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Discrete Element Modeling and Experimental Investigation on the 

Effects of Soil Fabric and Gradation on the Behavior of Granular Soils 

 

Abstract 

 

The inherent particulate nature of granular soils, such as sands and gravels, plays an 

important role in their engineering behavior. This dissertation aims to advance the 

fundamental understanding of the effect of fabric- and stress-induced anisotropy, and 

gradation on the micro- and macro-scale behavior of coarse-grained granular soils. 

The first portion of this dissertation addresses the direction-dependent characteristics 

exhibited by soils reflected in the anisotropy of their responses. Studies have shown that 

both the depositional processes and particle arrangements (i.e., fabric-induced anisotropy), 

and the stress state and history (i.e., stress-induced anisotropy) impact the anisotropic 

behaviors observed at the macroscopic level. Quantifying these anisotropies has been 

challenging, necessitating specialized geotechnical testing and imaging equipment. To 

overcome these challenges, a novel experimental testing setup is introduced, designed to 

measure shear wave velocities (VS) along different orientations and polarization planes 

using piezoelectric bender elements (BEs) to obtain angular distributions of VS. 

Subsequently, two investigations on shear wave propagation are presented, using the 

developed setup and Discrete Element Method (DEM) simulations, to explore the effects of 

fabric- and stress-induced anisotropy on the VS anisotropy. The experimental tests were 
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performed on glass beads and angular natural sands, while the DEM simulations used 

spherical and rod-like clumped particles. These specimens were subjected to isotropic and 

one-dimensional (1D) compression. The results reveal that the angular distributions of VS 

and measurements obtained along different polarization planes (i.e. VS,HH, VS,HV, and VS,VH) can 

discern the effects of fabric and stress anisotropy. The observed trends indicate a 

relationship between the angular distributions of VS and of the alignment of particles and 

interparticle contact forces. A framework is presented based on the VS measurements along 

various orientations and polarization planes which is validated using the presented results. 

When presented in terms of the ratio of VS measurements along different orientations and 

polarization planes, namely the VS,HV/VS,VH and VS,HV/VS,HH ratios, and of the newly introduced 

Anisotropy parameter (Ae), this framework facilitates the evaluation of the stress- and fabric-

induced anisotropy in soil specimens. The results also highlight the challenges in discerning 

the effects of stress and fabric anisotropy when both simultaneously influence the soil 

response.  

Geosystems built on coarse-grained soils with broader gradations are typically designed 

and analyzed using methodologies developed for poorly-graded soils without explicit 

consideration of the effects of gradation, potentially leading to uncertainty in performance 

predictions. In the second portion of this dissertation, the effects of changes in the gradation 

on various aspects of monotonic and cyclic response of coarse-grained soil behavior are 

investigated using DEM simulations. The simulations include monotonic isotropically-

consolidated drained and undrained triaxial tests, and cyclic undrained direct simple shear 

tests conducted on specimens with coefficients of uniformity (CU) between 1.9 and 6.4 

composed of non-spherical particles. The triaxial simulation results indicate that an increase 
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in CU leads to increases in peak shear strength, dilative volume change, rate of dilation, 

negative pore pressure generation, and rate of pore pressure generation. These findings are 

compared with established frameworks to highlight the differences in response resulting 

from variations in CU.  

Particle-level measurements from the monotonic simulations highlight the influence of 

gradation on both the packing characteristics and the transmission of contact forces within 

the soil assembly. In particular, for the broadly graded specimens, the coarsest particles 

exhibit a disproportionately higher number of connections and carry significantly greater 

contact forces compared to the coarsest particles in poorly graded soils. The coarsest 

particles for the broadly graded specimen are connected to a disproportionally higher 

number of particles and carry disproportionally higher contact forces as compared to 

coarsest particles in poorly graded soils. The enhanced interlocking of the coarser particles 

results in greater dilation during shearing, leads to higher peak shear strengths for the more 

broadly graded specimens. Additionally, the particles smaller than D10 are inactive in contact 

force transmission, while the percentage of particles active in contact force transmission 

increases with an increasing CU.  

During cyclic shearing, specimens with broader gradations yield lower liquefaction-

triggering resistance than poorly graded specimens at similar relative densities. Conversely, 

the opposite trends emerge when compared at similar initial state parameters. Post-

liquefaction, specimens with broader gradation accumulate shear strains at a smaller rate.  A 

comparison is presented, examining the interpretation of grading-dependent behavior by 

choosing relative density or initial state parameters as the state definition for both 
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monotonic and cyclic response, highlighting the efficacy of initial state parameter in 

capturing the systematic differences in the response because of changes in gradation. The 

improved interlocking in more broadly graded specimens results in a lower percentage of 

sliding contacts for both strong and weak force-carrying contacts at the initiation of 

liquefaction and in subsequent cycles, which is linked to the slower rate of post-liquefaction 

strain accumulation in well-graded specimens.  

The combination of macro and micro observations, from the research efforts presented 

in this dissertation, highlight the influence of fabric- and stress-induced anisotropy and 

gradation on soil behavior through a combination of novel experimental testing and DEM 

simulations, and contribute to the advancements in the geotechnical site characterization, 

design methodologies, numerical simulation techniques, and constitutive modeling of 

granular soils.  
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Chapter 1 

 

Introduction 

 

1.1 Background 

At the micro-scale, coarse-grained soils are composed of discrete particles that interact at 

the points of contact. The mechanical behavior of these granular soils is influenced by 

various inherent properties, including (i) soil fabric, which is defined by the geometric 

arrangement of the particles, contact normals, and contact forces, (ii) stress state, 

determined by the applied boundary stresses and the loading sequence, and (iii) gradation 

representing the width of particle sizes within a specimen. Accurately quantifying and 

characterizing these inherent properties, and their concomitant effects, has proven 

challenging due to the complex interactions among particles, limitation induced by 

laboratory testing equipment and specimen size, and the effect of boundary conditions. This 

dissertation presents the research effort of two projects aimed at the measurement of fabric- 

and stress-induced anisotropy using DEM simulations and a modified experimental testing 

setup and the effect of gradation on the mechanical behavior of coarse-grained granular soils 

using DEM simulations. 

The particulate nature of granular soils can lead to anisotropy in strength and stiffness 

due to the (i) anisotropy in inherent soil fabric, which consists of the arrangement of 
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particles, contacts, and voids and is a result of deposition and post-deposition processes, as 

well as to the soil gradation and particle shape, and (ii) anisotropy in the stress state 

resulting from the imposed loading conditions and history which affects the distribution of 

forces transmitted at interparticle contacts (Oda et al. 1972a, 1972b; Oda et al. 1982; 

Yamashita et al. 2005). The first portion of this dissertation aims to identify the presence of 

stress- and fabric-induced anisotropies in coarse-grained soils. This can help further the 

fundamental understanding of the origin of anisotropy in soils and its evolution during 

loading. Understanding the interplay between micro-scale fabric- and stress-induced 

anisotropies and macro-scale behavior of soils, such as strength, stiffness, dilatancy, and 

permeability, is critical for geotechnical analysis and design. However, quantifying stress-

induced and fabric-induced anisotropy in-situ or in a specimen in the laboratory has 

remained a challenge due to the need for specialized equipment, constraints related to 

smaller specimen sizes, and the limited number anisotropy measurements throughout  

loading cycle. 

The effect of stress-induced anisotropy on the macro-scale response of soil specimens 

has received significant attention, typically assessed through anisotropically-consolidated 

triaxial compression, hollow cylinder, or oedometer tests (Roesler 1979; Oda et al. 1985; 

Zdravković and Jardine 2001). Several direct and indirect measurement techniques have 

been proposed to estimate the evolution of fabric anisotropy for different loading conditions. 

Specifically, indirect measurement of anisotropy using non-destructive testing has been 

accomplished by measuring soil responses in various orientations through soil specimens. 

The use of measurements of soil response to deduce anisotropy in a soil specimen 

constitutes an inverse problem (Santamarina and Fratta 2005). These techniques employ 
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measurements of anisotropy in the thermal conductivity (Choo et al. 2013), electrical 

conductivity (Anandarajah and Kuganenthira 1995), or seismic wave velocity (Chaney et al. 

2001; Mitaritonna et al. 2010; Mital et al. 2020; Dutta et al. 2020; Otsubo et al. 2020). 

Particularly, shear wave velocity (VS) or shear modulus (Gmax) measurements are 

advantageous because they can be obtained with low-strain perturbations that do not 

modify the fabric or produce permanent deformations (Cascante and Santamarina 1996). 

Consequently, measuring the stiffness anisotropy through VS measurements offers a non-

destructive method of characterizing the fabric- and stress-induced anisotropies in soil 

specimens. Additionally, VS is routinely measured in the field, laboratory, and numerical 

simulations, making it a strong candidate for linking the macro-, meso-, and micro-scale 

behavior of granular soils.  

The second portion of this dissertation is part of a broader endeavor to investigate the 

effects of gradation on the monotonic and cyclic response of coarse-grained soils. Soils 

commonly found in natural deposits, such as alluvial gravelly soils, contain a wide range of 

particle sizes. Naturally deposited by braided rivers and glaciers, these deposits contain 

coarser particles significantly larger than clean sands, leading to coefficient of uniformity 

(CU) values of 40 or higher (DeJong et al. 2016). The particle size distribution (PSD) of these 

soils plays a governing role in their behavior (Cubrinovski and Ishihara 2002). 

Understanding the strength, stress-dilatancy, critical state, and pre-and post-liquefaction 

response of these soils is crucial due to their frequent presence within or beneath critical 

geosystems such as dams, levees, tunnels, bridges, foundations, and pavements.  
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In practice, the design and analysis of geosystems built on coarse-grained soils with 

broader gradations are typically based on the methodologies developed for clean sands 

without explicit consideration of the effects of gradation, potentially leading to uncertainty 

in performance predictions. For instance, the stress-dilatancy response of well-graded 

gravelly soils is typically assessed using relationships developed by Bolton (1986). These 

widely adopted relationships are based on experimental data acquired from testing on 

poorly graded clean sands. Over the years, these relationships have been revisited, and 

additional ones have been proposed to capture the effects of particle shape, gradation, 

mineralogy, stress history, relative density and state, and fabric (e.g., Vaid and Sasitharan 

1992, Simoni and Houlsby 2006, Muir Wood and Maeda 2008, Chakraborty and Salgado 

2010). Given the numerous case studies documenting liquefaction in coarse-grained broadly 

graded soils in the field (e.g., Kokusho et al. 1995; Towhata et al. 2014; Zhou et al. 2020), it 

is also vital to isolate the effect of gradation on the liquefaction resistance and post-

liquefaction strain accumulation to design resilient infrastructure. Despite recent advances, 

there are still gaps in the understanding of the specific mechanisms responsible for the 

effects of gradation on the mechanical behavior of soils, such as which state variable better 

captures the effects of density and effective stress, what is the role of the finer and coarser 

fractions of the soil in the mobilization of strength and dilatancy, and what corrections, if 

any, are needed to predict the strength, stress-dilatancy, liquefaction triggering response 

and post-liquefaction strain accumulation of well-graded soils with established frameworks. 
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1.2 Scope and organization 

This dissertation is organized into seven chapters constituting two sub-parts based on the 

underlying topics. The first part of the dissertation (Chapters 2-3) focuses on the 

investigation of the effect of stress- and fabric-induced anisotropy on the mechanical 

behavior of soils. The effects of stress- and fabric-induced anisotropy on the shear wave 

velocity are investigated through experiments and discrete element method (DEM) 

simulations. A novel system using piezoelectric bender elements (BEs) was developed and 

used to measure VS anisotropy, enabling non-destructive indirect assessment of anisotropy 

in soil specimens. A framework is proposed that helps distinguish between the effects of 

stress- and fabric-induced anisotropy on the stiffness of soil specimen. The second part of 

the dissertation (Chapters 4-6) focuses on the effect of gradation on the isotropic 

compression, monotonic shear strength, stress-dilatancy, liquefaction potential, and post-

liquefaction shear strain accumulation of coarse-grained soils. Additionally, the influence of 

gradation on the particle packing, including the particle connectivity and proportion of 

inactive particles, as well as on the contact force transmission characteristics in a specimen, 

are presented to highlight the disparities in microscale response between different 

gradations.  

Chapter 2 introduces a novel experimental setup that utilizes piezoelectric BEs to 

measure VS along different orientations and polarization planes. The experimental results 

demonstrate the capability of the multi-BE system to identify fabric and stress anisotropy. 

This non-destructive assessment method complements other advanced techniques like X-

ray computed tomography and particle-based numerical simulations. 
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Chapter 3 investigates the influence of stress- and fabric-induced anisotropies on VS 

anisotropy. The effects of the stress state, particle alignment, and interparticle contact forces 

on the angular distributions of shear wave velocity are examined. A framework that 

combines the results of experimental BE tests and DEM simulations is proposed, consisting 

of ratios of VS measurements along different orientations and polarization planes and of the 

newly introduced Anisotropy parameter (Ae). This framework enables the evaluation of 

stress- and fabric-induced anisotropies. 

Chapter 4 examines the influence of the PSD and the contact law parameters, including 

the particle stiffness, interparticle friction, and damping, on the proportion of inactive 

particles and contact force transmission within granular assemblies. Mono-sized, poorly-

graded, broadly graded, bimodal, and curved gradations are considered in this chapter. 

Chapter 5 focuses on the effects of changes in gradation on the monotonic behavior of 

coarse-grained soils. Three-dimensional DEM simulations of isotropically-consolidated 

drained and undrained triaxial tests are performed to highlight the gradation effects on the 

drained and undrained triaxial response, critical state lines, and parameters such as peak 

friction angle (ϕ'p), difference of the peak and critical state friction angles (ϕ'p - ϕ'cs) and 

maximum dilation angle (ψmax), excess pore pressure (umin), and excess pore pressure 

generation rate ((δu/δεa)min). This research compares the results with established 

frameworks to highlight the differences resulting from variations in gradation, along with a 

comparison of results on the basis of relative density and initial state parameter, to identify 

a measure of state that captures systematic differences in the response of broadening of 

gradation. Particle-level measurements provide insights into the packing characteristics, 
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contact force transmission, and interlocking of particles, contributing to a better 

understanding of stress mobilization in soils of varying gradation. 

Chapter 6 investigates the influence of gradation on the pre- and post-liquefaction 

behavior of granular soils. The research employs DEM simulations of cyclic direct simple 

shear tests on isotropically consolidated cubical specimens with varying gradations. Macro-

scale analysis focuses on liquefaction triggering resistance and shear strain accumulation, 

while micro-scale measurements examine the evolution of fabric and contact forces within 

the specimen. Additionally, the results are compared at similar relative densities and initial 

state parameters to emphasize the significance of selecting the appropriate measure of state 

to capture the effects of gradation. The findings provide valuable insights into pre- and post-

liquefaction behavior and the implications of the micromechanical processes driving the 

observed global behavior. 

Chapter 7 summarizes the main conclusions of this dissertation and presents 

recommendations for future research. 
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Chapter 2 

 

A multi-orientation system for determining the angular 

distributions of shear wave velocity in soil specimens 

 

Author’s note: This paper was published in the ASTM Geotechnical Testing Journal under the 

following citation and is presented herein with minor edits. 

Basson, M. S., and A. Martinez. 2023. “A Multi-orientation System for Determining Angular 

Distributions of Shear Wave Velocity in Soil Specimens.” Geotech. Test. J., 46 (2): 20210277. 

https://doi.org/10.1520/GTJ20210277. 

 

2.1 Abstract 

Soils typically have anisotropic mechanical and hydraulic properties due to the micro-scale 

interactions between particles, which are influenced by the particle morphology and 

depositional processes that can lead to particular particle arrangements (i.e., fabric 

anisotropy) and by the imposed loading conditions and history (i.e., stress anisotropy). The 

experimental assessment of the soil specimen anisotropy is a challenging feat, typically 

accomplished using specialized geotechnical testing and imaging equipment. The anisotropy 

of a soil specimen can also be assessed based on measured responses, such as the velocity of 
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propagating shear waves, which constitutes an inverse problem. This paper presents the 

development of a system that enables measurement of shear wave velocity (VS) along 

different orientations and polarization planes using seven pairs of piezoelectric bender 

elements (BEs) to obtain angular distributions of VS. Specimens of glass beads and angular 

natural sands were tested in isotropic and one dimensional (1D) compression to 

demonstrate the results obtained with the multi-BE system. The experimental results 

indicate that the effects of fabric and stress anisotropy can be identified by the angular 

distributions in VS as well as measurements obtained along different polarization planes (i.e., 

VS,HH, VS,HV, and VS,VH). The level of anisotropy in soil specimens can be quantified either in 

terms of ratios of shear wave velocities or of parameters used to fit the angular VS 

distribution. The results also show that the parameters describing the relationship between 

VS and mean effective stress are dependent on the orientation of the propagating wave. The 

proposed system may enable non-destructive assessment of soil specimen anisotropy using 

conventional laboratory equipment, which would complement other more sophisticated 

experimental methods such as X-ray Computed Tomography (CT) and particle-based 

numerical simulations.  

2.2 Introduction 

Coarse-grained soils can exhibit anisotropy in their engineering (i.e., macro-scale) behavior 

that originates from anisotropy in how particles are geometrically arranged and how they 

interact with one another (i.e., micro-scale) (Oda et al. 1972a, 1972b; Oda et al. 1982; 

Yamashita et al. 2005). Anisotropy in the macro-scale behavior can affect the mechanical (i.e., 

stiffness, strength, dilatancy) and hydraulic (i.e., permeability) response of soils. In 
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particular, the anisotropy in the small-strain shear stiffness, the latter quantified via the 

small-strain or elastic shear modulus Gmax, and VS has been of crucial concern in geotechnical 

engineering for a few decades, where Gmax and VS are related to one another by the following 

equation: 

𝐺𝑚𝑎𝑥 = 𝜌𝑉𝑠
2 (2.1) 

where ρ is the total mass density of the soil.  

The small-strain shear stiffness is an engineering soil property that plays a significant 

role in the fundamental understanding of soil behavior and in analyzing the response of 

geosystems, such as settlements of foundations, soil-structure interaction, liquefaction of 

soils, and seismic ground response (e.g., Seed et al. 1986; Stokoe et al. 1994, 1999; Stokoe 

and Santamarina 2000). Numerous experimental, field, and numerical studies have 

investigated the causes leading to stiffness anisotropy (e.g., Kuwano et al. 1999; Otsubo et al. 

2020; Mital et al. 2019; Wang and Mok 2008). At the micro-scale, this stiffness anisotropy is 

primarily produced by the state of stresses, referred to as the stress-induced anisotropy, and 

by the arrangement and interactions between particles, referred to as the fabric-induced 

anisotropy. The latter anisotropy is a result of particle shape, soil gradation, and depositional 

and post-depositional processes, all of which affect the arrangement of particles, particle 

contacts, and void spaces in a soil (Oda 1972a, 1972b; Yang et al. 2008).  

The effect of stress-induced anisotropy on the macro-scale response of soil specimens 

has received significant attention, typically assessed through anisotropically-consolidated 

triaxial compression, hollow cylinder, or oedometer tests (Roesler 1979; Oda et al. 1985; 

Zdravković  and Jardine 2001). In contrast, the quantification of the fabric anisotropy of a 
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soil specimen and its effect on soil behavior represents an experimental challenge. Several 

direct and indirect measurement techniques have been proposed to estimate the evolution 

of fabric anisotropy for varied loading conditions. One of the earliest examples of the direct 

measurement of fabric anisotropy is the work by Oda (1972b), who saturated sand 

specimens with an epoxy resin and then dissected them in thin slices to obtain distributions 

of contact normal and particle long-axis orientations. These measurements were used to 

quantify the inherent fabric anisotropy at different stages of triaxial compression tests. Yang 

et al. (2008) and Kodicherla et al. (2018) present more recent investigations using this 

methodology. The advances in X-ray CT techniques and post-processing methods have 

enabled researchers to make non-destructive estimations of inherent fabric and its 

anisotropy (Farber et al. 2003; Cnudde and Boone 2013; Viggiani et al. 2015; Wiebicke et al. 

2020). While X-ray CT allows estimation of the evolution of fabric anisotropy during 

deformation of soil specimens, its requirement of specialized equipment and complex 

analysis restricts its use to a small number of laboratories worldwide.  

Using measurements of soil response to deduce anisotropy in a soil specimen constitutes 

an inverse problem (Santamarina and Fratta 2005). Particularly, VS or Gmax measurements 

are advantageous because they can be obtained with low-strain perturbations that do not 

modify the fabric or produce permanent deformations (Cascante and Santamarina 1996). 

Piezoelectric transducers, such as bender elements (BEs), are routinely used as actuators 

and receivers to send and record VS measurements in experimental testing (e.g., Viggiani and 

Atkinson 1995; Fiovarante and Capoferri 2001; Alvarado and Coop 2012).  
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Experimental investigations have employed BEs in the vertical or horizontal direction in 

triaxial and oedometer cells to explore the evolution of fabric during deformation and its 

effect on the stiffness of soil specimens. This has been done by comparing vertical and 

horizontal VS measurements during sample preparation, consolidation, and shearing 

(Kuwano et al. 1999; Zeng and Ni 1998; Roesler 1979; Kaviani-Hamedani et al. 2021; 

Mitaritonna et al. 2014). Such experiments produce bidirectional shear wave propagation 

measurements, providing information regarding the relationship between stress and fabric 

anisotropy and the anisotropy in VS and Gmax. However, obtaining an angular distribution of 

VS and Gmax throughout the specimen, which could be used to provide more complete 

information of a specimen’s anisotropy, remains a unique challenge. This has been attempted 

in previous investigations such as Fioravante (2000) who assessed the anisotropy in small-

strain shear and constrained moduli in specimens of silica and carbonic sand. More recently, 

Chamorro-Zurita and Ovando-Shelley (2020) included horizontal and vertical BEs in a large 

oedometer device to measure shear wave velocity along different orientations in specimens 

of lacustrine clay.  

This paper presents the development of a new multi-orientation testing setup that has 

seven BE pairs to enable the measurement of VS along different orientations between 0˚ 

(horizontal) to 90˚ (vertical) and polarization planes (vertically to horizontally polarized 

shear waves) in specimens subjected to isotropic or one-dimensional, oedometric 

compression. Experimental results from specimens of glass beads and a sub-angular quartz 

sand are used to obtain angular distribution of VS. These results highlight the effect of particle 

shape, which affects fabric, and stress anisotropy on the stiffness anisotropy of the 

specimens. The results are used to explore the dependency with orientation of the 
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parameters describing the relationship between VS and mean effective stress and quantify 

the anisotropy of angular distributions of VS. The results obtained from the new multi-

orientation BE setup are compared to those from published laboratory and field 

investigations and suggest that the proposed testing setup can provide an accurate, indirect 

identification of fabric and stress anisotropy using standard laboratory equipment.  

2.3 Bender element tests 

This section provides an overview of the notations used to define the VS measurements, 

details of the multi-orientation BE testing setup, instrumentation system and signal 

interpretation procedure, and a description of the materials and sample preparation 

methodology used in this investigation. 

2.3.1 Notations for shear wave velocities 

The stiffness anisotropy is typically evaluated using three independent shear wave velocity 

measurements VS,VH, VS,HV, and VS,HH in experimental (e.g., Fioravante 2000; Dutta et al. 2020; 

Gu et al. 2021), numerical (e.g., O’Donovan et al. 2015; Otsubo et al. 2020), and field (e.g., 

Stokoe and Santamarina 2000; Ku and Mayne 2013) studies. In typical literature notation, 

the first subscript denotes the direction of shear wave propagation, and the second subscript 

signifies the direction of particle motion. This is shown schematically in Fig. 2.1, where VS,HV 

indicates the velocity of a shear wave that propagates horizontally and causes particle 

motion in the vertical direction (green arrows in Fig. 2.1), VS,HH is the shear wave that 

propagates horizontally and causes particle motion in the horizontal direction (blue arrows 

in Fig. 2.1), and VS,VH is a wave that propagates vertically and causes particle motion in the 
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horizontal direction (red arrows in Fig. 2.1). This notation does not consider potential 

differences among different vertical planes, thus assuming that cross-anisotropy is valid.  

