to utilize the same approach to lessen the number of 

microparameters to be calibrated. Their research involved the characterization of the 

microparameters of a particular sandy soil sample. They used the linear parallel-bond 

model and decided to calibrate only two microparameters: particle and bond 

stiffnesses. Porosity and particle density assigned on the material was accounted for 

in their direct shear test simulations. They were able to identify the influence of different 

bulk densities and moisture contents on the measured macroparameters and their 

equivalent calibrated microparameters.  

Härtl and Ooi (2008) used Hertz-Mindlin contact model on direct shear test 

simulations. They investigated the effects of microparameters on the overall 

development of the stress-strain relationship during the entire shearing process, not 

just at one particular point. Noteworthy finding from their sensitivity analysis was that 
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particle stiffness only affects the shear stress developed at lower strains (peak state), 

and induces no to minimal effects at higher strains (critical state).  Reduction or 

adjustment of less influential microparameters, the shear modulus in this instance, was 

also explored to speed up the runtime of the model; this is an important approach to 

somehow solve the problem of having long simulation runtimes in DEM. 

2.2.2 Ring Shear Test (RST) 

Ring shear test has also been simulated using DEM for microparameter 

calibration. Simons et al. (2015)  developed a ring shear test DEM model to calibrate 

the microparameters of particles used in agitated mixers. Hertz-Mindlin contact model 

was used, and from the sensitivity analyses performed, it was concluded that both 

particle stiffness and friction have a significant effect on the resulting tangential shear 

stress at residual state conditions. This finding is contradictory to what Härtl and Ooi 

(2008) observed in their research, wherein particle stiffness is not influential when 

particles are sheared at higher displacements (critical  to residual state). Sensitivity 

analyses have also proven that Poisson’s ratio and the viscous damping coefficients 

are not influential to the results. Similar to the conclusion made by Coetzee and Els 

(2009) on direct shear test simulations,  Simons et al. (2015) concluded that obtaining 

a unique set of microparameters is also not feasible when the calibration process is 

done with ring shear test simulations. 

Falke et al. (2018) simulated ring shear tests to prove the efficiency of using 

standardized and simple experiments in identifying microparameters. Laboratory 

equipment, like the tribometer test rig, was modified and used to identify the particle 

friction coefficient. Basic drop test was also performed to identify the viscous damping 
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coefficients. The microparameters were used for the subsequent ring shear test 

simulations and they were able to reasonably reproduce the measured values from the 

actual ring shear test. However, the main problem was that experiments performed 

were found to be only effective for spherical particles, which is rarely the case for natural 

granular materials. Even if microparameters can be quantified directly from laboratory 

tests, a limitation to this approach is that the model can only produce reliable results 

using these microparameters if the shape, size, and distribution of the actual particles 

are replicated accurately in the model. In addition, these microparameters are only 

applicable if the interactions between the particles are accurately defined by the contact 

model assigned (Barrios et al., 2013). 

2.2.3 Triaxial Test (TT) 

DEM simulations of triaxial tests on artificially bonded granular materials was 

performed by (Lin and Zhang, 2016). Parallel-bond coupled with a non-linear contact 

model was used, and monitored results in every simulation were deviatoric stress-axial 

strain relationships. They observed that the parallel-bond contact model captures well 

the peak strength of the material at different confining pressures. A good agreement on 

the strain-softening behavior of the material as the bonds break was also reproduced. 

The use of the parallel-bond contact model seemed to simulate well the cohesive or 

bonded behavior of different materials. It confirmed that parallel-bond microparameters 

were influential and must be calibrated in order to match the progression of the 

deviatoric stress at low strains, where the material peak-state usually governs. 

Ahlinhan et al. (2018) calibrated sand microparameters using DEM simulations of 

consolidated drained triaxial compression test. Linear contact model was assigned on 
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the interface of sand particles. Influence of each microparameter on the stress-strain 

relationship was identified to help in the development of an effective calibration 

methodology. The calibration methodology followed was to adjust the particle stiffness 

in order to match the progression of the stress-strain relationship or the material elastic 

modulus at strains lower than 1%; subsequently, particle friction was adjusted to match 

the critical-state shear stress. A high value, which is greater than 1, of particle friction 

coefficient was obtained after calibration due to the use of spherical particles that have 

low rotational and shearing resistance. They did not resort to the inclusion of rolling 

resistance coefficient — unlike what Guzman and Chen (2018) did in order to represent 

the effects of the irregularity in particle shape of corn grains in their simulations — to 

possibly increase the overall shearing resistance between the particles. 

On the other hand, Belheine et al. (2009) used the rolling resistance linear contact 

model for the microparameter calibration of Labenne sand performed with triaxial test 

simulations. The inclusion of the rolling resistance coefficient was considered to avoid 

the need for assigning a complicated geometry on the model particles. Rolling 

resistance coefficient caused the particles to resist particle rotations during shear 

displacements. Thus, it resulted to a more reasonable value of the particle friction 

coefficient after the calibration process. From the initial simulations performed, it was 

observed that particle stiffness mainly dictated the elastic response, Young’s modulus, 

at the early stages of shearing. Critical-state stress behavior was observed to be cross-

dependent or sensitive on both rolling resistance and friction coefficient — though the 

latter was more influential than the former. From these findings, a calibration 

methodology was devised to somehow solve the problem of the cross-dependency of 
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some macroparameters on two microparamaters. The first thing done was to match the 

macroparameters, Young’s modulus and Poisson’s ratio, by varying the particle 

stiffness. Upon finding the appropriate particle stiffness, the dilatancy curve was 

matched by adjusting the particle friction. Finally, the rolling resistance coefficient was 

calibrated to match the critical-state stress behavior of the material. A noteworthy 

finding was that the rolling resistance coefficient has minimal effect on the dilatancy 

curves. The model was able to accurately predict the non-linear stress-strain behavior 

and the dilatant volumetric response of sand. It can be observed that specific 

microparameters were calibrated in order for the model to simulate and match a specific 

macroscopic behavior of the material.  

Undrained triaxial test was numerically simulated by (Yang et al., 2011) for 

calibration purposes. Because undrained triaxial test was carried out, they also 

attempted to match the development of excess porewater pressure as the material is 

being sheared. Hertz-Mindlin contact model was used, and sensitivity analysis on the 

model revealed that a complicated relationship exists between the microparameters 

(shear modulus, friction coefficient, and Poisson’s ratio) and macroparameters 

(Young’s modulus, peak porewater pressure, and peak stress). A change on all the 

simulated macroscopic behavior has been observed upon changing the value of any of 

the microparameters. The calibration methodology proposed was to match Young’s 

modulus by adjusting the particle shear modulus, and peak pore water pressure by 

adjusting the particle friction coefficient. Poisson’s ratio was adjusted to fine tune the 

model and accurately match the material macroscopic behavior. Because all 

microparameters are influential, an iterative process was performed until a combination 
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of microparameters that can accurately match the measured and simulated results are 

attained. Another noteworthy thing implemented in this literature is the modelling 

methodology followed to induce shearing on the material and the technique to quantify 

the simulated excess porewater pressure in the simulation. DEM simulations cannot 

mimic the decrease in shear strength brought about by the increase in porewater 

pressure (Lu et al., 2014). Also, it is challenging to calculate a value that is equivalent 

to the actual excess porewater pressure in an undrained triaxial test DEM simulation. 

Okada and Ochiai (2006) suggested a method to measure the changes in porewater 

pressure by relating the volumetric strain experienced by a measurement sphere 

surrounding each particle in the model and the modulus of compressibility of water. 

This method involves a complicated coding scheme. Kumari and Sitharam (2009) tried 

to predict undrained triaxial test simulation results from information obtained from 

simulations of drained triaxial test. Yang et al. (2011) followed a simpler approach that 

yielded good result in predicting undrained triaxial test results. Since volumetric strain 

is expected to be zero for undrained triaxial test, a strain-controlled boundary was 

simply assigned on all the walls. The corresponding values of excess porewater 

pressure in the model were measured by monitoring the pressure changes on the 

cylindrical wall. Sitharam et al. (2002), Ashmawy et al. (2003), and Sitharam (2008) did 

the same thing in their undrained triaxial test simulations.  

2.2.4 Relevance 

From the preceding sub-sections in Section 2.2, the author identified that there 

are different calibration techniques that can be used to characterize material 

microparameters. It also provided details on how to simulate different laboratory tests 
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using DEM. The literatures presented that identifying microparameters by simulating 

laboratory tests is an effective calibration approach. A major finding in the literature was 

that different calibration methodologies were derived depending on the contact model 

used and laboratory test being simulated. The review of literature was focused on the 

simulations of direct shear, ring shear, and triaxial test. Those test were intended to be 

used by the author to characterize the shear behavior of the materials involved in this 

research. 

The structure of the designed calibration methodology should be patterned on the 

observed sensitivity of the model on different microparameters. Different techniques 

that can be done to lessen the number of microparameters to be calibrated were 

presented. These are important as DEM simulations require inputs of a lot of 

microparameters. 

Simulations of undrained consolidated triaxial test were specifically reviewed as it 

was used for calibration of clay microparameters in this research. Significant 

information obtained was the approach considered to simulate the constant-volume 

condition of the material during shearing and how to measure the equivalent excess 

pore-water pressure in the undrained triaxial test DEM model. 

 From the study made by Falke et al. (2018), the author was able to conclude that 

attempting to use actual laboratory experiments in quantifying microparameters would 

not be effective for this research as the particles of the materials to be studied have a 

complex and non-spherical shape, which is hard to replicate in a DEM model  
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2.3 APPLICATIONS 

Cundall (1971) first applied DEM for rock and soil mechanics. Its usage in 

geomechanics has been increasing since the improvement of the calculating power of 

machines. Mathematicians, physicists, chemical, and process engineers has been 

using DEM to have a better understanding of the behavior of granular materials 

(O’Sullivan, 2011). DEM has been used in the fields of construction and building 

materials, agriculture, industrial processes, and mining engineering. In construction, 

Obermayr et al. (2013) explored the capability of DEM to measure reaction forces 

induced by cohesionless soil on excavator tools. For industrial processes, Owen and 

Cleary (2009) predicted the performance of screw conveyor with DEM, wherein the 

model was able to provide information like particle speed and power consumption 

during operations. Cleary (2015) simulated grinding mills for size reduction of 

particulates that is beneficial in mining.  

DEM has been used in a wide range of fields and the references above show its 

capabilities in simulating large-scale physical processes. As stated previously, this 

research focused on agricultural and geotechnical engineering applications. The 

succeeding sections present literatures that discuss how DEM was and can be utilized 

for these two fields. 

2.3.1 Agricultural Engineering 

Li et al. (2018) developed a soil-tool DEM model to evaluate the performance of 

a subsoiling tool used in tillage. They observed two design options for a subsoiling tool: 

the non-winged tool and a winged tool. With the use of the soil-tool model integrated 

with suitable microparameters, they were able to monitor the draft force experienced 
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by the tool and the resulting soil disturbance area during the tilling process. The model 

predicted the performance of the tools at different rake angles and working depths. 

They were able to identify the best set-up of the tools during tillage operations in terms 

of their depth and angle of installation to minimize the drag force and maximize the soil 

disturbance area. 

Murray and Chen (2018) also developed a soil-tool model but they utilized a 

different soil-engaging tool. They studied the performance of a disc opener operated at 

different tilt angles. The model provided information on the draft and vertical forces 

experienced by the tool, and the soil throw distance. They were only able to validate 

the performance of the model with a limited amount of experimental data and 

encountered errors in predicting soil cutting forces in some cases. They recommended 

the calibration of the microparameters used in the model to improve its predictive 

capabilities.  

Zeng et al. (2017) used DEM in modelling interactions between a deep tillage tool 

and agricultural soil. They accounted for the heterogeneity of agricultural soil and 

attempted to simulate stratified soil layers. The model microparameters were calibrated 

and they were able to observe relative errors of less than 10% between the measured 

and simulated draft forces and soil disturbance.  

2.3.2 Geotechnical Engineering 

In using the discrete element method for landslide modelling, two approaches can 

be performed; landslide can either be modelled using an All-Ball model (Pirulli et al., 

2003; Poisel and Preh, 2004; Preh, 2004) or Ball-Wall model (Lo et al. 2016; Zhao et 

al. 2016).  
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An All-Ball model simulates the whole system as an assembly of balls bonded 

together, which includes both the moving or detached soil mass and the 

underlying/sliding plane. This allows the simulation of the failure mechanism, 

movement initiation, detachment of the soil mass or landslide proper, and the runout 

accumulation (Li et al., 2012). However, this method is computation intensive resulting 

for a long simulation runtime. Zhou et al. (2013) also stated that it is difficult to 

accurately model all the phases of a landslide phenomenon by using DEM alone. These 

are among the reasons why the other modelling approach, Ball-Wall model, was more 

commonly used for landslide simulations.  

In a Ball-Wall model, the bedrock or soil surface underlying the moving particles 

are modelled with walls. The moving soil mass is assumed to have been completely 

fractured before the initiation of the landslide (Poisel and Preh, 2008). This approach is 

usually performed to simulate a landslide with a known failure mechanism and 

failure/sliding plane without accounting for erosion (Li et al., 2012). Therefore, a 

necessary input in the model is a defined failure mechanism and failure plane (Poisel 

and Preh, 2004). In simulating landslides that have occurred already wherein the soil 

mass has completely been detached, a failure plane can easily be identified by 

observing the pre-landslide and post-landslide topography of the area. Cleary (2009) 

used digital terrain models of the site to generate the failure plane in their model. 

However, if simulation will be made for predictive purposes, failure planes can be 

identified using slope stability analysis coupled with finite element method (Li et al., 

2012). The pre-failure stage, where all the deformations and other events that may 

trigger or lead to the initiation of failure transpires, and failure stage, which leads to the 
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development of a defined failure plane where the soil mass is expected to slide, can be 

best simulated using finite element analysis or any other continuum based numerical 

method because the system still behaves as an elasto-plastic medium (Lemiale et al., 

2012). Cleary (2009), Lemiale et al. (2012), and Zhou et al. (2013) are among the 

researches who used continuum based methods to identify the failure plane and 

subsequently used DEM for the simulation of the dynamic particulate flow of landslides. 

Deformation data obtained from instrumentations installed in the site can also be used 

to extrapolate the potential failure plane. Lu et al. (2014) approximated the governing 

failure plane by using data from inclinometers and time domain reflectometer (TDR).  

Another necessary information for the development of a Ball-Wall landslide model 

is the detailed topography of the surrounding area affected by the landslide. This is 

significant in order to identify the boundaries of the flow, the movement path, the shape 

of the deposit, and to obtain other comprehensive observations on the phenomenon 

(Pirulli and Mangeney, 2008). Better terrain surface models that have finer meshes of 

the wall elements can result in a more accurate simulation of the spreading and 

pathways of the soil particles. Lo et al. (2011) used digital terrain models (DTM) derived 

from topographic maps of the pre-landslide and post-landslide condition of the site to 

generate the overall wall surface (sliding surface) in the model. 

Like in other DEM applications, it is a standard approach to increase the size of 

the particles representing the moving soil mass to obtain a reasonable computing load 

and simulation runtime. It is impossible to accurately model the real particle size and 

quantity present in the actual situation (Thompson et al., 2009). Coupled with the 

changes in particle geometry is the usual challenge of identifying DEM 
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microparameters. The calibration methodologies discussed in Section 2.2, where 

laboratory test simulation results are compared to experimental results, were explored 

by several researchers in identifying microparameters that can reasonably describe the 

behavior of the sliding soil mass (Li et al., 2012; Zhao et al., 2016). Lo et al. (2016) 

performed a calibration process using compression tests to derive sandstone 

microparameters, while Lu et al. (2014) simulated triaxial compression test and 

Brazilian tensile test to obtain microparameters of colluvium, weathered slate, and fresh 

slate for their landslide simulations. Microparameters can also be identified by 

conducting a back-analysis of past landslide events (Rickenmann et al., 2006). 

For the simulation of the soil mass movement or landslide proper, there are a 

couple of rheologies that can be considered to describe the sliding soil mass. One 

approach used by researchers was to assume a frictional rheology. Li et al. (2012) 

stated that the major advantage of the frictional rheology is that only the friction 

coefficient will be calibrated or adjusted. This is particularly effective in the back-

analysis of landslides that has previously occurred. In the landslide model developed 

by Li et al. (2012), they reduced their initially calibrated friction coefficient to about 40% 

in order to match the runout of Yangbaodi landslide. With regards to their monitored 

results, evolution of sliding soil mass was tracked for every trial of different friction 

coefficient assigned on the sliding plane. The velocities of certain portions of the moving 

soil mass was also monitored to identify the locations where the landslide slows down 

or loses most of its kinetic energy. Lu et al. (2014) monitored a similar set of dynamic 

soil behavior parameters on their landslide simulations. They also assumed a frictional 

rheology in their landslide model by observing the effects of varying the friction 
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coefficient of the failure plane. Lu et al. (2014) stated that friction coefficient assigned 

on the failure plane is one of the important factors that dictates the runout distance and 

sliding velocity of the landslide. Tang et al. (2009), Thompson et al. (2009), and Lo et 

al. (2011) are among the researchers who also considered a frictional rheology to either 

recreate a landslide that has previously occurred or predict a potentially occurring 

landslide.  