2.3.2 Multi-orientation bender element system 

The multi-orientation bender element (BE) system consists of seven BE pairs: three pairs 

capturing the VS,VH, VS,HV, and VS,HH measurements, and four additional BE pairs inclined at 

orientations of 75˚, 65˚, 55˚, and 50˚. Combined, these BE pairs can be used to obtain a sweep 

from VS,VH (i.e. 90˚) to VS,HV (i.e., 0˚). This system was designed to be mounted on a specimen 

with a diameter of 71 mm and height of 40 mm. This specimen height was used to increase 

the range of attainable angles (i.e., shorter specimens enable a wider range of angles) while 

maintaining a sufficiently large specimen size to facilitate preparation of the specimens with 

conventional techniques such as pluviation. The five BE pairs that measured VS,VH and along 

the 75˚, 65˚, 55˚, and 50˚ orientations were mounted on custom-designed end caps fabricated 

from polycarbonate, as shown in Figs. 2.2(a,b,c). This material was selected due to its 

grounding properties. The top and bottom caps included vertical and inclined slots for the 

BEs as well as through holes for routing the cables. The two additional BE pairs were aligned 

in the horizontal configuration to provide the VS,HV and VS,HH measurements and mounted on 

a solid mold (Fig. 2.2(d)) and a flexible membrane. 

Interferences such as p-wave interference, electromagnetic crosstalk, BE pair 

directivity, and near field effects commonly affect the interpretation of measurements 

obtained from piezoelectric BEs. The BEs used in this study were part number T220 

procured from Mide Technology (Woburn, MA). Properly grounded parallel type connection 

was made on the outer electrode wafers to remove any crosstalk in the system (Brignoli et 
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al. 1996). Furthermore, shielded twisted cables were used to connect the BE pairs to the 

instrumentation setup to remove noise and phase effects in the signals (Montoya et al. 2012). 

All the BE pairs were mounted such that the receiver and the transmitter shared a collinear 

axis. The collinear in-plane directivity between the receiver and the transmitter reduces the 

overall influence of the compression wave on the received signal (Lee and Santamarina 

2005). The current testing setup can be modified to achieve shallower BE angles and 

accommodate taller specimen for typical triaxial testing (i.e., with an aspect ratio of 2:1). In 

such cases, the inclined BEs can be mounted on the membrane instead of on the end caps.  

Operation of BEs under various loading and specimen conditions requires appropriate 

consideration during the fabrication and installation. Each BE was coated with two coats of 

flexible industrial-grade solid epoxy adhesive (Loctite EA E-90FL). The protective coating 

acts as water insulator and enhances the durability of BE during the loading. BEs coated with 

this epoxy have been routinely used in centrifuge testing and testing in aggressive 

environments (Montoya et al. 2012). The coated BEs pairs that measured VS,VH and along the 

75˚, 65˚, 55˚, and 50˚ were bonded inside the slots made in the polycarbonate endcaps at the 

proper orientation using flexible silicone sealant. After 48 hours of curing, any excess sealant 

was removed using fine sandpaper. Long slits were machined on the faces of the top and 

bottom caps and then covered with a steel mesh to ensure a uniform distribution of suction 

during isotropic compression.  

Researchers have noted that the installation of horizontal BEs is a challenging task that 

requires special care (Fioravante and Capoferri 2001; Dutta et al. 2020; Wang and Mok 2008; 

Kaviani-Hamedani et al. 2021). Based on procedures provided in past research (Gomez et al. 
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2018; Martinez et al. 2019), horizontal BE probes were created by gluing epoxy-coated BEs 

into a reducing hex nipple using flexible silicone sealant. The flexible silicone sealant isolates 

the BEs from the mold and end caps, minimizing the effect of external vibration on the shear 

wave signal. One of the major considerations with horizontal BE installation is the coupling 

of BEs with adjacent soil particles. To address this issue, the BE probes were glued in the 

four slits cut through the latex membrane for specimen under isotropic compression (Fig. 

2.3(a)) and glued into the four holes drilled on the rigid mold for specimens under 1D 

compression (Fig. 2.3(b)). The rigid mold for 1D compression was 2.5 mm in thickness and 

fabricated out of polycarbonate. The BE probes protruded 3 mm into the specimen and made 

direct contact with the soil, eliminating any damping effects from the membrane or mold and 

resulting in a clearer signal to be transmitted and received through the specimen (e.g., 

Jamiolkowski et al. 1995; Pennington et al. 1997; Fioravante and Capoferri. 2001; 

Pennington et al. 2001; Kaviani-Hamedani et al. 2021) 

2.3.3 Instrumentation systems and signal interpretations   

The instrumentation setup used to transmit and receive BE signals is shown in Fig. 2.4, 

consisting of a function generator, an oscilloscope, a filter box, and a computer. A single 

sinusoidal pulse of specific amplitude and frequency was produced using the function 

generator based on the recommendations from previous shear wave studies (Lee and 

Santamarina 2005; Leong et al. 2005; Alvarado and Coop 2012; Ogino et al. 2015). The 

amplitude and frequency of the input signal are typically chosen such that the received signal 

is free from the near-field compression effects and excessive attenuation caused by inherent 

material damping; the choice of amplitude and frequency is dependent on the specimen size, 

distance between BEs, and attenuation of the signal as it passes through the specimen 
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(Arulnathan et al. 1996; Fioravante and Capoferri 2001). Lee and Santamarina (2005) 

recommend keeping the input signal frequency close to the resonant frequency of the 

specimen to obtain a strong output signal. In this study, a parametric calibration was done 

where the frequency of the input signal was varied between 5, 10, and 15 kHz, for the VS,VH, 

VS,HV, and VS,HH waves. The signals were then assessed to verify that the output signal was free 

of near-field and/or damping attenuation. A high-quality signal with the largest amplitude 

was achieved for the input frequency of 5 kHz and input amplitude of 4.5 V. These values 

were used for all the VS measurements presented in this paper, which are in the range 

presented in the literature (Brignoli et al. 1996; Yamashita et al. 2009). The Rd values, which 

is the ratio of distance between the BEs and the wavelength of the shear wave computed 

using the frequency of the input signal, from all the signals obtained from the different BE 

pairs and the various stresses were greater than 2, indicating a high wave quality, which is 

in line with the observations reported in the literature (Sanchez-Salerino et al. 1986; Jovičić 

et al. 1996; Arulnathan et al. 1998; Arroyo 2003). 

The input signals from the function generator were sent to the transmitting BEs and 

received by the receiving BEs. Typically, the received signals had a low amplitude, thus they 

were sent through a Butterworth filter box which amplified them with a gain value of 20 and 

filtered them using a band pass filter to eliminate low frequencies below 60 Hz and high 

frequencies above 10 kHz. The distinctive characteristics of the received signal that are 

crucial for determining wave arrival were unaffected by the signal filtration, and for 

consistency, the same signal filtration method was applied to all specimens. Both the 

transmitted and received filtered signals were fed into a PicoScope oscilloscope box which 

was programmed with an automatic trigger to start recording the received signal when the 
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transmitted signal was detected. All the signals were merged and saved on a computer 

system for post-processing and interpretation. 

There are different interpretation methods to determine the travel time (tBE) of shear 

waves. Numerous approaches, such as direct measurement in the time domain, cross-

correlation, and frequency-domain methods, have been proposed to provide a systematic 

way of estimating travel times (e.g., Arulnathan et al. 1998; Blewett et al. 1999; Yamashita et 

al. 2009; Ogino et al. 2015). The direct measurement of the first arrival is arguably the most 

widely used method. The first dip, the first zero following the crossing, and the first peak are 

frequently used distinctive points of arrival. This study uses the first zero after the crossing, 

and examples of validation of this method can be found with analytical results (Lee and 

Santamarina 2005; Zhou and Chen 2007), with cross-correlation and frequency domain 

methods (Ogino et al. 2015), and with resonant column experiments (Payan et al. 2016). 

Figure 2.5 shows one such transmitted wave, and one pair of unfiltered and filtered received 

waves. The arrival time (tt) is measured as the time difference between the black arrow (i.e. 

start of the transmitted signal) and the red arrow (i.e. first zero after crossing for the received 

signal). Additional testing was carried out to determine the signal time delay caused by the 

protective coating applied to the BEs (Δt). This was done by measuring the travel times when 

the two BEs were in direct contact, as done by Brignoli et al. (1996) and Pennington et al. 

(2001). An average Δt in the range of 30 μs was measured for each BE pair in the multi-

orientation BE system. After determination of the travel time, the VS magnitudes were 

calculated as follows: 
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𝑉𝑠 =
𝐿𝐵𝐸

𝑡𝑡−∆𝑡
  (2.2) 

where the wave travel distance, LBE, was calculated using the specimen height and the 

protrusion of the BE outside the end caps.  

2.3.4 Materials, sample preparation, and stress conditions 

The range of possible fabric anisotropy in soils increases with particle shape irregularity 

(Oda 1972a; Yamashita et al. 2005; Tong et al. 2014; Dutta et al. 2020; Otsubo et al. 2020). 

To highlight the effects of particle shape, rounded glass beads and a natural, quartz sand with 

sub-angular particles, were chosen for this investigation. The rounded, mono-sized glass 

beads are likely to lead to specimens with a near-isotropic fabric, whereas the angular sand 

can produce the expected effect of fabric-induced anisotropy. Additionally, the effects of 

stress-induced anisotropy are also explored by subjecting specimens of both materials to 

isotropic or one-dimensional compression, where the latter imposes anisotropic loading 

(i.e., at rest or K0) conditions.  

The mono-sized glass beads were made of Borosilicate glass with an average diameter 

of 0.5 mm (+- 0.02 mm). The emax value of 0.78 was obtained by slow deposition of the 

spheres into a cylinder, and this value is close to the typical very loose random packing of 

spheres. The emin value was used as 0.44 based on the typical values of close random packing 

of spheres (Bernal and Mason 1960). The natural sand, termed sand 100C, was sourced from 

the Cape May Formation near Mauricetown, New Jersey. The sand is composed of sub-

angular particles and has a mean particle diameter (D50) of 1.31 mm, a coefficient of 

uniformity (Cu) of 1.54, and a coefficient of curvature (Cc) of 1.03, with an emax value of 0.84 

and an emin value of 0.56. This sand has been  well characterized  and tested in triaxial 
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compression, direct simple shear, and centrifuge cone penetration tests (Sturm 2019; 

Sawyer 2020; Reardon et al. 2022). Figures 2.6(a,b) show photographs of the glass beads 

and 100C sand and Fig. 2.6(c) shows the corresponding grain size distributions.  

The shape of particles can be quantified using parameters such as the Roundness (R), 

Sphericity (S), and Aspect Ratio (AR). Roundness is defined as the ratio of the radius of 

curvature of the asperities to the radius of the largest inscribed circle, and quantifies the 

relative size of the particles’ surface asperities; sphericity is defined as the ratio of the largest 

inscribed circle to the smallest circumscribed circle and quantifies how close a particle is to 

a circle; and aspect ratio is defined as the ratio of the longest to shortest particle axes and 

quantification a particle’s elongation (e.g., Cho et al. 2005; Altuhafi et al. 2016). By definition, 

the R, S, and AR parameters all have a value of 1.0 for circular or spherical particles. In this 

study, particle shape parameters were quantified based on the two-dimensional projection 

of microscopic images of 120 randomly selected particles of 100C sand particles and glass 

beads using the methodology presented in Zheng and Hryciw (2015). In the case of 100C 

sand particles, the average R, S, and AR were measured as 0.60, 0.77, and 1.86, respectively, 

which corresponds to sub-angular with medium sphericity as per Krumbein and Sloss 

(1963). For the glass beads, the average R, S, and AR were measured as 0.89, 0.99, and 1.00.  

The method used to prepare specimens has been shown to impact the resulting fabric, 

with gravity deposition methods such as air pluviation typically leading to an anisotropic 

fabric in specimens composed of angular and elongated particles (Oda 1972(a); Yamashita 

et al. 2005; Wang and Mok 2008; Otsubo et al. 2020). Dry pluviation was used in this 

investigation to prepare glass beads and 100C sand specimens which would highlight the 
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effects of particle shape. This process consisted of raining particles from a constant height 

into the mold or membrane until the specimen reached a height of 40 mm. The surface of the 

soil was vacuumed to level the surface before inserting the top cap. The average void ratio 

(e) for the glass beads specimen was 0.54 and for the 100C specimens was 0.68, 

corresponding to relative density values (DR) of 71% and 64%, respectively.  

The specimens used in the isotropic compression tests were prepared inside a 3D 

printed custom-made split mold. During testing, the specimens were isotropically 

compressed to a mean effective stress of 20, 40, and 60 kPa using suction pressure through 

a vacuum pump connected to the bottom cap and a vacuum gauge was connected to the top 

cap to measure the suction within the specimen (Fig. 2.3(a)). The specimens used in the 1D 

compression tests were pluviated inside a rigid mold, as shown in Fig. 2.3(b). A loading frame 

was used to apply a force on the specimen top cap to establish K0 stress conditions. The 

specimens were compressed to a vertical stress of 20, 40, and 60 kPa. A slight gap was 

maintained between the mold and the top cap, which was lubricated with silicone oil, to 

avoid interlocking of particles between these two parts. VS measurements for the different 

BE pairs were obtained at each stress increment during both isotropic and 1D compression. 

2.4 Results 

This section presents the results obtained from the BE tests conducted on glass beads and 

100C sand specimens subjected to isotropic and 1D compression. First, the influence of mean 

effective confining stress on the VS measured on different orientations is presented. 

Following that, angular variations of VS are provided, and their implications on the stress- 

and fabric-induced anisotropies are discussed. Finally, the observed trends in the differences 



24 
 

in VS,VH, VS,HV, and VS,HH for glass beads and 100C sand specimens are compared to those 

presented in select published studies.   

2.4.1 Influence of mean effective confining stress on VS 

The transmission or propagation of a shear wave through a soil specimen is a particle-scale 

phenomenon that captures the contact stiffness of the particles in the assembly, which is in 

turn affected by several parameters such as particle shape, particle arrangement, contact 

orientations, coordination number, confining stress, and void ratio (Cascante and 

Santamarina 1996; Fioravante 2000). Increases in confining stress lead to greater inter-

particle contact forces and thus a greater contact stiffness (i.e., as described for two elastic 

spheres by Hertz theory) as well as to the creation of new contacts through a compression 

of the soil. The increase in contact stiffness causes a concomitant increase in VS. Prior 

research has investigated the effect of the effective stresses on the wave propagation 

direction and the particle motion direction on the VS magnitude and have proposed 

relationships to analyze the stress dependency of VS (e.g., Hardin and Richart 1963; Roesler 

1979; Cascante and Santamarina 1996; Cho et al. 2006; Cha et al. 2014; Otsubo et al. 2020). 

Most relationships take the form of a power-law described as: 

VS = α(
𝜎𝑤

′ +𝜎𝑝
′

2
)

𝛽

=α(𝜎𝑚
′ )𝛽 

(2.3) 

where 𝜎𝑚
′  is the mean effective stress in the polarization plane, which is the arithmetic mean 

of stresses between the wave propagation (σ′w) and the particle motion (σ′p) directions; the 

coefficient α is the VS at an effective confining stress of 1 kPa which is dependent on various 

factors such as soil packing type, void ratio, over consolidation, and cementation; and the 

exponent 𝛽 reflects the sensitivity of skeletal stiffness to σ𝑚
′  and is influenced by particle 
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compressibility (Cho et al. 2005). Previous studies have used different exponents to isolate 

the influence of σ′w and σ′p on the shear modulus of sands (e.g., Kuwano and Jardine 2002). 

In this study, a single exponent β is used to reflect the influence of 𝜎𝑚
′  on VS magnitudes based 

on the recommendations of Cascante and Santamarina (1996b). 

The mean effective stresses for the polarization planes for VS,VH, VS,HV, and VS,HH can be defined 

as: 

𝜎𝑚,𝑉𝐻
′  =  

𝜎𝑉
′  + 𝜎𝐻

′  

2
=

𝜎𝑉
′  + 𝐾0𝜎𝑉

′  

2
=

𝜎𝑉
′  (1 + 𝐾0) 

2
 

(2.4) 

𝜎𝑚,HV
′  =  

𝜎𝐻
′  + 𝜎𝑉

′  

2
=

K0𝜎V
′  + 𝜎V

′  

2
=

𝜎V
′  (1 + K0) 

2
 

(2.5) 

𝜎𝑚,HH
′  =  

𝜎𝐻
′  + 𝜎H

′  

2
=

K0𝜎V
′  + K0𝜎V

′  

2
=  𝐾0𝜎𝑉

′  
(2.6) 

For a given soil specimen, the 𝜎𝑚,𝑉𝐻
′  and 𝜎𝑚,𝐻𝑉

′  stresses have the same magnitude, leading to 

an expected negligible effect of stress-induced anisotropy between VS,VH and VS,HV owing to 

the single 𝛽 coefficient used in Eq. 2.3. The K0 values for normally consolidated sands are 

typically less than one, therefore 𝜎𝑚,𝐻𝐻
′  is expected to be lower than the 𝜎𝑚,𝑉𝐻

′  and 𝜎𝑚,𝐻𝑉
′ , 

leading to an expected lower VS,HH as compared to VS,VH and VS,HV. It is also noted that the mean 

stress on any plane between VS,VH and VS,HV remains unchanged as demonstrated by the 

rotation of effective stresses equations.   

Figure 2.7 shows shear wave signals, VS,VH, VS at 50°, VS,HV, and VS,HH obtained in a 

specimen of glass beads subjected to isotropic compression stresses of 20, 40, and 60 kPa, 

while Fig. 2.8 shows corresponding results for a specimen of 100C sand. Similar results 

obtained for VS at 55°, 65°, and 75° are not included here for the sake of brevity. As shown, 
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the arrival times decrease for all shear wave orientations as 𝜎𝑚
′  is increased for both 

materials, as shown by the downward pointing arrows which indicate an increase in VS per 

Eq. 2.2. The effect of increases in σ𝑚
′  is further shown in Fig. 2.9, which presents VS,VH, VS at 

50°, VS,HV, and VS,HH measurements from glass beads and 100C sand specimens subjected to 

isotropic and 1D compression. For the 1D compressed specimens, the mean effective stress 

was computed using Eq. 2.4-2.6, where the K0 values for glass beads and 100C were 

computed using Jaky’s equation, i.e., K0 = 1 – sin(ϕ′), where ϕ′ is the effective friction angle. 

The value of ϕ′ was chosen as 20˚ for the glass beads and 32˚ for the 100C sand, as measured 

by Ahmed et al. (2021). 

The VS measurements exhibit the typical power-law trend with mean effective stress for 

both isotropic and 1D compression results. As shown, the isotropically-compressed glass 

beads specimens have isotropic behavior with similar magnitudes of VS,VH, VS at 50°, VS,HV, 

and VS,HH. For example, at 40 kPa, the average VS,VH, VS at 50°, VS,HV, and VS,HH values are 161 

m/s, 158 m/s, 161 m/s and 163 m/s, respectively. In contrast, the effect of stress-induced 

anisotropy is seen for the 1D-compressed glass beads specimens, which have a lower VS,HH 

than VS,VH with respective values of 115 m/s and 173 m/s. The VS,VH value has a similar 

magnitude to VS,HV, while VS at 50° takes an intermediate value between VS,HH and VS,VH. The 

isotropically-compressed 100C sand specimen has a greater VS magnitudes at 50°, VS,HV, and 

VS,HH compared to the VS,VH magnitudes. This difference in magnitudes is likely caused by the 

preferential horizontal alignment of the particle long axes caused by the air pluviation 

process. The 1D-compressed 100C sand specimen has similar VS,VH, VS at 50°, VS,HV, and VS,HH, 

which are influenced by the combined effects of stress- and fabric-induced anisotropies. 

These effects are further discussed in the proceeding section. 
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Figure 2.10 shows the values of α-coefficients and 𝛽-exponents obtained by fitting Eq. 

2.3 to the VS measurements shown in Fig. 2.9. The α-coefficients vary between 43.9 and 

131.1. The 𝛽-exponents vary between 0.175 and 0.361. The α-coefficients and 𝛽-exponents 

values for all the specimens in this investigation are within the range reported in the 

literature (Cha et al. 2014; Dutta et al. 2020). The data shows no specific trends with respect 

to the orientation along which VS is obtained, likely because only three data points were used 

to define the relationships shown in Fig. 2.9. However, all the 𝛽-exponents are higher than 

0.167, which is the theoretical value for a pure Hertzian contact between spheres (Cascante 

and Santamarina 1996). This indicates that the particles experience particle rearrangement 

or contact asperity yielding in all the specimens, as is expected for glass beads and natural 

sands (Cho et al. 2006).  

2.4.2 Angular variation of shear wave velocity 

Fabric anisotropy can be quantified in terms of the spatial distributions of contact normal 

orientations as well as particle long-axis orientations (Oda 1972a, 1972b; Yang et al. 2008). 

Vector analysis of these orientations is often used to determine angular distributions to 

quantify the evolution of fabric anisotropy as a soil specimen is loaded or deformed. These 

distributions are frequently represented as polar plots (Rothenburg and Bathurst 1989; 

Otsubo et al. 2020; Basson and Martinez 2020). The polar histograms are typically fitted with 

analytical expressions with the following form: 

E(θ) = Eavg (1 + a cos 2 (θ – θn)) (2.7) 

where E is the quantity of interest, a is the magnitude of anisotropy, θ is the angle measured 

from the horizontal, θn is the preferred orientation of the angular distribution, and Eavg is the 
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average quantity taken along all directions (Rothenburg and Bathurst 1989). An equation 

with the same form as Eq. 2.7 is proposed to fit the angular distribution in the VS,VH to VS,HV 

plane, as follows: 

VS = VS,avg (1 + an cos 2 (θ – θn)) (2.8) 

where an is anisotropy in the polar VS distribution, θ is the orientation at which the VS 

measurement is obtained (90˚ (vertical) 75˚, 65˚, 55˚, 50˚ and 0˚ (horizontal)), and VS,avg is 

the average VS for different BE orientations for a given mean stress. The parameters an and 

θn are obtained via least-squares fitting of the polar histograms of VS (Basson et al. 2021). 

This equation is defined such that an isotropic distribution of VS yields a circular polar plot 

with an value of zero, whereas an anisotropic distribution would yield an ellipse- or peanut-

shaped plot with a higher an value. In the case of anisotropic distributions, θn provides the 

orientation of the plane with the greatest VS magnitude, measured from the horizontal 

direction. 

The angular distributions of VS for the specimens reflect the stress- and fabric-induced 

anisotropies. The distributions for the glass beads and 100C sand specimens under isotropic 

and 1D compression are presented in Fig. 2.11, which include fitted distributions using Eq. 

2.8. Because the experimental setup only allows for the VS measurements at orientations 

from 0˚ to 90˚, all the results are plotted in the first quadrant of the polar plots. The 

anisotropy values, an, of the fitted distributions are presented as a function of mean effective 

stress in Fig. 2.12, and Table 2.1 summarizes the average an and θn values obtained for all the 

specimens. The glass bead specimens under isotropic compression exhibit a near-circular 

distribution of VS (Fig. 2.11(a)) due to the applied uniform state of stress and the negligible 
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fabric anisotropy. The an values of the fitted distributions have magnitudes smaller than 

0.061, with an average value of 0.039 (Table 2.1, Fig. 2.12). The polar histograms of VS for 

different σ𝑚
′  are concentric, representing an increase in VS magnitude with increase in mean 

effective stress for the various orientations. Furthermore, the VS,HH values are similar to the 

VS,VH and VS,HV ones, confirming the overall near-isotropy in the specimen. 

One-dimensional compression of the glass beads specimen leads to an anisotropic stress 

state, which can be explained by comparing 𝜎𝑚
′  along the different planes according to Eqs. 

2.5–2.7. For example, for an applied vertical effective stress of 60 kPa, the mean effective 

confining stresses 𝜎𝑚,𝑉𝐻
′ , 𝜎𝑚,𝐻𝑉

′ , and 𝜎𝑚,HH
′  are 48.9, 48.9, and 39.6 kPa, respectively, which 

are the effective stress magnitudes in the polarization planes of VS,VH, VS,HV, and VS,HH. Because 

the 𝜎𝑚,VH
′  and 𝜎𝑚,HV

′  magnitudes are the same, the magnitudes of VS,VH and VS,HV should be 

similar, as corroborated by the circular VS polar plot and a low an values that yield an average 

of 0.022 (Table 2.1, Figs. 2.11b and 2.12). In this specimen, the VS,HH values are about 28% 

smaller than the VS,VH and VS,HV values due to the lower stress 𝜎𝑚,HH
′ , demonstrating the 

effects of stress-induced anisotropy. These observations agree with those reported in the 

literature (Zeng and Ni 1998; Fioravante 2000; Wang and Mok 2008; Goudarzy et al. 2018; 

Gu et al. 2021; Otsubo et al. 2020; Dutta et al. 2020). 

Fabric anisotropy is a key component in the angular distribution of VS for the 100C sand 

specimens. For this material, the VS,HH and VS,HV magnitudes are greater than VS,VH for the 

specimens compressed isotropically (Fig. 2.11(c)). This difference is attributed to a 

combination of particle shape effects and pluviation used in the preparation of specimens. 