There are instances when a landslide involves a soil mass hitting a body of water 

or it is occurring underwater. There are a number of landslide simulations that do not 

consider the effect of water; however, these models show an upper bound solution as 

no fluid resists the motion of the particles. The presence of water needs to be 

considered as it significantly affects the behavior of the sliding particles (Lorig et al., 

2009). Existence of water results to the occurrence of fluid-particle interactions forces. 

Fluid-particle interaction forces has two components:  hydrostatic and hydrodynamic 

forces. Hydrostatic force considers the gradient of the fluid pressure isotropically 

applied around a particle, and one example is the buoyancy force. Hydrodynamic 

forces are composed of drag, lift, and virtual mass forces. For simplification in landslide 

DEM models, drag forces are usually the one accounted for while the other two are 

neglected (Utili et al., 2017). These forces need to be accounted for to, at least, not 

overestimate the resulting particle velocities and runout distance of the simulated 

landslide  

2.3.3 Relevance 

For agricultural engineering applications, it provided insight on how the use of 

appropriate microparameters can significantly improve the level of confidence towards 



Chapter 2  Literature Review 

 

31 
 

the reliability of tillage simulations using discrete element method. For geotechnical 

engineering applications, it delineated details on the information needed in order to 

develop an effective Ball-Wall landslide model. It also discussed a landslide model 

involves underwater movements, which is of similar case as the earth fill dam to be 

studied. It provided insight on the limitations and challenges that will be faced in 

developing the model, and what simplifications can be made to solve this without 

compromising its reliability. 

 
.
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CHAPTER 3 

AGRICULTURAL ENGINEERING APPLICATION 

3 AGRICULTURAL ENGINEERING APPLICATION 

3.1 OBJECTIVES 

The main objective of this chapter is to characterize the microparameters of 

different crop residues and their interfaces with soil. The specific objectives are as 

follows: 

1. Perform ring shear test to characterize the macroscopic shear strength 

parameter, internal friction angle, of the crop residues. 

2. Perform direct shear test to characterize the macroscopic shear strength 

parameter, interface friction angle, between crop residue and soil. 

3. Develop discrete element models of both the ring shear and direct shear tests. 

4. Perform sensitivity analysis on the model and use the results in developing a 

systematic calibration methodology for the microparameters. 

5. Calibrate the microparameters of crop residue (residue-residue) and soil-residue 

interface using the discrete element model by simulating the macroscopic shear 

properties and behavior of the specimen that are measured from laboratory 

tests.  

3.2 RING SHEAR TEST 

Ring shear test was performed to identify the internal friction angle of five crop 

residues: canola, corn, flax, oats, and wheat. Ring shear test presents the advantage 

of inducing an infinite amount of continuous shear displacement. It was used on crop 

residues, instead of direct shear test, because it was observed that the direct shear test 
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was not capable of providing sufficient displacement to induce shearing until failure or 

for a shear plane to fully develop within the crop residue samples.   

3.2.1 Laboratory Experiment  

3.2.1.1 Material Description 

Crop residues of flax, canola, corn, oats, and wheat were collected at the research 

farm of Agriculture and Agri-Food Canada in Portage La Prairie, located west of 

Winnipeg at the Central Plains region of the province of Manitoba. Samples were air-

dried to mitigate decomposition. The moisture contents of the samples were identified 

before performing any test. ASAE Standard S358.3 (Moisture Measurement – Forages) 

was followed in quantifying the moisture content of the samples. The measured 

moisture content of the five crop residues after air-drying ranges from 14 to 15% (dry 

basis). 

3.2.1.2 Test Apparatus 

Bromhead Ring Shear Apparatus by Wykeham Farrance International was used 

for the test (Figure 3.1). It consists of the specimen container, load cells, and weight 

hanger. The specimen container is comprised of the lower and upper circular platens 

(Figure 3.2). Both platens have serrations to ensure proper latching onto the specimen 

during shearing. It has an outer and inner diameter of 100 mm and 70 mm, respectively. 

The total annular sample thickness that can be placed in the container is 5 mm. The 

load cells measured the resulting shear force throughout the duration of the test, and 

the weight hanger is where the corresponding dead weight for the desired normal load 

was placed. 
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Figure 3.1. Ring Shear Apparatus: a) specimen container, b) load cells, and c) weight 
hanger. 

 

 
 

Figure 3.2. Specimen container: upper platen (left) and lower platen (right). 
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3.2.1.3 Methodology 

Test methodology specified in ASTM Standard D6467 (Standard Test Method for 

Torsional Ring Shear Test to Determine Drained Residual Shear Strength of Cohesive 

Soils) was followed. Since no standard for conducting ring shear test on crop residues 

are available, a standard for soil was adapted to obtain the desired crop residue shear 

strength macroparameter. 

3.2.1.3.1 Experimental Program 

The experimental factor considered for the ring shear test was the crop residue 

type. Three normal pressures were selected: 12.5, 25, and 50 kPa. Relatively low 

normal pressures were considered because the tillage process occurs near the soil 

surface. The lowest pressure was 12.5 kPa because of the equipment constraint 

wherein errors and fluctuations may be observed when running the test at extremely 

low normal pressures. Five test replicates were performed for each of the crop residue 

types. A total of 75 tests were carried out. A summary of the experimental program is 

shown in Table 3.1.  

Table 3.1. Summary of the experimental program for ring shear test. 
 

Residue Canola Corn Flax Oats Wheat 

Test No. 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

Normal 
Pressure 

(kPa) 

12.5 25 50 12.5 25 50 12.5 25 50 12.5 25 50 12.5 25 50 

Replicate 5 5 5 5 5 

Total 75 Tests 
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3.2.1.3.2 Sample Preparation 

The crop residues were ground to comply with the specified maximum particle 

size (5 mm) in ASTM Standard D6467 that the equipment is capable of shearing. 

Ground samples were sieved to ensure that the majority of the particles would meet 

the required particle size. Figure 3.3 shows the ground samples that were used for the 

ring shear test. A similar approach on material preparation has been conducted by 

Sadek et al. (2011) in characterizing the shear strength macroparameters of agricultural 

materials like hemp crops.  

 
 

Figure 3.3. Crop residue samples for ring shear test: canola, corn, flax, oats, and 
wheat. 

 

3.2.1.3.3 Testing Set-up and Parameters 

Crop residue samples were loosely placed in the ring shear device (Figure 3.4). 

It was observed that a sample weight of 4.4 g was enough to fill the 5 mm thickness of 

the annular device. Consequently, 4.4 g sample weight was considered for the 

succeeding ring shear tests performed on all the crop residues. The initial dry bulk 

density of the crop residue samples positioned in the ring shear device was 220 kg/m3.  



Chapter 3  Agricultural Engineering 

 

37 
 

 
 

Figure 3.4. Crop residue sample placed in the specimen container. 
 

The sample was initially compressed with the designated normal pressure. Upon 

no further compression was observed, shearing was initiated by rotating the lower 

platen of the annular ring shear device. Shear displacement rate set was 0.5 mm/min. 

Shear rate is of minimal concern in this case as the sample is not saturated and the 

test would be dealing with large displacements. Throughout the test, the development 

of the force required to shear the sample was monitored. The tracked forces applied 

on opposite ends of the ring shear apparatus were converted to shear stress using the 

formula (ASTM Standard D6467): 

 𝜏 =  
3(𝐹1 + 𝐹2)𝐿

4𝜋(𝑅2
3 − 𝑅1

3)
 , Eq. (3.1) 

where 𝜏 is the shear stress, F1 and F2 are the forces tracked by the load cells, R1 and 

R2 are the inner and outer specimen radii, and L is the torque arm length. The sample 

was sheared until it reaches a point where a constant shear resistance can be 
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observed. Same test set-up and parameters were implemented on all five crop 

residues.  

3.2.1.4 Test Results 

Stress-displacement relationships were monitored from the ring shear tests 

carried out. Figure 3.5 shows the plotted stress-displacement relationships from one 

set of tests on canola residues. It is apparent that as the residue is subjected to 

increasing normal pressure (𝜎n), its resulting shear strength also increases. Similar 

trend of stress-displacement relationships can be observed on the other crop residues 

(Appendix A).  

 
 

Figure 3.5. Canola stress-displacement relationships from ring shear test 
 

For the tests subjected to 12.5 kPa normal pressure, it can be seen that the shear 

stress increases as the displacement increases at the initial stages of shearing. It 

experiences strain-hardening until it reaches a peak shear stress; then, it undergoes 

strain-softening as the corresponding shear stress decreases. This occurrence of peak 
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behavior despite of the loose initial configuration may be attributed to the 

rearrangement of the particles with high aspect ratio. Subsequently, the rate of shear 

resistance eventually gets steady or approximately constant as the crop residue is 

continuously sheared. Shear stress started to produce constant values after a shear 

displacement of about 60 mm. This marks the manifestation of the residual-state where 

the corresponding shear stress at this point of shearing is identified as the material 

residual shear strength. In this condition, crop residue particles of high aspect ratio are 

already oriented parallel to the direction of shearing. 

The set-up of the ring shear test involves the successive application of loads upon 

the conclusion of one test; hence, for the succeeding test, which is of higher normal 

pressure than the previous one (25 kPa in this case), no peak shear strength was 

observed as the sample has a defined shear plane already. The same observation can 

be made when the sample was sheared under a normal pressure of 50 kPa. For normal 

pressures of 25 and 50 kPa, shear strength was approximately constant already at the 

initiation of shearing.  

Mohr-Coulomb failure criterion was used in identifying the shear strength 

macroparameter, internal friction angle. The resulting residual shear strength was 

plotted against the corresponding normal pressure applied. A best-fit line was identified 

to correlate the points and to define the failure envelope. Failure envelope derived for 

canola residues is shown in Figure 3.6. The material residual shear strengths measured 

from the test replicates can also be seen in the graph. The points considered for 

developing the failure envelopes were the average of the residual shear strengths 

measured from the five test replicates of each normal pressure. The corresponding 
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internal friction angle was the arctangent of the measured slope of the failure envelope. 

Derived failure envelopes for the other crop residues can be seen in Appendix A. Table 

3.2 shows a summary of the measured internal friction angles of the crop residues from 

ring shear tests. Flax was observed to have the highest internal friction angle, 26°. On 

the other hand, wheat has the lowest, 16.4°. Canola, corn, and oats have a resulting 

internal friction angle of about 19°. The relatively higher friction angle of flax maybe 

attributed to the existence of a considerable amount of fibers in the sample that 

improves its shear resistance.  

 

 
 

Figure 3.6.  Mohr-Coulomb failure envelope of canola. 
 

Table 3.2. Summary of measured internal friction angle. 
 

Crop Residue  Internal Friction Angle 
Canola 18.9° 
Corn 18.8° 
Flax 26° 
Oats 18.9° 

Wheat 16.4° 
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The measured values are comparable to the internal friction angles of other 

agricultural materials quantified by researchers using various shear test equipment. 

Opoku et al. (2007) measured internal friction angles of agricultural materials that range 

from 15°–26°; a specific type of chemically treated flax produced an internal friction 

angle of 25.8°, which is relatively close to the internal friction angle of the flax tested in 

this research. Other agricultural materials tested from other literatures are camacho 

wheat (19.7°–21.9°) by Moya et al. (2002), barley straw (17°–26°) by Afzalinia and 

Roberge (2007), and lentil (15°–16°) and flaxseed (18°–20.3°) by Moya et al. (2006).  

3.2.2 Discrete Element Model 

This section discusses the development of the discrete element model to simulate 

the processes involved in a ring shear test. It describes the details on the generation of 

material vessel and particles in the model, the material microparameters involved, and 

the boundary conditions set for the testing proper.  

3.2.2.1 Material Vessel 

The ring shear device (specimen container) was modelled using four walls: two 

cylindrical and two annular walls (Figure 3.7). The two cylindrical walls, which have 

diameters similar to the inner and outer diameters of the actual ring shear device, were 

generated to confine the particles horizontally. For the vertical confinement, two annular 

walls were created for the lower and upper platen. A 3D-modelling software was used 

to include serrations, similar to the actual device, on the upper and lower platen. Friction 

coefficients of 1 and 0 were assigned on the platens and cylindrical walls, respectively. 

The serrations and the friction coefficient assigned on the platens were necessary for 

the proper interlock of the platen with the particles near them in order to prevent the 
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potential development of the shear plane at the particle-platen interface, which in turn 

ensures particle-particle shearing. A friction coefficient of 0 was assigned on the two 

cylindrical wall enclosures because the friction on these walls can be considered 

negligible due to their smooth steel surface. Sadek et al. (2011) and Franco et al. (2007) 

used the same set of friction coefficients for the vessel walls in their shear test 

simulations using DEM. 

 

 
 

Figure 3.7. Ring shear device in PFC3D. 
 

3.2.2.2 Particle Assembly 

Spheres, which have a uniform particle size of 2 mm diameter, were selected to 

model the crop residue particles. Sadek et al. (2011) used the same particle size and 

shape in modelling other agricultural materials. Bigger particle size was considered 

because using the same particle size and distribution with the actual crop residue 

particles will result for a greater number of particles in the model. It is common for DEM 

simulations to increase the particle size for it to have a reasonable test runtime because 

having a large number of particles will require more intensive computations (Coetzee, 
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2017; Ahlinhan et al., 2018). The model particle size is also not that critical as the 

characterized microparameters after the calibration process will compensate for the 

variations of the model particle geometry from the actual one (Momozu et al., 2003).  

A total of 9,680 particles were generated to fill the volume of the material vessel; 

gravity deposition was the packing methodology followed to position the particles inside 

it. In the gravity deposition method, generated particles were let to fall inside the 

material vessel with the effect of gravitational acceleration (9.8 m/s2) (Ahlinhan et al., 

2018). A relatively low friction was assigned to the particles at first to ensure good 

packing assembly (Mei, 2017). The particles were then allowed to settle and the system 

was cycled until it stabilizes or reaches a state of equilibrium, wherein the average ratio 

of the unbalanced forces over the sum of all the forces acting in the system is less than 

1e-3 (Nandanwar and Chen, 2017).  Proper microparameters were assigned at a later 

part before the compression and shearing phase. Figure 3.8 shows the particle 

assembly inside the ring shear device as modelled in PFC3D. 

 

 
 

Figure 3.8. Particle assembly inside the ring shear device in PFC3D. 
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For the particle density of the crop residues in the model, it was calculated by 

matching the initial bulk density of the model to the measured initial bulk density in the 

laboratory test (Coetzee and Els, 2009; Coetzee, 2017; Falke et al., 2018; Tekeste et 

al., 2018). Once the material vessel is filled with particles and the equivalent number of 

particles occupying it is known, the particle density can be calculated using the formula:  

 𝜌𝑝 =
𝜌𝑖𝑏𝑑𝑉𝑠𝑐

𝑛𝑚𝑉𝑚𝑝
 Eq. (3.2) 

where 𝜌𝑝 is the model particle density, 𝜌𝑖𝑏𝑑 is the measured initial bulk density, 𝑉𝑠𝑐 is 

the volume of the specimen container, 𝑛𝑚 is the number of particles in the model, and 

𝑉𝑚𝑝 is the volume of one particle in the model.  

3.2.2.3 Contact Model Microparameters 

The built-in linear contact model in PFC3D was chosen to describe the behavior 

of the contact interactions between crop residue particles. Sadek et al. (2011) used a 

similar contact model to simulate the behavior of agricultural materials such as hemp 

core and fiber. From Section 2.1.2.1, associated microparameters with the linear 

contact model are particle normal stiffness (kn), particle shear stiffness (ks), and friction 

coefficient (µ). Similar to a number of previous studies on DEM simulations of laboratory 

test results, it was assumed that particle normal and shear stiffness values are equal 

or has a ratio of 1 (McDowell and Harireche, 2002; O’Sullivan and Riemer, 2002; 

O’Sullivan et al., 2004; Härtl and Ooi, 2008; Coetzee and Els, 2009; Sadek et al., 2011). 

This was done in order to decrease the number of microparameters to be calibrated. 

Henceforth, the term particle stiffness (k) will be used to define the value assigned for 

the two parameters, kn and ks, because they are equal. The final linear contact model 
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microparameters to be calibrated in order to simulate the actual behavior of crop 

residues are particle stiffness and friction coefficient.  

Other microparameters to be considered were the local and viscous damping 

coefficients. Local damping is expected to be assigned for quasi-static simulations 

while viscous damping is for dynamic simulations (Itasca, 2018). A value of 0.7 and 0 

was assigned for the local and viscous damping coefficients, respectively. Similar 

damping coefficients were implemented by Nandanwar and Chen (2017) and  Coetzee 

and Els (2009) in their quasi-static simulations of laboratory experiments. 

3.2.2.4 Test Simulation 

The ring shear test involves two test phases: the compression phase and the 

shearing phase. For the compression phase, a pressure-controlled boundary condition 

was assigned on the upper platen to simulate the compression of the sample with the 

desired normal pressure (12.5, 25, and 50 kPa). A pressure-controlled boundary 

condition was set in PFC3D by assigning a servo mechanism subroutine on a wall 

element. The logic behind the servo mechanism subroutine is that it allows the program 

to instantaneously adjust and regulate the translational velocity of the wall so that it can 

maintain a constant magnitude of applied pressure or force on the particles. The servo 

mechanism was kept active until the end of the test. The progression of the normal 

pressure applied onto the specimen during the compression phase is shown in Figure 

3.9. The normal pressure initially increases and was able to maintain a constant value 

of the desired normal pressure; therefore, the servo mechanism subroutine was 

successful in simulating the compression of the material with a constant normal 
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pressure. The compression phase concludes once the normal pressure stabilizes and 

there are no succeeding vertical displacements observed on the material. 