Pluviation under gravity produces the tendency for particles to align with their long axis in 
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the horizontal plane. This observation has been confirmed by examining the fabric of 

specimens prepared by pluviation using X-ray tomography (Sun et al. 2019; Shi et al. 2021), 

image processing of specimen slices (Yang et al. 2008; Ibrahim and Kagawa 1991), and 

discrete element modeling of non-circular particles (Otsubo et al. 2020). Sun et al. (2019) 

and Shi et al. (2021) plotted the directional variation of long axis orientation of a specimen 

prepared by pluviation of sub-angular particles revealing a predominant anisotropy with 

particle long axes oriented horizontally. Otsubo et al. (2020) generated angular variations of 

fabric from discrete element simulations of elongated particles, demonstrating that the long 

axis of pluviated particles aligns with the horizontal direction and resulting in a VS,HH/VS/HV 

and VS,HH/VS/VH ratios greater than one. The likely horizontally-aligned particle long axes 

produce the ellipse-shaped VS distribution with an average an value of 0.156 and a preferred 

orientation of 5.4˚ from the horizontal, as shown in Table 2.1, Fig. 2.11(c), and Fig. 2.12. For 

context, an an of 0.156 corresponds a ratio of the maximum to minimum VS in the polar 

distribution of 1.36. The greater magnitude of VS,HH and VS,HV compared to VS,VH suggests that 

fabric anisotropy influences the magnitude of VS for waves traveling in the horizontal 

direction (HV and HH waves) regardless of particle motion direction and are in agreement 

with previously published results from experimental and DEM studies (Fioravante 2000; 

Otsubo et al. 2020).  

The VS magnitudes for 100C sand specimens under 1D compression show the combined 

effects of fabric- and stress-induced anisotropy. It appears that the effects of a horizontally 

aligned fabric and greater vertical effective stress offset each other, resulting in an angular 

VS distribution that resembles a circle, with an average an value of 0.056 (Table 2.1, Figs. 



31 
 

2.11(d) and 2.12). For this specimen, the VS,HH values are close in magnitude to the VS,HV 

values, further showing a small anisotropy in the angular distribution.  

Overall, the an values do not appear to be sensitive to changes in the mean effective 

stress, particularly for the isotropically- and 1D-compressed glass beads and the 1D-

compressed 100C sand (Fig. 2.12). This is likely due to the fact that the stress anisotropy is 

controlled by the ratio of the vertical to horizontal effective stresses, which likely remains 

constant as the mean effective stress increases. The decrease in an with mean effective stress 

for the isotropically-compressed 100C sand may be an indication of a slight reduction in the 

fabric anisotropy caused by the imposed isotropic stresses, as described by Barreto et al. 

(2009). 

2.4.3 Discussion and comparison with other studies 

The three VS measurements for specimens with negligible fabric- and stress-induced 

anisotropy, such as the glass beads specimen under isotropic compression, are similar in 

magnitude and lie close to the 1:1 line when plotted in terms of VS,HH versus VS,HV, VS,HV versus 

VS,VH, and VS,HH versus VS,VH (red circles in Figs. 2.13(a,b,c)). The effect of stress-induced 

anisotropy is demonstrated by the glass beads specimen under 1D compression, where VS,VH 

is greater than VS,HH (green Xs in Figs. 2.13(a,c)) because the effective stress in the 

polarization plane of the former is greater than in the plane of the latter as indicated by Eqs. 

2.5–2.7. It is noted that a K0 value greater than one would lead to greater effective stresses 

in the horizontal plane (i.e., 𝜎𝑚,HH
′ ), resulting in an expected VS,HH value greater than VS,VH. The 

effect of fabric anisotropy is exhibited by the isotropically-compressed 100C sand for the 

VS,HV versus VS,VH and VS,HH versus VS,VH plots (blue diamonds in Figs. 2.13(b,c)), where the 
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preferential horizontal alignment of the particles results in a greater VS,HV and VS,HH 

magnitudes which propagate on the horizontal plane, as compared to the VS,VH magnitudes. 

Finally, the competing mechanism between the fabric- and stress-induced anisotropy for the 

1D-compressed 100C sand decreases the overall anisotropy in VS, resulting in the data points 

being located close to the 1:1 line in all three plots (orange crosses). 

Figures 2.13(a,b,c) also include data from a number of experimental studies on 

isotropically and 1D-compressed Toyoura, Ottawa, Kenya, Ticino, Han, Rhein, and rounded 

sands as well as crushed glass. The data pertain to specimens with confining stresses under 

200 kPa for Gu et al. (2021). Comparisons can be made to highlight similarities between the 

published data with the data presented in this study, which are especially evident in the VS,HH 

versus VS,VH plot (Fig. 2.13(c)). Particularly, the isotropically compressed Toyoura, Ticino, 

and Kenya sand have greater VS,HH values than the VS,VH values, likely showing the effect of 

fabric anisotropy. Also, the 1D-compressed Toyoura, Ottawa, Han, Rhein, and rounded sands 

and the crushed glass all have VS,HH values that are smaller than the VS,VH values, exhibiting 

the effects of stress anisotropy.   

The results obtained from the glass beads and 100C specimens can complement the 

interpretation of results obtained from in-situ tests. Figures 2.14(a,b,c) show a comparison 

of the laboratory data with in-situ measurements obtained by Ku and Mayne (2013). In in-

situ testing, VS,VH is typically measured through downhole testing, and VS,HV and VS,HH are 

measured through crosshole testing. Those authors performed downhole and crosshole tests 

in deposits of normally-consolidated sand (Po river, Treasure Island, and Higashi NC sands 

with OCR values ranging from 1 to 1.3) and over-consolidated clay (London, Pisa, Oxford and 
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Amherst OC clays with OCR values ranging from 2 to greater than 25). As shown, the VS 

measurements for NC sands are similar to the those obtained for the 100C sand and glass 

beads under 1D compression. This likely reflects a slight stress anisotropy, due to a K0 value 

smaller than one which is characteristic of normally-consolidated sands, and a small degree 

of fabric anisotropy, with a preferential orientation of the particle long axes in the horizontal 

direction due to the depositional process. The slight stress anisotropy likely causes the in-

situ results to plot slightly below the 1:1 line in VS,HH versus VS,HV and VS,HH versus VS,VH spaces 

(Figs. 2.14(a,c)). The VS measurements reported by Ku and Mayne (2013) for OC clay plot in 

a similar location in Figs. 2.14(a,b,c) as the results for the isotropically-compressed 100C 

specimen, with VS,HH > VS,HV > VS,VH. This similarity may be an indication of fabric-induced 

anisotropy. As previously described, the particles in the 100C specimens likely have a 

preferential horizontal alignment due to the pluviation process used in the specimen 

preparation. Analogously, the overconsolidation process results in a horizontal preferential 

alignment of the clay particles which typically leads to anisotropy in the strength and 

stiffness in fine-grained soils (Mitchell and Soga 2005; Pennington et al. 1997; Pennington et 

al. 2001). However, it is noted that the OC clay deposit may also have stress-induced 

anisotropy, which would influence the VS measurements. Overall, these comparisons suggest 

that systematic testing of soils in the laboratory could help separate the stress- and fabric-

induced anisotropies deduced from field VS measurements.  

2.5 Conclusions 

This paper describes a newly developed testing setup that consists of seven bender element 

pairs that allow measuring shear wave velocity in different angular orientations and 
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polarization planes. This system provides VS,VH, VS,HV, and VS,HH measurements, as well as VS 

measurements at 75°, 65°, 55°, and 50° (from the horizontal) to provide a sweep between 

VS,VH and VS,HV. Experiments with the multi-orientation BE system were performed on 

specimens of glass beads and angular sand subjected to either isotropic or 1D compression. 

These experiments were performed to assess the effects of stress- and fabric-induced 

anisotropy on the differences in VS obtained along different orientations and polarization 

planes. The main findings from the experimental results are summarized as follows: 

• The VS magnitudes are strongly influenced by the magnitude of effective stress in 

specimens, irrespective of the material and loading conditions. This dependency was 

observed in measurements obtained in all orientations and polarization planes, and the 

α-coefficient and β-exponent values obtained in fits to Eq. 2.3 are in agreement with 

values published in the literature. The results show that the α-coefficient and β-exponent 

values are not constant for a given specimen, but they depend on the orientation of the 

wave and the polarization plane.  

• The VS,VH and VS,HV measurements along with the VS at 75°, 65°, 55°, and 50° allow creating 

polar histograms that provide a visual representation of the anisotropy in shear wave 

velocity. An equation to describe the experimentally determined angular distribution of 

VS was proposed, which has the same form as established relationships used to describe 

the distribution of particle orientation and contact normal vectors. The coefficient an 

appears to appropriately quantify the anisotropy in the angular VS distribution. 

• Specimens of isotropically compressed glass beads produce near-isotropic VS angular 

distributions due to their negligible fabric and stress anisotropy. Under 1D compression, 
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the glass beads specimens emphasize the effects of stress-induced anisotropy due to the 

greater vertical effective stress leading to a smaller VS,HH than VS,VH and VS,HV. 

• Specimens of angular sand compressed isotropically highlight the effects of fabric-

induced anisotropy, producing angular VS distributions that were elongated horizontally. 

This is attributed to the preferential horizontal alignment of the particles produced by 

the pluviation process used to prepare the samples. The sand specimens subjected to 1D 

compression produced apparent isotropic VS distributions; it is possible that the effects 

of stress- and fabric-induced anisotropy offset each other to produce such a distribution.  

The testing setup described in this paper, along with the presented results, emphasize the 

utility of using VS measurements along different orientations and polarization planes to 

assess the anisotropy of soil specimens. While sophisticated methods such as X-ray CT can 

provide a direct measurement of anisotropy, VS measurements can provide an indirect 

assessment of soil anisotropy that employs conventional laboratory equipment. The results 

provide evidence suggesting that the presence of stress- and fabric-induced anisotropy can 

be identified by means of the parameters describing the angular distribution of VS (an and θn 

in Eq. 2.8) as well as by comparing VS,HV to VS,HH and VS,VH to VS,HH, respectively. Additionally, 

comparison of the obtained data to the field studies indicates that the presence of stress- and 

fabric-induced anisotropy can be obtained indirectly through VS measurements using 

existing methodologies such as SCPT, cross hole and down hole testing. This information 

could be crucial for the design and analysis of geosystems affected by soil fabric, such as 

seepage beneath a dam. However, these observations should be verified with direct 

measurements of fabric anisotropy. Future developments to the proposed method could 

focus on considering the contribution of the different stresses (i.e., σp, σw, and stress along 
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the out-of-plane direction σo) to the magnitude of VS, since previous work such as Kuwano 

and Jardine (2002) has shown small but measurable different influences from σp and σw as 

well as a small influence of the out of plane stress (σo). Nonetheless, measurements on 

specimens with systematic differences in stress- and fabric-induced anisotropies as 

presented herein can help further the fundamental understanding of the origin of anisotropy 

in soils and its evolution during loading.  
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2.8 Tables and figures 

Table 2.1: Testing conditions and average parameters of angular VS (VS,VH to VS,HV) 

distributions. 

Material Testing condition an θ (°) 

Glass beads Isotropic 0.039 (0.029) 2.3 (0.7) 

Glass beads 1D 0.022 (0.025) 87.2 (2.8) 

100C Isotropic 0.156 (0.067) 5.4 (0.9) 

100C 1D 0.059 (0.013) 1.6 (1.5) 

 

Note: The average and standard deviation values provided were obtained from 

specimens subjected to stresses of 20, 40, and 60 kPa. 
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Figure 2.1: Notation for different shear waves propagating through a soil element.. 
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Figure 2.2: (a) Photograph and (b,c) cross-sectional drawing of the bottom end cap with 

five BEs (note: the top end cap has the same configuration as the bottom end cap). (d) 

Photograph of the horizontally mounted BEs in the 1D compression mold. 
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Figure 2.3: Schematics of devices for (a) isotropic and (b) 1D compression tests. The major 

differences in the setups are italicized. 
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Figure 2.4: Schematic of the peripheral electronics for the multi-bender element system. 
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Figure 2.5: Typical transmitted, unfiltered received and filtered received signal, with the 

arrival time obtained between the start time and the end time. 
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Figure 2.6: Photographs of (a) glass beads, (b) 100C sand, and (c) grain size distributions 

for both materials. 
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Figure 2.7: Received BE signals for glass beads under isotropic compression at three 

different vertical stresses. The arrows indicate the first arrival of the received signal. 
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Figure 2.8: Received BE signals for 100C under isotropic compression at three different 

vertical stresses. The arrows indicate the first arrival of the received signal. 

 

  



57 
 

Figure 2.9: Increase in VS with increase in mean effective stress for glass beads and 100C 

sand under isotropic and 1D compression. 
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Figure 2.10: β exponent versus α coefficient for (a) glass beads and (b) 100C sand for 

different BE orientations. The small crosses represent the datapoints presented in Cha et al. 

(2014). 
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Figure 2.11: Polar plots of VS for glass beads and 100C sand subjected to varying levels of 

confining stress. 
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Figure 2.12: Evolution of the an parameter with mean effective stress for the angular 

distribution of VS (VS,VH to VS,HV). 
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Figure 2.13: Comparison of VS,VH, VS,HV, and VS,HH measurements with values from various 

experimental studies: (a) VS,HH versus VS,HV, (b) VS,HV versus VS,VH, and (c) VS,HH versus VS,VH. 
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Figure 2.14: Comparison of VS,VH, VS,HV, and VS,HH measurements with values from field tests 

reported by Ku and Mayne (2013): (a) VS,HH versus VS,HV, (b) VS,HV versus VS,VH, and (c) VS,HH 

versus VS,VH. 
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Chapter 3 

 

Numerical and experimental estimation of anisotropy in granular 

soils using multi-orientation shear wave velocity measurements 

 

Author’s note: This paper was published in Springer Granular Matter under the following 

citation and is presented herein with minor edits. 

Basson, M.S., and A. Martinez. 2023. “Numerical and experimental estimation of anisotropy in 

granular soils using multi-orientation shear wave velocity measurements.” Granular Matter 25, 

55. https://doi.org/10.1007/s10035-023-01345-8 

3.1 Abstract 

Soils can have direction-dependent characteristics reflected by the anisotropy of their 

responses. Studies have demonstrated the impact of the stress state and history (i.e., stress-

induced anisotropy), and the depositional processes and associated particle arrangements 

(i.e., fabric-induced anisotropy) on the anisotropy of macroscopic behaviors. However, 

quantifying the stress- and fabric-induced anisotropy remains a challenge. This study 

presents two investigations on the effects of stress- and fabric-induced anisotropy on the 

anisotropy of shear wave velocity (VS). A framework based on the VS measurements along 

various orientations and polarization planes obtained from discrete element method (DEM) 

simulations and experimental bender element (BE) tests is presented; this framework is 



64 
 

tested using the results from specimens of spherical and non-spherical particles under 

isotropic and 1D compression. The observed trends indicate that the angular distributions 

of VS are related to the angular distributions of particle alignment and interparticle contact 

forces. This framework, when presented in terms of the ratio of VS measurements along 

different orientations and polarization planes and of the newly introduced Anisotropy 

parameter (Ae), can assist in evaluating the stress- and fabric-induced anisotropy of soil 

specimens. The results also highlight the challenges in discerning the effects of stress and 

fabric anisotropy when both influence the soil response.  

3.2 Introduction 

The mechanical properties of coarse-grained granular soils are dependent on a wide range 

of parameters, including but not limited to particle shape, particle size distribution, 

mineralogy, fabric, stress state, and stress history (e.g., Arthur and Menzies 1972; Yamamuro 

and Wood 2004; Yang et al. 2008). These factors produce an anisotropy that is generally 

categorized as stress- or fabric-induced anisotropy. The stress-induced anisotropy is 

primarily produced by the state of stress and stress history (Roesler 1979; Oda et al. 1985; 

Kuhn et al. 2015), while the fabric-induced anisotropy results from the spatial arrangement 

of the particles, particle contacts, and pore spaces (e.g., Oda 1972a; Bathurst and Rothenburg 

1990; Yimsiri and Soga 2010). Understanding the interplay between micro-scale stress- and 

fabric-induced anisotropies and macro-scale behavior of soils, such as strength, stiffness, 

dilatancy, and permeability, is critical for geotechnical analysis and design. Nonetheless, 

quantifying stress- and fabric-induced anisotropy in-situ or in a specimen in the laboratory 

has remained a challenge.  
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Several studies have quantified the effect of stress-induced anisotropy on the macro-

scale behaviors using laboratory tests through anisotropically-consolidated triaxial 

compression, hollow cylinder, and oedometer tests (e.g., Hardin and Drnevich 1972; Roesler 

1979; Pennington et al. 1997; Goudarzy et al. 2018) and numerical methods using discrete 

element method (e.g., Otsubo et al. 2017; Otsubo and O’Sullivan 2018; Mital et al. 2020). In 

contrast, quantifying fabric-induced anisotropy and its impact on the macro-scale soil 

behavior continues to be an experimental challenge. Past research has developed destructive 

and non-destructive procedures to quantify fabric-induced anisotropy in different loading 

conditions. For the destructive procedures, the specimen is cut into thin sections to obtain 

images at discrete locations; this method has enabled quantification of the distributions of 

contact normal and particle long-axis orientation (e.g., Oda 1972a; Yang et al. 2008; 

Kodicherla et al. 2018). One challenge is that the images can only be obtained at the end of 

the experiment, resulting in limited information regarding the evolution of fabric during 

shearing. Recent advancements in image processing and X-ray CT techniques have enabled 

researchers to non-destructively quantify fabric anisotropy using high-quality 3D full-field 

scans of the specimen (e.g., Viggiani et al. 2014; Wiebicke et al. 2017, 2020). These 

procedures can reliably measure the kinematics at the grain scale, such as particle 

displacements, strains, and rotations, throughout the loading. However, X-ray CT 

tomography requires specialized equipment and is typically limited to small specimens.  

Non-destructive testing can also be accomplished by measuring soil responses in 

various orientations to  indirectly measure the stress- and fabric-induced anisotropy. These 

techniques employ measurements of anisotropy in the thermal conductivity (Choo et al. 

2013), electrical conductivity (Anandarajah and Kuganenthira 1995) or shear wave velocity 
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(VS) (e.g., Chaney et al. 2001a; Mitaritonna et al. 2010; Mital et al. 2020; Dutta et al. 2020; 

Otsubo et al. 2020) in specific orientations throughout the specimen. Shear wave 

propagation is a small-strain phenomenon that is considered to not cause plastic 

deformations, thus preserving the inherent soil fabric (Santamarina and Cascante 1996). 

Consequently, measuring the stiffness anisotropy through VS measurements offers a non-

destructive method of characterizing anisotropy in a soil specimen. Additionally, VS is 

routinely measured in the field, laboratory, and numerical simulations, making it a strong 

candidate for linking the macro-, meso-, and micro-scale behavior of granular soils.  

Several experimental studies have explored the applicability of using bidirectional VS 

measurements, typically in the vertical and horizontal directions, to obtain information 

regarding stress- and fabric-induced anisotropies (e.g., Chaney et al. 2001b; Mitaritonna et 

al. 2010; Asadzadeh and Soroush 2018; Dutta et al. 2020; Kaviani-Hamedani et al. 2021). 

Experimental results show that the stress- and fabric-induced anisotropies influence the 

evolution and anisotropy of VS during sample preparation, loading, and unloading. However, 

quantifying the magnitude of the anisotropy and characterizing its source (i.e., stress- versus 

fabric-induced anisotropy) remains a unique challenge. Recently, numerical DEM 

simulations have been used to fill knowledge gaps and supplement the experimental testing 

results (e.g., Wang and Mok 2008; O’Donovan et al. 2016; Gu and Yang 2018; Mital et al. 2020; 

Gu et al. 2020; Otsubo et al. 2020). In DEM simulations, the stress and fabric states of the 

specimen can be controlled and monitored and their effect on the VS anisotropy can be 

studied along any arbitrary orientation.  
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This study presents the results of experimental and DEM investigations on the effects of 

stress- and fabric-induced anisotropy on the anisotropy of VS. These results are used to 

develop a framework based on the ratio of VS along different planes. Stress anisotropy is 

induced by subjecting specimens to isotropic and oedometric (1D) compression, while fabric 

anisotropy is induced by testing specimens of spherical or elongated particles. Isotropic and 

1D compression conditions were selected in this study to represent two well-represented 

initial states of stresses that are common for in situ and in laboratory experiments (i.e., 

isotropically and anisotropically consolidated triaxial compression tests). The obtained VS 

angular distributions are compared to the contact normal and long-axis orientations 

obtained from the DEM simulations to highlight the effect of soil fabric anisotropy. The 

numerical and experimental results are used to develop an initial framework that helps 

distinguish between the effects of stress- and fabric-induced anisotropy on the stiffness of 

the soil specimen. 

3.3 DEM model and laboratory bender element (BE) setup  

This section describes the notations used to define the different VS waves, DEM simulation, 

experimental bender element testing setup, and the materials and sample preparation 

methodologies used in this study. 

3.3.1 Notation 

Directional variation in VS and soil stiffness is typically obtained by transmitting waves in 

specific orientations of wave propagation and particle motion directions. Three independent 

VS measurements, namely VS,VH, VS,HV, and VS,HH, have been routinely used in experimental, 

numerical, and field studies (e.g., Fioravante et al. 1998; Ku and Mayne 2013; Dutta et al. 
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2020; Otsubo et al. 2020). In this notation, the first subscript refers to the direction of the 

wave propagation and the second subscript indicates the direction of particle motion within 

the specimen. Figure 3.1 illustrates this notation, where VS,VH is a vertically propagating wave 

with horizontal particle motion, VS,HV is a horizontally propagating wave with vertical 

particle motion, and VS,HH is a horizontally propagating wave with horizontal particle motion. 

Additional VS measurements were taken at various orientations between the VS,VH to VS,HV and 

VS,VH to VS,HH to obtain angular distributions, as described below. 

3.3.2 DEM model 

Particle shape irregularities can impact the fabric anisotropy of a specimen: a specimen with 

spherical particles produces a nearly isotropic fabric, whereas elongated or angular particles 

can produce specimens with considerable fabric anisotropy. Shear wave propagation along 

different planes and orientations was simulated using the open-source 3D DEM code YADE 

(Šmilauer et al. 2010). Mono-sized spherical particles and rod-like clumped particles made 

of the three mono-sized spherical particles with a diameter of 3.15mm (Fig. 3.2 (a,b,e)) were 

used to create specimens with a contrast in the fabric anisotropy, where spherical particles 

produce specimens with negligible fabric anisotropy and rod-like clumps produce specimen 

with considerable fabric anisotropy. The shape characteristics of the particles were 

quantified using the Sphericity (S) and Aspect Ratio (AR) parameters, which quantify the 

closeness of the particle shape to a circle and the particle elongation, respectively. The two-

dimensional projections of spherical and rod-like clump particles were used to characterize 

the particle shape based on the procedure described in (Zheng and Hryciw 2015). The 

spherical particles have an S and AR value both equal to 1.0, whereas the rod-like clumps 

have an S of 0.68 and an AR of 2.0. Cubical specimens of size 30 cm by 30 cm by 30 cm were 
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created using periodic boundary condition. The total number of simulated particles was 

124,000 for mono-sized spherical particles and 52,000 for clumps. Periodic boundaries were 

adopted to prepare homogenous specimens and eliminate boundary effects during shear 

wave transmission. Absorbing boundary conditions were implemented on all the specimen 

sides to absorb the shear waves to avoid reflections that would cause interference with the 

VS measurements. Figure 3.3(a) shows one such specimen made of clumped particles.  

The complete simulation process consisted of three phases: (i) specimen generation 

with the desired fabric orientation, (ii) compression to the target state of stresses, and (iii) 

propagation of shear waves through the specimen. For specimens with negligible fabric 

anisotropy, non-contacting particles were generated during the first phase using a 

randomization algorithm and then compressed to the desired stress state. To produce 

specimens with fabric-induced anisotropy, an attempt was made to recreate the pluviation 

process, as it promotes the orientation of particle long axes in the horizontal direction 

(Yamamuro and Wood 2004; Suits et al. 2008). The pluviated specimens were generated by 

settling under gravity a layer of particles with a thickness of about three particle diameters 

from a height of two particle diameters. After equilibrium was attained, the particle positions 

were copied, rotated 45˚ clockwise, and duplicated a distance of two diameters above the 

settled particle layer before being settled under gravity. This process was repeated until the 

specimen was filled with pluviated particles.  

The effect of stress-induced anisotropy is explored by regulating the state of stresses 

during the compression phase. Specimens under isotropic compression exhibit no stress 

anisotropy, while specimens under 1D compression show significant stress-induced 
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anisotropy due to differences in the effective stresses in the vertical and horizontal 

directions. The specimens were compressed to mean confining effective stresses (p′) of 20, 

40, and 60 kPa for both isotropic and 1D compression. During compression, gravity was 

switched off to eliminate the stress gradient along the vertical direction. For spheres and 

clumps, an average void ratio of 0.66 and 0.53 was achieved for the various p′ values. Average 

K values of 0.56 and 0.31 were measured during 1D compression of spheres and clumps, 

respectively. 