 
 

Figure 3.9. Progression of normal pressure applied by upper platen during the 
compression phase of the ring shear test model. 

 

To commence the shearing phase, the bottom platen and the cylindrical walls 

were rotated clockwise. A subroutine was set to measure the torque at the upper platen 

and convert it to the corresponding shear stress that is mobilized throughout the test. 

A sample stress-displacement relationship derived from the model is plotted in Figure 

3.10. The servo mechanism subroutine was also successful in maintaining a constant 

normal pressure during the shearing phase (Figure 3.11). Minimal fluctuation or 

oscillation can be observed from the desired normal pressure. 
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Figure 3.10. Sample stress-displacement relationship obtained from the ring shear 
test model.   

 
 

Figure 3.11. Progression of normal pressure applied by upper platen during the 
shearing phase of the ring shear test model 

 

 Figure 3.12 shows the force contact network where the distribution and 

transmission of the forces, applied by the rotation of the lower platen, between the 

particles and up to the upper platen can be visualized. Contacts between particles are 

represented as cylinders. Cylinders of larger diameter indicate that relatively larger 
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forces are transmitted in that particular contact. The orientation of the majority of the 

forces transferred can be observed to be slanted and leaning towards the direction of 

the shear movement (Yan and Ji, 2010; Salazar et al., 2015; Bernhardt et al., 2016). 

Positioning and movement of the particles before and after the shearing phase can be 

observed in Figures 3.13 and 3.14, respectively. Specific portions of the material were 

color-coded to better visualize the changes in particle positions. It can be observed that 

the particles in contact with the upper and lower platens were latched firmly on these 

walls causing the possible generation of the shear plane at the center of the model 

specimen. Similar particle movements have been observed by Saomoto et al. (2006) 

and Falke et al. (2018) in performing ring shear tests.  

 
 

Figure 3.12. Force contact network during the shearing phase of ring shear test. 
 

 
 

Figure 3.13. Position of particles before the initiation of the shearing phase. 
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Figure 3.14. Position of particles after shearing. 
 

3.2.2.5 Sensitivity Analyses 

Sensitivity analyses were performed to identify the influence of the 

microparameters, particle stiffness and friction coefficient, on the resulting residual 

shear strength of the ring shear test model. This procedure was done in other works as 

described in Chapter 2. In sensitivity analysis, a particular parameter is varied while the 

other parameters are kept constant to identify the individual effect of the parameter on 

the monitored results. The microparameter base values and their ranges to be tested 

for the sensitivity analysis are listed in Table 3.3. The chosen base value for the particle 

stiffness has the same magnitude as the calibrated particle stiffness of agricultural 

materials such as hemp core and fiber reported by Sadek et al. (2011). Sadek et al. 

used a particle friction coefficient of 1, but the base value for the sensitivity analysis 

was deliberately reduced in order to ensure that shearing will occur between particles. 

Using a particle friction coefficient of 1, which is similar to the wall (platen) friction 

assigned, may lead for a shear plane to develop between the walls and the particles, 

and not between the particles themselves. The normal pressure considered for the ring 

shear test simulations performed for the sensitivity analyses was the mid-range value 

(25 kPa) of the three normal pressures chosen for the actual test. 
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Table 3.3. Base values and range tested for the ring shear test model sensitivity 
analysis. 

 

Parameters Units Base Value Range 

Particle Stiffness (kn) N/m 7.5e4 7.5e2 – 1e5 

Friction (µ) - 0.1 0.025 - 0.75 

 

Results 

In varying particle stiffness, it was observed that there was a sudden increase in 

residual shear strength when the assigned particle stiffness was increased from 7.5e2 

N/m to 2.5e3 N/m; however, a further increase in particle stiffness resulted to minimal 

or no changes in the residual shear strength (Figure 3.15). It was concluded that the 

residual shear strength has significantly low sensitivity to the particle stiffness. Particle 

stiffness having a threshold value wherein considering values beyond that makes it 

non-influential to the results was also observed by (Coetzee and Els, 2009).  

 
 

Figure 3.15. Influence of particle stiffness on residual shear strength. 
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On the other hand, changes in residual shear strength were more prominent when 

the particle friction coefficient was varied (Figure 3.16). A significant increase in the 

residual shear strength can be observed when the friction coefficient was varied within 

the lower range of values (0.025 – 0.4). However, the sensitivity of the residual shear 

strength relatively decreases when higher friction coefficient values were used.  

 
 

Figure 3.16. Influence of friction coefficient on residual shear strength. 
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actual shear behavior of crop residues. For particle stiffness used during the calibration 

process, the base value from the sensitivity analysis was deliberately reduced from 

7.5e4 N/m to 7.5e3 N/m. This was done to shorten the simulation runtime. The length 

of model runtime is inversely proportional to the assigned particle stiffness value. 

Therefore, decreasing the particle stiffness to one magnitude lower than the original 

value significantly shortens the runtime of the simulations (Härtl and Ooi, 2008). Also, 

based on the sensitivity analysis, this reduction on particle stiffness has no effect on 

the resulting residual shear strength as the value chosen is still greater than 2.5e3 N/m 

(Figure 3.15). 

After executing the calibration process, the identified particle friction coefficients, 

which made the ring shear test model produce comparable results to the ones obtained 

from the actual ring shear test, were 0.025 for wheat, 0.425 for flax, and 0.05 for canola, 

corn, and oats.  

3.2.3 Comparison of Numerical and Experimental Results 

Integrating the calibrated microparameters to the model produced stress-

displacement relationships of good agreement between measured and simulated 

values. Figure 3.17 shows the measured and simulated stress-displacement 

relationships for canola residues. The same can be observed on the measured and 

simulated stress-displacement relationships of the other crop residues (Appendix A). 

The model was able to simulate the crop residue shear behavior, particularly at large 

displacements, when subjected to any of the normal pressures (12.5, 25, and 50 kPa). 

The model was able to capture the increases in shear strengths when normal pressures 

were increased.  
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Figure 3.17. Comparison of measured and simulated stress-displacement 
relationships of canola obtained from ring shear test. 

 

There was the occurrence of a marginal peak shear behavior that was not 

simulated when the model was sheared at a low normal pressure (12.5 kPa). This may 

be attributed to the difference in particle shape used. The model used spherical 

particles of uniform size compared to the actual crop residue particles that were 

longitudinal, have a high aspect ratio, and were more cylindrical in shape. However, 

this is of minimal concern as the interest in tillage applications is more on the shear 

behavior at large displacements, and the target macroparameter to be matched is the 

internal friction angle derived from the residual condition of the material.  

Good agreement can also be observed on the measured and simulated Mohr-

Coulomb failure envelopes (Figure 3.18). The equivalent internal friction angles of the 

measured and simulated failure envelopes for all the crop residues are listed in Table 
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3.4. Minimal differences, which only range from 0.1° to 0.3°, can be observed between 

the measured and simulated internal friction angles.  

 
 

Figure 3.18. Measured and simulated Mohr-Coulomb failure envelope of canola. 
 

Table 3.4. Measured and simulated crop residue internal friction angle. 
 

Crop Residue 
Internal Friction Angle 

Measured Simulated 

Flax 26° 25.8° 
Canola 18.9° 19° 
Corn 18.8° 19° 
Oats 18.9° 19° 

Wheat 16.4° 16.7° 
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3.3 DIRECT SHEAR TEST 

Direct shear test was carried out to identify the shear strength macroparameter, 

interface friction angle, between a particular crop residue and soil. Direct shear test 

was considered to be effective for shearing two different materials as it gives the 

advantage of being able to force the shear plane to develop exactly along their 

interface. A number of researchers have already effectively used direct shear test in 

characterizing the interfacial shear behavior between two materials (Bosscher and 

Ortiz, 1987; Subba Rao et al., 2007; O’Rourke et al., 2008; Ilori et al., 2017). Wang et 

al. (2010) and Çanakcı et al. (2011) specifically used it to shear agricultural materials, 

like roots and wood, against organic soil. 

3.3.1 Laboratory Experiment 

3.3.1.1 Material Description 

The same set of crop residues (canola, corn, flax, oats, and wheat) discussed in 

Section 3.2.1.1 were considered for direct shear testing against agricultural soil. The 

agricultural soil sample was collected in a field in Piney, Manitoba, Canada (Figure 

3.19). It was classified as sandy loam soil having a composition of 70% sand, 14% clay, 

and 16% silt. The liquid and plastic limits of the soil sample were 29.6% and 27.7%, 

respectively (Nandanwar and Chen, 2017).  
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Figure 3.19. Sandy loam soil from Piney, Manitoba, Canada. 
 

3.3.1.2 Test Apparatus 

Geocomp Products – ShearTrac II was the equipment used for the direct shear 

test (Figure 3.20). The equipment is composed of the shear box, micro-stepper motor 

box, and the force and displacement transducers. The shear box has four parts: two 

circular disks, and a top and bottom shear boxes (Figure 3.21). Cylindrical samples 

having a diameter of 63.5 mm can be placed inside the top and bottom shear boxes. 

The heights of the top and bottom shear boxes are 19 mm and 14 mm, respectively. 

The two disks vertically confine the specimen. The equipment also has both horizontal 

and vertical force and displacement transducers that serve as sensors during the test. 

Vertical loads are applied using a micro-stepper motor. A micro-stepper motor is also 

used to induce shearing on the specimen by moving the lower shear box to either left 

or right.  
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Figure 3.20. Direct shear apparatus: a) shear box, b) micro-stepper motor box, and c) 
force and displacement transducers. 

 

 
 

Figure 3.21. Four components of the shear box: bottom shear box, top shear box, top 
disk, and bottom disk (from left to right). 

 

3.3.1.3 Methodology  

Test methodology specified in ASTM Standard D3080 (Standard Test Method for 

Direct Shear Test of Soils Under Consolidated Drained Conditions) was followed in 

performing the test. Since no standard for conducting direct shear tests between crop 
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residues and soils are available, a standard for soil was performed with some 

modifications to accomplish the objectives. Different materials were placed on the lower 

and top shear boxes in order to observe the interfacial shear behavior between the two 

and determine the interface friction angle. The schematic of the planned direct shear 

box set-up is shown in Figure 3.22.  

 
 

Figure 3.22. Schematic of the planned direct shear box set-up. 
 
 

3.3.1.3.1 Experimental Program 

The experimental factor considered for the direct shear test was the crop residue 

type. The same soil samples prepared at identical conditions were set to be sheared 

against all the crop residues. It was tested under the normal pressures of 12.5, 25, and 

40 kPa. Five test replicates were done for each crop residue type. A total of 75 tests 

were carried out. A summary of the experimental program is shown in Table 3.5. 
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Table 3.5. Summary of the experimental program for direct shear test. 
 

Residue Canola Corn Flax Oats Wheat 

Soil 
Sandy 
Loam 

Sandy 
Loam 

Sandy 
Loam 

Sandy 
Loam 

Sandy 
Loam 

Test No. 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 

Normal 
Pressure 

(kPa) 

12.5 25 40 12.5 25 40 12.5 25 40 12.5 25 40 12.5 25 40 

Replicate 5 5 5 5 5 

Total  75 Tests 

 

3.3.1.3.2 Sample Preparation 

Crop residues were cut to comply with the specified maximum particle size in 

ASTM Standard D3080 that the direct shear equipment is capable of shearing. The 

standard stated that particle size should be less than 10% of the overall specimen 

diameter to be placed in the shear box.  Residue samples were cut using a paper cutter 

and sieved through Sieve no. 4 (4.75 mm) to ensure that it meets the target particle 

size. Figure 3.23 shows the cut residue samples that were used for the test.  

 
 

Figure 3.23. Cut residue samples for direct shear test: canola, corn, flax, oats, and 
wheat. 
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The gravimetric moisture content considered for the soil sample was 20%. 

Nandanwar (2015) classified this moisture content level as moderate or medium for 

agricultural soils. The soil was mixed with water until it reaches the desired moisture 

level and was left to stand for 24 hours inside an airtight container to avoid evaporation 

prior to testing. 

3.3.1.3.3 Testing Set-up and Parameters 

Crop residue samples were loosely placed in the top shear box (Figure 3.24a), 

while soil samples were positioned and compacted in the bottom shear box (Figure 

3.24b). The target dry bulk density of the soil sample to be compacted in the bottom 

shear box was 1350 kg/m3. Dry bulk density considered is within the range of typical 

values in agricultural fields (Nandanwar, 2015). Figure 3.24c shows the complete shear 

box set-up before placing it in the shearing machine.  

 
 

Figure 3.24. Shear box set-up: a) top shear box with field residues, b) bottom shear 
box with sandy loam soil, and c) final shear box set-up before placement onto the 

machine. 
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Both the top and bottom shear boxes were then positioned onto the machine and 

the designated normal load for the test was applied to compress the samples. It was 

ascertained that the chosen normal loads for compression would not cause any vertical 

displacements on the soil sample. This is to ensure that even after compression, the 

interface between the two materials still lies along the shear plane to be developed. 

Upon no further compression was observed in the crop residue, shearing was initiated 

by moving the bottom shear box. The sample was sheared up to 10 mm displacement 

or about 15% shear strain. Throughout the test, the force required to shear the sample 

was monitored. Shear force was converted to shear stress using the equation: 

 𝜏 =
𝐹𝑠

𝐴
 , Eq. (3.3) 

where Fs was the shear force measured, and A was the area of the specimen projected 

perpendicular to the shearing direction. This was done on all the tests for the five 

different crop residues. Figure 3.25 shows the condition of the samples after shearing. 

 
 

Figure 3.25. Condition of crop residue and soil sample after direct shear test. 
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3.3.1.4 Test Results 

Stress-strain relationships were monitored from the direct shear tests carried out. 

Figure 3.26 displays the stress-strain relationships measured from one set of tests on 

flax residues that were sheared against soil. It is apparent that as the samples are 

subjected to increasing normal pressure, the resulting shear strength at their interface 

also increases.  

 
 

Figure 3.26. Flax-soil interface stress-strain relationships from direct shear test. 
 

Similar trends on the stress-strain behavior were observed for all the crop 

residues tested (Appendix A). It undergoes strain hardening and eventually, the shear 

stress approaches a certain point wherein it is approximately constant under 

continuous shearing. This particular trend is similar to the results from replicated tests.  

The point where the shear stress becomes constant corresponds to the critical-state 

shear strength. 
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Mohr-Coulomb failure criterion was used in identifying the interface friction angle. 

The failure envelope was derived by plotting the critical-state shear strength against 

the corresponding normal pressure that the materials were subjected to. The derived 

failure envelope for the interface of flax residues and soil is shown in Figure 3.27. 

Critical-state shear strengths obtained from the test replicates can also be seen in the 

graph. The critical-state shear strength value used for developing the failure envelope 

was the average of the results from the five test replicates of each normal pressure. 

Table 3.6 shows a summary of the measured interface friction angles between the 

different crop residues and soil. High friction angles measured for all crop residues may 

be attributed to the observed indentation and embedment of some of the particles onto 

the soil surface during shearing. This occurrence has also been observed by 

Valsangkar and Holm (1997) when neither of the two materials is extremely stiffer in 

comparison to the other.  

 
 

Figure 3.27.  Mohr-Coulomb failure envelope of flax-soil interface. 
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Table 3.6. Summary of measured interface friction angle. 
 

Crop Residue Soil Sample Interface friction angle 
Canola Sandy Loam 43.6° 
Corn Sandy Loam 44.4° 
Flax Sandy Loam 47.4° 
Oats Sandy Loam 41.3° 

Wheat Sandy Loam 41.6° 

 

In comparing the interface friction angles, relatively higher interface friction angle 

was measured between flax and soil. This may be caused once again by the 

considerable number of fibers present in the flax samples. Due to the embedment of 

the fibers on the soil surface during shearing, the fibers may have provided additional 

shear resistance at the interface. 

The measured interface friction angles were comparable to the ones obtained by 

other researchers when shearing agricultural materials against organic soils. Wang et 

al. (2010) measured high interface friction angles, ranging from 39°– 42°, when plant 

roots were sheared against soil. Çanakcı et al. (2011) sheared a particular type of wood 

against organic soil and was able to measure interface friction angles of 38°.  

3.3.2 Discrete Element Model 

This section discusses the development of the discrete element model that can 

simulate the processes involved in a direct shear test. It presents the details on the 

generation of material vessel and particles in the model, the microparameters involved, 

and the boundary conditions set for the testing proper. 

3.3.2.1 Material Vessel 

The direct shear box was modelled using four walls: two cylindrical and two disk 

walls (Figure 3.28). The two cylindrical walls, which have similar diameters and heights 
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to the actual equipment, were used as horizontal enclosures to represent the top and 

bottom shear box. Two disks were also generated to represent the bottom and top 

covers. The top disk was later used to apply vertical pressure. To mimic the smooth 

sidewalls of the shear box, a friction coefficient of 0 was assigned to the cylindrical 

walls. The serrations and roughness of the bottom and top covers were then 

represented in the model by assigning a friction coefficient of 1 to both the top and 

bottom disks (Sadek et al., 2011). 

 
 

Figure 3.28. Direct shear device in PFC3D. 
 

3.3.2.2 Particle Assembly 

Spherical particles having a uniform diameter of 2 mm were used to represent 

both the soil and crop residue. A total of 6,523 soil particles was generated to fill the 

volume of the bottom cylinder; gravity deposition methodology discussed in Section 

3.2.2.2 was performed to position the soil particles inside it. Considerably low friction 

was assigned to the material at first to ensure good packing assembly (Mei, 2017). It 

was compressed to guarantee that no further compression by rearrangement of soil 
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particles will govern at the later stages of the simulation and to mimic the compaction 

made in the actual experiment. A wall was then generated at the center of the box 

before generating residue particles to avoid possible mixing of the materials.  

The next step performed was to generate a total number of 7,845 crop residue 

particles to fill the top cylinder. It was set to fall with gravity and the system was cycled 

until it reaches an equilibrium state. Proper microparameters were later assigned 

before the compression and shearing phases. Figure 3.29 shows the particle assembly 

inside the direct shear box as modelled in PFC3D. 

 
 

Figure 3.29. Particle assembly inside the direct shear device in PFC3D. 
 

For the particle density, measured and simulated initial bulk density were once 

again matched by calculating the particle density using Eq. 3.2. 

3.3.2.3 Contact Model Microparameters 

Linear contact model was assigned for the contact interactions of crop residue 

particles. The assumptions made for the linear contact model were similar to the ones 

made in developing the ring shear test model (Section 3.2.2.3). Similar particle stiffness 
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and friction coefficient values calibrated from the ring shear test were used for the 

preliminary direct shear test simulations. 

For soil, the linear parallel-bond model was used to describe its particle contact 

interactions. Linear parallel-bond model was chosen because of its capability to add 

bonds between particles that can assist in simulating the cohesive behavior of 

agricultural soil (Nandanwar and Chen, 2017). The microparameters and their 

corresponding values used for the soil particles are listed in Table 3.7. Nandanwar 

(2015) calibrated these microparameters by performing DEM simulations of triaxial 

tests on the same soil sample used in this research.  

 
Table 3.7. Linear parallel-bond microparameters used for soil particles (Nandanwar, 
2015).  

 

Parameters Units Value 

Particle Normal Stiffness (kn) N/m 5.4e3 
Particle Shear Stiffness (ks) N/m 2.57e3 

Friction (µ) - .7 

Bond Normal Stiffness (�̅�𝑛) Pa/m 1.25e10 

Bond Shear Stiffness (�̅�𝑠) Pa/m 5.95e9 

Bond Normal Strength (𝜎𝑐) Pa 2e4 

Bond Shear Strength (𝑐̅) Pa 2e4 

 

The remaining contact microparameters to be determined were the ones that 

define the interactions at the soil-residue interface. Linear contact model was assumed 

to govern at the interface. To identify the values to be assigned on the microparameters 

associated with the linear contact model, the surface property inheritance approach 

stored in PFC3D was used. With the surface property inheritance approach, linear 

contact model microparameters between two materials can be identified using the 

following equations: 
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1

𝑘𝑛/𝑠
=

1

𝑘𝑛/𝑠
(1)

+
1

𝑘𝑛/𝑠
(2)

 Eq. (3.4) 

 𝜇 = min(𝜇(1), 𝜇(2)), Eq. (3.5) 

where the superscripts 1 and 2 denote the microparameter of material 1 and material 

2, respectively, that are interacting with each other. For this instance, material 1 is the 

crop residue, and material 2 is the soil.  The particle stiffness was assumed to behave 

in series while the smaller value between the friction coefficients was assigned at the 

interface (Itasca, 2018).  

Since this is again a quasi-static simulation, local and viscous damping 

coefficients assigned were 0.7 and 0, respectively (Coetzee and Els, 2009).  

3.3.2.4 Test Simulation 

A minor variation on the laboratory experiment methodology was made in order 

to make sure that most of the interfacial contacts between the two materials would be 

positioned exactly along the shear plane. The direct shear test model involves three 

phases: soil compression phase, crop residue compression phase, and shearing 

phase.  

For the soil compression phase, a servo mechanism (pressure-controlled 

boundary condition) was set and activated on the bottom wall, which makes it move 

upwards, in order to apply the designated normal pressure on to the soil particles. The 

system was cycled until no further vertical displacement or compression can be 

observed on the soil sample; then, the servo mechanism was deactivated and the 

velocity at the bottom disk was set to zero.  
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For the next phase, the crop residue compression phase, a servo mechanism was 

activated on the top disk. The top disk then compresses the crop residue sample until 

no further vertical displacement can be observed. Subsequently, the previously 

generated wall during the particle assembly stage that was positioned at the center of 

the shear box was removed. The primary purpose of the fictitious wall was to prevent 

the mixture of the two materials. Minimal rearrangement of particles governed along 

the shear plane to create the contacts at their interfaces, and small vertical 

displacements were observed on both the soil and crop residue after the system was 

stabilized. Figure 3.30 shows the generated soil-residue contacts (red cylinders) in the 

PFC3D model after the soil and crop residue compression phases. It can be seen that 

all of it are exactly positioned along the shear plane (blue disk). This process was done 

so that most of the measured shear forces during the succeeding shearing phase are 

mainly contributed by the soil-residue contact interactions. 

 
 

Figure 3.30. Soil-residue interfacial contacts (red cylinders) generated in PFC3D. 
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The shearing phase was initiated by moving the bottom cylinder and disk to the 

right. It was sheared up to 15% strain simulating the actual experiment. The final state 

of the model after shearing is displayed in Figure 3.31. For the direct shear test model, 

the servo mechanism was also able to maintain a constant normal pressure applied on 

the specimen during the shearing phase (Figure 3.32).  

 
 

Figure 3.31. Condition of soil and crop residue particles after direct shear test in 
PFC3D. 

 
 

Figure 3.32. Progression of normal pressure applied by the top disk during the 
shearing phase of direct shear test. 
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On the progression of forces within the system during the shearing phase, the 

force contact network shows the transfer of forces from the left side of the bottom 

cylinder to the right side of the top cylinder (Figure 3.33). Forces are also more 

concentrated on the left side of the bottom cylinder and right side of the top cylinder. 

Similar to what was observed with the ring shear test simulations previously discussed, 

the orientation of the majority of the force transferred can be observed to be slanted 

and leaning towards the direction of the movement (Yan and Ji, 2010; Salazar et al., 

2015; Bernhardt et al., 2016). The model was also able to simulate the occurrence of 

the inevitable crop residue indentation and embedment onto the soil surface as shown 

in Figure 3.34. It can be seen that some of the residue particles got embedded in the 

lower half of the shear box. 

 

 
 

Figure 3.33. Force contact network during the shearing phase of direct shear test 
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Figure 3.34. Embedment of some of the crop residue particles on the soil surface at 
the bottom shear box.  

 

To measure the shear stress experienced by the material, the total horizontal 

force applied on the right half of the upper cylindrical wall was tracked throughout the 

shearing phase. It was then converted to shear stress using Eq. 3.3. A sample stress-

strain relationship obtained from the direct shear test model is plotted in Figure 3.35. 

 
 

Figure 3.35. Sample stress-strain relationship obtained from the direct shear test 
model. 
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3.3.2.5 Sensitivity Analyses 

After running preliminary direct shear test simulations using the microparameter 

values specified in Section 3.3.2.2, it was observed that results did not match the 

measured values from the actual direct shear test carried out. Sadek et al. (2011) and 

Coetzee and Els (2009) reported that for direct shear test DEM simulations, the particle 

stiffness is as influential as the friction coefficient on the resulting critical-state shear 

strength. This is in contrast with what was observed with the ring shear test, where 

varying particle stiffness was not that influential to the results. In order to verify if the 

findings of Sadek et al. (2011) and Coetzee and Els (2009) also govern in the direct 

shear test model developed in this current study, sensitivity analyses of the model 

results with the crop residue microparameters were performed. The sensitivity analyses 

only focused on varying crop residue microparameters because adjusting these 

microparameters simultaneously adjusts the interface contact microparameters due to 

surface property inheritance (Section 3.3.2.3). No change were made on the soil 

microparameters previously specified. The base values considered for the sensitivity 

analyses were the calibrated microparameters of flax residues from the ring shear test 

simulations. The normal pressure considered in the direct shear test simulations 

performed for the sensitivity analyses was the mid-range value (25 kPa) of the three 

normal pressures chosen in the laboratory test. 

Results 

Sensitivity analyses results can be seen in Figures 3.36 and 3.37. It confirms that 

both friction coefficient and particle stiffness were influential on the simulated critical-

state shear strength of the direct shear test model. With the range of values considered, 
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varying the microparameter values resulted for significant changes in the simulated 

shear strength; though, it is noticeable that the microparameters became less influential 

as their values increase. This trend was also observed by Coetzee and Els (2009) in 

their direct shear test simulations.  

 
 

Figure 3.36. Influence of particle stiffness on critical-state shear strength. 
 

 
 

Figure 3.37. Influence of friction coefficient on critical-state shear strength. 
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3.3.2.6 Microparameter Calibration 

Cross-dependency of shear strength on both the particle stiffness and friction 

coefficient was concluded from the sensitivity analyses results. Therefore, it is not 

feasible to obtain a unique set of values for the microparameters if calibration is done 

using direct shear test simulations alone. In order to obtain a unique set of 

microparameter values, the particle friction coefficient of crop residues obtained from 

the ring shear test model was retained and not changed during the calibration process. 

Since no calibration of crop residue particle stiffness was done during the simulations 

of ring shear test, this instance gave the author the opportunity to calibrate it using 

direct shear test simulations. Particle stiffness alone was then calibrated to try to match 

the measured critical-state shear strength values from the experiment. This method 

was advantageous because the bulk of the calibration process was only dependent on 

the particle stiffness, which means no changes will be done on the friction coefficient. 

Hence, the microparameter values after calibration were still valid for the ring shear test 

simulations of crop residues since they were only dependent on the friction coefficient. 

The calibration of microparameters using two different laboratory tests, confined 

compression and direct shear test, was also performed by Coetzee and Els (2009) to 

obtain a unique set of microparameter values.  

No changes were made on the soil microparameters previously specified, and the 

soil-residue interface microparameters were still simultaneously adjusted with the crop 

residue microparameters due to surface property inheritance. 

After performing the calibration, the microparameter values producing model 

results which are in good agreement with the test results were identified. The calibrated 
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microparameter values for crop residue and soil-residue interface are listed in Table 

3.8 and Table 3.9, respectively. It is important to note that only qualitative comparisons 

were made for the progression of the stress-strain relationships in the calibration 

process. Quantitative comparisons were focused on matching the shear strength at 

critical state.  

 
Table 3.8. Crop residue linear contact model microparameter values. 

 

Crop residue Particle Stiffness, k  (N/m) µ 

Flax 1e4 0.425 
Corn 5e4 0.05 

Canola 5e4 0.05 
Oats 5e3 0.05 

Wheat 2.125e4 0.025 

 

Table 3.9. Soil-residue interface linear contact model microparameter values. 
 

Material 
kn (N/m) ks  (N/m) µ 

Crop Soil 
Flax 

Sandy 
Loam 

 

7e3 4.1e3 0.425 
Corn 9.7e3 4.9e3 0.05 

Canola 9.7e3 4.9e3 0.05 
Oats 5.2e3 3.4e3 0.05 

Wheat 8.6e3 4.6e3 0.025 

 

3.3.3 Comparison of Numerical and Experimental Results 

Comparable interface stress-strain relationships were found between the results 

from the tests and those from the model (Figure 3.38), in particular at higher shear 

strains. This was observed on all the stress-strain relationships developed at different 

normal pressures (12.5, 25, 40 kPa). The model was able to simulate the increase in 

shear resistance brought about by the increase in the normal pressure applied.  
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Figure 3.38. Comparison of measured and simulated stress-strain relationships of 
flax-soil interface. (Stress-strain relationships for shearing the other crop residues 

against soil can be seen in Appendix A). 
 

There is a stiffer response of the material at the early stages of shearing (low 

shear strains). Initially, a higher rate of increase of the shear stress can be observed 

and then, a better agreement subsists at higher strains. This occurrence can be 

attributed to the simplification made on the particle geometry. The spherical and larger 

particles used in the model simplify the overall particle interactions. This results to the 

critical state shear strength being achieved at lower strains. DEM simulations with stiffer 

initial response than the experiment values have been also found by other researchers  

(O’Sullivan et al., 2004; Chung, 2006; Härtl and Ooi, 2008). Similar to the case of the 

ring shear test, this is of minimal concern as microparameters are calibrated for tillage 

simulation purposes where particulate material behavior at larger strains and 

displacements are of interest. Therefore, the main target macroparameter to be 

matched was the interface friction angle at the critical state.  
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The measured and simulated Mohr-Coulomb failure envelopes are shown in 

Figure 3.39. The interface friction angles from the failure envelopes are listed in Table 

3.10. The deviations between the simulated interface friction angles and the measured 

ones are minimal and only range from 0.1° to 0.5°. 

 

 
 

Figure 3.39. Measured and simulated Mohr-Coulomb failure envelopes of soil-flax 
interface. 

 

Table 3.10. Measured and simulated soil-residue interface friction angles. 
 

Material  Interface Friction Angle 
Crop Residue Soil Measured Simulated 

Flax 

Sandy Loam 

47.4° 47.7° 
Canola 43.6° 43.9° 
Corn 44.4° 43.9° 
Oats 41.3° 41.5° 

Wheat 41.6° 41.5° 
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3.4 SOIL-TOOL-RESIDUE MODEL 

The calibrated microparameters can be used in improving the reliability of a soil-

tool-residue model. Zeng and Chen (2019) developed a soil-tool-residue model to 

observe the interactions between a tillage sweep tool, oat straw, and agricultural soil 

during the tilling process (Figure 3.40). The model was able to monitor and measure 

dynamic aspects like the trajectory of movements and moving area of soil (Figure 

3.41a) and straw (Figure 3.41b). Information like the residue cover, kinetic energy 

development, straw velocity, and straw acceleration can be identified from the model. 

The simulation showed the tendency of the straw and soil particles to be separated and 

mixed during the tillage process. Physical soil bin test was also performed in order to 

validate the results and performance of the model. A relative error of as low as 7.3% 

was observed between the measured and simulated values of straw displacements. 

The results displayed the reliability of the model. It verified that it is feasible to acquire 

accurate dynamic attributes of the materials involved in tillage by simulating soil-tool-

residue interactions using a discrete element model integrated with proper 

microparameters. The model they developed can be used for other tilling equipment 

and can help in improving their design and performance when it comes to straw 

management. 
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Figure 3.40.  Soil-tool-residue model developed by Zeng and Chen (2019) 
 
 

 
 

Figure 3.41. Monitoring the moving areas of materials involved in tillage: (a) soil and 
(b) oat straws (Zeng and Chen, 2019). 
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3.5 SUMMARY  

This part of the research was undertaken to provide information that are 

necessary in order to improve the reliability of a soil-tool-residue model. Both laboratory 

tests and numerical simulations were performed to characterize microparameters that 

can represent the interactions between crop residue particles, and at the soil-residue 

interface.  

Ring shear tests were carried out to identify the macroscopic shear behavior of 

the crop residues. Subsequently, a discrete element model of the ring shear test was 

developed to be used for the calibration of crop residue microparameters. Sensitivity 

analyses on the results of the ring shear test model have revealed that the particle 

friction coefficient is more influential than the particle stiffness. Thus, particle friction 

coefficient was mainly adjusted for the calibration process. Shear behavior of the crop 

residues were then successfully simulated and the suitable linear contact model 

microparameters were characterized.  

Direct shear tests were conducted to identify the macroscopic shear behavior at 

the soil-residue interface. A direct shear test discrete element model was developed 

and was used to calibrate the soil-residue interface microparameters. Soil-residue 

interface microparameters were calculated using the surface property inheritance 

approach. At the end of the calibration process, the numerical model was able to 

simulate the actual shear behavior of the soil-residue interface, and the suitable linear 

contact model microparameters were identified. 
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CHAPTER 4 

GEOTECHNICAL ENGINEERING APPLICATION 

4 GEOTECHNICAL ENGINEERING APPLICATION 

4.1 OBJECTIVES 

The main of objective of this chapter is to characterize the microparameters of the 

material components of the earth fill dam. Subsequently, to develop a landslide model 

capable of simulating slope movements and to use the model in investigating and 

predicting the behavior of potential landslides of earth fill dams in hydroelectric 

generating stations. Since the main focus is to observe the movements after the failure 

and not the reason or mechanism behind the cause of failure, a Ball-Wall model was 

developed. The model was considered the suitable approach in creating a landslide 

model for the earth fill dam. In order to accomplish the main objective, the specific 

objectives that need to be performed are as follows: 

1. Calibrate and back-calculate the microparameters of the clay and rockfill 

components of the sliding soil mass. 

2. Develop a 3D digital terrain model of the pre-landslide and post-landslide 

topography. 

3. Perform runout analysis using the landslide model: 

a. Landslide model validation through the simulation of the past landslide. 

b. Prediction of the sliding soil mass behavior of a potential landslide. 