The particle contact interactions were modeled using the Hertz-Mindlin contact model, 

with a Young’s modulus of 70 GPa, Poisson’s ratio of 0.3, and particle density of 2,650 kg/m3 

(Table 3.1). An interparticle friction coefficient of 0.1 and global viscous damping of 0.1 was 

used during the compression phase to produce dense specimens. The inertial number and 

unbalanced force ratio were kept below 10-4 and 10-3, respectively, to achieve a quasi-state 

rate of deformation (Lopera Perez et al. 2016). The friction coefficient was increased to 0.5 

during the shear wave propagation phase to ensure minimal tangential sliding at the 

contacts, as recommended by (Otsubo et al. 2017, 2020). After reaching the desired stress 

state in the compression phase, the specimens were cycled for 50,000 steps with a global 

viscous damping of 0.5 to dampen the particle motions (Ning et al. 2015; Gu et al. 2020). The 

global viscous damping was then reduced to 0.05 during the shear wave propagation phase 

to eliminate the effect of excessive contact damping.  

Typically in DEM simulations, clumps of simulated particles are used to transmit and 

receive shear waves through a specimen (Ning et al. 2015; O’Donovan et al. 2016; Gu and 

Yang 2018; Gu et al. 2020). A sinusoidal excitation in the form of particle displacements was 
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applied to the transmitter clumps and tracked using the receiver clumps at multiple 

locations throughout the specimen. In this study, shear waves were generated by exciting a 

thin clump of particles at one end of the specimen. The width and thickness of the transmitter 

clump were eight times and two times the mean particle diameter, respectively. Due to the 

wider aspect ratio, the transmitter clump produces a wide spherical wavefront, reducing the 

P-wave interference observed in laboratory testing using sources such as bender elements 

(Arroyo et al. 2006). One such snapshot of the shear wave propagation at various times 

through a specimen of spherical particles is shown in Figs. 3.3(b,c,d,e) using particle 

velocities. The transmitted shear wave was received through ten cubical receiver clumps 

that were four times the mean particle diameter in size and evenly spaced at distances 

equivalent to seven times the mean particle diameter. The transmitter and receiver clumps 

were rotated along the y-axis to create pairs at inclined orientation for angular VS 

measurements at angles of 90˚, 65˚, 40˚, 15˚, 0˚, -15˚, -40˚, -65˚, and -90˚ from the horizontal 

direction. Figure 3.4 presents the simulation setup with the transmitting and receiving 

clumps providing measurements for VS,VH, VS,40˚, and VS,HV waves.  

The amplitude and frequency of the input shear wave signal affect the characteristics of 

the received signal. Sinusoidal waves of various amplitudes and frequencies were used to 

probe the specimens to obtain a set of parameters that produce a resonant response (Lee 

and Santamarina 2005; Gu et al. 2020). Figure 3.5(a) shows an example: a specimen made of 

spheres compressed to a mean confining stress of 20 kPa was probed with input shear waves 

of 1 kHz, 5 kHz, 10 kHz, and 20 kHz frequencies. A frequency of 5 kHz was selected for all the 

specimen as it produced a pronounced and clear received signal. The amplitude of the shear 

wave was 10-7 m for clumps to 10-5 m for spheres which produced shear wave with distinct 
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characteristics, limited contact sliding, and negligible stress fluctuations with an unbalanced 

force ratio smaller than 10-3. These parameters are within the range reported in the 

literature (Ning et al. 2015; O’Donovan et al. 2016; Gu and Yang 2018).  

The waterfall plot of received shear waves at receiver bins presented in Figure 3.5b 

demonstrates that the signals received at the bins located closer to the transmitter clump 

are clear, have minor P-wave interference, and did not require additional noise filtering. The 

received waves exhibit an initial downwards dip, followed by a consistent climb to the 

signal’s peak value. The first reversal point, where the climbing signal first crosses the x-axis, 

was taken as the arrival time of the received shear waves (Lee and Santamarina 2005; Payan 

et al. 2016). The arrows in Figure 3.6(a) provide an example of the arrival times for sphere 

specimens under isotropic effective stresses of different p′ magnitudes. The VS was computed 

as a ratio of the closest edge-to-edge distance between the transmitting and receiver bins 

and the measured travel time. Further details about the arrival time and travel distance 

selection are presented by (2023). 

3.3.3 Experimental testing setup 

Multi-orientation shear wave velocity measurements were acquired experimentally using 

seven piezoelectric BE pairs in isotropically- and 1D- compressed specimens using the setup 

described by (Basson and Martinez 2023). Three of the BE pairs captured the VS,VH, VS,HV, and 

VS,HH measurements, and four additional BE pairs were inclined at orientations of 75˚, 65˚, 

55˚, and 50˚ to obtain a sweep from VS,VH (vertical at 90˚) to VS,HV (horizontal at 0˚). VS,VH and 

the 75˚, 65˚, 55˚, and 50˚ BE pairs were mounted inside custom fabricated end caps fitted on 

a conventional triaxial testing setup with a diameter of 71 mm. The top and bottom end caps 
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were constructed of polycarbonate and slotted holes for the BEs and internal cables (Figs. 

3.7(a,b,c,d)). A height of 40 mm was chosen to achieve a broader range of angles while 

remaining large enough for the specimens to be prepared by air pluviation. The horizontal 

BE pairs measuring the VS,HV and VS,HH were installed based on recommendations from past 

research (e.g., Fioravante et al. 1998; Chaney et al. 2001b; Pennington et al. 2001). They were 

glued into a reducing hex nipple using flexible silicone sealant. For isotropic compression, 

the nipple-glued BEs were sealed into a slit cut into the membrane, while for 1D compression 

the BEs were sealed into drilled holes in a rigid polycarbonate mold. The current testing 

setup can be modified to accommodate specimens for triaxial testing. In such case, proper 

waterproofing of BEs should be ensured with additional coats of epoxy resin for proper 

waterproofing (Montoya et al. 2012), and additional wiring harness and outlets would be 

required (Fioravante et al. 1998; Chaney et al. 2001a). 

Glass beads and natural quartz sand were used to prepare specimens that highlight the 

effects of fabric anisotropy. Like in the numerical simulations, glass beads with a spherical 

particle shape were used to produce specimens with negligible fabric anisotropy, whereas a 

natural sand called 100C sand with an elongated particle shape was chosen to produce 

specimens with considerable fabric anisotropy. Microscopic images of the glass beads and 

100C particles were used to obtain the particle shape characteristics. The glass beads had 

average roundness (R) of 0.99, S of 0.99, and AR of 1.00, and the 100C sand particles had an 

average R of 0.60, S of 0.77, and AR of 1.86. Figures 3.2(c,d) shows photographs of the glass 

beads and 100C sand, while Fig. 3.2(e) shows the corresponding grain size distributions. The 

mono-sized glass beads are made of borosilicate glass with an average diameter of 0.5 mm 

(+- 0.02 mm), while the 100C sand was obtained from the Cape May Formation near 
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Mauricetown, New Jersey, is composed of sub-angular particles and has a mean particle 

diameter (D50) of 1.31 mm, a coefficient of uniformity (Cu) of 1.54, and a coefficient of 

curvature (Cc) of 1.03, with maximum and minimum void ratios of 0.84 and 0.56 respectively 

(Sturm 2019).  

The glass beads and 100C specimens were prepared by pluviating particles from a 

constant height until the specimen reached a height of 40 mm. The specimens used for 

isotropic compression tests were prepared using a custom 3D printed split mold, which held 

the membrane and BEs in place during pluviation. After preparation, a vacuum was used to 

isotropically compress the specimens to mean effective confining stresses of 20, 40, and 60 

kPa. For 1D compression, a loading frame with a load cell was used to compress the 

specimens inside a rigid polycarbonate mold to effective vertical stresses (σ'v) of 20, 40, and 

60 kPa. The average void ratio achieved during pluviation was 0.54 for glass beads and 0.68 

for 100C, corresponding to relative density (Dr) values of 71% and 64%, respectively. 

Schematics of the isotropic and 1D compression tests are presented in Figs. 3.7(e,f). The 

arrows in Fig. 3.6(b) provide an example of the arrival times from glass beads specimens 

under isotropic effective stresses of 20, 40, and 60 kPa. It is noted that the effect of the 

gravitational gradient is ignored in the interpretation of the laboratory results as is 

customary in soil mechanics testing practice. This assumption can translate to an error in 

the estimated effective stresses of 2.50%, 1.25%, and 0.83% for the specimens subjected to 

20, 40, and 60 kPa, respectively. 
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3.4 Results 

This section presents the results of two investigations: the first consists of DEM simulations 

on spheres and clumped particles and the second involves experiments on glass beads and 

natural sand. The results of both investigations are used to develop angular distributions of 

VS and to determine ratios of VS along different orientations and polarization planes for 

specimens with different stress and fabric anisotropies. Based on the DEM results, the 

angular distributions of VS are compared with the distributions of contact normals, contact 

normal forces, and particle long-axis orientations. Then, the numerical and experimental 

results along with results of additional DEM simulations are synthesized in a framework that 

relates the anisotropies of stress state, fabric, and VS.  

3.4.1 DEM simulations: angular distributions of shear VS and fabric metrics  

The spatial orientations of the particles and their interactions with other particles are 

commonly assessed to quantify the fabric and stress state of a specimen (Oda 1972a; b; Wang 

et al. 2004; Yang et al. 2008). This is typically done by means of angular distributions of fabric 

metrics and contact forces (Bathurst and Rothenburg 1990). In this study, the angular 

distributions are represented as polar plots of (i) particle long axes, (ii) contact normals, and 

(iii) contact normal forces.  

Analytical functions are typically fitted to the angular distributions to obtain anisotropy 

parameters (Rothenburg and Bathurst 1989; Mital et al. 2020; Basson et al. 2021). The 

general analytical functions for the contact normal (E(θ)), contact normal force (F(θ)), and 

particle long axis (LA(θ)) distributions are defined as: 
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E(θ) = Eavg (1 + aCN cos 2 (θ – θCN)) (3.1) 

F(θ) = favg (1 + aCNF cos 2 (θ – θCNF)) (3.2) 

LA(θ) = Elong (1 + aLA cos 2 (θ – θLA)) (3.3) 

where aCN, aCNF, and aLA are the anisotropy parameters and θCN, θCNF, and θLA are the preferred 

orientations of the angular distributions, respectively, θ is the orientation from the 

horizontal direction at which the respective quantities are binned, Eavg and Elong are 1/2π for 

contact normal and long-axis distributions, and the favg is the average contact force for the 

contact normal force distribution. A similar equation was proposed by (Basson and Martinez 

2023) to quantify the anisotropy in VS angular distribution, as follows:  

VS = VS,avg (1 + aVS cos 2 (θ – θVS)) (3.4) 

where aVS is the magnitude of VS anisotropy, θVS is the preferential orientation, θ is the 

orientation from the horizontal direction, and VS,avg is the average VS for a given mean stress. 

The anisotropy parameter, aVS, is reported as aVS,VHtoHV for the VS,VH to VS,HV sweep and 

aVS,VHtoHH for the VS,VH to VS,HH sweep. The parameters were obtained via least-squares fitting 

of the polar plots. More details about VS fittings are presented in Basson et al. (2021).  

The fabric- and stress-induced anisotropies control the shape of the fabric angular 

distributions and the magnitudes of the anisotropy. The angular distributions for the spheres 

and clumps specimens under isotropic and 1D compression are presented in Fig. 3.8 and Fig. 

3.9, respectively, constructed by binning the contact normals, contact normal forces, and 

long-axis orientations along the x-z plane. The angular distributions of the isotropically-

compressed spheres specimen are generally circular with anisotropy parameters with 
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magnitudes close to zero (Figs. 3.8(a,b), Table 3.2). A peanut-shaped contact normal force 

distribution with greater anisotropy is obtained for the 1D-compressed spheres specimen 

due to the difference between the vertical and horizontal stresses, while the distribution of 

contact normals is near-isotropic (Figs. 3.8(c,d), Table 3.2).  

The angular distributions for the clumps specimen show a certain degree of crystallinity 

evidenced by the greater contact normal numbers and contact normal forces in the vertical 

and horizontal directions (Figs. 3.9(a,b)). The analytical function for the isotropically-

compressed specimen shows a small degree of anisotropy for the contact normals, while the 

function fitted to the contact normal forces shows negligible anisotropy. In contrast, the long 

axes distribution shows a high degree of anisotropy, with most of the particles having their 

long axes aligned horizontally or near-horizontally (Fig 3.9(c)). The angular distributions for 

contact normals and particle long axes are similar for the 1D-compressed clumps specimen, 

while the contact normal force distribution shows a high anisotropy due to the greater 

vertical stress (Figs. 3.9(e,f)).  

The VS angular distributions were generated using measurements obtained at orientations 

between 90° to -90° from the horizontal direction, as shown in Figure 3.10. The VS,VH to VS,HV 

sweeps are presented with blue diamonds and the VS,VH to VS,HH sweeps are presented with 

red circles for effective stresses of 20, 40, and 60 kPa. The dashed lines represent the fitted 

distributions using Eq. 3.4, and the fitted anisotropy parameters are summarized in Table 

3.2.  

The isotropically-compressed spheres specimen (Figure 3.10a) reveals VS magnitudes that 

are largely independent of their orientation and polarization plane, resulting in near-circular 
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VS distributions. For example, at the mean confining stress of 40 kPa, the VS,VH, shear wave 

obtained at 40˚ (VS,40˚,VHtoHH), VS,HV, and VS,HH for spheres are 313.3, 315.2, 316.2, and 315.2 

m/s respectively. The radius of the circles increases with mean confining stress, as expected. 

The uniform VS distributions are due to the negligible fabric- and stress-induced anisotropies 

shown in Figures. 3.8(a,b) and Table 3.2, resulting from the specimen generation procedure 

and the applied isotropic stresses applied.  

The effective stress on a soil specimen influences the magnitude of contact forces and contact 

stiffness. This increase in contact stiffness is reflected in a concomitant increase in the VS. A 

variety of relationships have been presented in past research relating the stress dependency 

of VS to the effective stress using a power-law relationships, such as: 

VS = α(
𝜎𝑊𝑃

′ +𝜎𝑃𝑀
′

2
)

𝛽

=α(𝜎𝑚
′ )𝛽 

(3.5) 

where 𝜎𝑚
′  is the mean effective stress in the polarization plane, which is the arithmetic mean 

of the stress in the wave propagation (σ′WP) and particle motion (σ′PM) directions (Cha et al. 

2014). The coefficient α is the VS at a 𝜎𝑚
′  of 1 kPa, which is dependent on a factors such as 

void ratio, fabric, and cementation. The exponent 𝛽 reflects the dependency to changes in 

effective stress (Cho et al. 2006). Previous studies have proposed relationships comparing 

VS to the stresses in wave propagation, particle motion, and out-of-plane directions, which 

have yielded different relationships (Roesler 1979; Zeng and Ni 1998; Goudarzy et al. 2018; 

Kaviani-Hamedani et al. 2021). In this study, a singular exponent 𝛽  is used for the three 

stress components to reflect the overall effect of 𝜎𝑚
′  on VS and the effect of the out-of-plane 

direction is ignored, based on recommendations from (Cascante and Santamarina 1996; 

Sadek et al. 2007). The influence of 𝜎𝑚
′  on the VS measurements at different angular 
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orientations for the VH to HV and VH to HH sweeps are presented in the Fig. 3.16 and Fig. 

3.17 of the supplementary data, respectively. As shown, the obtained VS measurements show 

the typical power law increase with 𝜎𝑚
′  for both isotopic and 1D compression and for both 

VH to HV and VH to HH sweeps. Figure 3.11 presents the values of α-coefficient and 𝛽-

exponent obtained by fitting Equation 3.5 to the VS measurements plotted in Figure 3.16 and 

Figure 3.17. The α-coefficient varies between 150 m/s and 266 m/s and the 𝛽-exponent 

varies between 0.085 and 0.187. No apparent correlation is observed between the values of 

the α-coefficient and 𝛽- exponent with the VS orientation. The low values of 𝛽-exponent could 

be due to the high interparticle stiffness and a tighter packing as evidenced by crystallinity 

in the contact normal and contact normal force distributions. Nonetheless, the obtained 

values of α-coefficient and 𝛽 -exponent are in the range reported for natural sands in 

literature, which indicates that Eq. 3.5 can be used to interpret the VS measurements 

obtained from DEM simulations (Cha et al. 2014). 

The 𝜎𝑚
′  for the polarization planes for VS,VH, VS,HV, and VS,HH can be defined as: 

𝜎𝑚,𝑉𝐻
′  =  

𝜎𝑉
′  + 𝜎𝐻

′  

2
=

𝜎𝑉
′  + 𝐾𝜎𝑉

′  

2
=

𝜎𝑉
′  (1 + 𝐾) 

2
 

(3.6) 

𝜎𝑚,𝐻𝑉
′  =  

𝜎𝐻
′  + 𝜎𝑉

′  

2
=

𝐾𝜎𝑉
′  + 𝜎𝑉

′  

2
=

𝜎𝑉
′  (1 + 𝐾) 

2
 

(3.7) 

𝜎𝑚,𝐻𝐻
′  =  

𝜎𝐻
′  + 𝜎𝐻

′  

2
=

𝐾𝜎𝑉
′  + 𝐾𝜎𝑉

′  

2
=  𝐾𝜎𝑉

′  
(3.8) 

where K is the lateral earth pressure coefficient and is equal to the ratio of horizontal to 

vertical effective stresses. As noted by Eqs. 3.6 and 3.7, the 𝜎𝑚
′  for the VS,VH and VS,HV waves 

have the same magnitude; therefore, the stress-induced anisotropy should have the same 
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effect on VS,VH and VS,HV. This is observed in the near-isotropic shape of the VS,VH to VS,HV sweep 

(Figure 3.10b). The K value for a specimen determines whether 𝜎𝑚,𝐻𝐻
′  is equal, lesser, or 

greater than 𝜎𝑚,𝑉𝐻
′  and 𝜎𝑚,𝐻𝑉

′ , and consequently, according to equation 3.5, determines how 

the VS,HH compares to VS,VH and VS,HV. The K values for both spheres (0.56) and clumps (0.31) 

are less than one, resulting in lower VS,HH compared to VS,VH and VS,HV. Namely, for the spheres 

specimen under p′ of 40 kPa, the 𝜎𝑚,𝑉𝐻
′ , 𝜎𝑚,𝐻𝑉

′ , and 𝜎𝑚,𝐻𝐻
′  were measured as 44.2, 44.2, and 

32.5 kPa, respectively, while for the clumps specimen under p′ of 40 kPa, the 𝜎𝑚,𝑉𝐻
′ , 𝜎𝑚,𝐻𝑉

′ , 

and 𝜎𝑚,𝐻𝐻
′  were measured as 48.2, 48.2, and 22.9 kPa, respectively. 

The variations in 𝜎𝑚,𝑉𝐻
′ , 𝜎𝑚,𝐻𝑉

′ , and 𝜎𝑚,𝐻𝐻
′  for the 1D compression of spherical particles 

produces considerable stress anisotropy in the specimen. The lower magnitude of 𝜎𝑚,𝐻𝐻
′  as 

compared to 𝜎𝑚,𝑉𝐻
′  and 𝜎𝑚,𝐻𝑉

′  results in a gradual decrease from VS,VH to VS,HH. For example, 

at a 𝑝′  of 40 kPa, VS,HH is 10.2% and 6.6% lower than VS,VH and VS,HV, respectively. The 

VS,40˚,VHtoHH has a magnitude of 288.6 m/s which is between VS,VH and VS,HH, magnitudes of 

305.5, and 277.9 m/s, respectively. The resulting VS distribution is represented by a 

vertically oriented ellipse with an aVS,VHtoHH of 0.043 (Fig. 3.10(b)). These observations are 

validated by the vertically-aligned, peanut-shaped contact normal force distribution with a 

high aCNF of 0.38 (Fig. 3.8(d)). In contrast, the VS,VH to VS,HV sweep exhibits negligible 

anisotropy (aVS,VHtoHV = 0.01) due to the similar magnitudes of 𝜎𝑚,𝑉𝐻
′  and 𝜎𝑚,𝐻𝑉

′  (Fig. 3.10(b)).  

The elongated particle shape and the pluviation process result in clump specimens with 

particles that tend to align their long axis in the horizontal direction (Figs. 3.9(c,f)), resulting 

in specimens with higher VS,HH and VS,HV than VS,VH for any given mean stress (Fig. 3.10(c)). 

For example, at a p′ of 40 kPa, the values for VS,HH, VS,HV, VS,40˚,VHtoHH, and VS,VH are 354.9, 348.8, 
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325.7, 291.7 m/s, respectively. An increase in both VS,HH and VS,HV compared to VS,VH reveals 

that the fabric anisotropy affects the specimen stiffnesses in both horizontal HV (aVS,VHtoHV = 

0.058), and HH (aVS,VHtoHH = 0.071) planes. This indicates a greater stiffness on the horizontal 

propagation plane which appears to be relatively unaffected by the particle motion direction 

(i.e., VS,HV and VS,HH have similar magnitudes). Horizontally aligned elongated particles tend 

to form lesser number of contacts along the long axis, i.e., in the horizontal direction, than 

perpendicular to the long axis, i.e., in the vertical direction. For example, in an ideal cubic 

packing, elongated particles could form two contacts along the long axis (one to the left and 

one to the right) and six contacts perpendicular to the long axis (three on the top and three 

on the bottom). Under isotropic confining stresses, the lower number of horizontal contacts 

transmit higher contact forces (FN) than the vertical contacts. As the shear stiffness of a 

Hertz-Mindlin contact is proportional to (FN)1/3, the contacts in the horizontal direction are 

stiffer than the vertical direction which is captured by the higher VS,HH and VS,HV than VS,VH. 

Similar observations for contact stiffnesses in the horizontal and vertical direction related to 

the propagation of primary waves by elongated particles are presented in (Otsubo et al. 

2020). Additionally, the presented results are in agreement with experimental and 

numerical results presented by (Yimsiri and Soga 2010; Zhao and Guo 2015; Liu et al. 2022), 

indicating that VS is typically greater along the direction of preferential particle long axes.  

The results of the clumps specimen under 1D compression show the complexity in soil 

response when both stress- and fabric-induced anisotropies are present. The angular VS 

distribution for the clumps specimen under 1D compression shows minimal anisotropy with 

similar VS,VH, VS,40˚,VHtoHH, VS,HV, and VS,HH magnitudes, with values of 325.9, 327.5, 329.4, and 

325.2 m/s, respectively, at p′ of 40 kPa. This is attributed to the competing effects between 
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the vertical preferential direction of the contact normal forces (Fig. 3.9(e)) and the horizontal 

preferential direction of the particle long axis orientations (Fig. 3.9(f)). In combination, the 

competing effect between the fabric and stress anisotropies results in a near-isotropic 

specimen stiffness, characterized by near circular VS distributions and low aVS,VHtoHV and 

aVS,VHtoHH values of 0.017 and 0.020, respectively.  

3.4.2 Experimental bender element testing: angular distributions of shear wave 

velocities 

The experimentally measured VS distributions exhibit the same trends described for the DEM 

simulations. Figure 3.12 presents the experimentally measured VS,VH to VS,HV sweeps for the 

glass beads and 100C sand specimens. The experimental setup only provides an angular 

sweep between VS,VH and VS,HV, while no measurements are provided at intermediate angles 

between VS,VH and VS,HH. Additionally, the testing setup is not enabled to measure the 

horizontal stresses. The obtained VS measurements, presented in Figure 3.18 of the 

supplementary data, follow the typical power law (Eq. 3.5) with an increase in σ'm. The 

experimental data shows smaller α-coefficients but larger 𝛽-exponents than the DEM data, 

likely due to the higher interparticle stiffness and crystallinity in the contact normal and 

contact normal force distributions (Fig. 3.9) in the simulations. For the experiments, the α-

coefficient varies between 37 m/s and 142 m/s and the 𝛽-exponent varies between 0.145 

and 0.368 (Fig. 3.11). Similar to the DEM simulations, no specific trends are observed 

between VS orientation and the α-coefficient and 𝛽-exponent. The results for isotropic stress 

state (Figs. 3.12(a,c)) are plotted for respective p′ values and the results for 1D compression 

(Figs. 3.12(b,d)) are plotted for respective vertical effective stresses (σ′v). The plots for the 

isotropically compressed glass beads specimens are near-circular for any p′ magnitude (Fig. 
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3.12(a)), with similar VS,HV and VS,HH magnitudes. The 1D-compressed glass beads specimen 

also shows near-circular VS,VH and VS,HV distributions due to the constant σ'm between the 

corresponding planes, as previously described for the DEM simulations (Fig. 3.12(b)). 

However, the results show smaller VS,HH magnitudes due to the smaller σ'm on this plane. 

Namely, the VS,VH and VS,HV for the specimens under a σ′v of 40 kPa are 173.7 m/s and 167.2 

m/s, respectively, while VS,HH is 125.4 m/s. For the applied σ′v of 40 kPa,  σm,VH
′ , σm,HV

′  and 

σm,HH
′  are 33.2, 33.2 and 26.4 kPa, respectively, using Eqs. 3.5, 3.6, 3.7 and a K value of 0.66. 

The K value was computed using Jaky’s equation, i.e, K = 1-sin(ϕ′), where the effective friction 

angle (ϕ′) was taken as 20˚. The magnitude of VS,VH is similar to VS,HV due to similar 𝜎𝑚,𝑉𝐻
′  and 

𝜎𝑚,𝐻𝑉
′  stresses, whereas the lower 𝜎𝑚,𝐻𝐻

′  stress produces lower VS,HH magnitudes 

demonstrating the effect of stress-induced anisotropy on VS magnitude.    

The VS,VH and VS,HV distribution of the isotropically compressed 100C sand specimen is 

horizontally aligned, with VS,HH of 212.22 m/s, followed by VS,HV of 198.76 m/s and VS,VH of 

149.53 m/s (Fig. 3.12(c)) at p′ of 40 kPa. The trend is comparable to that shown by the 

isotropically compressed clumps in DEM (i.e., Fig. 3.10I) and likely indicates a preferential 

horizontal orientation of the sand particle long axes. As noted earlier, preparing specimens 

through pluviation under gravity increases the tendency of particles to align their long axis 

in the horizontal direction. This observation is supported experimentally by analyzing fabric 

produced in a specimen prepared using pluviation of sub-angular particles using X-ray 

tomography (Sun et al. 2019; Shi et al. 2021). In such specimens, the stiffer horizontal 

contacts increase the magnitude of VS,HH and VS,HV as compared to VS,VH. The distributions of 

the 1D-compressed 100C sand specimens are close to circular (Fig. 3.12(d)), also in 

agreement with the DEM results (i.e., Fig. 3.10(d)), likely indicating a preferential vertical 



84 
 

alignment of the contact normal forces and a preferential horizontal alignment of the particle 

long axes, which in combination result in a net decrease in the VS anisotropy in the specimen. 

3.5 Interpretation framework 

3.5.1 VS,HV/VS,HH and VS,HV/VS,VH ratios  

The numerical and experimental investigations presented in the preceding sections show 

how the VS varies due to anisotropy in fabric and stress state. This section presents a 

framework that uses ratios of VS magnitudes to elucidate the effects of fabric- and stress-

induced anisotropies; namely, the VS,HV/VS,HH and VS,HV/VS,VH ratios are used here. Figure 3.13 

illustrates the reasoning for selecting these ratios. The VS,HV/VS,VH ratio is used to identify the 

presence of fabric anisotropy because it is unaffected by the stress anisotropy, as shown by 

Eqs. 3.6 and 3.7 and the results in Figs. 3.10(b) and 3.12(b). The VS has been shown to be 

greater along the orientation of preferential particle long axes (Yimsiri and Soga 2010; Zhao 

and Guo 2015; Sun et al. 2019; Shi et al. 2021; Liu et al. 2022). Therefore, for specimens with 

long axes oriented horizontally, VS,HV/VS,VH would be greater than one, as is expected for 

pluviated specimens. In contrast, VS,HV/VS,VH would be smaller than one if the particles have 

their long axes oriented vertically.  

The VS,HV/VS,HH ratio is used to identify the presence of stress anisotropy because the σ'm 

magnitude along these two planes differs for cases where 𝐾 is different than one (Eqs. 3.7 

and 3.8). For example, normally consolidated specimens that typically have K values smaller 

than one (Fig. 13(b)) are expected to have a VS,HV/VS,HH ratio greater than one, while the 

opposite is true for specimens with a K greater than one.  
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Figure 3.14 presents the ratios obtained from the numerical and experimental 

investigations in red and blue, respectively. Only results for a p′ (DEM and experiments with 

isotropic compression) or σ′v (experiments with 1D compression) of 40 kPa are presented 

for brevity; it is noted that the results at other stress levels show consistent trends. The 

results are presented in a VS,HV/VS,HH versus VS,HV/VS,VH space, where the y-axis highlights the 

fabric anisotropy while the x-axis shows the stress anisotropy. The origin of the plot is at the 

VS,HV/VS,HH and VS,HV/VS,VH  of (1,1) and if the VS,HV/VS,HH and VS,HV/VS,VH ratios are less than one, 

the reciprocal value is plotted on the opposite quadrant as indicated in the corresponding 

axes labels. For example, if the VS,HV/VS,HH and VS,HV/VS,VH for a specimen are 0.8 and 0.9, the 

reciprocal values of 1.25 and 1.11 are plotted as VS,HH/VS,HV and VS,VH/VS,HV in the fourth 

quadrant.  

The VS ratios from the numerical and experimental measurements show consistent 

trends. The isotropically compressed spheres and glass beads exhibit VS,HV/VS,HH and 

VS,HV/VS,VH ratios close to one due to the isotropy in stress and fabric located near the center 

of the plot (circles). In 1D compression, the VS,HV/VS,HH values for the spheres and glass beads 

increase to 1.06 and 1.34, respectively, with the datapoints located close to the positive x-

axis (pentagons). The isotropically compressed clumps and 100C sand specimens yield 

VS,HV/VS,VH ratios of 1.21 and 1.32, respectively, with the datapoints located near the positive 

y-axis (horizontal diamonds). In 1D compression, the clumps and 100C sand specimens 

(crosses) plot near the center of the plot due to the competing effects between the fabric- 

and stress-anisotropies.  
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Additional DEM simulations were performed to test the applicability of the proposed 

framework under a variety of additional fabric and stress states. The results of these 

additional simulations are plotted as the green data points in Fig. 3.14. These simulations 

include (i) spheres under 1D compression with K of 1.42 (pentagon), (ii) horizontally-aligned 

clumps under 1D compression with K of 2.55 (horizontal diamond), (iii) clumps rotated 90 

degrees to create a specimen with vertically aligned particles (referred to as vertical clumps) 

and compressed isotropically (vertical diamonds), (iv) vertical clumps under 1D 

compression with K of 0.42 (star), and (v) vertical clumps under 1D compression with K of 

2.38 (cross).  

The response of the sphere specimen with a K of 1.42 plots close to the negative x-axis, 

showing considerable stress-anisotropy. Namely, 𝜎𝑚,𝐻𝐻
′  is greater than 𝜎𝑚,𝐻𝑉

′  and 𝜎𝑚,𝑉𝐻
′  for 

the specimen with greater K, resulting in a VS,HH/VS,HV of 1.07. The VS ratios plot in a location 

opposite to that of the spheres specimen with a K value of 0.67. For the 1D-compressed 

clumps with a K of 2.55, the stress anisotropy results in VS,HH > VS,HV while fabric anisotropy 

results in VS,HV > VS,VH, characterized by a VS,HH/VS,HV of 1.09 and a VS,HV/VS,VH of 1.07, plotting 

on the second quadrant. When compressed isotropically, the vertical clumps specimen 

exhibits a greater VS,VH than VS,HV due to the preferential vertical alignment of the particles, 

resulting in a VS,VH/VS,HV  of 1.12, plotting near the negative y-axis. The 1D-compressed 

vertical clumps with a K of 0.42 (star) exhibit stress and fabric anisotropies resulting in VS,VH 

> VS,HV > VS,HH, plotting the fourth quadrant with VS,HV/VS,HH of 1.11 and VS,VH/VS,HV of 1.14. 

Finally, the 1D-compressed vertical clumps with a K of 2.38 result in similar VS,VH, VS,HV, and 

VS,HH values because of the combined effects of stress and fabric anisotropies. 
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The results from several experimental studies on isotropically compressed Toyoura 

(angular), Hostun (sub-angular), and Ticino (sub-angular) sand, and 1D-compressed Ham 

(sub-rounded), Rhein (sub-angular), Rounded sand (sub-rounded) and Crushed glass 

(angular) are plotted in Figure 3.14. The comparison highlights the similarities between the 

published data and the data presented in this study. Particularly, the Toyoura, Hostun and 

Ticino sands under isotropic compression plot close to the y-axis, likely showing the effect 

of fabric resulting from their angular or sub-angular particle shape and the depositional 

process used to prepare the specimens. On the other hand, the Ham, Rhein, Rounded sands 

and Crushed Glass under 1D compression plot closer to the x-axis, showing the effect of 

stress anisotropy. 

3.5.2 Shear wave anisotropy parameter, Ae 

The shear wave anisotropy parameter, Ae, is defined to capture the overall anisotropy and is 

inspired by the electrical sensitivity parameter proposed by (Jang and Carlos Santamarina 

2016). Numerically, Ae is the distance from the origin of a given datapoint in VS,HV/VS,HH versus 

VS,HV/VS,VH space, visually represented by the blue arrow in Fig. 3.14. The -1 terms are 

introduced because the origin in this space is defined with coordinates (1,1). Ae is defined as: 

Ae= √(
VHV

VVH
 -1)

2

+ (
VHV

VHH
 -1)

2

 

(3.12) 

It is noted that if VS,HV/VS,HH or VS,HV/VS,VH are smaller than one, the reciprocal values (i.e., 

VS,HH/VS,HV or VS,VH/VS,HV, respectively) are used.   

As previously described, the VS,HV/VS,VH ratio captures the fabric-induced anisotropy 

while the VS,HV/VS,HH ratio captures the stress-induced anisotropy; this can be explored by 
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plotting the Ae parameter against the VS ratios, as shown in Figs. 3.15(a,b). The results for all 

the specimens lie between a line with a slope of unity and origin at (1,0) due to the 

mathematical definition of Ae. In terms of VS,HV/VS,VH, the results form specimens with 

negligible stress and fabric anisotropy have a low Ae value (e.g., glass beads and spheres 

under isotropic compression, circle symbols) and lie closer to the origin (Fig. 3.15(a)). In 

contrast, the specimens with considerable fabric anisotropy but negligible stress anisotropy 

lie close to the line with a slope of unity because the VS,HV/VS,VH is controlled by fabric 

anisotropy. Namely, the isotropically compressed 100C sand specimen has high Ae and 

VS,HV/VS,VH values of 0.34 and 1.32, respectively, and the isotropically compressed clumps 

specimen also has high Ae and VS,HV/VS,VH values of 0.22 and 1.21, respectively (horizontal 

diamonds). The results for both specimens lie close to the line with a slope of unity. Also, the 

results from isotropically compressed Toyoura, Hostun, and Ticino sands lies close to the 

line with a slope of unity, confirming the influence of fabric anisotropy. In contrast, the 

specimens with negligible fabric anisotropy but considerable stress anisotropy, such as the 

1D-compressed glass beads (blue pentagon), plot closer to the positive y-axis with a high Ae 

value of 0.34 and a low VS,HV/VS,VH ratio of 1.04. Similarly, the results from rounded sand 

under 1D compression also lie closer to the positive y-axis. Interestingly, the spheres with K 

of 1.42 (green pentagon) also lie closer to positive y-axis confirming the effect of stress 

anisotropy independent of the anisotropy direction.    

The Ae values can be plotted against the VS,HV/VS,HH ratios to provide another assessment 

of the anisotropies, as shown in Fig. 3.15(b). In this space, the results for all the specimens 

also lie between the line with a slope of unity and the positive y-axis. The results from 

specimens with stress-induced anisotropy but negligible fabric anisotropy (e.g., specimens 
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under 1D compression, pentagon symbols) are located closer to the 1:1 line and have large 

Ae and VS,HV/VS,HH magnitudes because this VS ratio is mainly influenced by the state of 

stresses. For example, the 1D-compressed glass beads specimen has a high Ae magnitude of 

0.34 with a high VS,HV/VS,HH ratio of 1.34. The 1D-compressed spheres specimens with K of 

0.67 and 1.42 also plot near the line with a slope of unity. Similarly, the results from 1D 

compressed Ham, Rhein, Rounded sands, and Crushed Glass lie close to the line with a slope 

of unity, confirming the influence of stress anisotropy. In contrast, the specimens with 

negligible stress but considerable fabric anisotropy plot closer to the y-axis, as is the case for 

the isotropically-compressed 100C sand, clumps, and vertical clumps specimens 

(diamonds). Similarly, the results from isotropically-compressed Toyoura and Hostun sand 

lie close to the positive y-axis because of the dominant fabric anisotropy.  

The preferential orientations of the stress- and fabric-induced anisotropy determine the 

existence of either supporting or competing effects. The data points for the specimen with a 

supporting mechanism are located between the slope line with a slope of unity and the y-

axis. For instance, the clumps specimen under 1D compression with a K of 2.55 (green 

horizontal diamond) has an Ae of 0.12 and VS,HV/VS,VH and VS,HV/VS,HH of 1.07 and 1.09, 

respectively. Similarly, the vertically aligned clumps specimen under 1D compression with a 

K of 0.42 (green star) has an Ae of 0.17 and VS,HV/VS,VH and VS,HV/VS,HH of 1.13 and 1.1, 

respectively. In contrast, the specimens with competing effects have small Ae and shear wave 

velocity ratios. For example, the 1D-compressed clumps specimen (red cross) shows 

competing effects with an Ae of 0.02 and VS,HV/VS,VH and VS,HV/VS,HH of 1.01 and 1.01, 

respectively. Similarly, the 1D-compressed 100C sand specimen (blue cross) shows 
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competing effects with a low Ae of 0.08 and VS,HV/VS,VH and VS,HV/VS,HH of 1.07 and 1.02, 

respectively.  

Overall, the framework presented here aids in identifying whether the anisotropy in 

stiffness originates from stress- or fabric-induced anisotropy when one type of anisotropy is 

negligible or when both anisotropies have supporting effects. However, the results highlight 

the difficulties in discerning the stress- and fabric-induced anisotropies when they have 

opposite effects using measured soil responses alone. This suggests that a full 

characterization of the specimen anisotropy requires some quantification of the fabric 

anisotropy by other methods, such as advanced imaging.   

3.6 Conclusion 

This paper describes the results of experiments and DEM simulations aimed at quantifying 

the anisotropy of shear wave velocity along different orientations and polarization planes in 

granular soil specimens. The results presented here highlight the influence of particle shape, 

depositional processes, and stress state on the VS anisotropy using numerical simulations 

and standard laboratory testing equipment. The measured VS polar distributions and 

anisotropies are then related to the corresponding distributions and anisotropies of stress 

and fabric. The experimental setup and DEM simulations allow obtaining VS,VH, VS,HV, and VS,HH 

measurements, as well as measurements at intermediate orientations. Specimens with 

different stress anisotropy (isotropic versus 1D compression) and fabric anisotropy 

(spheres versus elongated clumps in DEM, glass beads versus natural elongated sand in 

experiments) were tested to highlight the effect on the polar distributions of VS and to 
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develop a framework for assessing the anisotropy of specimens. The main findings are 

summarized as follows: 

• Angular distributions of VS illustrate the stiffness anisotropy visually and fitting them 

with analytical equations (i.e., Eq. 3.4) provides quantitative metrics. The VS polar 

distributions were found to be closely related to the contact normal force and particle 

long-axis orientation polar distributions.  

• Specimens with negligible stress- (i.e., isotropic compression) and fabric-induced 

(spheres and glass beads) anisotropies have near-circular VS polar distributions. 

Under 1D compression, these exhibit vertically elongated VS polar distributions due 

to the greater vertical stresses and concomitant contact normal forces. Specimens of 

elongated clumps and angular natural sand show considerable fabric-induced 

anisotropy. Under isotropic compression, the VS distribution for these specimens is 

horizontally elongated, which is controlled by the distribution of particle long-axis 

orientations. 

• The preferential direction of the stress- and fabric-induced anisotropies determines 

the existence of a competing or supportive mechanism between them. When the 

anisotropies are in opposite directions (e.g., horizontally aligned elongated particles 

under 1D compression with K < 1), the VS distribution is near-isotropic because their 

effect cancels out. When the anisotropies are in the same direction (e.g., vertically 

aligned elongated particles under 1D compression with K < 1), the net anisotropy in 

the specimen increases. 

• Systematic comparison of VS,HV/VS,VH and VS,HV/VS,HH and the proposed shear wave 

anisotropy parameter, Ae, can help discerning the effects of stress- and fabric-induced 
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anisotropy on soil specimens. The specimen anisotropy can be visualized in VS,HV/VS,VH 

versus VS,HV/VS,HH space, or in Ae versus VS,HV/VS,VH and VS,HV/VS,HH, which can help 

determine the source of anisotropy. However, challenges remain to decouple the 

effects of stress and fabric anisotropy when both simultaneously affect the response 

of a specimen.   

The presented results from the DEM simulations and experimental testing suggest that the 

stress- and fabric-induced anisotropy in a specimen can be identified using the angular 

distribution of VS and the ratios of VS,HV/VS,VH and VS,HV/VS,HH. Future studies should focus on 

verifying the observations using direct measurements of fabric anisotropy (i.e., with x-ray 

CT) and on modifying the proposed DEM simulations and experimental methodologies to 

conduct isotropic and anisotropic triaxial compression tests to provide fundamental insights 

into the evolution of stress- and fabric-induced anisotropy during shearing. 
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3.9 Tables and figures 

Table 3.1: DEM simulations parameters 

Parameter Symbol Value 

Young’s Modulus E 70 GPa 

Poisson’s ratio ν 0.3 

Particle density ρ 2,650 kg/m3 

Friction coefficient during sample preparation μprep 0.1 

Friction coefficient during shear wave transmission μwave 0.5 

Global damping during sample preparation ξprep 0.1 

Global damping during wave propagation ξwave 0.05 
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Table 3.2: Average VS ratios and VS anisotropy parameters from DEM simulations and BE 

experiments 

Material 
Stress 

Condition 
VHV 
/ VVH 

VHV 
/ VHH 

a𝑉𝑆,VHtoHV a𝑉𝑆,VHtoHH a𝐶𝑁 a𝐶𝑁𝐹 a𝐿𝐴 

Spheres Iso 1.00 1.00 0.006 0.004 0.003 0.001 - 

Spheres K0 0.97 1.06 0.010 0.043 0.036 0.380 - 

Clumps Iso 1.21 1.01 0.058 0.071 0.084 0.007 1.758 

Clumps K0 1.01 1.01 0.017 0.020 0.047 0.570 1.761 
Glass 
beads 

Iso 1.00 0.99 0.010 - - - - 

Glass 
beads 

K0 0.96 1.34 0.009 - - - - 

100C Iso 1.32 0.94 0.094 - - - - 

100C K0 1.07 1.02 0.017 - - - - 
 

Note: The values were obtained from specimens subjected to 40 kPa of mean effective 

stress for isotropic compression or vertical effective stress for 1D compression. 
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Figure 3.1: Notation for the various shear waves propagating through the soil specimen. 
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Figure 3.2: Images of (a) spheres, (b) elongated clump used in DEM simulations, (c) glass 

beads, (d) 100C sand used in experiments, and (e) grain size distributions for the materials. 
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Figure 3.3: (a) Image of DEM specimen with clumps, and (b),(c),(d),(e) map of particle 

velocities at different times during the simulation showing the propagation of the shear 

wave. 
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Figure 3.4: Numerical wave transmission setup for VS,VH, VS,40˚VHtoHV, and VS,HV waves 

showing the transmitter and receiver bins. 
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Figure 3.5: (a) Influence of input frequency on the received signals in the DEM simulations 

and (b) waterfall plot from the received signals from each of the receiver bins for a 

specimen made of spheres and isotropically compressed at a 𝑝′ of 20 kPa. 
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Figure 3.6: Transmitted and received BE signals during (a) a simulation of an isotropically-

compressed spheres specimen and (b) an experiment an isotropically-compressed glass 

beads specimen. The arrows indicate the first arrival of the received signal.  

   

       

           

  

  



109 
 

 

Figure 3.7: Photograph of (a) horizontal BEs, (b) top and bottom end caps, (c),(d) cross-

sectional drawing of the bottom end cap with five BEs, and schematics of the equipment 

used for (e) 1D and (f) isotropic compression tests, where the major differences in the 

setups are highlighted in italic font. The top end cap has the same configuration as the 

bottom end cap. 
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Figure 3.8: Angular distributions of (a),(c) contact normal, and (b),(d) contact normal 

forces for the spheres specimens subjected to isotropic and 1D compression of 40 kPa; 

dashed lines show the best fit lines using Eqs. 3.1 and 3.2. 
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Figure 3.9: Angular distributions of (a),(d) contact normals, (b),(e) contact normal forces, 

and (c),(f) particle long axes for the clumps specimens subjected to isotropic and 1D 

compression of 40 kPa; dashed lines show the best fit lines using Eqs. 3.1, 3.2, and 3.3. 
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Figure 3.10: DEM angular distributions of VS for (a),(b) sphere and (c),(d) clump 

specimens subjected to varying 𝑝′ magnitudes; dashed lines show the best fit lines for the 

VH to HV and VH to HV sweeps using Eq. 3.4. 
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Figure 3.11: Comparison of α coefficients and β exponents for the VH to HV from 

experiments and DEM and VH to HH sweep from DEM. The solid line shows the best fit and 

the dashed lines shows the one standard deviation bounds of data presented in Cha et al. 

(2014). Different colors denote the angular orientation of BEs with shades of green for 

experimental results and shades of blue for DEM results. 
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Figure 3.12: Experimental angular distributions of VS for (a),(b) glass bead, and (c),(d) 

100C sand specimens subjected to varying stress magnitudes; dashed lines show the best 

fit lines for the VH to HV and VH to HV sweeps using Eq. 4. Note: (a) and (b) are plotted for 

respective p′ values, and (c) and (d) are plotted for respective σ'v values. 
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Figure 3.13: Illustration of (a) fabric and (b) stress state for normally consolidated soil 

under 1D compression, and (c) stress conditions for VH, HV, and HH waves. 
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Figure 3.14: Shear wave velocity ratios for the different fabric and stress states at an 

effective stress of 40 kPa along with data from the literature. 
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Figure 3.15: Comparison between the net anisotropy, Ae, and (a) VS,HV/VS,VH and (b) 

VS,HV/VS,HH ratio for numerical and experimental specimens and literature data. 
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Supplementary figures 

 

Figure 3.16: Increase in VS with increase in σ𝑚
′  for spheres and clumps under isotropic 

(Iso) and 1D compression for VH to HV sweep. 
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Figure 3.17: Increase in VS with increase in σ𝑚
′  for spheres and clumps under isotropic 

(Iso) and 1D compression for VH to HH sweep. 
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Figure 3.18: Increase in VS with increase in σ𝑚
′  for glass beads and 100C sand under 

isotropic (Iso) and 1D compression. 
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Chapter 4 

 

Effect of particle size distribution and contact parameters on the 

particle connectivity and contact force transmission of granular 

assemblies 

 

Author’s note: This paper will be submitted as a technical note to the Springer Granular Matter 

authored by Mandeep Singh Basson, Alejandro Martinez, and Jason T. DeJong. The paper is 

presented herein with minor edits for consistency with the other chapters of this Dissertation. 

 

4.1 Abstract  

The particle size distribution of a granular assembly influences the number of contacts 

between particles and how the contact forces are transmitted within the assembly, which 

affect the mechanical behavior of granular soils, including their stiffness, shear strength, 

dilatancy, and ultimately, the response during monotonic and cyclic loading. This study uses 

discrete element modeling (DEM) simulations to explore the effect of particle size 

distribution on the proportion of inactive particles, distributions of particle connectivity, and 

contact force transmission between particles of varying sizes. These simulations are 

performed on isotropically compressed assemblies with particle size distributions of low 
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and high polydispersity, along with bimodal distributions, considering variations in the 

coefficient of uniformity (CU) between 1.95 and 5.76. Additionally, the study explores the 

influence of contact parameters such as particle stiffness, interparticle friction coefficient, 

and damping coefficient on the proportion of inactive particles. The results indicate that as 

polydispersity increases, the percentage of inactive particles increases while the 

connectivity of the larger particles also increases. Highly polydisperse specimens with well-

graded and bimodal gradations (higher CU of 5.76 and 8.69, respectively) exhibit a larger 

percentage of inactive particles, predominantly comprising of finer particles. Additionally, 

these gradations show an increase in particle connectivity with larger particle sizes, as 

coarser particles are connected to a higher number of finer particles, leading to coarser 

particles carrying significantly higher contact forces. The inactive particles primarily consist 

of the smaller ten percentile of particle sizes. Moreover, the changes in contact parameters 

affect the particle packing, where an increase in friction coefficient and stiffness ratio and a 

decrease in damping coefficient led to a higher proportion of inactive particles and a 

decrease in the PCs for the coarser particles. These findings highlight the complex nature of 

stress transmission in granular materials, which is deeply affected by the polydispersity of 

the particle size distribution and contact properties of the particles.  