 



Chapter 4  Geotechnical Engineering 

 

83 
 

4.2 EARTH FILL DAM DESCRIPTION 

The earth fill dam was constructed with lacustrine clays of high plasticity, as its 

clay core, and rockfill materials, as its protective layer, for both the upstream and 

downstream side. The dimensions of the earth fill dam are 10.7 m high, 4.6 m crest 

width, and 360 m in length. The failure and landslide were observed in the upstream 

side with a head pond level that seasonally fluctuates.  The location of section (B-B) of 

the earth fill dam where the landslide occurred can be viewed in Figure 4.1 (Alfaro III, 

2016).  

 
 

Figure 4.1. Earth fill dam failure at section B-B, after (Alfaro III, 2016). 
 

4.3 EARTH FILL DAM COMPONENT MICROPARAMETERS 

The moving soil mass of the earth fill dam is composed of clay and rockfill 

materials. Undrained consolidated triaxial test has been previously performed on the 

clay specimens obtained from the site. Clay microparameters were calibrated by 

simulating the observed clay behavior when subjected to this test. For the rockfill 
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microparameters, the data used as the basis for the calibration process were obtained 

from the research undertaken by Alfaro et al. (2009), wherein large direct shear tests 

were conducted to study the shear mobilization of rockfill materials. To be able to 

identify the best approach for the calibration of various microparameters, sensitivity 

analysis was initially performed on the laboratory test models. Upon identifying the 

corresponding influence of each microparameters on the model results, a calibration 

approach was designed to systematically adjust the microparameters and match the 

desired results. The steps performed to characterize clay and rockfill microparameters 

are further discussed in the succeeding sections. 

4.3.1 Clay Core Microparameters 

4.3.1.1 Laboratory Experiment Details 

Undrained consolidated triaxial tests were performed on the clay samples. The 

preconsolidation pressure considered for the test was 400 kPa, and it was sheared with 

overconsolidation ratios of 4, 2, and 1. The results were analyzed using the concept of 

Critical-State Soil Mechanics (CSSM). The relationships monitored during the test were 

deviatoric stress to axial strain (q vs ɛ1), deviatoric stress to mean effective stress (q vs 

p’), and excess porewater pressure to axial strain (Δu vs ɛ1). The measured peak and 

critical-state friction angles were 24° and 18.4°, respectively.  

4.3.1.2 Discrete Element Model 

4.3.1.2.1 Material Vessel 

Walls were used to model the components of the triaxial test equipment that 

confines and can apply pressure on the generated clay particles. Three walls were 

generated: one cylindrical wall and two disk walls. The purpose of the cylindrical wall 
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was to radially confine the particles and compress it with a particular pressure. The set 

diameter of the cylindrical wall was 71 mm, and it simulates the existence of the rubber 

membrane that surrounds the sample in the actual test. The two disks simulate the 

upper and lower platen of the triaxial test equipment. They confine the material vertically 

and are capable of moving at a particular speed to strain or shear the material. The set 

distance between the two disks was 142 mm. The dimensions specified were similar to 

the initial geometry of the actual clay sample before testing.  Corresponding boundary 

conditions were assigned on the walls at the testing proper to simulate the actual wall 

movements and behavior during the consolidation and shearing phases of the test. 

4.3.1.2.2 Particle Assembly 

The clay sample was modelled using spherical particles with a diameter of 5 mm. 

Nandanwar and Chen (2017) used the same particles size and shape for the 

microparameter calibration of cohesive soils tested with triaxial test. A total number of 

5,155 particles were observed to be enough to fill the volume of the material vessel. 

Particles were positioned inside the material vessel through gravity deposition method 

(Section 3.2.2.2). The assigned particle density was calculated using Eq. 3.2 which 

matches the measured and simulated initial bulk density of the material. The model 

was cycled until it reaches an equilibrium state. The material vessel and clay particles 

generated for the triaxial test model in PFC3D are displayed in Figure 4.2.  
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Figure 4.2. Triaxial test model in PFC3D. 
 

4.3.1.2.3 Contact Model Microparameters 

The linear parallel-bond model (LPBM) was chosen to describe the behavior of 

the contact interactions between the clay particles. As what was stated in Section 

2.1.2.2, linear parallel-bond model is capable of simulating the behavior of cohesive 

soil (Nandanwar and Chen, 2017). The microparameters associated with the linear 

parallel-bond model are friction coefficient (µ), particle normal stiffness (kn), particle 

shear stiffness (ks), bond normal stiffness (�̅�𝑛), bond shear stiffness (�̅�𝑠), bond tensile 

strength (𝜎𝑐), and bond cohesive strength (𝑐̅). In an attempt to minimize the number of 

microparameters to be calibrated, the normal and shear components of the 

microparameters are assumed to be equal (Sadek and Chen, 2015). Henceforth, 

particle normal and shear stiffness will be called particle stiffness (k), bond normal and 

shear stiffness as bond stiffness (�̅�), and lastly, bond tensile and cohesive strength as 

bond strength (𝑐̅). Consequently, there are a total of four microparameters to be 
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calibrated in order to simulate the actual behavior of the clay samples: particle stiffness 

(k), friction coefficient (µ), bond stiffness (�̅�), and bond strength (𝑐̅). 

Similar values as the other quasi-static simulations previously presented were 

assigned on the local (0.7) and viscous damping coefficient (0) (Okada and Ochiai, 

2006). 

4.3.1.2.4 Test Simulation 

Three phases are involved in the undrained consolidated triaxial test: the 

preconsolidation phase, consolidation phase, and shearing phase. For the 

preconsolidation phase, a pressure-controlled (servo mechanism) boundary condition 

was assigned on all the walls to isotropically consolidate the sample with the desired 

pressure. Preconsolidation pressure considered for the model was the same as the 

actual triaxial test, which is 400 kPa. Upon stabilization of the preconsolidation 

pressure, the consolidation phase was initiated by designating an equal or lower 

pressure value on the pressure-controlled walls. The assigned pressure during the 

consolidation phase was dependent on the overconsolidation ratio (OCR): 100 kPa for 

an OCR of 4; 200 kPa for an OCR of 2; and 400 kPa for an OCR of 1. The system was 

then cycled until the desired consolidation pressure stabilizes. 

For the shearing phase, the volumetric strain is expected to be zero (constant-

volume) in an undrained consolidated triaxial test. To initiate the shearing phase and 

simulate this constant-volume condition, a strain-controlled boundary condition was 

assigned on the three walls (Sitharam, 2008).  The radial velocity (vr) to be assigned on 

the cylindrical wall can be derived from the volumetric strain formula of a cylindrical 

sample (Yang et al., 2011). The volumetric strain is calculated with: 
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 𝜀𝑣 = 𝜀1 + 2𝜀3 =
2𝑣𝑣∆𝑡

ℎ𝑐
+ 2

𝑣𝑟∆𝑡

𝑟𝑐
 ,  Eq. (4.1) 

where 𝜀1 is the axial strain, 𝜀3 is the radial strain, 𝑣𝑣 is the vertical velocity of the bottom 

and upper walls to axially strain the specimen, and rc and hc are the numerical material 

model radius and height after consolidation, respectively. Due to the constant-volume 

condition, 𝜀𝑣 = 0; consequently, the resulting radial velocity is: 

 𝑣𝑟 = −
𝑟𝑐𝑣ℎ

ℎ𝑐
 , Eq. (4.2) 

where the negative sign corresponds to an outward direction of movement.  

With this approach implemented for the shearing phase of the model, the excess 

pore water pressure developed can be calculated by tracking the deviations of the 

contact pressure measured at the cylindrical wall in comparison to the designated initial 

consolidation pressure.  

Similar relationships (q vs ɛ1, q vs p’, Δu vs ɛ1) obtained from the actual triaxial 

tests were observed in the model. 

4.3.1.2.5 Sensitivity Analysis 

Sensitivity analysis was performed to identify the sensitivity of the equivalent 

macroscopic shear behavior of the numerical material model to the linear parallel-bond 

microparameters — particle stiffness (k), friction coefficient (µ), bond stiffness (�̅�), and 

bond strength (𝑐̅). Specific macroparameters monitored for the sensitivity analysis were 

the governing peak stress (qp) and critical-state stress (qcs) observed from material 

model stress-strain relationships. The results of the sensitivity analysis were used as 

the basis for the design of a systematic calibration approach for the linear parallel-bond 

microparameters in order to match or simulate the real behavior of the clay samples. 
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The base values used for the microparamaters in the sensitivity analysis were obtained 

from Nandanwar (2015) that are listed in Table 3.7, and the consolidation pressure 

considered was the mid-range value (200 kPa) among the consolidation pressures 

used in the actual test.  

Results 

Figures 4.3 and 4.4 show the results of the sensitivity analysis when particle 

stiffness was varied. Figure 4.3 shows the changes in the development of the material 

stress-strain relationship, while Figure 4.4 focuses on the changes in the simulated 

critical-state stress. Varying the particle stiffness value did not introduce the occurrence 

of peak stress at lower strains. At high particle stiffness values (7.5e4 – 10e4 N/m), the 

material model appeared not to reach a critical-state, constant deviatoric stress at 

higher strain, as deviatoric stress continues to increase despite being sheared up to 

15% strain. Hence, in these instances, to avoid confusion on the comparisons made 

on the critical-state stress, the critical-state stress considered was the deviatoric stress 

simulated at 15% strain (end of test). From the graphs, it can be observed that particle 

stiffness was influential, wherein an increase in its value resulted to an increase in the 

critical-state stress.  

Similar to what was observed with particle stiffness, the friction coefficient mainly 

affects the critical-state stress (Figure 4.5). The observed trend was that an increase in 

friction coefficient was accompanied by an increase in the resulting critical-state stress 

(Figure 4.6). The material model still did not exhibit the occurrence of a peak stress 

despite increasing the friction coefficient value as high as 1. The manifestation of 
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material critical-state was also apparent on the entirety of the range of friction coefficient 

values tested for the sensitivity analysis.  

 
 

Figure 4.3. Influence of particle stiffness on the stress-strain relationship of clay. 
 

 
 

Figure 4.4. Influence of particle stiffness on clay critical-state stress. 
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Figure 4.5. Influence of particle friction on the stress-strain relationship of clay. 
 

 
 

Figure 4.6. Influence of particle friction on clay critical-state stress. 
 

Both the parallel-bond microparameters, bond strength and bond stiffness, were 

observed to mainly dictate the material peak stress behavior. The influence of bond 
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strength on the material stress-strain relationship, and on the critical-state and peak 

stress are shown in Figures 4.7 and 4.8. It was observed that bond strength is more 

influential on the peak stress than the critical-state stress. However, there is a bond 

strength threshold value (200 kPa) that needs to be exceeded in order for a peak 

behavior to develop. Once the threshold value is exceeded, an increase in the peak 

stress can be observed as the bond strength is increased. Any bond strength assigned 

lower than the threshold value causes all the bonds to break easily, which renders the 

parallel-bond microparameters non-influential on the stress-strain behavior.  

The peak stress has an inverse relationship with the bond stiffness (Figure 4.9). 

As the bond stiffness increases, the parallel-bonds connecting the particles break 

easier, which results for a lower peak stress value. In Figure 4.10, it can be observed 

that high bond stiffness (3e9 – 5e10 Pa/m) causes the bonds to break immediately at 

the initial stages of shearing because greater forces are induced within the bonds 

despite having minimal strains. In these instances, a pseudo-peak stress point can be 

observed to develop before it reaches critical-state. For example, with the highest bond 

stiffness considered (5e10 Pa/m), initially, there is a high rate of increase for the 

deviatoric stress; and then, it suddenly reaches a pseudo-peak point where the bonds 

break. Upon the breakage of the bonds, the deviatoric stress decreases. Subsequently, 

it simply behaves like an unbonded material where the governing microparameters are 

only the friction coefficient and particle stiffness The deviatoric stress increases again 

until it reaches critical-state. On the other hand, at low bond stiffness (5e7 Pa/m), it 

causes the bonds to be extremely flexible and not break at all as minimal stresses 

develop within the bonds even at higher strains, which in turn results for the deviatoric 
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stress to continuously increase. Lastly, at mid-range values, a proper peak stress 

manifests.  

 
 

Figure 4.7. Influence of bond strength on the stress-strain relationship of clay. 
 

 
 

Figure 4.8. Influence of bond strength on clay peak and critical-state stress. 
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Figure 4.9. Influence of bond stiffness on clay peak and critical-state stress. 
 

 
 

Figure 4.10. Influence of bond stiffness on the stress-strain relationship of clay. 
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To summarize, the behavior at lower strains, in the range where peak stress 

generally occurs, is dictated by the additional shear resistance provided by parallel-

bond microparameters (𝑐̅ and �̅�). A suitable combination of the parallel-bond 

microparameters needs to be identified for the bonds to break at the desired peak 

stress level. Upon the breakage of the bonds along the shear plane, strain softening 

occurs and the system starts to behave as unbonded particles, which marks the 

eventual manifestation of the critical-state. At the critical-state domain, the particle 

stiffness and friction coefficient mainly dictate the behavior of particle interactions. This 

is the reason why the critical-state stress has almost similar values despite varying the 

parallel-bond microparameters. The minor changes on the critical-state domain brought 

about by the parallel-bond microparameters are due to instances when some of the 

bonds were not broken. 

4.3.1.2.6 Microparameter Calibration 

The designed calibration approach catered to the corresponding influence of 

microparameters identified from the sensitivity analysis. The calibration process 

centered on quantitatively matching the measured critical-state and peak stress derived 

from the stress-strain relationships. The calibration approach performed is as follows: 

1. The critical-state stress was first matched by varying the friction coefficient and 

particle stiffness. To solve the cross-dependency of critical-state stress on two 

parameters, the corresponding mean effective stress of the critical-state point at the q 

vs p’ graph was also monitored. The mean effective stress was observed to be more 

sensitive to particle stiffness. Consequently, bulk of the calibration performed for the 

friction coefficient was to match the critical-state stress at the q vs ɛ1 graph, while the 
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particle stiffness was regulated by taking into consideration the mean effective stress 

at the q vs p’ graph. Once the critical-state stress was matched, the calibrated values 

of particle stiffness and friction coefficient were then kept constant in the succeeding 

simulations. 

2. Bond stiffness and strength were then calibrated to match the peak stress. 

Initially, bond strength was assigned with a small value and was kept constant. Bond 

stiffness was then adjusted to try and match the desired results. If the desired peak 

stress could not be matched, the bond strength will then be increased. Subsequently, 

bond stiffness will be varied again to try and match the peak stress. This iterative 

process was executed until a suitable set of parallel-bond microparameters that can 

simulate the actual peak stress behavior of the clay sample is identified. 

After executing the presented calibration approach, the back-calculated 

microparameters are listed in Table 4.1. 

Table 4.1. Clay linear parallel-bond microparameters. 
 

Parameters Value Units 

Particle Stiffness (k) 3.5e4 N/m 

Friction (µ) 0.15 — 

Bond Stiffness (�̅�) 1e9 Pa/m 

Bond Strength (𝑐̅) 1.1e5 Pa 

 

4.3.1.3 Comparison of Numerical and Experimental Results 

The triaxial test model, integrated with the calibrated microparameters, was found 

to be predictive as it was able to simulate the actual clay behavior at different 

consolidation pressures (100, 200, 400 kPa). Good quantitative comparisons can be 
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made between the measured and simulated critical-state and peak stresses. The 

progression of the stress-strain (q vs ɛ1) relationships also matched between the 

measured and simulated tests (Figure 4.11). Even though the calibration methodology 

followed was mainly focused in matching the material stress-strain (q vs ɛ1) 

relationships, the model was still able to simulate the development of the excess 

porewater pressure during the test (Figure 4.12). However, the progression of the 

excess porewater pressure observed in the Δu vs ɛ1 graph still needs further fine-

tuning, particularly in replicating the sudden dissipation of excess porewater pressure. 

The clay behavior, as what is described on the q vs p’ graph, was also simulated by the 

model (Figure 4.13). There are slight differences in the observed critical-state and peak 

points on the q vs p’ graph (Figure 4.14). Using the concept of Critical State Soil 

Mechanics (CSSM), the simulated critical-state and peak friction angles were 

calculated. In comparing them with the measured critical-state and peak friction angles, 

there are only minimal differences of about 0.9° – 1.1° (Table 4.2). 
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Figure 4.11. Measured and simulated stress–strain relationships of clay at different 
consolidation pressure: a) 100 kPa, b) 200 kPa, and c) 400 kPa. 
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Figure 4.12. Measured and simulated excess porewater pressure – strain 
relationships of clay at different consolidation pressure: a) 100 kPa, b) 200 kPa, and 

c) 400 kPa. 
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Figure 4.13. Deviatoric stress – mean effective stress relationships of clay at different 
consolidation pressures (100, 200, 400 kPa).  

 

 
 

Figure 4.14. Critical-state and peak points. 
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Table 4.2. Measured and simulated critical-state and peak friction angles. 
 

Parameter 
Peak Critical-state 

Measured Simulated Measured Simulated 

Friction Angle 24° 25.1° 18.4° 17.5° 

 

4.3.2 Rockfill Microparameters 

4.3.2.1 Laboratory Experiment Details 

Information on the macroscopic behavior of rockfill materials was obtained from 

literature. Alfaro et al. (2009) carried out experimental testing using a large-scale direct 

shear box, which has a diameter of 600 mm and overall specimen height of 420 mm, 

to measure and observe the mobilization of shear strength of rockfill materials. Rockfill 

materials were tested under three different normal pressures (50, 75, and 100 kPa). It 

was sheared up until 30 mm, which is around 5% shear strain. The stress-strain 

relationships obtained from the large-scale direct shear tests were used as the basis 

for the calibration of rockfill microparameters.  