4.2 Introduction 

The mechanical behavior of granular materials, such as sandy and gravelly soils, depends on 

fundamental properties such as particle size distribution (PSD), particle shape, surface 

roughness, mineralogy, porosity, and inherent fabric. The PSD, which describes the 

cumulative distribution of mass as a function of particle size, is a material property that 
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reflects the geologic history and has been extensively used to characterize soils from 

engineering and geologic perspectives (e.g., Been and Jefferies 1985; Cubrinovski and 

Ishihara 2002; Blott and Pye 2012; Wiącek and Molenda 2014; Ciantia et al. 2019; Catt 2020). 

Overall, the PSD quantifies the proportion of particles of any size and polydispersity 

indicates the width of PSD within a granular assembly. For example, and an assembly with 

uniform PSD (poorly graded soils) indicates low polydispersity, whereas a soil with wider 

PSD (well graded soils) indicates a high polydispersity in terms of particle sizes. Extensive 

research shows that PSD plays a crucial role in determining the packing characteristics, 

transmission of contact forces, and rearrangement of particles during compression and 

shearing (e.g., Yamamuro and Lade 1997; Chaney et al. 1998; Wiącek and Molenda 2018).   

Past research has shown a significant effect of the PSD on the stress-dilatancy, jamming, and 

compression behaviors of soils (e.g., Chang and Meidani 2013; Wiącek and Molenda 2014; 

Amirpour Harehdasht et al. 2017; Doygun et al. 2019; Ghadr and Assadi-Langroudi 2019; 

Basson et al. 2023a; Ahmed et al. 2023), as well as their permeability, friction angle, and 

erosion properties (e.g., Farahnak Langroudi et al. 2013; Cha and Santamarina 2019). 

Typically, the coarser particles in granular assemblies carry larger contact forces, forming 

the so-called strong force networks. In contrast, the finer particles tend to occupy the void 

spaces between the coarser particles and provide buckling resistance to the specimen, 

forming weak force networks (e.g., Liu et al. 2021a; b; Basson et al. 2023b; Yilmaz et al. 2023). 

The interplay of the strong and weak force networks has been explored for shearing, 

compression (e.g., Radjai et al. 1999; Basson and Martinez 2020; Zhao and Kruyt 2020), wave 

transmission (Mital et al. 2020), and granular flow problems (Xiu et al. 2018).  
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The transmission of contact forces by a given particle is affected by the number of 

contacts it has with its neighboring particles, denoted as particle connectivity (PC). Coarser 

particles have been shown to have higher PC than finer particles and are most active for 

contact force transmission (Basson et al. 2023b). The finer particles can be inactive, meaning 

they do not significantly contribute to contact force transmission. These particles can either 

have a PC of 0 (i.e., floaters) or 1 (i.e., rattlers). Recent studies have highlighted the effect of 

inactive particles (floaters and rattlers) on the transmission of contact forces in polydisperse 

soils (e.g., Farahnak Langroudi et al. 2013; Shire et al. 2014; Duverger et al. 2021; Liu et al. 

2021a; b). 

Discrete element modeling (DEM) has been widely used to investigate the macro-scale 

response of granular materials and to establish connections between the macro-scale 

behaviors and the interactions at the particle and contact scales (e.g., Bathurst and 

Rothenburg 1990; Santamarina 2003; O’Sullivan 2011; Huang et al. 2014; Bernhardt et al. 

2016; Basson et al. 2020; Basson and Martinez 2020). Building upon previous research, this 

study aims to investigate the effects of the polydispersity of the PSD on the distribution of 

inactive particles, particle connectivity, and contact force transmission considering the 

influence of contact parameters, including the interparticle friction coefficient, stiffness 

ratio, and global viscous damping. To achieve this, isotropically compressed specimens with 

different PSDs, including mono-sized, low and high polydispersity, bimodal, and curved 

distributions, are simulated to examine how the particle size affects the proportion of 

inactive particles, distribution of particle connectivity and contact normal forces. 
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4.3 DEM simulation details  

Isotropic compression simulations were performed using the three-dimensional DEM code 

YADE (Šmilauer et al. 2010). Cubical specimens composed of spherical particles were 

compressed isotropically to a mean confining stress (p') of 100 kPa. The PSDs of two 

assemblies were adapted from naturally occurring coarse-grained soils sourced from a 

marine deposit in Mauricetown, New Jersey (Sturm 2019; Ahmed 2021; Reardon et al. 2022). 

These gradations represent a poorly graded soil with low polydispersity, referred to as 100A, 

and a well-graded soil with high polydispersity, referred to as 25ABCD. Important 

differences include the maximum particle size (Dmax), which is significantly larger for the 

25ABCD gradation with a value 25.89 mm in comparison to that of 5.82 mm for the 100A 

gradation, and the coefficient of uniformity (CU), defined as the ratio of the 60th percentile 

particle diameter (D60) to the 10th percentile particle diameter (D10), with values of 5.76 and 

1.95 for the 25ABCD and 100A gradations, respectively. Table 4.1 presents a summary of the 

gradation parameters, while Fig. 4.1(a) provides the particle size distributions. The 30th 

percentile particle diameter (D30) is relatively similar between 100A and 25ABCD, with 

values of 2.11 and 2.32 mm, respectively. 

Three additional gradations, consisting of mono-sized particles, a bimodal distribution, 

and a curved distribution, were simulated to model additional variations in particle 

connectivity and contact force transmission (Table 4.1, Fig. 4.1(a)). The bimodal gradation is 

representative of a gap-graded soil with high polydispersity that has a range of missing 

particle sizes and is routinely encountered in natural alluvial deposits, gravelly soil, or in 

filters material used in the construction of geosystems such as dams and levees (e.g., 

Farahnak Langroudi et al. 2013; Shire et al. 2014). The gap in bimodal gradations results in 
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non-uniform arrangement of particles which could produce lower particle connectivities 

(Liu et al. 2021a). The curved gradation represents a continuous and gradual transition 

between different particle sizes within the same maximum and minimum particle sizes as 

the bimodal gradation. The gradual transition, with a tail towards the finer particles, was 

created using the method presented by Liu et al. (2021a) and is commonly observed in 

naturally occurring coarse-grained soils. The curved gradation has a similar D10 as the 100A 

distribution, while the 25ABCD and bimodal gradations have similar D50. Images of the five 

assemblies are shown in Fig. 4.1. 

The contact model and parameters control the response of the simulated specimen to 

the applied loading. A linear elastic contact model incorporating Mohr-Column plasticity and 

global viscous damping was used to simulate the interaction between the particles. Table 4.2 

presents the contact parameters used in this study, with the bold font indicating the 

reference values. The low reference μ of 0.01 was adopted to produce dense specimens (Liu 

et al. 2021a) and a reference ξ of 0.05 was adopted to ensure equilibrium was maintained 

without altering the results significantly (Ng 2006). The normal contact stiffness was 

determined based on a constant normal stiffness to particle diameter ratio (k/D), which 

normalizes the effect of particle size (Scholtès et al. 2009; Šmilauer et al. 2010). Parametric 

studies were conducted to examine the effect of the stiffness-to-particle diameter ratio (k/D), 

global viscous damping (ξ), particle friction coefficient (μ), and number of particles (N) on 

the particle connectivity and proportion of inactive particles in a specimen with 25ABCD 

gradation (Table 4.2).  
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To prepare the specimens, a cloud of initially non-contacting particles was isotropically 

compressed to a mean effective stress (p') of 100 kPa. The final void ratios of the specimens 

at 100 kPa are summarized in Table 4.3. Periodic boundaries were used to ensure uniform 

deformational fields (Zhang and Evans 2018). The specimen size (Dspecimen) was calculated 

based on the maximum of two quantities: 20 times D50 and 5 times the specimen's largest 

particle diameter (Dmax). The Dspecimen/D50 ratio varied between 26.11 for 100A to 20.52 for 

25ABCD, while the Dspecimen/Dmax ratio varied between 10.6 for 100A and 4.2 for 25ABCD, 

which is generally consistent with the recommendations in the literature (O’Sullivan 2011; 

Huang et al. 2014). The stresses and particle packing were tracked using a measurement 

cube with a side D50 times smaller than the specimen dimension. To ensure that specimen 

size and number of particles in the specimen were sufficient to provide representative 

results, especially for specimen with high polydispersity, three specimens were created for 

25ABCD gradation using 50,000, 100,000, and 150,000 particles. The results indicate that 

the number of particles did not significantly affect the void ratio, mechanical coordination 

number and % of inactive particles in the specimen, potentially due to the use of periodic 

boundary conditions (Table 4.3). More details regarding the DEM simulations of materials 

with varying gradation are presented by Basson et al. (2023b). 

4.4 Results and discussion  

This section presents the simulation results describing the effect of the PSD on the 

distribution of particle connectivity values and the proportion of inactive particles in the 

granular assemblies, along with the effect of the contact stiffness, inter-particle friction 

coefficient, damping coefficient, and the number of particles. 
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4.4.1 Effect of particle size distribution 

The particle size distribution of a specimen influences the packing characteristics and 

transmission of contact forces between particles. In specimens with broader PSDs, the wider 

range of particle sizes enables finer particles to effectively fill the void spaces leading to 

tighter packing (e.g., Wiącek and Molenda 2018; Yilmaz et al. 2023). The packing 

characteristics of a specimen are typically evaluated by the analysis of contact distribution 

between the particles. The Mechanical Coordination Number (MCN) has been widely 

adopted as a measure of particle connectivity and is computed based on the equation 

presented in (Thornton 2000) as: 

𝑀𝐶𝑁 =  
2𝐶 − 𝑁1

𝑁 − 𝑁0 − 𝑁1
 

(4.1) 

where C is the number of contacts in the assembly, N is the total number of particles, N0 is 

the number of particles with zero contacts, and N1 is the number of particles with one 

contact. Table 4.3 summarizes the MCN of the tested specimens compressed to 100 kPa. The 

MCN for all the specimens with mono-sized, 100A, 25ABCD, bimodal, and curved gradations 

are relatively similar, suggesting that the MCN may fail to capture the contact distribution in 

specimens with broader gradations due to averaging of the number of contacts for both 

coarser and finer particles. As an alternative, the Particle Connectivity (PC) parameter has 

been adopted as an effective measure of the connectedness that can consider individual 

particle sizes (Liu et al. 2021a; Basson et al. 2023b). PC represents the number of contacts of 

a particle with its neighboring particles, providing a more detailed representation of the 

distribution of contacts through the specimen. The particles with a PC of either zero (i.e., 

floaters) or one (i.e., rattlers) are considered inactive as they do not contribute to the overall 
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contact force transmission in the specimen. Cumulative distributions of PC with the number 

of particles and cumulative particle volume provide insights into the connectivity 

characteristics of different specimens. Fig. 4.2 illustrates these distributions for the different 

specimens. To generate these distributions, PC values were grouped into bins, and the 

corresponding number of particles (Fig 4.2(a)) and total particle volume (Fig. 4.2(b)) within 

each bin were determined. All the assemblies were composed of approximately 50000 

particles compressed to a p′ of 100kPa using the reference contact parameters (Table 4.2).  

Significant variations are observed in the PC distribution between the different 

specimens. For the cumulative distribution in terms of the number of particles, the specimen 

with curved gradation exhibits the highest number of inactive particles (i.e., PC of 0 or 1), 

accounting for approximately 53% of the particles, with predominantly finer particles filling 

up the void spaces. In contrast, the specimen with mono-sized particles has the lowest 

number of inactive particles, with less than 1% of particles exhibiting PC values of 0 or 1 (Fig. 

4.2(a)). The specimen made of 25ABCD gradation has 18%, followed by the 100A and 

bimodal gradations with 12% and less than 3% inactive particles by number, respectively.  

The dominance of finer particles as inactive is validated by the cumulative distribution 

of PC with particle volume. For example, while the curved gradation specimen has 53% 

inactive particles by number, their total volume is around 2.3%. Similarly, the volume of 

inactive particles in all the other specimens remains below 1% (Fig. 4.2(b)). The cumulative 

distribution of PC with particle volume exhibits a similar shape as the input PSD. Among the 

tested specimens, the 25ABCD gradation shows the widest PC distribution, the bimodal 

gradation exhibits a bimodal distribution, the curved gradation shows a curved distribution, 
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the 100A specimen produces a narrow distribution, and a mono sized specimen produces 

the narrowest distribution with a maximum PC of 9, with most PC values between 3 and 9. 

The PC distributions for the mono-sized particle specimen align with those typically 

observed in randomly deposited spheres, falling between the maximum PC values of 6 for 

loose face-centered cubic and 12 for dense hexagonal packings (Bernal and Mason 1960). 

Additionally, the results reveal that specimens with specific similarities in PSDs could have 

different packing characteristics. For instance, at similar D50, the curved gradation specimen 

has the highest number of inactive particles by number and the lowest PC compared to the 

bimodal and 25ABCD gradations. At similar D30, the mono-sized particle specimen has the 

lowest number of inactive particles and PC followed by specimens with 100A and 25ABCD 

gradations. However, at similar D10 the specimens with 100A and curved gradation show 

similar cumulative distribution of PC with volume, despite the fact that the curved gradation 

specimen having more inactive particles when compared by number. 

An increase in CU produces broader distributions of PC with particle sizes. In specimens 

with higher polydispersity, finer particles encircle the coarser particles, significantly 

increasing the PC for coarse particles as shown in Fig. 4.1(b,c,d,e,f) and Fig. 4.2(c). The 

distributions presented in Fig. 4.2(c) were obtained by computing the average particle size 

for each PC bin. For example, the average particle size in the PC bin of 298-299 for 25ABCD 

is 23 mm. Similarly, a PC of 42 in the 100A assembly corresponds to an average particle size 

of 6.2 mm, and a PC of 272 in the bimodal assembly corresponds to an average particle size 

of 9.7 mm. The specimen with 25ABCD gradation shows a wider distribution of PC with 

average particle size, reaching the highest magnitude of PC of 802 due to the coarse particle 

in the specimen being connected to a large number of finer particles. The specimen with 
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bimodal gradation shows the second highest PC (272) followed by the 100A (45), curved 

(50) and mono-sized (10) specimens. Interestingly, Fig. 4.2(c) reveals that most inactive 

particles with PC values smaller than one have sizes close to the D10 of each gradation, 

indicated by the vertical lines. These findings suggest that the D10 particle size could be used 

as the threshold size between the active and inactive particles in granular assemblies. These 

findings suggest that the specimens with high polydispersity exhibit a coarse dominant 

fabric with the finer particles floating in the void space, which is corroborated by the force 

chain maps for each specimen presented in Fig 4.3. The specimens with high polydispersity 

show a concentration of force chains around the coarser particles, as shown in Fig. 4.3(d) for 

25ABCD gradation and Fig. 4.3(f) for bimodal gradation. In contrast, the force chain maps for 

the mono-sized, 100A, and curved gradation specimens show a relatively unform 

distribution of force chains (Figs. 4.3(b,c,e)). The results are in the range presented in the 

literature for various PSD (Farahnak Langroudi et al. 2013; Duverger et al. 2021; Liu et al. 

2021a; b).  

The coarser particles in the specimen carry disproportionately larger contact forces 

magnitudes. The distribution of normalized contact normal force (𝐹𝑛/𝐹𝑛̅) for each contact, 

where 𝐹𝑛̅ is the average contact force in the assembly, highlights the effect of gradation on 

contact force transmission in a specimen. Fig 4.4. Presents two-dimensional colormaps of 

𝐹𝑛/𝐹𝑛̅ as a function of the sizes of the two particles involved in each contact. To create this 

colormap, the PSD for the gradations was divided into 10 equal bins and the 𝐹𝑛/𝐹𝑛̅ was 

calculated for each bin. Additionally, contours are plotted for different values of 𝐹𝑛/𝐹𝑛̅, 

showing the particle sizes that carry different proportions of 𝐹𝑛̅. The strong forces network 

is formed by contacts carrying 𝐹𝑛/𝐹𝑛̅ > 1.0, and the contacts carrying 𝐹𝑛/𝐹𝑛̅ < 1.0 form the 
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weak force network. Specimens with a low polydispersity (100A and curved) exhibit 

relatively uniform distributions with lower maximum 𝐹𝑛/𝐹𝑛̅ values. In particular, the curved 

gradation specimen shows relatively similar distances between the 𝐹𝑛/𝐹𝑛̅ contours ranging 

from 1 to 4, which indicates that the gradation with gradual curve results in a relatively 

uniform increase in contact force with increasing particle size. The specimens with high 

polydispersity show the greater magnitudes of Fn carried by the coarser particles, with the 

coarser particles carrying 30 times the average Fn in the 25ABCD and bimodal gradation 

specimens. The contours for 𝐹𝑛/𝐹𝑛̅ = 2 and 3 for the specimen with 25ABCD gradation are 

concentrated towards the smaller particle sizes, while the 𝐹𝑛/𝐹𝑛̅ contours in the specimen 

with bimodal gradation are concentrated closer to the D50 which corresponds to the gap in 

the bimodal gradation specimen.  The concentration of the contour of 𝐹𝑛/𝐹𝑛̅ of 1.0 towards 

the smaller particle sizes for the curved, 25ABCD, and bimodal gradations indicates that the 

particles coarser than about D20, D20, and D30 carry the strong contact forces, respectively, as 

compared to D40 for specimen with 100A gradation.  These findings have been used to explain 

the enhanced dilatancy experienced during triaxial shearing for specimens with higher 

polydispersity (Basson et al. 2023b).  

4.4.2 Effect of simulation parameters 

4.4.2.1 Effect of particle friction coefficient (μ) 

Mohr-Coulomb plasticity uses μ to determine the mobilized shear resistances and the slip 

conditions between particles. The μ parameter models the effect of particle surface 

roughness and angularity. Typically, in DEM simulations, μ can be used to control the amount 

of volume reduction that takes place during compression, typically employed for preparation 

of specimens with different densities. Ultimately, the packing of particles in a specimen is 
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controlled by its density, with denser specimens exhibiting higher PC values as compared to 

a looser one. Specimens with 25ABCD gradation were created with different μ to evaluate 

the effect of changes in μ on PC in a specimen with high polydispersity. For comparison, a μ 

value of 0.01 produces a relatively denser specimen (void ratio of 0.26) as compared to a μ 

value of 0.4 (void ratio of 0.34) (Basson et al. 2023a) (Table 4.3). Fig. 4.5 shows the variation 

of particle connectivity for different μ values. As expected, the relatively looser specimen 

with a μ of 0.4 has a higher percentage of inactive particles (73%) as compared to the 

relatively denser specimen with a μ of 0.01 (18%) (Fig. 4.5(a)). The overall PC increases with 

a decrease in μ, where a specimen with μ of 0.4 has the maximum PC of 198 compared to 802 

for specimens with μ of 0.01 (Fig. 4.5(b)).  The impact of changes in μ on PC is more 

noticeable in the coarser particles, while finer particles show relatively similar PC values, 

suggesting limited influence of finer particles on PC (Fig. 4.5(c)). The number of inactive 

particles increases in a linear fashion with increasing void ratio (increasing μ), while it 

decreases with increasing MCN (decreasing μ), as shown by the circle data points in Fig. 4.6. 

4.4.2.2 Effect of particle stiffness (k/D) 

The stiffness parameter controls the magnitude of the interpenetration of particles under a 

given force. For a soft particle DEM approach, the stiffness parameter controls the overlap 

between the particles, where larger stiffness produces smaller overlaps (Šmilauer et al. 

2010). These reduced overlaps lead to a decrease in the number of contacts between the 

particles, consequently reducing the overall PC in the specimen. Realistically, the stiffness of 

the particles is controlled by the mineralogy and the surface roughness, where harder 

minerals produce stiffer responses and particles with lower surface roughness also produce 

stiffer responses. Specimens with 25ABCD gradations were created with k/D varied between 
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1e7 N/m3 and 1e9 N/m3 to investigate the impact of the contact stiffness on the distribution 

of PC values for specimen with wider gradation while keeping the other reference contact 

parameters unchanged. The proportion of inactive particles by number increases with 

particle stiffness, with an increase from 33% to 72% as the stiffness ratio is increased from 

1e7 N/m3 to 1e9 N/m3 (Fig. 4.7(a)). The largest PC value decreased from 652 to 188 with an 

increase in stiffness ratio (Fig. 4.7(b)). The mechanism leading to this reduction in PC values 

with increasing particle stiffness is shown in Fig. 4.8. The decrease in the overlaps for higher 

stiffness affects the PC for coarser particles more than finer particles, which is corroborated 

by the PC distribution with average particle sizes shown in Fig. 4.7(c). Additionally, the 

decrease in particle overlaps leads to larger void space between coarser particles as 

indicated by an increase in the void ratio (Fig. 4.6), and the trends of % inactive particle are 

in line with changes in μ.   

4.4.2.3 Effect of global viscous damping (ξ) 

The ξ controls the dissipation of energy in the simulation. A higher damping coefficient 

dissipates a greater amount energy and reduces the micromechanical vibrations in the 

system. The particles return to rest faster and tend to stay at rest for a more extended time. 

An increase in ξ can effectively dampen the particle movements and reduce the overall 

mobility of the particles, leading to the particles staying in contact with the neighboring 

particles for longer durations which increases the overall PC of the specimen (Ng 2006). The 

global viscous damping was increased from 0.05 to 0.25 and 0.5 to highlight its effect on the 

PC in a specimen of 25ABCD gradation while keeping the other reference values unchanged. 

The proportion of inactive particles decreases, and the overall PC values increase slightly 

with an increase in the damping ratio (Figs. 4.9(a,b)). Similar to a change in μ and k/D, a 
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change in ξ affects the coarser particles more than the finer particles, further indicating 

limited influence of finer particles on the PC in a specimen (Fig. 4.9(c)).  

4.5 Conclusions 

A series of isotropic compression 3D DEM simulations were performed to investigate the 

effect of differences in gradations on the percentage of inactive particles, distribution of 

particle connectivity, and contact force transmission in granular assemblies. Additionally, a 

parametric study was conducted to identify the effect of contact law parameters. The results 

were presented as the cumulative distributions of particle connectivity computed based on 

the cumulative number and volume of particles as well as based on particle sizes. The results 

indicate that the highly polydisperse specimens with 25ABCD and bimodal gradations (i.e., 

with a higher CU) have a larger percentage of inactive particles by number, which are 

predominantly the finer particles. However, the coarser particles in these gradations are 

surrounded by a higher number of finer particles, as shown by the increase in PC with an 

increase in particle size, and they carry the largest magnitude of contact normal forces. An 

increase in stiffness ratio, a decrease in particle friction coefficient, and a decrease in global 

viscous damping decrease the overall proportion of inactive particles in the specimen. 

Overall, this study provided enhanced understanding of the effect of PSD and contact law 

parameters on packing and force transmission in granular material specimen using DEM. 

Future studies could potentially explore the effect of particle shapes, gravity, and shear 

loading on the packing, force transmission, and fraction of inactive particles.  



136 
 

4.6 Acknowledgements 

The National Science Foundation (NSF) provided the funding for this work under grant No. 

CMMI-1916152. The authors would also like to thank Katerina Ziotopoulou, Rachel Reardon, 

Francisco Humire, Sharif Ahmed, Nathan Love, Trevor Carey, and Anna Chiaradonna for their 

insights and recommendations.  

4.7 References  

Ahmed, S. S. 2021. “Study on particle shape, size and gradation effects on the mechanical 

behavior of coarse-grained soils.” PhD Thesis. University of California Davis. 

Ahmed, S. S., A. Martinez, and J. T. DeJong. 2023. “Effect of gradation on the strength and 

stress-dilation behavior of coarse-grained soils in drained and undrained triaxial 

compression.” J. Geotech. Geoenviron. Eng., 149 (5): 04023019. 

Amirpour Harehdasht, S., M. Karray, M. N. Hussien, and M. Chekired. 2017. “Influence of 

particle size and gradation on the stress-dilatancy behavior of granular materials 

during drained triaxial compression.” Int. J. Geomech., 17 (9): 04017077. 

Basson, M. S., R. Cudmani, and G. V. Ramana. 2020. “Evaluation of macroscopic soil model 

parameters using the discrete element method.” Advances in Computer Methods and 

Geomechanics, Lecture Notes in Civil Engineering, A. Prashant, A. Sachan, and C. S. 

Desai, eds., 713–725. Singapore: Springer Singapore. 

Basson, M. S., and A. Martinez. 2020. “A DEM study of the evolution of fabric of coarse-grained 

materials during oedometric and isotropic compression.” Geo-Congress 2020, 473–

481. Minneapolis, Minnesota: American Society of Civil Engineers. 



137 
 

Basson, M. S., A. Martinez, and J. T. DeJong. 2023a. “Effect of particle size distribution on 

monotonic shear strength and stress-dilatancy of coarse-grained soils.” GeoCongress 

2023, 10. Los Angeles. 

Basson, M. S., A. Martinez, and J. T. DeJong. 2023b. “DEM investigation of the effect of 

gradation on the strength, dilatancy, and fabric evolution of coarse-grained soils.” 

Submitted for possible publication in Journal for Geotechnical and Geoenvironmental 

Engineering. 

Bathurst, R. J., and L. Rothenburg. 1990. “Observations on stress-force-fabric relationships in 

idealized granular materials.” Mechanics of Materials, 9 (1): 65–80. 

Been, K., and M. G. Jefferies. 1985. “A state parameter for sands.” Géotechnique, 35 (2): 99–

112. 

Bernal, J. D., and J. Mason. 1960. “Packing of spheres: co-ordination of randomly packed 

spheres.” Nature, 188 (4754): 910–911. 

Bernhardt, M. L., G. Biscontin, and C. O׳Sullivan. 2016. “Experimental validation study of 3d 

direct simple shear dem simulations.” Soils and Foundations, 56 (3): 336–347. 

Blott, S. J., and K. Pye. 2012. “Particle size scales and classification of sediment types based 

on particle size distributions: review and recommended procedures.” Sedimentology, 

59 (7): 2071–2096. 

Catt, J. 2020. “Soil particle size distribution and mineralogy as indicators of pedogenic and 

geomorphic history: examples from the Loessial soils of England and Wales.” 

Geomorphology and soils, 202–218. Routledge. 

Cha, M., and J. C. Santamarina. 2019. “Pressure-dependent grain dissolution using discrete 

element simulations.” Granular Matter, 21 (4): 101. 



138 
 

Chaney, R., K. Demars, P. Lade, C. Liggio, and J. Yamamuro. 1998. “Effects of non-plastic fines 

on minimum and maximum void ratios of sand.” Geotechnical Testing Journal, 21 (4): 

336. 

Chang, C. S., and M. Meidani. 2013. “Dominant grains network and behavior of sand-silt 

mixtures: stress-strain modeling.” International Journal for Numerical and Analytical 

Methods in Geomechanics, 37 (15): 2563–2589. 

Ciantia, M. O., M. Arroyo, C. O’Sullivan, A. Gens, and T. Liu. 2019. “Grading evolution and 

critical state in a discrete numerical model of Fontainebleau sand.” Géotechnique, 69 

(1): 1–15. 

Cubrinovski, M., and K. Ishihara. 2002. “Maximum and minimum void ratio characteristics of 

sands.” Soils and Foundations, 42 (6): 65–78. 

Doygun, O., H. G. Brandes, and T. T. Roy. 2019. “Effect of gradation and non-plastic fines on 

monotonic and cyclic simple shear strength of silica sand.” Geotech Geol Eng, 37 (4): 

3221–3240. 

Duverger, S., J. Duriez, P. Philippe, and S. Bonelli. 2021. “Rattlers’ involvement for possibly 

looser critical states under higher mean stress.” EPJ Web Conf., (M. A. Aguirre, S. 

Luding, L. A. Pugnaloni, and R. Soto, eds.), 249: 11002. 

Farahnak Langroudi, M., A. Soroush, P. Tabatabaie Shourijeh, and R. Shafipour. 2013. “Stress 

transmission in internally unstable gap-graded soils using discrete element 

modeling.” Powder Technology, 247: 161–171. 

Ghadr, S., and A. Assadi-Langroudi. 2019. “Effect of grain size and shape on undrained 

behaviour of sands.” Int. J. of Geosynth. and Ground Eng., 5 (3): 18. 



139 
 

Huang, X., K. J. Hanley, C. O’Sullivan, and F. C. Y. Kwok. 2014. “Effect of sample size on the 

response of dem samples with a realistic grading.” Particuology, 15: 107–115. 

Liu, D., C. O’Sullivan, and J. A. H. Carraro. 2021a. “Influence of particle size distribution on the 

proportion of stress-transmitting particles and implications for measures of soil 

state.” J. Geotech. Geoenviron. Eng., 147 (3): 04020182. 

Liu, D., C. O’Sullivan, and J. A. H. Carraro. 2021b. “The influence of particle size distribution 

on the stress distribution in granular materials.” Géotechnique, 1–15. 

Mital, U., R. Kawamoto, and J. E. Andrade. 2020. “Effect of fabric on shear wave velocity in 

granular soils.” Acta Geotech., 15 (5): 1189–1203. 

Ng, T.-T. 2006. “Input parameters of discrete element methods.” J. Eng. Mech., 132 (7): 723–

729. 

O’Sullivan, C. 2011. Particulate discrete element modelling. 

Radjai, F., S. Roux, and J. J. Moreau. 1999. “Contact forces in a granular packing.” Chaos, 9 (3): 

544–550. 

Reardon, R., F. Humire, S. S. Ahmed, K. Ziotopoulou, A. Martinez, and J. T. DeJong. 2022. “Effect 

of gradation on the strength and stress-dilatancy of coarse-grained soils: a 

comparison of monotonic direct simple shear and triaxial tests.” Geo-Congress 2022, 

226–236. Charlotte, North Carolina: American Society of Civil Engineers. 

Santamarina, J. C. 2003. “Soil behavior at the microscale: particle forces.” Soil Behavior and 

Soft Ground Construction, 25–56. Cambridge, Massachusetts, United States: American 

Society of Civil Engineers. 

Scholtès, L., B. Chareyre, F. Nicot, and F. Darve. 2009. “Micromechanics of granular materials 

with capillary effects.” International Journal of Engineering Science, 12. 



140 
 

Shire, T., C. O’Sullivan, K. J. Hanley, and R. J. Fannin. 2014. “Fabric and effective stress 

distribution in internally unstable soils.” J. Geotech. Geoenviron. Eng., 140 (12): 

04014072. 

Šmilauer, V., E. Catalano, B. Chareyre, S. Dorofeenko, J. Duriez, A. Gladky, J. Kozicki, C. 

Modenese, L. Scholtès, and L. Sibille. 2010. “Yade reference documentation.” Yade 

Documentation, 474: 1–531. 

Sturm, A. 2019. “On the liquefaction potential of gravelly soils: characterization, triggering 

and performance.” PhD Thesis. University of California Davis. 

Thornton, C. 2000. “Numerical simulations of deviatoric shear deformation of granular 

media.” Géotechnique, 50 (1): 43–53. 

Wiącek, J., and M. Molenda. 2014. “Effect of particle size distribution on micro- and 

macromechanical response of granular packings under compression.” International 

Journal of Solids and Structures, 51 (25–26): 4189–4195. 

Wiącek, J., and M. Molenda. 2018. “Numerical analysis of compression mechanics of highly 

polydisperse granular mixtures with different psd-s.” Granular Matter, 20 (1): 17. 

Xiu, T.-X., W. Wang, K. Liu, Z.-Y. Wang, and D.-Z. Wei. 2018. “Characteristics of force chains in 

frictional interface during abrasive flow machining based on discrete element 

method.” Adv. Manuf., 6 (4): 355–375. 

Yamamuro, J. A., and P. V. Lade. 1997. “Static liquefaction of very loose sands.” Canadian 

Geotechnical Journal, 34 (6): 905–917. 

Yilmaz, Y., Y. Deng, C. S. Chang, and A. Gokce. 2023. “Strength–dilatancy and critical state 

behaviours of binary mixtures of graded sands influenced by particle size ratio and 

fines content.” Géotechnique, 73 (3): 202–217. 



141 
 

Zhang, L., and T. M. Evans. 2018. “Boundary effects in discrete element method modeling of 

undrained cyclic triaxial and simple shear element tests.” Granular Matter, 20 (4): 60. 

Zhao, C.-F., and N. P. Kruyt. 2020. “An evolution law for fabric anisotropy and its application 

in micromechanical modelling of granular materials.” International Journal of Solids 

and Structures, 196–197: 53–66. 

  



142 
 

4.8 Tables and figures 

Table 4.1: Average properties of the simulated gradations 

Soil Dmin (mm) D10 (mm) D30 (mm) D50 (mm) D60 (mm) Dmax (mm) CU CC 

Mono 2.21 2.21 2.21 2.21 2.21 2.21 1.0 1.0 

100A 0.89 1.66 2.11 2.79 3.25 5.82 1.95 0.82 

25ABCD 0.74 1.06 2.30 4.61 6.08 25.89 5.76 0.82 

Bimodal 0.75 0.78 0.91 4.75 6.78 8.98 8.69 0.16 

Curved 0.82 1.56 3.04 4.52 5.12 8.23 3.28 1.16 

 

 

Table 4.2: DEM simulations parameters. Parameters in bold font indicate the control 

parameters for parametric study 

Parameter Symbol Value 

Stiffness ratio k/D 1e7, 1e8, 1e9 N/m3 

Normal to shear stiffness ratio ks/kn 0.2 

Particle density ρ 2650 kg/m3 

Friction coefficient during 
sample preparation 

μ 0.01, 0.1, 0.2, 0.4 

Global viscous damping ξ 0.05, 0.25, 0.5 

Number of particles N 50000, 100000, 150000 
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Table 4.3: Summary of tests conducted with the obtained void ratios, mechanical 

coordination numbers, and % of inactive particles at 100 kPa. Bold parameters indicate the 

parameters changed for parametric study. 

Specimen 
Stiffness, 

k/D 
Friction, 

μ 
Damping, 

ξ 

Number 
of 

Particles, 
N 

Void 
Ratio, 

e 

Mechanical 
Coordination 
Number, MCN 

% of 
inactive 

particles by 
number 

Mono 1e8 0.01 0.05 50000 0.57 6.33 1 

100A 1e8 0.01 0.05 50000 0.48 6.21 13 

Bimodal 1e8 0.01 0.05 50000 0.31 6.32 3 

Curved 1e8 0.01 0.05 50000 0.35 6.28 53 

25ABCD 1e8 0.01 0.05 50000 0.26 6.25 20 

Parametric 
study on 
25ABCD 

1e8 0.1 0.05 50000 0.29 5.61 33 

1e8 0.2 0.05 50000 0.31 5.12 42 

1e8 0.4 0.05 50000 0.34 4.43 61 

1e8 0.4 0.25 50000 0.37 4.37 54 

1e8 0.4 0.5 50000 0.39 4.32 47 

1e8 0.4 0.05 100000 0.35 4.38 59 

1e8 0.4 0.05 150000 0.36 4.46 62 

1e7 0.4 0.05 50000 0.31 5.36 34 

1e9 0.4 0.05 50000 0.37 4.18 73 
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Figure 4.1: (a) Particle size distribution, and images of the specimen for (b) mono-sized, 

(c) 100A, (d) 25ABCD, (e) curved and (f) bimodal gradations. 
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Figure 4.2: Cumulative distribution of particle connectivity for (a) number of particles and 

(b) volume of particles, and (c) variation of PC with particle sizes in specimens made of 

mono-sized, 100A, 25ABCD, bimodal, and curved gradations. The vertical lines denote the 

D10 of the gradation. 
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Figure 4.3: (a) Particle size distribution, and force chain maps of the specimen for (b) 

mono-sized, (c) 100A, (d) 25ABCD, (e) curved and (f) bimodal gradations. 
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Figure 4.4: Distribution of 𝐹𝑛/𝐹𝑛̅ with particle sizes (as percent passing) for specimens 

with (a) 100A, (b) curved, (c) 25ABCD, and (d) bimodal gradations. 
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Figure 4.5: Variation of cumulative distribution of particle connectivity for (a) number of 

particles and (b) volume of particles, and (c) variation of PC with particle sizes in specimen 

of 25ABCD gradation with change in μ values of 0.01, 0.1, 0.2, and 0.4. 
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Figure 4.6: Comparison of percentage of inactive particles by number with (a) void ratio, 

and (b) mechanical coordination number for the various parametric cases. 
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Figure 4.7: Variation of cumulative distribution of particle connectivity for (a) number of 

particles and (b) volume of particles, and (c) variation of PC with particle sizes in 25ABCD 

gradation specimen with change in the k/D values of 1e9 N/m3, 1e8 N/m3, and 1e7 N/m3.  
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Figure 4.8: Schematic showing the contacts between coarser particles (yellow) and finer 

particle (green) for (a) lower k/D, (b) intermediate k/D, and (c) high k/D values without 

gravity. 
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Figure 4.9: Variation of cumulative distribution of particle connectivity for (a) number of 

particles and (b) volume of particles, and (c) variation of PC with particle sizes in 25ABCD 

gradation specimen with change in the ξ of 0.05, 0.25, 0.50. 
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Chapter 5 

  

DEM investigation of the effect of gradation on the strength, dilatancy, 

and fabric evolution of coarse-grained soils 

 

Author’s note: This paper will be submitted as a journal paper to the ASCE Journal of 

Geotechnical and Geoenvironmental Engineering authored by Mandeep Singh Basson, 

Alejandro Martinez, and Jason T. DeJong. The paper is presented herein with minor edits for 

consistency with the other chapters of this Dissertation. 

 

5.1 Abstract 

Design and analysis of geosystems built on coarse-grained soils with broader gradations are 

typically based on the methodologies developed for clean sands without explicit 

consideration of the effects of gradation, potentially leading to uncertainty in performance 

predictions. This study investigates the effect of changes in the gradation on the shear 

strength, stress-dilatancy behavior, critical state parameters, and fabric evolution of coarse 

grained-soils using 3D discrete element method (DEM) simulations. The DEM simulations of 

monotonic isotropically consolidated drained and undrained triaxial tests were conducted 

on specimens with coefficients of uniformity (CU) between 1.9 and 6.4 composed of non-

spherical particles following initial calibration of modeling parameters against a 



154 
 

complimentary set of experimental triaxial data. Results are used to evaluate the peak and 

critical state shear strengths, dilatancy responses, critical state lines, shear-induced pore 

pressures, and fabric evolution. Notably, an increase in CU leads to increases in shear 

strength, dilative volume change, rate of dilation, negative pore pressure magnitude, and rate 

of pore pressure generation. The findings are compared with established frameworks to 

highlight the differences in response resulting from variations in CU. The particle-level 

measurements indicate that gradation affects the packing characteristics and contact force 

transmission, where broader gradations result in the better interlocking of coarser particles 

and the formation of strong force networks aligned with the major principal stress direction. 

In contrast, finer particles provide resistance to buckling within these strong force networks. 

Additionally, particles smaller than D10 are inactive in stress transmission, while the 

percentage of particles active in stress transmission increases with an increasing CU. The 

combination of macro and micro results contributes to understanding the mobilization of 

stress and its dependency on dilatancy in soils of varying gradation.  

5.2 Introduction 

Soils commonly found in natural deposits like alluvial gravelly soils contain a wide range of 

particle sizes. Naturally deposited by braided rivers, these deposits contain coarser particles 

significantly larger than clean sands, leading to coefficient of uniformity (CU) values of 40 or 

higher (e.g, DeJong et al. 2016; Pires-Sturm et al. 2022). The particle size distribution (PSD) 

of these soils play a governing role in their behavior (Cubrinovski and Ishihara 2002). 

Understanding the strength, stress-dilatancy, critical state (CS), and liquefaction response of 
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these soils is crucial due to their frequent presence within or beneath critical geosystems 

such as dams, levees, tunnels, bridges, foundations, and pavements.  

Several studies have investigated the influence of gradation on the stress-dilatancy and 

volume change response of well-graded soils. While the reported trends provide insights 

into the behavior of well-graded soils, some discrepancies and knowledge gaps still exist. For 

example, studies agree that an increase in CU decreases the maximum and minimum void 

ratios, changing the position of the critical state line in the void ratio (e) and mean effective 

confining stress (p′) space (e.g., Chaney et al. 1998; Cubrinovski and Ishihara 2002; Li et al. 

2015; Youd 1973, Ahmed et al. 2023). Some studies report a decrease in shear strength with 

an increase in the gravel fraction (e.g., Knodel et al. 1990; Fragaszy et al. 1992; Evans and 

Zhou 1995), whereas most other studies indicate an increase in the shear strength and 

dilative volumetric response with an increase in the gravel fraction (e.g., Simoni and Houlsby 

2006; Hamidi et al. 2012; Amirpour Harehdasht et al. 2017). Studies have reported increased 

stiffness measured through isotropic compression and shear wave velocity as the range of 

particle sizes becomes broader (e.g., Menq 2003; Sturm 2019; Ahmed et al. 2023). While 

studies have shown that at the same initial void ratio, more widely graded soils exhibit a 

more contractive behavior and lower undrained shear strengths (e.g., Yang and Luo 2017; 

Jiang et al. 2018; Harehdasht et al. 2017, 2018; Deng et al. 2021), recently Ahmed et al. (2023) 

reported that for the same initial state parameter (ξ0, as defined by Been and Jefferies 1985), 

more broadly graded soils exhibit a greater dilation angle, peak friction angle, and undrained 

shear strength. From a micromechanical perspective, the stress-dilatancy response is 

influenced by the packing characteristics and the transmission of contact forces. In soils with 

broader gradations, the coarser particles are in contact with a larger number of finer 
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particles, which promotes better interlocking. Additionally, a higher proportion of coarser 

particles actively participate in transmitting contact forces, forming a strong force network 

that aligns with the major principal stress direction. The finer particles within the specimen 

provide resistance to buckling within these strong force networks (e.g., Muir Wood and 

Maeda 2008; Li et al. 2015; Liu et al. 2021).  

In practice, the stress-dilatancy response of well-graded gravelly soils is typically 

assessed using relationships such as those developed by Rowe (1962) and Bolton (1986). 

These widely adopted relationships are based on experimental data acquired from testing 

on poorly graded clean sands. Over the years, these relationships have been revisited, and 

additional ones have been proposed to capture the effects of particle shape, gradation, 

mineralogy, stress history, relative density and state, and fabric (e.g., Vaid and Sasitharan 

1992, Simoni and Houlsby 2006, Muir Wood and Maeda 2008, Chakraborty and Salgado 

2010). Despite recent advances, there are still gaps in the specific mechanisms responsible 

for the aforementioned effects of gradation on the mechanical behavior of soils, such as 

which state variable better captures the effects of density and effective stress, what is the 

role of the finer and coarser fractions of the soil in the mobilization of strength and dilatancy, 

and what corrections, if any, are needed to predict the stress-dilatancy of well-graded soils 

with established frameworks. 

In this study, monotonic drained and undrained triaxial compression simulations are 

conducted using the discrete element method (DEM) to investigate the influence of gradation 

on the peak and critical state shear strengths, dilatancy responses, critical state lines, 

generation of shear-induced pore pressures, and evolution of the fabric of coarse-grained 
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soils. DEM is used to isolate the effect of gradation from those of particle shape and particle 

crushing. Three different granular assemblies with CU values ranging from 1.9 to 6.4 are 

examined over a range of initial state parameters following initial calibration of modeling 

parameters against a complimentary set of experimental triaxial data. Both drained, and 

undrained monotonic responses are presented. The simulation results are compared with 

the seminal works of Bolton (1986) and Been and Jefferies (1985) to evaluate their ability to 

capture the effects of varying gradation. Moreover, a detailed analysis of soil fabric is 

presented, focusing on the influence of coarser particles and relative size difference between 

the coarser and finer particles on the particle connectivity and contact force transmission, 

along with the evolution of fabric anisotropy, to highlight the disparities in microscale 

response between different gradations at similar state parameters.  

5.3 Simulation methodology  

5.3.1 Simulated granular materials 

The particle shape and gradations of the simulated materials were based on those of 

naturally occurring coarse-grained soil sourced from a marine deposit in Mauricetown, New 

Jersey. These soils have been extensively investigated at the University of California Davis 

using laboratory testing (Ahmed 2021; Reardon et al. 2022), physical modeling (Sturm 2019; 

Sawyer 2020; Carey et al. 2022), and numerical modeling (Chiaradonna et al. 2022; Basson 

et al. 2023). The simulated PSDs were upscaled compared to the experimental distributions 

by a factor of 20 to achieve reasonable computational simulation times, as typically done in 

DEM simulations (Ciantia et al. 2015; Roessler and Katterfeld 2018; Coetzee 2019). The 



158 
 

experimentally obtained (EXP) and DEM PSDs for the selected gradations are presented in 

Fig. 5.1(a), while the gradation characteristics are shown in Table 5.1. 

The particle shape and size distribution influence the initial packing characteristics and 

evolution of fabric during shearing (e.g., Shinohara et al. 2000; Zhao et al. 2017; Ghadr and 

Assadi-Langroudi 2019). In DEM simulations, realistic particle shapes from natural sands 

are typically recreated using polyhedras (Seyedi Hosseininia 2012; Harkness et al. 2016), 

ellipses (Markauskas et al. 2010; Yan et al. 2010), mathematical modeling of particle shapes 

(Kawamoto et al. 2016; Wei et al. 2018), or particle clumps (Garcia et al. 2009). Prior 

research has demonstrated that approximating particle shapes using clumped spherical 

particles is a computationally efficient method that does not require additional contact law 

modifications (Ferellec and McDowell 2008; Wu et al. 2021). Limitations of this method 

include underestimating angularity due to the use of spherical particles to form the clumps 

(Price et al. 2007) and the need to correct the mass and inertia of the clumped particles 

(Garcia et al. 2009; Suhr and Six 2020). Nonetheless, clumped particles have been widely 

adopted to simulate a variety of realistic particle shapes (Maeda and Hirabayashi 2006; 

Markauskas et al. 2010; Wu et al. 2021; Tolomeo and McDowell 2022). 

The particle shapes were recreated using different clump templates in the DEM 

simulations. Seven different clump templates with two or three overlapping spheres were 

designed based on the recommendation from Suhr and Six (2020). The particle shape 

templates were created to approximate experimentally-measured distributions of particle 

roundness, perimeter, width/length, circle ratio, area, diameter sphericities, regularity (Cho 

et al. 2006), overall regularity (Liu and Yang 2018), and SAGI (Altuhafi et al. 2016) of 100A 
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particles, determined using the method developed by Zheng and Hryciw (2015). Three of the 

seven templates, presented in Fig. 5.1(b), were chosen based on the comparison between the 

average, upper quartile, and lower quartile values of particle shape parameters between the 

real and simulated particles (Fig. 5.2(a)). As shown, all the parameters are reasonably 

approximated by the three clump templates, with the exception of roundness. This is because 

the roundness parameter quantifies the radii of particle corners, which cannot be 

reproduced with only two or three spherical particles comprising a clump. To generate the 

specimens, the clump templates were applied uniformly to all three gradations to isolate the 

effect of gradation from that of particle shape. 

The percentages by mass of the selected clump templates included in the granular 

assemblies were chosen based on a parametric study aimed at matching the experimentally 

measured minimum and maximum void ratios (emax and emin, respectively). Typically, in DEM 

simulations, the emax and emin are estimated by preparing specimens at a given confining 

stress with large and small friction coefficients (μprep) and damping (ςprep), which produce 

the loosest and densest packings that can be attained by the simulated assemblies (Muir 

Wood and Maeda 2008; Gu et al. 2020; Zuo et al. 2023). Here, a confining stress of 10 kPa 

was selected for determining emax and emin. Multiple specimens with the 100A gradation were 

generated using different percentages by mass of the clump templates to create the densest 

(μprep = 0.01, ςprep = 0.05) and loosest (μprep = 0.5, ςprep = 0.5) packings. Fig. 5.2(b) compares 

the experimental and numerical emax and emin values for the different distributions of clump 

templates. The assemblies with 70% clump #1, 20% clump #2, and 10% clump #3 were 

selected for all the simulations because they matched the experimental emax and emin values 

and provided reasonable calibration for the drained triaxial response, as described in more 
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detail below. Based on these proportions of clump templates, the emax and emin values were 

determined for the 33ABC and 25ABCD gradations, which also showed a reasonable match 

with the experimental values reported by Ahmed et al. (2023) as shown in Fig. 5.2(c).  

5.3.2 Simulation methodology 

Monotonic drained and undrained triaxial simulations were performed using the three-

dimensional DEM code YADE (Šmilauer et al. 2010). The triaxial simulations were performed 

on three-dimensional cubical specimens with periodic boundary conditions, which ensured 

homogenous strain fields and prevented strain localization in the specimens (Huang et al. 