4.3.2.2 Discrete Element Model 

4.3.2.2.1 Material Vessel 

Similar to the previously modelled direct shear test (Section 3.3.2.1), four walls 

were also used to model the large-scale direct shear box. However, larger diameters 

and heights, which are the same to the actual equipment, were considered for the 

cylindrical and disk walls. The height of the upper cylinder was 150 mm while the lower 

cylinder was 270 mm. The same set of friction coefficients were also assigned on the 

walls.  
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4.3.2.2.2 Particle Assembly 

Spherical particles, having a uniform particle size of 25 mm diameter, were 

generated to represent the rockfill particles. Particle size considered was comparable 

to the size in the test by Alfaro et al., (2009) but the angular shape of the particles are 

difficult to simulate. Particle density was computed using Eq. 3.2 and the particles were 

positioned inside the shear box using gravity deposition method (Section 3.2.2.2). 

There are a total of 8,317 particles inside the large-scale shear box. The large-scale 

direct shear box and rockfill particles as modelled in PFC3D are shown in Figure 4.15. 

 
 

Figure 4.15. Large-scale direct shear test model in PFC3D. 
 

4.3.2.2.3 Contact Model Microparameters 

Rolling resistance linear model was used to represent the contact behavior of the 

rockfill particles. Based from Section 2.1.2.3, microparameters associated with the 

rolling resistance linear model are particle stiffness (k, kn = ks), friction coefficient (µ), 

and rolling resistance coefficient (µr). Particle shear and normal stiffness were again 

assumed to be equal to decrease the number of microparameters to be calibrated. The 
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µr was introduced to represent the angular nature of rockfill materials and to simulate 

its effect on the rolling motion of the particles in the model (Ai et al., 2011). µr is 

significant in modelling materials of high shearing resistance because the effects of the 

angularity of the real particle shape and roughness of particle surface are hard to mimic 

when spherical particles are used for the model (Belheine et al., 2009). 

4.3.2.2.4 Testing Simulation 

A similar approach as Section 3.3.2 was performed for modelling the processes 

involved with the large-scale direct shear test. However, only one compression phase 

was executed as there was only one material involved (rockfill). The same testing 

parameters as the actual test were considered for the model. The particle movements 

and force contact networks observed were also similar to the previous direct shear test 

model.  

4.3.2.2.5 Sensitivity Analysis 

Sensitivity analysis was performed to identify the influence of the 

microparameters — particle stiffness (k), friction coefficient (µ), and rolling resistance 

coefficient (µr) — on the progression (shear stiffness) of the macroscopic stress-strain 

relationships and on the governing shear stress at the end of the test (5% strain). From 

here on, the governing shear stress at 5% shear strain will be called “end shear 

strength”. The end shear strength was specifically monitored because there are some 

cases wherein the material critical-state was not reached, which is due to the material 

being sheared only up to 5% shear strain. 

The base values considered for the microparameters to be tested are listed in 

Table 4.3 (Xu et al., 2017). Initially, only particle stiffness and friction coefficient were 
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activated in the model for the sensitivity analysis. The rolling resistance coefficient was 

only activated on the last set of sensitivity analysis performed. This was done as the 

target was to initially focus the adjustment on the particle stiffness and friction 

coefficient for the calibration process. The rolling resistance coefficient will only be 

activated if the governing end shear strength could not be matched. The normal 

pressure considered was the mid-range value (75 kPa) of the three normal pressures 

chosen for the actual test. 

Table 4.3. Base values considered for the sensitivity analysis of the direct shear test 
model of rockfill materials.  

 

Parameters Value Units 

Particle Stiffness (k) 5e6 N/m 

Friction (µ) 0.6 — 

Rolling Resistance  (µr) 0 — 

 

Results 

Figures 4.16 and 4.17 show the sensitivity of the stress-strain relationship and the 

governing end shear strength on friction coefficient, respectively. It can be observed 

that the friction coefficient does not significantly affect the material stiffness during the 

early stages of shearing (up to 1.5% strain). However, the increase in the end shear 

strength was prominent as the friction coefficient is increased. Another significant 

observation was that the friction coefficient becomes less influential on the governing 

end shear strength as its value increases.  
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Figure 4.16. Influence of friction coefficient on the stress-strain relationship of rockfill. 
 
 

 
 

Figure 4.17. Influence of friction coefficient on the shear strength of rockfill at 5% 
shear strain. 
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Particle stiffness dictates the increase in material shear stiffness (Figure 4.18). As 

the value of particle stiffness increases, an overall stiffer material response was 

observed, and the manifestation of the critical-state happens at lower strains. When 

low particle stiffness (5e4 – 1e5 N/m) was used, there were instances when material 

critical-state was not even reached; this finding is significant as it was observed from 

the actual test that critical-state did not manifest when rockfill materials were sheared 

up to 5% shear strain. It was also observed that an increase in particle stiffness 

increases the governing end shear strength (Figure 4.19). Similar to what was observed 

with the friction coefficient, particle stiffness becomes less influential on the model 

results as its value increases.  

Rolling resistance coefficient was observed to increase the end shear strength 

(Figure 4.20) but does not significantly affect the material stiffness (Figure 4.21). Similar 

to the other parameters, it becomes less influential to the model as its value increases.  
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Figure 4.18. Influence of particle stiffness on the stress-strain relationship of rockfill. 
 

 
 

Figure 4.19. Influence of particle stiffness on the shear strength of rockfill at 5% shear 
strain. 
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Figure 4.20. Influence of rolling resistance coefficient on the shear strength of rockfill 
at 5% shear strain. 

 

 
 

Figure 4.21. Influence of rolling resistance coefficient on the stress-strain relationship 
of rockfill. 
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4.3.2.2.6 Microparameter Calibration 

The initial methodology followed was focused on the calibration of particle 

stiffness and friction coefficient. Particle stiffness was mainly adjusted to match the 

macroscopic shear stiffness, while friction coefficient was mainly adjusted to match the 

end shear strength. Upon the execution of a couple of simulations, it was observed that 

it is possible to match the macroscopic shear stiffness by adjusting the particle stiffness. 

However, given that particular particle stiffness, the end shear strength is difficult to 

match by only adjusting the friction coefficient. Despite increasing the friction coefficient 

to 1, the model still cannot simulate the actual end shear strength. Hence, the rolling 

resistance coefficient was introduced to provide additional shear resistance and 

increase the end shear strength without significantly altering the material shear 

stiffness. After the calibration process, the microparameter values that can best 

simulate the actual stress-strain behavior of rockfill materials are listed in Table 4.4.   

Table 4.4. Rockfill rolling resistance linear microparameters. 
 

Parameters Value Units 

Particle Stiffness (k) 3e5 N/m 

Friction (µ) 1 — 

Rolling Resistance  (µr) 0.2 — 

 

4.3.2.3 Comparison of Numerical and Experimental Results 

The measured and simulated stress-strain relationships for all the normal 

pressures (50, 75, and 100 kPa) considered for the tests were in good agreement 

(Figure 4.22). Table 4.5 shows the measured and simulated shear strength at the end 

of the test (5% shear strain) where minimal difference can be observed, which only 

ranges from 1.4 to 6 kPa (less than 5% relative error).  
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Figure 4.22. Measured and simulated stress – strain relationships of rockfill at 
different normal pressures: a) 50 kPa, b) 75 kPa, and c) 100 kPa. 
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Table 4.5. Measured and simulated rockfill shear strength at 5% shear strain 
 

Normal Pressure 
(kPa) 

Shear strength (kPa) at 5% shear strain 

Measured Simulated 

50 61 55 

75 70.2 68.8 

100 87.6 85.5 

 
 

4.4 THREE-DIMENSIONAL DIGITAL TERRAIN MODEL 

A 3D digital terrain model is significant for the ball-wall landslide model to be 

developed for the following reasons: 1) it provides details on the post-landslide 

topography that will be simulated in order to validate the landslide model, and 2) it 

defines the wall surface, which serves as the sliding surface for the moving soil mass, 

to be integrated in the landslide model. 

The bathymetric and topographic survey data of the pre-landslide and post-

landslide surface condition of the site is a prerequisite in developing the 3D digital 

terrain model. Alfaro III (2016) has provided details on the topographic and bathymetric 

survey that was carried out in the area before and after the landslide. A GTS-605AF 

total station was used to perform a topographic survey of the area above water level. 

For the bathymetric survey, a sidescan sonar was performed with HST-WSBL 

transducer and LSS-2 StructureScan HD transducer. Sidescan sonar helped in 

mapping the submarine topography of the area, which provided details on the 

movements that have occurred at the upstream toe of the dam. The topographic and 

bathymetric survey data points have been processed with the software, AutoCAD 

CIVIL3D, to generate the 3D digital terrain model, which helped in better visualizing the 

movements that have transpired. Comparisons of before (Figure 4.23a) and after 
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(Figure 4.23b) landslide 3D digital terrain models have been made. Figure 4.23b shows 

(red encircled) the movements observed at the crest. The measured bulging and 

depression at the upstream dam toe and crest, respectively, are shown in Figure 4.24. 

The point 0 in the x-axis indicates the center of the dam section where movements 

were observed. Significant displacements (0.95 – 1.4 m) were observed at the crest 

while there were relatively smaller displacements (0.5 – 0.8 m) at the toe. It was 

apparent that the largest displacements were observed at the central portion of the 

landslide, and the displacement decreases as it goes further from the center. This may 

be attributed to the existence of side friction and higher lateral confinement at portions 

of the soil mass near the parts of the dam that have not failed yet. 

 

 
 

Figure 4.23. 3D digital terrain model (a) before and (b) after landslide (red circle – 
area of crest depression). 

 
 
 

a b
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Figure 4.24. Measured (a) depression at crest and (b) bulging at toe of the dam. X–
axis defines the distance from the center of the soil mass that has moved. 

 

4.5 SLIDING SURFACE 

The sliding surface is the part of a landslide model that is represented with walls 

in PFC 3D that dictates the boundaries and the movement path of the landslide. The 

overall sliding surface of the model is composed of two parts: 1) the failure plane, which 

defines the fractured portion within the earth fill dam that initiated the landslide, and 2) 

the topography adjacent to the earth fill dam where the soil mass particles are expected 

to further slide.  
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4.5.1 Failure Plane 

It was observed that the moving soil mass caused a slump of about 1.5 meters at 

the crest of the dam. Comparing the pre-landslide and post-landslide surface 

topography was deemed not enough to identify the governing failure plane in the earth 

fill dam because the bathymetric and topographic surveys only provided information on 

the movements that has transpired on the ground surface. Also, no instrumentations 

have been installed inside the dam structure that can help in identifying the areas inside 

the dam where excessive movements have occurred; this information could have 

helped in extrapolating and tracing the possible failure plane. Due to these 

shortcomings, the approach in identifying the failure plane was to use the finite element 

method and subsequently perform slope stability analysis (combination of finite element 

and limit equilibrium methods). From Section 2.3.2, the pre-failure stage can be best 

simulated using finite element analysis or any other continuum based numerical 

method because the system still behaves as an elasto-plastic medium (Lemiale et al., 

2012). 

Alfaro III (2016) performed slope stability analysis on the dam using a sequentially 

coupled approach of finite element and limit equilibrium methods in Geo-slope 

International Ltd. (2007) computer software. The modified cam clay model was 

assumed for the clay where slide was expected to happen. The resulting failure plane 

of the slope stability analysis carried out (FOS  1.0) is displayed in Figure 4.25. The 

dimensions of the failure plane were extracted from the figure and were recreated as a 

3D model. The length of the failure plane considered was equivalent to the measured 

length in the digital terrain model where movements were observed. Friction was just 
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assigned on the end walls during the development of the landslide model to account 

for the side resistance forces that were assumed negligible on a 2D slope stability 

analysis. This will force the cylindrical failure plane to be conical or spherical near the 

side walls. Figure 4.26 shows the 3D converted failure plane represented by walls in 

PFC3D.  

 
 

Figure 4.25. Failure plane from slope stability analysis, after (Alfaro III, 2016). 
 

 
 

Figure 4.26. 3D converted earth fill dam failure plane in PFC3D. 

Failure Plane

Stable Zone
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4.5.2 Adjacent topography 

The adjacent topography of the earth fill dam that was expected to be of influence 

on the behavior of the soil mass flow was extracted from the digital terrain model 

developed in Section 4.4. The topography that was taken into consideration was the 

area immediately in front of Section B-B of the earth fill dam. It was then connected to 

the generated 3D model of the failure plane. The final sliding surface imported and 

represented by walls in PFC3D for the landslide model is shown in Figure 4.27.  

 
 

Figure 4.27. Sliding surface represented as walls in PFC3D. 
 

4.6 LANDSLIDE MODEL 

All the necessary information to develop a 3D DEM Ball-Wall landslide model 

have been gathered. The governing failure plane and the topography of the immediate 

surroundings have been successfully imported and represented with walls in PFC 3D. 

The microparameters of the constituents of the moving soil mass has also been 

characterized. The succeeding sections discuss the steps performed to integrate all the 

gathered information in order to develop the landslide model. The landslide model will 

then be used for runout analysis to observe the capabilities of DEM in obtaining 

information on the behavior of the soil flow that can be beneficial for risk assessment.  
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4.6.1 Particle Assembly  

Spherical particles having a diameter of 0.5 m were used to model the sliding 

mass of the earth fill dam. Based on the considered failure plane and length of dam, 

expected volume of the sliding mass was 5360 m3. The entire volume of the sliding 

mass was modelled by generating a total number of 52,635 balls. It is impossible to 

accurately model the real particle size and quantity present in the actual situation 

(Thompson et al., 2009). Selected particle size and quantity were optimized for a good 

model resolution and practical landslide simulation runtime. The resolution (particle to 

soil mass volume ratio) considered for the landslide model is 800 to 9000 times higher 

compared to landslide models developed from other literatures (Lo et al., 2011, 2016; 

Lu et al., 2014; Zhao et al., 2016). The initial position of the sliding mass was filled with 

balls using the gravity deposition method. Groupings of the balls were then assigned 

to specify which balls represent the clay and rockfill material. The cross-section and 

perspective view of the earth fill dam in Figures 4.28 and 4.29 show the assembly of 

the particles before the initiation of the landslide. 

 

 
 

Figure 4.28. Cross-sectional view of the earth fill dam showing the particle assembly.  
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Figure 4.29. Perspective view of the earth fill dam showing the particle assembly.  
 

4.6.2 Microparameters 

4.6.2.1 Ball–Ball Contact Microparameters 

The microparameter values calibrated in Section 4.3 are only specifically 

applicable for particles of the same sizes, 5 mm for clay and 25 mm for rockfill, as what 

were used in the laboratory test models. The microparameters need to be converted 

for it to be applicable on the particles (diameter = 0.5 m) that were used for the landslide 

model. 

In order to convert the linear contact microparameter, particle stiffness, the 

deformability method embedded in the PFC3D software was used. This approach 

relates the continuum-based concept of characterizing the deformability of a 

homogenous material to the governing deformability between particle contacts. The 

concept behind the macroparameter, Young’s Modulus (E), can be related to the 

microparameter, effective modulus (𝐸∗), which in turn can be used to characterize the 

deformability between particle contacts of a specific material whatever the particle size 

used to model it (Itasca, 2018). Given the calibrated particle stiffness and the details 
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on the particle geometry used for the laboratory test model, the effective modulus can 

be identified using the equation: 

 𝑘 =
𝐴𝐸∗

𝐿
; Eq. (4.3) 

where A is the cross-sectional area of the sphere (𝜋𝑟2) and L is the distance between 

the centers of the two spheres in contact, which is equivalent to twice the sphere radius 

(2r). 

Subsequently, once the particle effective modulus is identified, equivalent particle 

stiffness for larger particles can then be calculated using the same equation (Eq. 4.3) 

with proper input values (A and L) about the geometry of the larger particle size to be 

used. For the other linear contact microparameter, friction coefficient, the calibrated 

value was just retained as no conversion was needed because it is not dependent on 

the particle size.  The calibrated value for the rolling resistance coefficient was also just 

retained. 

In converting the parallel-bond microparameter, bond stiffness (�̅�), the 

pb_deformability method, which was also embedded in the PFC3D software, was used. 

Similar concept discussed with the deformability method was the basis for the 

formulation of the pb_deformability. The equivalent of the effective modulus (𝐸∗) in the 

pb_deformability method is called bond effective modulus (�̅�∗). It is important to take 

note that the bond stiffness is expressed in units of stiffness per unit area of the bond 

cross-section; therefore, the governing equation to be used for the calculation of the 

bond effective modulus and, subsequently, for the calculation of the equivalent bond 

stiffness for larger particles is: 
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 �̅� =  
�̅�∗

𝐿
 Eq. (4.4) 

For the other parallel-bond microparameter, bond strength, no conversion was 

done as it is already expressed in units of stress wherein its effect automatically adjusts 

depending on the generated size of the parallel-bonds (Itasca, 2018). 

4.6.2.2 Ball-Wall Contact Microparameters  

The side walls were assigned with the same linear contact microparameters as 

the rockfill material. A friction coefficient of 1 was assigned on the walls to simulate the 

existence of the side frictional forces that resist the flow of the sliding mass. For the 

failure plane, initially, the same microparameters as the clay particles were assigned 

because clay particles are in direct contact with it, and the material below the failure 

plane are composed of clay in reality. The adjacent topography was assigned with the 

same microparameters as the failure plane. A summary of the microparameters used 

for the landslide model is provided in Table 4.6. The modification of the sliding surface 

(failure plane + adjacent topography) microparameters for the validation of the landslide 

model and runout analysis are discussed in the next sections. 

 

 

 

 

 

 

 



Chapter 4  Geotechnical Engineering 

 

121 
 

Table 4.6. Landslide model microparameters 
 

Material Microparameters 
Laboratory Test 

Model 
Landslide Model 

Clay 

Particle Stiffness (k) 3.5e4 3.5e6 

Friction (µ) 0.15 0.15 

Bond Stiffness (�̅�) 1e9 1e7 

Bond Strength (𝑐̅) 1.1e5 1.1e5 

Rockfill 

Particle Stiffness (k) 3e5 6e6 

Friction (µ) 1 1 

Rolling Resistance 
coefficient (µr) 

0.2 0.2 

Failure 
Plane 

Wall Stiffness (k) 

N/A 

3.5e6 

Friction* (µ) 0.15 

Bond Stiffness* (�̅�) 1e7 

Bond Strength* (𝑐̅) 1.1e5 

Side walls 
Wall Stiffness (k) 

N/A 
6e6 

Friction* (µ) 1 

*microparameters to be modified for validation of the landslide model and runout analysis 

 

4.6.2.3 Damping Coefficients 

Local damping was deactivated as it is mainly applicable only for quasi-static 

simulations and it may cause the movements of the particles being damped (Preh and 

Poisel, 2008). Landslide simulations involve a more dynamic process wherein viscous 

damping needs to be assigned to account for the loss of energy during particle 

collisions. Viscous damping is represented by two microparameters: shear and normal 

critical damping ratio. Shear and normal critical damping ratios assigned was 0.2 and 

0.4, respectively, which are similar to the viscous damping coefficients used by Lo et 

al. (2011) in their landslide simulations. Damping ratios were taken from literature and 

were retained during the validation of the landslide model that will be discussed in 

Section 4.6.4.   
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4.6.3 Reservoir Effects 

A common approach for landslide simulations was to neglect reservoir effects 

which results for upper bound velocity values of the particles. However, the reservoir 

has significant effects on the dynamics of the soil flow as water significantly slows down 

its movements (Lorig et al., 2009). A body, spherical particle in this instance, is affected 

by a couple of fluid-particle interaction forces as it moves underwater. For the landslide 

model in this research, accounted fluid-particle interaction forces were only the 

buoyancy (𝐹𝑏) and drag forces (𝐹𝑑). To simplify the effects of the fluid-particle 

interaction forces, an assumption was made that all particles are considered isolated 

when affected by these forces.  

Buoyancy force was accounted in the model by embedding a subroutine that 

applies an upward force to the particles once their tracked position is below the head 

pond level. The buoyancy force was calculated using the formula: 

 𝐹𝑏 =  𝜌𝑔𝑉𝑝 , Eq. (4.5) 

where 𝜌 is the density of water, 𝑔 is the acceleration due to gravity, and 𝑉𝑝 is the volume 

of the particles. 

Another subroutine was coded to account for the drag forces applied. Drag forces 

acting on the particles were calculated using the formula:  

 𝐹𝑑 = 0.125𝐶𝑑𝜋𝐷2𝜌𝑣𝑝
2 ,  Eq. (4.6) 

where 𝐶𝑑 is the drag coefficient (0.44), 𝐷 is the diameter, 𝜌 is the density of water, and 

𝑣𝑝 is the particle velocity. The drag formula and the values used for the variables are 

specific for spherical particles. The same approach was considered by Lorig et al. 

(2009) in their landslide simulations to account for fluid drag forces.  
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4.6.4 Landslide Runout Analysis 

A forensic-style simulation of the past landslide that occurred and a forward-

analysis, wherein an attempt to predict a potentially larger-scale landslide, were 

considered for the landslide runout analysis. Simulation of the past landslide that 

occurred was used for the validation of the landslide model before attempting to use 

the model for landslide prediction.  

The approach considered for the validation of the model is similar to the concept 

of simple frictional rheology (Section 2.3.2), where only the friction angle (friction 

coefficient) was calibrated to simulate the actual landslide (Pirulli and Mangeney, 

2008). The friction coefficient to be calibrated was the one assigned on the failure plane 

(Li et al., 2012). This approach is reasonable as the decrease in the frictional resistance 

along the failure plane is the main reason for failure, instability, and landslide initiation 

in a sloped structure. Also, according to Thompson et al. (2009), the friction coefficient 

of the failure plane has a more significant effect on the final runout deposit of the sliding 

soil mass than the interparticle friction. The landslide behavior that can be validated 

was only the post-landslide topography. The earth fill dam was not instrumented so it 

is impossible to directly validate the velocity, runout time, and kinetic energy information 

obtained from the model.  

4.6.4.1 Landslide Initiation and Runout  

Initially, the microparameters listed in Table 4.6 were assigned to the model. The 

system was then run until it stabilizes and reaches an equilibrium state. Little to no 

movements were observed in the earth fill dam as parallel-bonds were still attached on 

the failure plane and clay particles. This simulates the clay particle condition wherein it 
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is still at its peak shear strength; hence, failure and significant movements are not 

expected yet. For the failure of the earth fill dam slope to occur and to initiate the sliding 

of the particles, the parallel-bonds were removed to simulate the critical-state condition 

of the clay particles. The particles were then allowed to fall and slide with gravity. Soil 

particle movements then ensue and the model was run until the particles stabilize. With 

the use of the calibrated microparameters in Table 4.6, simulated bulging and 

depression were less compared to the measured ones from the 3D digital terrain model; 

thus, calibration of the friction coefficient of the failure plane was indeed necessary in 

order to match the actual post-landslide toe bulging and crest depression of the earth 

fill dam and validate the landslide model. 

4.6.4.2 Influence of the Failure Plane Friction Coefficient 

Sensitivity analysis on the landslide model was first performed to identify the 

effects of varying the friction coefficient assigned on the failure plane. Friction 

coefficient values tested were 0.01, 0.03, 0.06, 0.09 and 0.012, which were all lower 

than the initially calibrated friction coefficient value. Figure 4.30 shows the simulation 

results (landslide runout after 150 seconds) derived from using the different friction 

coefficients. The lower the friction coefficient, the greater the depression of the dam 

crest. It was observed that using a friction coefficient lower than 0.09 will cause the 

majority of the sliding soil mass to move past the dam toe. However, at these instances 

(µ < 0.09), the landslide runout distance remained the same despite decreasing the 

friction coefficient. This was due to the topography in front of the earth fill dam that limits 

the further flow of the sliding soil mass. Despite the limited landslide runout, it is 

apparent that the soil mass spreads out more when the friction coefficient is decreased.  
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Figure 4.30. Sensitivity of the simulated landslide runout on varying friction 
coefficients of the sliding surface: a) µ = 0.15, b) µ = 0.12, c) µ = 0.09, d) µ = 0.06, e) 

µ = 0.03, and f) µ = 0.01. 
 

(a) µ = .15 (b) µ = .12

(c) µ = .09 (d) µ = .06

(e) µ = .03 (f) µ = .01



Chapter 4  Geotechnical Engineering 

 

126 
 

4.6.4.3 Monitoring Landslide Behavior 

A more intricate analysis was made for the simulations of the past and future 

landslides. This section discusses the steps made to better monitor the behavior of the 

different portions of the sliding soil mass. 

To observe the behavior of various portions of the soil mass, specific particles 

distributed on the volume of the sliding soil mass were tracked. A total of 28 particles 

were tracked and their positions can be seen in Figure 4.31. The observed behavior of 

a particular particle was considered representative to the behavior of the specific 

portion of the soil mass where it was located. The particles were identified with letters 

T, M, and L which corresponding to the trailing, middle, and leading portions of the 

sliding soil mass. The middle portion was divided into two, the bottom (MB) and top 

(MT) part, where the bottom part was tracked to observe the behavior of the clay 

particles near the failure plane, while the top part focused on the particle behaviors at 

the surface. Discussions that will refer to these terms (trailing, middle, and leading) will 

mean it was concluded from the information derived from that particular set of particles. 

Also, the term “center” would refer to the center part of the earth fill dam with respect 

to its length. Graphs and tables also labeled information obtained from specific particles 

using the codes (T1, MB1, MT1, L1, etc.) they are labeled with in Figure 4.31.  

Displacement and velocity information can be extracted from these particles 

during landslide simulations. With regards to displacement and velocity, equivalent 

directions of these quantities are identified by the X, Y, and Z axis; X corresponds to 

the horizontal direction parallel to the dam length, Y corresponds to the horizontal 
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direction perpendicular to the dam, and Z corresponds to the vertical direction (Figure 

4.32) 

 
 

Figure 4.31. Tracked particles of the earthfill dam. 
 

 
 

Figure 4.32. Orientation of the X, Y, and Z – axis. 
 

Kinetic energy of the entire system can also be tracked and it is calculated in 

PFC3D using the following equation (Li et al., 2016): 
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 𝐸𝑘 =
1

2
∑(𝑚𝑖𝑉𝑖

2 +

𝑁

𝐼𝑖𝜔𝑖 × 𝜔𝑖); Eq. (4.7) 

where  𝐸𝑘 is the total kinetic energy of the entire system in Joules (J), 𝑁 is the number 

of particles in the model, 𝑚𝑖 is the inertial mass (kg), 𝑉𝑖 is the translational velocity (m 

·s-1), 𝐼𝑖 is the inertial tensor (kg·m2), and 𝜔𝑖 is the rotational velocity (rad·s-1). The 

subscript 𝑖 indicates that it is the equivalent values of those variables for a particular 

particle, 𝑖, at that iteration. The kinetic energy was specifically tracked to identify if the 

soil mass has already stabilized or stopped moving. This indicates the time wherein the 

final morphology of the deposit or runout can be observed.  

4.6.4.4 Past Landslide Simulation 

After running a couple of simulations with different friction coefficients assigned 

on the failure plane, it was observed that a friction coefficient value of 0.11 would best 

simulate the actual post-landslide topography. The simulated post-landslide 

topography is displayed in Figure 4.33. 

 
 

Figure 4.33. Simulated post-landslide topography of the past landslide. 
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4.6.4.4.1 Comparison of Post-Landslide Topography 

The simulated post-landslide topography of the earth fill dam has good agreement 

with the measured ones from the 3D digital terrain model. The landslide model was 

able to capture the observed post-landslide depression at the crest (Figure 4.34a), and 

bulging at the toe (Figure 4.34b). This validated the landslide model developed, and it 

demonstrated the effectiveness of using discrete element method for the back-analysis 

of a past landslide. Despite not being able to validate the velocities of the soil flow, good 

comparisons made with the post-landslide topography still improves the level of 

confidence towards the reliability of the landslide model (Zhao et al., 2016). There are 

only slight deviations from the observed bulging at the toe which only ranges from 0.05 

m to 0.125 m, while the deviations from the observed depression at the crest only 

ranges from 0.025 m to 0.2 m. With the inclusion of side friction, the decreasing 

displacement of the particles as it goes farther from the center was appropriately 

covered by the model.  
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Figure 4.34. Comparison of measured and simulated (a) depression of dam crest and 
(b) bulging at dam toe. 

 

4.6.4.4.2 Particle Movements 

The observed runout path and movements of the tracked particles in the model 

are shown in Figure 4.35. In terms of y-displacement, the particles all moves towards 

the toe as this is the orientation of motion brought about by the failure plane.  

In terms of x-displacement, the trailing portion of the sliding mass was observed 

to move towards the center. This is due to the lateral confinement and friction resistance 

brought about by the side walls.  The leading portion of the sliding mass spreads 

outwards, away from the center, due to the absence of lateral confinement near the 
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toe. No x-displacements seem to occur at the middle portion as they move straight 

towards the toe.  

 
 

Figure 4.35. Particle runout path and equivalent velocity at every displacement. 
 
 

The simulated post-landslide z-displacement of the particles can be seen in Figure 

4.36. Positive values in the gradient indicate an upward movement. It can be observed 

that depression occurs at the crest while bulging occurs at the toe. Larger z-

displacements were observed at the center of the dam and it decreases as the particles 

go closer to the sides. This is the result of the movement of the trailing portion that is 

directed towards the center due to the existence of side friction.  

Velocity (m/s)
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Figure 4.36. Z-displacement (m) gradient of the post-landslide topography. 
 

4.6.4.4.3 Particle Velocities 

The velocities of some of the tracked particles of the trailing, middle, and leading 

portions of the sliding mass are plotted in Figures 4.37 and 4.38. Corresponding 

velocities of all the tracked particles are shown in Appendix B. Only the velocities until 

an elapsed time of 10 seconds were shown because no significant observations can 

be made on the velocities at later times as it only decreases until it reaches zero. The 

corresponding velocities of the particles at specific displacements on its runout path 

can be seen in Figure 4.35.  Relatively higher velocities were observed at the initial 

stages (0 – 1 s) of the landslide and it significantly decreased as the particles of the 

leading portion gets clumped up and restricted to move at the toe. The instances where 

there are fluctuating velocities indicate that there is a high degree of particle collisions 

(Li et al., 2012; Zhao et al., 2016). The general trend can be considered as the 

representative velocity at the location of the particles. At the exact start of sliding (an 

elapsed time of about .01 s), relatively higher velocities were observed at the clay 

Z-displacement (m)
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particles which are located near the failure plane (MB4) (Figure 4.39). This validates 

that the model was able to cover the initiation of sliding due to the failure at the vicinity 

of the clay material.   

 

Figure 4.37. Velocities of the tracked particles at the middle (bot and top) portions. 
 

 
 

Figure 4.38. Velocities of the tracked particles at the leading and trailing portions. 
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Figure 4.39. Velocities at the initiation of landslide. 
 
 

The particles near the center of each portion were observed to have the highest 

velocities. The velocities of the particles decrease as it goes farther from the center due 

to the friction and movement confinement brought about by the side walls. The 

maximum velocities of the leading, middle (top), middle (bot), and trailing portions were 

0.26 m/s, 0.19 m/s, 0.16 m/s, and 0.25 m/s, respectively, which were all seen to have 

manifested at the initial stages of sliding. In comparing the velocities at the center of 

each portion during the initial stages (Figure 4.40), it was noticed that the middle (MB) 

and leading portions have slightly higher velocities (around .01 m/s) compared to the 

other portions. However, as sliding continues, the entire soil mass was observed to 

eventually move in unison, which will persist until the whole system stabilizes. 
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Figure 4.40. Comparison of velocities at the center of each portion. 
 

4.6.4.4.4 Kinetic energy 

The progression of the overall kinetic energy of the sliding particles is plotted in 

Figure 4.41. It can be observed that there was a sudden increase in kinetic energy at 

landslide initiation. There was also a sudden decrease in kinetic energy afterwards due 

to a high degree of particle collisions which lead to a decrease in particle velocities. It 

slowly increases again as the particles collectively move and, eventually, decreases as 

the system starts to stabilize. No successive movements were observed when the 

overall kinetic energy of the dam decreased to zero. The dam stabilized between 375 

– 400 seconds after landslide initiation.  
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Figure 4.41. Progression of overall kinetic energy of the sliding mass of the past 
landslide. 

 

4.6.4.5 Landslide Behavior Prediction 

A friction coefficient of 0.06 was considered to predict the behavior of a potentially 

larger-scale landslide. This was performed on the same portion of the earth fill dam that 

has previously failed. A reduction factor of 0.40 was applied to the calibrated friction 

coefficient. The assumed reduction factor was derived from the comparison of the 

critical-state and residual friction angle of the clay material measured from actual 

laboratory tests. Based from the laboratory tests, the critical-state friction angle of the 

material was around 18°, and it was observed to decrease to 8° (reduced to 40%) when 

it reaches its residual state. The reduction factor used was based on the residual friction 

angle in order to obtain information on the worst possible case of landslide that may 

occur. The predicted post-landslide topography is displayed in Figure 4.42. 
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Figure 4.42. Simulated post-landslide topography using µ = 0.06. 
 

4.6.4.5.1 Particle Movements 

The simulated soil mass movements every 50 s are shown in Figure 4.43. It was 

noticed that a large number of particles started to move past the dam toe 50 s after 

landslide initiation, and after 150 s, a significant volume of the soil mass has already 

been deposited on the left side of the adjacent topography. 
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Figure 4.43. Simulated soil mass movements every 50 seconds: a) 50 s, b) 100s, c) 
150 s, d) 200 s, e) 250 s, and f) 300 s. 

 
 

(a)
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(b)
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The runout path of the tracked particles can be seen in Figure 4.44. The trailing 

portion was observed to still move towards the center and there was an excessive 

depression of the dam crest which was around 4.5 m. The middle portion moves 

straight and, eventually, slowly starts to spread outwards as it gets closer to the dam 

toe. With the leading portion, it was apparent that the majority of the soil mass moved 

past the dam toe. Initially, the leading portion moves away from the center, and once it 

passes the dam toe, it follows a path dependent on the adjacent topography. Higher y-

displacements were observed from the left side of the earth fill dam. This is due to the 

steeper downward slopes of the left side topography in front of dam. It also resulted for 

the majority of the soil mass flow to be deposited on the left side where the runout 

length was as high as 40 m.  Flow on the right side have been halted at a distance of 

about 13 m from the dam toe due to the existence of a bedrock, which lead to a sloping 

upwards orientation of the right side topography in front of the dam.  

 
 

Figure 4.44. Predicted particle runout path and equivalent velocity at every 
displacement. 

Velocity (m/s)
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The topography of the sliding surface mainly influenced the runout length and the 

location where most of the soil mass volume would be deposited. Having an insight on 

the location where most of the soil mass would be deposited can help in hazard 

mapping the vicinity of the earth fill dam. 

 
4.6.4.5.2 Particle Velocities 

The velocities of the tracked particles of the sliding mass against the elapsed time 

since landslide was initiated are plotted on Figures 4.45 to 4.48. For the middle and 

trailing portions, velocities until an elapsed time of only 50 seconds were shown as no 

significant observations can be made at the subsequent times. The equivalent 

velocities of the tracked particles as they move along their runout paths are shown in 

Figure 4.44.  

 
 

Figure 4.45. Velocities of tracked particles at the middle (bot) portion. 
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Figure 4.46. Velocities of tracked particles at the middle (top) portion. 
 

 
 

Figure 4.47. Velocities of tracked particles at the trailing portion. 
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Figure 4.48. Velocities of tracked particles at the leading portion. 
 

At the trailing and middle portions (Figures 4.45 to 4.47), the particles have 

relatively higher velocities at the initial stages (0 – 10 s) of sliding but a sudden 

decrease occurs afterwards. The velocities then slowly decrease and eventually 

become zero after an elapsed time of 300 seconds. The maximum velocities recorded 

for the trailing and middle portions were 0.21 m/s and 0.19 m/s, respectively; these 

were all observed at the particles near the center. Particles closer to the side walls 

exhibited relatively lower velocities than those at the center. 

The leading portion somehow has a different behavior. It behaves similarly with 

the trailing and middle portions during the initial stages; however, a sudden and 

significant increase in velocity was observed at the instance particles get past the dam 

toe (30 seconds landslide elapsed time) and start rolling on the adjacent topography. 

Higher velocities were observed for the particles on the left side of the leading portion 
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due to the presence of steeper downward slopes. The particles on the left side also 

exhibited higher velocities at a longer time because of a longer runout path, while a 

sudden decrease on the velocities of the particles on the right side transpired due to 

the immediate piling up of the particles in front of the dam. The maximum velocity 

observed for the leading portion was 2.8 m/s. Sliding surface geometry mainly dictated 

the points of acceleration and deceleration of the soil particles. This indicates that a 

more detailed digital terrain model of the site would lead to a better simulation of the 

landslide. 

Generally, slow movements (low velocities) of the particles were simulated as 

fluid-particle interaction forces significantly decelerated the movement of the landslide. 

Slope failure and landslide occurring on the upstream side of the dam may pose 

minimal to no threat due to the existence of a reservoir. 

4.6.4.5.3 Kinetic Energy  

There is higher kinetic energy compared to the simulated past landslide due to 

relatively higher particle velocities (Figure 4.49). Initially, the progression of the 

generated kinetic energy behaved similarly to the past landslide wherein a sudden 

increase was observed during the initiation of sliding. This was then followed by a 

sudden decrease; however, in this instance, a sudden spike in kinetic energy transpired 

afterwards. The reason behind this was the significant volume of soil mass that moved 

past the dam toe and started sliding at high velocities on the adjacent topography. The 

kinetic energy then reached a peak point again and started to slowly decrease. This 

marks the piling up of a large volume of the soil mass on the adjacent topography that 

now hinders the succeeding movements of the soil mass. The kinetic energy eventually 
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reaches zero and the landslide was observed to have stopped at a shorter time (300 

seconds). The system may have stabilized faster as the particles were able to reach 

the bottom walls, which confined and controlled their movements, at a faster rate. 

Faster movements of the particles may have also generated excessive particle 

collisions which resulted for faster energy dissipation. Generally, the landslide was 

observed to have low kinetic energy, which can be attributed to the low particle 

velocities caused by fluid-interactions forces that decelerated particle movements. 

Also, the bulk of the kinetic energy was only contributed by the leading portion because 

it was the only portion that experienced significantly larger movements as it slides down 

the adjacent topography. 

 
 

Figure 4.49. Progression of overall kinetic energy of the sliding mass of the predicted 
landslide. 
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4.7 SUMMARY 

A series of steps were performed in order to develop a landslide model for a 

particular earth fill dam. The microparameters of the constituents of the earth fill dam, 

clay and rockfill, were calibrated and back-calculated using DEM simulations of triaxial 

and direct shear test.  Linear parallel-bond model was able to represent well the 

cohesive behavior of clay, while rolling resistance linear model was able to capture the 

shear behavior of rockfill materials. A 3D digital terrain model was generated to observe 

the post-landslide topography. The post-landslide topography was necessary for the 

simulation of the past landslide. The governing sliding surface for the landslide model 

was identified by integrating the adjacent topography, which was obtained from the 

digital terrain model, and the resulting failure plane from the slope stability analysis 

performed by Alfaro III (2016). The landslide model was then developed using the 

sliding surface and material microparameters. The landslide model was validated by 

simulating the past landslide that has occurred on the earth fill dam. The model was 

able to capture the measured depression at the crest and bulging at the toe. Lastly, it 

was attempted to use the landslide model to predict the behavior of a potential landslide 

in the area. The landslide model provided information on the runout distance and 

velocity of a prospective soil flow, which in turn can be beneficial in providing insights 

for risk assessment and assist in the design of landslide hazard mitigation structures. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

5 CONCLUSIONS AND RECOMMENDATIONS 

5.1 AGRICULTURAL ENGINEERING APPLICATION: 

Discrete element modelling was used to identify suitable microparameters that 

can describe the interaction of the particles of different crop residues (residue-residue) 

and their interfaces with soil (soil-residue). The following conclusions were drawn from 

the main and specific objectives of this part of the research: 

1. Based from the internal frictional angles of the five different crop residues - 

canola, corn, flax, oats, and wheat - that were measured from the ring shear 

tests, wheat and flax were observed to have the lowest and highest shear 

resistance, respectively. Relatively higher internal friction angle of flax may be 

attributed to the additional shear resistance brought about by the considerable 

amount of fibers in the sample. 

2. The processes involved in the ring shear test - compression and shearing 

process - were successfully modelled using discrete element method.  

3. Sensitivity analysis on the results of the ring shear test model has revealed that 

the particle friction coefficient is more influential than the particle stiffness. The 

sensitivity of the model on both microparameters decreases as the values of the 

microparameters increases. 

4. The proposed microparameter calibration approach has worked effectively with 

the ring shear test model in terms of matching the actual shear behavior of the 

crop residues. 
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5. The measured stress-strain relationships and the corresponding internal friction 

angles of the crop residues were successfully captured by the ring shear test 

model. This reaffirms that DEM simulations of ring shear test can be used 

effectively for calibration of material microparameters.   

6. Soil-residue interface friction angles were identified by carrying out a modified 

direct shear test. The measured high interface friction angles can be attributed 

to the inevitable indentation and embedment of some of the crop residue 

particles onto the soil surface. 

7. A discrete element model of the direct shear test was successfully developed. It 

was able to simulate the modified test; even the indentation and embedment of 

some crop residue particles on to the soil surface was captured by the model.  

8. Both particle stiffness and particle friction coefficient were found to be influential 

on direct shear test results. This reaffirms the inability of obtaining a unique set 

of microparameter values when using the direct shear test for microparameter 

calibration due to the cross-dependency of the results on two microparameters. 

9. The suggested calibration approach work effectively for the direct shear test 

model in matching the actual soil-residue interface shear behavior. 

10. The direct shear test model was able to reasonably simulate the measured 

stress-strain relationships and its equivalent interface frictions angles. This also 

revalidates the process of calibrating material microparameters using DEM 

simulations of direct shear tests.  
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11. The microparameters identified in this research can be used in improving the 

reliability of soil-tool-residue models and other discrete element models that 

involves crop residue interactions. 

12.  The characterized microparameters should be used with caution as these are 

apparent microparameters calibrated from a model that utilized a uniform 

particle size. Variations on the observed behaviour of the model may arise upon 

the use of other particle size or distribution in representing the material. Also, 

the tests were performed on a particular variety of the crop residues under a 

specific condition and moisture content. The results may vary for other varieties 

of crop residues subjected at different testing conditions. 

From the results and conclusions drawn from this part of the research, the 

recommendations for related future studies are as follows: 

1. With no time constraints and if a more powerful computer is available, 

researchers may opt to use smaller particles, with shapes and distribution, that 

better represent the actual material particles. This will result in a better 

simulation of the actual material behavior. 

2. For determining microparameters, it was found that different calibration 

methodologies were derived depending on the contact model used and 

laboratory test simulated. Therefore, it is difficult to come up with a robust 

method for the calibration of microparameters for different materials. It is 

recommended to perform sensitivity analysis on the model and design a 

calibration approach that could cater to the identified influence of the 

microparameters.  
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3. A lot of simplifications were made to minimize the number of microparameters 

to be calibrated in this research, future researchers may consider calibrating 

more microparameters by simulating a couple of different laboratory tests, which 

in turn will help in identifying a unique set of microparameter values. 

5.2 GEOTECHNICAL ENGINEERING APPLICATION: 

Discrete element modelling was utilized for microparameter calibration of earth fill 

dam components and runout analysis. The following conclusions were drawn from the 

main and specific objectives of this part of the research: 

1. Proposed calibration approach using the undrained consolidated triaxial test 

DEM model worked effectively in identifying microparameters that can simulate 

the peak and critical-state behavior of clay materials. 

2. Linear parallel-bond model was able to represent well the cohesive behavior of 

clay. Parallel-bond microparameters dictate the clay behavior at the peak 

domain, while the linear parameters govern at the critical-state domain. 

3. Suggested calibration approach using the large-scale direct shear test DEM 

model worked effectively in identifying microparameters that can simulate the 

shear behavior of rockfill materials.  

4. Rolling resistance linear model was able to represent well the shear behavior of 

rockfill materials. Particle stiffness dictates the macroscopic shear stiffness while 

friction and rolling resistance coefficients influence the end-of-test shear strength 

of the rockfill material. 
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5. Comparing the pre-landslide and post-landslide topography and developing a 

3D digital terrain model helped in better visualizing the movements that occurred 

in the earth fill dam.  

6. The overall sliding surface for the landslide model can be identified by integrating 

the details from a 3D digital terrain model and a failure plane obtained from slope 

stability analysis. 

7. Landslide model that can simulate the past landslide that occurred in the earth 

fill dam was successfully developed. It was able to capture the observed post-

landslide depression at the crest, and bulging at the toe. This demonstrates the 

effectiveness of using discrete element method for the back-analysis of a past 

landslide.   

8. The landslide model was able to predict the behavior of a potential landslide that 

involved larger-scale displacements and faster velocities. This demonstrates the 

efficiency of using DEM models in studying the kinematics and dynamics of a 

landslide. It provided information on the runout distance and velocity of a 

prospective soil flow, which in turn can be beneficial in providing insights for risk 

assessment and assist in the design of landslide hazard mitigation structures. 

9. It is important to take note that the simplification made in the model by using a 

constant friction coefficient on the entire sliding surface causes the model to not 

consider the possible reduction in shear strength of the soil mass as it slides 

along the topography. This supposedly decrease in shear strength of the sliding 

mass are often contributed by erosion and increase in pore-water pressures. 
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This is among the limitations of using discrete element method with PFC3D for 

landslide simulations. 

10. Fluid-particle interaction forces significantly decelerated the movement of the 

landslide resulting for low velocities and kinetic energies developed within the 

system.  

11. The topography of the sliding surface dictated the points of acceleration and 

deceleration, and the direction of movement of the soil particles. It also 

influenced the runout length and the location where most of the soil mass volume 

would be deposited. This indicates that a more detailed digital terrain model of 

the site would lead to a better simulation of the landslide. 

12. The landslide model can be used as a basis in simulating potential future 

landslides at the other parts of the earth fill dam or other earth fill dams built with 

the same materials in the region.  

From the results and conclusions drawn from this part of the research, the 

recommendations for related future studies are as follows: 

1. Researchers may consider the inclusion of more fluid-particle interaction forces, 

like air resistance and other hydrodynamic forces, to avoid the overestimation of 

the dynamics of the soil flow. Though, it entails a lot of complexities, particularly, 

in coding the subroutines that can integrate these forces in the landslide model.  

2. It is recommended to install more instrumentations in the earth fill dam that could 

assist in identifying the possible orientation of the governing failure plane. 

Integrating this in the landslide model can significantly improve its reliability. 
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3. Since the sliding surface topography significantly affects the behavior of the soil 

flow, a more detailed 3D digital terrain model can be developed for other 

landslide models. 
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Stress-Displacement Relationships from Ring Shear Test 

 
 

Figure A.1. Corn stress-displacement relationships from ring shear test 
 

 
 

Figure A.2. Flax stress-displacement relationships from ring shear test 
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Figure A.3. Oats stress-displacement relationships from ring shear test 
 

 
 

Figure A.4. Wheat stress-displacement relationships from ring shear test 
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Mohr-Coulomb Envelopes from Ring Shear Test 

 
 

Figure A.5.  Mohr-Coulomb failure envelope of corn. 
 

 
 

Figure A.6.  Mohr-Coulomb failure envelope of flax. 
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Figure A.7.  Mohr-Coulomb failure envelope of oats. 
 

 
 

Figure A.8.  Mohr-Coulomb failure envelope of wheat. 
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Measured and Simulated Stress-Displacement Relationships from Ring 
Shear Test 

 

 
 

Figure A.9. Comparison of measured and simulated stress-displacement relationships 
of flax obtained from ring shear test. 

 

 
 

Figure A.10. Comparison of measured and simulated stress-displacement 
relationships of corn obtained from ring shear test. 
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Figure A.11. Comparison of measured and simulated stress-displacement 
relationships of oats obtained from ring shear test. 

 

 
 

Figure A.12. Comparison of measured and simulated stress-displacement 
relationships of wheat obtained from ring shear test. 
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Measured and Simulated Mohr-Coulomb Failure Envelopes from Ring Shear 
Test 

 

 
 

Figure A.13. Measured and simulated Mohr-Coulomb failure envelope of flax 
 
 

 
 

Figure A.14. Measured and simulated Mohr-Coulomb failure envelope of corn. 
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Figure A.15. Measured and simulated Mohr-Coulomb failure envelope of oats. 
 
 

 
 

Figure A.16. Measured and simulated Mohr-Coulomb failure envelope of wheat. 
 
 



Appendix  A: Agricultural Engineering 

 

171 
 

Stress-Strain Relationships from Direct Shear Tests 
 

 
 

Figure A.17. Canola-soil interface stress-strain relationships from direct shear test. 
 

 
 

Figure A.18. Corn-soil interface stress-strain relationships from direct shear test. 
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Figure A.19. Oats-soil interface stress-strain relationships from direct shear test. 
 

 
 

Figure A.20. Wheat-soil interface stress-strain relationships from direct shear test. 
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Mohr-Coulomb Failure Envelopes from Direct Shear Tests 

 
 

Figure A.21.  Mohr-Coulomb failure envelope of canola-soil interface. 
 

 
 

Figure A.22.  Mohr-Coulomb failure envelope of corn-soil interface. 
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Figure A.23.  Mohr-Coulomb failure envelope of oats-soil interface. 
 

 
 

Figure A.24.  Mohr-Coulomb failure envelope of wheat-soil interface. 
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Measured and Simulated Stress-Strain Relationships from Direct Shear Test 
 

 
 

Figure A.25. Comparison of measured and simulated stress-strain relationships of 
canola-soil interface. 

 

 
 

Figure A.26. Comparison of measured and simulated stress-strain relationships of 
corn-soil interface. 
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Figure A.27. Comparison of measured and simulated stress-strain relationships of 
oats-soil interface. 

 

 
 

Figure A.28. Comparison of measured and simulated stress-strain relationships of 
wheat-soil interface. 
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Measured and Simulated Mohr-Coulomb Failure Envelopes from Direct Shear 
Test 

 

 
 

Figure A.29. Measured and simulated Mohr-Coulomb failure envelopes of soil-canola 
interface. 

 

 
 

Figure A.30. Measured and simulated Mohr-Coulomb failure envelopes of soil-corn 
interface. 
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Figure A.31. Measured and simulated Mohr-Coulomb failure envelopes of soil-oats 
interface. 

 

 
 

Figure A.32. Measured and simulated Mohr-Coulomb failure envelopes of soil-wheat 
interface. 
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Past Landslide: Velocities of Tracked Particles 
 

 
 

Figure B.1. Velocities of tracked particles at the middle (bot) portion. 
 

 
 

Figure B.2. Velocities of tracked particles at the middle (top) portion. 
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Figure B.3. Velocities of tracked particles at the leading portion. 
 

 
 

Figure B.4. Velocities of tracked particles at the trailing portion. 
 
 