2014a; Zhang and Evans 2018). The specimen size (Dspecimen) was different for the specimens 

of different gradations, as shown in Fig. 5.3. Dspecimen was determined based on 

recommendations from previous studies (O’Sullivan 2011; Huang et al. 2014a) specifying 

Dspecimen as the maximum size between 20 times D50 or 4 times the largest particle diameter 

(Dmax). The Dspecimen/D50 ratio ranged between 21.0 for 25ABCD and 22.1 for 100A, while the 

Dspecimen/Dmax ratio varied between 4.2 for 25ABCD and 10.6 for 100A. To evaluate the effect 

of the specimen size on the response, an additional specimen with Dspecimen 2.1x the 

aforementioned value and with 1.5x the number of particles (75,000 as compared to 50,000) 

for the 25ABCD gradation. Fig. S5.1 presents a comparison between the drained triaxial 

results for 25ABCD and 25ABCD (2.1x) specimens prepared at a confining pressure (p′) of 

100 kPa. Increasing the specimen size and the number of particles in the 25ABCD (2.1x) 

specimen does not produce significant variations in the response, and any observed 

differences in the strain hardening and volumetric response can be attributed to variations 

in the initial void ratio (e0). Specifically, the peak q value difference was approximately 1.2%, 

and the volumetric strain εv differences were 1.1%. Finally, the tested specimens consisted 
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of about 35,000 clumps for the 100A specimen and about 50,000 clumps for 33ABC and 

25ABCD specimens. 

The simulation procedure consisted of two steps: specimen preparation and shearing. 

The specimens were prepared by isotropically compressing a cloud of non-contacting 

clumps to an isotropic p′ of 100, 400, or 800 kPa. This sample preparation technique 

produces specimens with negligible initial fabric anisotropy, as described in Basson and 

Martinez (2023) and shown later. The gravitational field was not simulated during sample 

preparation and shearing. The prepared specimens were then sheared to an axial strain of 

25% with a constant strain rate. A uniform compressive strain field was applied for the 

drained simulations while the confining stress was maintained at a constant value using 

servo control algorithms. The undrained conditions were performed using the constant 

volume approximation, as typically done in DEM simulations and laboratory experiments 

(e.g., Dyvik et al. 1987; Bonilla 2004; Hanley et al. 2013; Zhang and Rothenburg 2020). 

During the tests, a uniform compressive strain field was applied in the vertical direction, and 

a uniform extension field was applied in the two horizontal directions, ensuring a constant 

specimen volume. The shearing strain rates for all simulations were calculated by keeping 

the inertial number below 10-4 and the unbalanced force ratio below 10-2 to achieve a quasi-

static response (da Cruz et al. 2005; Martin et al. 2020). The stresses and strains reported 

were computed in a measurement cube slightly smaller than the specimen size.  

The linear elastic contact model with Mohr-Coulomb plasticity was used to model the 

contact interactions between the clumped particles. The normal contact stiffness was 

determined based on a constant normal stiffness to particle diameter ratio (k/d), which 
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normalizes the effect of particle size (Scholtès et al. 2009). Table 5.2 summarizes the contact 

parameters used in all the simulations. These values were obtained by iteratively changing 

the contact parameters and comparing the DEM results of drained triaxial simulations on the 

100A specimen to the corresponding experimental results reported by Ahmed et al. (2023). 

Fig. 5.4 compares the experimental and DEM results for specimens prepared at a confining 

pressure (p′) of 100 kPa and with initial void ratios, as reported in Ahmed et al. (2023). The 

comparison shows a satisfactory agreement in the initial stiffness, peak deviator stress (q) 

(q = σ′1 - σ′3) (Fig. 5.4(a)), and void ratio (e) evolution with the p′ (Fig. 5.4(d)). Specifically, 

the initial stiffness of the q-ea curves, measured from the origin to a q of 50% of the peak 

value, is 22.6 MPa, 34.2 MPa, and 45.6 MPa in the simulation, and 25.5 MPa, 37.8 MPa, and 

52.4 MPa in the experiment for the tests with e of 0.80-0.82, 0.75-0.75, and 0.68-0.69, 

respectively. The peak q values differ approximately -8.2%, 1.0%, and -0.3% between the 

simulations and experiments. The calibrated parameters overestimate the dilation rate (Fig. 

5.4(b)) and underestimate the deviatoric stress at a critical state (Fig. 5.4(a)). These 

differences are likely due to differences in the particle shape (i.e., larger roundness of the 

clumps as shown in Fig. 5.2(a)) and boundary effects (i.e., periodic in DEM versus a flexible 

membrane in the experiment). Nonetheless, the obtained contact parameters are considered 

appropriate for the simulations and are applied consistently across the specimens of all 

gradations subjected to drained and undrained triaxial compression. 

5.4 Triaxial compression simulations 

This section presents the results of 27 drained and 24 undrained triaxial simulations 

performed on 100A, 33ABC, and 25ABCD specimens. First, the critical state lines (CSLs) are 
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presented to highlight the effect of gradation and determine the state parameters of the 

tested specimens. Representative drained responses of specimens at different ξ0 and mean 

confining stresses are then presented. Then, differences in specimen fabric at initial, peak, 

and critical state are presented to quantify the differences in fabric evolution. Next, the 

undrained response of specimens at different ξ0 is presented. Finally, a discussion and 

comparison of the results with the corresponding ξ0 are provided and compared to Been and 

Jefferies (1985) trends. The details of the drained and undrained simulations can be found 

in Tables 5.3 and 5.4.  

5.4.1 Critical state lines 

The response of a specimen under triaxial compression, and the associated strength and 

stress-dilatancy parameters, are influenced by the specimen density and confining stress 

conditions, collectively represented by the specimen state. Previous studies have proposed 

various definitions for the specimen state, typically represented by the position of the 

current specimen state relative to a reference state (Been and Jefferies 1985; Bolton 1986; 

Wang et al. 2002).  The relative density (DR) and ξ0 are widely state parameters, where DR of 

the specimen is obtained by comparing the initial void ratio (e0) to the emax and emin, while 

the ξ0 quantifies the difference in between e0 and the void ratio at critical state (ecs) under the 

same p′. Since the emax and emin obtained from DEM simulations depend on the applied 

confining stress and the inter-particle friction coefficient (Abbireddy and Clayton 2010), 

subjectivity is associated with the definition of the DR. In addition, Ahmed et al. (2023) 

showed that ξ0 is a more robust parameter for discerning the effects of gradation on the 

mechanical response of soils. Therefore, in this study, a comparison of drained and 

undrained triaxial compression responses is performed based on ξ0.  
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The CS represents a specimen state with no further changes in volume and stress despite 

continuous shearing (Schofield and Wroth 1968). For the DEM simulations, the drained and 

undrained responses were considered to have attained a critical state value during shearing 

at the axial strain of 25% because the responses show no changes in q, p′, εv, and e. The 

average e, q, and p′ obtained for the last 2.5% axial strain of each simulation were used to 

estimate the CSLs in e-log(p′) and q-p′ spaces (Fig. 5.5). In the figure, the solid lines show the 

drained stress paths, and the dashed line shows the undrained stress paths. The specimens 

with dilative tendencies showed an increase in e (drained) or p′ (undrained)¸while the 

contractive specimens showed corresponding decreases in e and p′. The CSLs in e-log(p′) 

space show a clear curvature in response as p′ is increased; therefore, the CSLs were 

obtained by least square fitting of data points to a power function (Li et al. 1999; Wang et al. 

2002): 

𝑒𝑐𝑠  =  𝑒𝛤 –  𝜆 (
𝑝′

𝑝𝑎𝑡𝑚
)

𝛼

 
(5.1) 

where eΓ is the reference e at a p′ of 1 kPa, patm is the atmospheric pressure (101.3 kPa), and 

λ and α are the fitting parameters that control the slope and curvature of the CSL. In the 

study, the value for the α parameter is kept constant at 0.7 based on the recommendation of 

Li et al. (1999) and Huang et al. (2014b). Using a constant α value enables comparison of the 

CSLs in terms of their position (eΓ) and slope (λ) in e-log(p′) space. The stress paths in the q-

p′ space converge to linear CSLs with a slope of M. This slope was used to obtain the critical 

state friction angle(ϕ′cs) as: 
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ϕ
𝑐𝑠
' = sin-1 (

3M

6+M
) 

(5.2) 

The change in gradation affects the CSL parameters, eΓ, λ, and M. In the e-log(p′) space, the 

reference void ratio eΓ decreases significantly with an increase in CU, decreasing from 0.94 

for 100A to 0.66 for 33ABC, and to 0.59 for 25ABCD, which is in agreement with the decrease 

of emax and emin with increasing CU (Fig. 5.2b, Sturm and DeJong 2022). Similarly, the slope of 

the CSL shows a significant decrease from a value of -0.019 for the 100A material to -0.008 

for 33ABC, however further broadening of the gradation did not result in appreciable 

changes in λ. A similar decrease in eΓ and λ with CU is reported from experimental (Ahmed et 

al. 2023; Amirpour Harehdasht et al. 2017; Yang and Luo 2018) and DEM studies (Yan and 

Dong 2011; Huang et al. 2014b; Li et al. 2015). In the q-p′ space, an increase in CU results in 

modest decreases in M, from 1.26 (ϕ′cs = 31.3) for 100A, 1.22 (ϕ′cs = 30.45) for 33ABCD, and 

1.14 (ϕ′cs = 28.6) for 25ABCD. This small change in ϕ′cs as a result of changes in gradation is 

consistent with the results presented in past studies (Shinohara et al. 2000; Muir Wood and 

Maeda 2008; Voivret et al. 2009). However, other experimental results have shown either 

no effect or a slight increase in M with increasing CU (Ahmed et al. 2023; Polanía et al. 2023). 

This difference in trends may be caused by effects of particle size, which are absent in the 

DEM simulations presented here, or by the different boundary conditions between 

experiments and simulations (i.e., flexible membrane versus periodic boundaries). 

5.4.2 Drained triaxial response 

Representative results from drained triaxial simulations conducted on 100A, 33ABC, and 

25ABCD specimens prepared at different ξ0 are presented for a p′ of 100 kPa (Fig. 5.6) and 

800 kPa (Fig. 5.7). For brevity, the response of the specimens subjected to a confining stress 
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of 400 kPa is not presented here but is elaborated on in Basson et al. (2023). Throughout this 

study, the response of 100A is presented in red, 33ABC in green, and 25ABCD in blue. Table 

5.3 provides the e0, DR, and ξ0 for the drained simulations. 

The simulation results show the behaviors characteristic of coarse-grained soil 

specimens subjected to triaxial shearing (Figs. 5.6 and 5.7). Namely, at the same p′ of 100 

kPa, the denser specimens (smaller ξ0) exhibit a higher initial stiffness, greater peak q, and a 

more dilative volume change than the looser specimens (larger ξ0) for all three materials. 

The denser specimens show a distinct peak q value followed by strain softening until the 

specimen reaches the critical state. The dilative volume change of the denser specimens 

increases rapidly at small axial strains, and they reach stable values at axial strains between 

10 and 15%. In contrast, the q of the looser specimens continues to increase until reaching 

its maximum value at a critical state. For these specimens, the volume change is 

predominantly contractile, with the exception of the 100A specimen, which shows modest 

dilation. At a p′ of 800 kPa, all materials mobilize a greater q which is reached at a greater εa 

than for the specimens subjected to a p′ of 100 kPa (Fig. 5.7). The dilative volume changes 

are smaller for the specimens subjected to the greater p′, and the specimens exhibit a higher 

magnitude of contraction at a p′ of 800 kPa.  

A comparison of the drained triaxial response for the 100A, 33ABC, and 25ABCD 

specimens at a similar ξ0 of about -0.10 and subjected to a p′ of 100 kPa exemplify the effect 

of CU, where specimens with broader gradations mobilize greater peak q values and exhibit 

more dilative responses (Fig. 5.8).  At the peak state, the 25ABCD and 33ABC specimens 

mobilize the highest q; however, at the critical state, the 100A specimen mobilizes the 
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highest q followed by 33ABC and 25ABCD specimens, respectively. The 25ABCD specimens 

show the highest dilation rate and the largest dilative volume change, followed by the 33ABC 

and 100A specimens. These observations are consistent with results presented in past 

studies (Ahmed et al. 2023; Amirpour Harehdasht et al. 2017; Simoni and Houlsby 2006). 

5.4.3 Stress-dilatancy behavior 

Bolton (1986) modified Rowe’s (1962) stress-dilatancy relationship based on the data 

obtained from experimental tests conducted on poorly graded sands with CU values smaller 

than 2.5. Bolton (1986) presents a relationship between the difference in peak and critical 

state friction angles and maximum dilation angle (ψmax): 

ϕʹp - ϕʹcs = b ∙ ψmax (5.3) 

The peak friction angle was computed based on the peak stress ratio (ηpeak = q/p′ at peak 

state) using the equation: 

ϕ
𝑝
' = sin-1 (

3ηpeak

6+ηpeak
) 

(5.4) 

ψmax was computed based on the equation presented in Vaid and Sasitharan (1992) as: 

ψ
max

= sin-1 (
2

3
(d𝜖v/d𝜀a)max

+1
) 

(5.5) 

where (dεv/ dεa)max  is the maximum rate of dilative volume change with respect to axial 

strain. Bolton (1986) proposed a b value of 0.8 for plane strain shearing, while other studies 

have reported a range of b values between 0.2 and 0.6 for triaxial compression conditions 

(Chakraborty and Salgado 2010).  



168 
 

The drained DEM results indicate an increase in the b parameter with an increase in CU. 

Namely, the b parameter was 0.30 for 100A, 0.38 for 33ABC, and 0.42 for 25ABCD. The b 

parameter was determined by fitting a straight line passing through the origin to the ϕʹp - 

ϕʹcs versus ψmax relationships, as shown in Fig. 5.9(a). Previous studies suggest a smaller 

influence of CU on the b parameter (Amirpour Harehdasht et al. 2017; Reardon et al. 2022; 

Ahmed et al. 2023). However, the DEM results show a non-linear increase of b with CU. The 

difference between the experimental and simulation results could be attributed to the effect 

of particle size, which is present in the experiment but absent in the simulations.  

A comparison of the ϕʹp-ϕʹcs versus p′ at failure results from the drained triaxial 

simulations and the empirical trends from Bolton (1986) reveals differences in the trends 

for the broader gradations (Fig. 5.9(b)). Specifically, the data points for the 33ABC and 

25ABCD specimens with DR ~ 45% are closer to the DR = 75% trendline from Bolton. The 

data points for both the DR ~ 65% and DR ~ 80% specimens for the 33ABC and 25ABCD 

specimens are located above the DR = 100% trendline. Comparison of the 100A results shows 

smaller differences, with the specimen with DR ~ 45% plotting close to the empirical 

trendline of DR = 50%, the specimens at DR ~ 65% plotting slightly below the 75% empirical 

trendline, and the specimen at DR ~ 80% plotting slightly below the 100% trendline. The 

systematic underprediction of ϕʹp-ϕʹcs for a given p′ for broader gradations can be attributed 

to increased dilative response, which may not be captured by the Bolton (1986) results on 

poorly graded soils. Similar observations regarding this systematic underprediction have 

been reported in experimental triaxial and direct simple shear tests by Ahmed et al. (2023) 

and Reardon et al. (2021).  
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5.5 Fabric evolution during drained triaxial simulations 

This section presents the influence of widening gradation on the soil fabric, aiming to explain 

the differences in the shear strength and stress-dilatancy behavior observed in drained 

triaxial simulations. In particular, the particle packing and contact force transmission 

characteristics at the initial, peak, and critical states, along with the evolution of fabric 

anisotropy with increasing axial strain, are evaluated for 100A, 33ABC, and 25ABCD 

specimens at a similar ξ0 of -0.1 (i.e., Fig. 5.8). 

5.5.1 Particle connectivity 

Soil gradation governs the packing characteristics and the transmission of global stresses to 

individual particles. The presence of a wide range of particle sizes allows the finer particles 

to fill the voids between coarser particles, leading to increased interlocking and improved 

contact force transmission (Chang and Meidani 2013; Doygun et al. 2019; Wiącek and 

Molenda 2014; Yilmaz et al. 2023). The packing characteristics can be evaluated using the 

coordination or mechanical coordination numbers, where the latter does not consider the 

influence of particles with zero or one contact (Thornton 2000). However, these quantities 

are defined based on the average contact number per particle for an assembly; thus, they 

obscure the differences in contact numbers between the coarser and finer particles of an 

assembly. Instead, the Particle Connectivity (PC) is calculated for each particle as the number 

of contacts with its neighbors, allowing for the evaluation of distributions as a function of 

particle size. PC has recently been adopted as a more effective measure of packing 

characteristics for broader gradations (Liu et al. 2021a; b).  
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Broader gradations produce a wider distribution of PC. The PC distributions for 100A, 

33ABCD, and 25ABCD soils with ξ0 of -0.1 at the initial, peak, and critical state are presented 

in Figs. S5.2(a), 5.10(a) and 5.11(a), respectively. The cumulative distributions are generated 

by calculating the cumulative volume of individual particles with a given PC value. At the 

initial, peak, and critical states, the 25ABCD specimen has the greatest PC number for any 

given cumulative % by volume, and the 100A specimen has the lowest PC number. For 

example, at the peak state, the 25ABCD specimen has a maximum PC of 434, while the 100A 

specimen has a maximum PC of 34 (Fig. 5.10(a)). The trends reported here are in agreement 

with those presented by (Liu et al. 2021a; b).  

Greater PC values in the more broadly graded specimens mean that the particles are in 

a more statically indeterminate state, producing an enhanced interlocking which would 

produce a greater dilation during shearing (Santamarina 2003). This is observed in the 

triaxial response reported in Fig. 5.8, where the 25ABCD specimen exhibits a more dilative 

response. The PC decreases as the axial strain increases for all the specimens (e.g., from 1019 

at initial to 434 at peak and 275 at critical state for 25ABCD, Figs. 5.10(a) and 5.11(a)) due 

to particle rearrangement from dilation. The particle fraction not active in contact force 

transmission (PC less than 1) is a very small percentage (less than 1%) of the overall 

specimen for all specimens, indicating stable packings.  

The broader gradations produce wider ranges of PC values. The distribution of average 

particle size corresponding to individual PC value at the initial, peak, and critical states of 

specimens with ξ0 of -0.1 is presented in Figs. S5.2(b), 5.10(b) and 5.11(b), respectively. The 

results demonstrate that particle size increases with PC for all three specimens, and that the 
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more broadly graded specimens have greater PC values. For instance, the largest particle in 

the 25ABCD specimen has a diameter of 71.7 mm and is connected to 434 and 275 particles 

at the peak and critical states, respectively. In comparison, the largest particle in the 100A 

specimen is 6.2 mm and is connected to 34 and 31 particles at the peak and critical states, 

respectively. These results also suggest that the greater PC in the more broadly graded 

specimens promote greater interlocking, leading to higher peak strengths and increased 

dilation for broader gradations (i.e., Fig. 5.8). Interestingly, the average particle size for PC 

values of zero and one is close to the 10th percentile value (D10), as indicated by vertical lines 

in Figs. S5.2(b), 5.10(b), and 5.11(b). Additionally, the distributions become nearly vertical 

at lower PC values between 1 and 5. Overall, these findings indicate that on average the 

smaller particles in an assembly are less participative in the force transmission, with D10 

providing a reasonable estimation of the size demarcating active and inactive particles. 

5.5.2 Contact force transmission 

The presence of coarser particles significantly influences the contact force transmission 

within the specimen. The effect of gradation on the distribution of contact normal forces (Fn) 

is highlighted by plotting the normalized contact normal force (𝐹𝑛 /𝐹𝑛̅ ) for each contact, 

normalized to the average contact normal force in the specimen as a function of particle size. 

A two-dimensional colormap is generated to visualize the distribution of 𝐹𝑛/𝐹𝑛̅ for all the 

contacts in the assembly, as a function of the sizes of the two particles involved in each 

contact. To create the colormap, the PSD for the soils was divided into 10 equal-sized bins, 

with the first one being from D0 to D10, and the last one being from D90 to D100, and the average 

𝐹𝑛/𝐹𝑛̅ is indicated by the shade of the respective cell. Additionally, contours are drawn for 

𝐹𝑛/𝐹𝑛̅ values of 1.0, 1.5, and 2.0, showing the particle sizes that carry different proportions 
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of 𝐹𝑛̅. The contacts transmitting a force greater than the average force (𝐹𝑛/𝐹𝑛̅ > 1.0) form the 

strong force chain network, and the contacts transmitting a force smaller than the average 

force form the weak force chain network (defined by Radjai et al. 1997). The distribution of 

𝐹𝑛 /𝐹𝑛̅  for 100A, 33ABC and 25ABCD specimens at the initial, peak, and critical states of 

specimens with ξ0 of -0.1 is presented in Figs. S5.2(c,d,e), 5.10(c,d,e) and 5.11(c,d,e), 

respectively. 

The distributions for the more broadly graded specimens show a disproportionate 

increase in  𝐹𝑛/𝐹𝑛̅ with particle size. In the 100A specimen at the peak state, the magnitude 

of 𝐹𝑛/𝐹𝑛̅ gradually increases with particle size, with the coarsest particles transmitting about 

3.5 times the average force. The boundary between the strong and weak force chain 

networks can be approximated by D40 in the initial state but shifts towards coarser particle 

sizes at the peak and critical states. The coarsest particles in the 33ABC and 25ABCD 

specimens transmit greater than 30 and 50 times the average contact force at the peak state, 

respectively. The D25 and D20 function as the average particle size boundary demarcating the 

strong and weak force networks for 33ABC and 25ABCD specimens at initial state, 

respectively, indicating that the majority of the particles by size (D25 to D100 for 33ABC and 

D20 to D100 for 25ABCD) carries contact forces higher than the average. These findings align 

with the observation that the finer particles in granular assemblies tend to occupy the void 

space and provide buckling resistance to the strong force chain (Basson and Martinez 2020; 

Liu et al. 2021). The particle size that carries any given 𝐹𝑛/𝐹𝑛̅ value slightly increases from 

the initial to the peak and critical states. Similar findings have been past reported connecting 

the collective buckling of the strong and weak force chains to the particle motions in shear 
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banding (Oda and Kazama 1998; Yilmaz et al. 2023) and to explain the classic stress-

dilatancy theories (Tordesillas et al. 2011).  

5.5.3 Anisotropy in contact force distribution 

Vector analysis of contact normal forces reveals the preferential orientation of the force 

chain network, which can be separated into the strong and weak networks. In this study, the 

orientations of normal forces are presented in terms of angular distributions obtained from 

fitting analytical functions to the contact normal forces (Fn) (Basson et al. 2021; Rothenburg 

and Bathurst 1992). The fitted analytical function has the following form: 

F(θ) = 𝐹𝑛̅ (1 + aCNF cos 2 (θ – θCNF)) (5.6) 

where aCNF is the parameter that controls the anisotropy of the distribution, θCNF is the 

preferred orientation from the horizontal direction and the 𝐹𝑛̅ is the average contact force 

for the Fn distribution. The fitted angular distributions for the 100A, 33ABC, and 25ABCD 

specimens with a ξ0 of -0.1 at the initial, peak, and critical states are presented in Figs. 

S5.2(f,g,h), 5.12(f,g,h) and 5.13(f,g,h), respectively. A comparison of the closeness of fit using 

equation 7 to the obtained data is presented in Fig. S5.3. The angular distributions were 

obtained along xz planes and are presented for three ranges of particle sizes. The small 

particles were defined as those smaller than D10 to capture the inactive particles (i.e., Figs. 

S5.2(b), 5.10(b) and 5.11(b)), the medium particles were considered as those larger than D10 

but with 𝐹𝑛/𝐹𝑛̅ smaller than 1.0 in the initial state (i.e., D40 for 100A, D25 for 33ABC and D20 for 

25ABCD per Figs. S5.2(c), S5.2(d) and S5.2(e)), and the large particles were defined as those 

with 𝐹𝑛/𝐹𝑛̅ greater or equal to 1.0 (i.e., strong force network) in the initial state. Table 5.5 

tabulates the magnitude of aCNF for the fitted distributions for the three particle size ranges. 
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The angular distributions and the associated aCNF, for the small, medium, and large 

particles, are influenced by the gradation, with a stronger tendency for the strong force 

networks to be transmitted through the larger particles in the broader gradations. Initially, 

all specimens exhibit negligible force anisotropy, indicated by nearly circular distributions, 

due to the isotropic stress state after compression (Figs. S5.1(f,g,h)). This is shown by the 

aCNF  magnitude for the small, medium, and large particles at the initial state in all specimens 

which is below 0.04. At the peak and critical states, the distributions become peanut-shaped 

with a larger contact force in the vertical direction (i.e., aligned with the major principal 

stress) with a aCNF magnitudes between 0.34 to 0.58 (Figs. 5.10(f,g,h) and Figs. 5.11(f,g,h), 

Table 5). At the critical state, the distribution of the larger particles (i.e., strong force 

network) exhibit greater anisotropy than those for the medium and fine particles (i.e., weak 

force network), and this difference increases as the CU is increased. For example, in the 

33ABC and 25ABCD specimens, the aCNF  magnitude for large particles is 0.40 and 0.41, 

respectively, whereas the aCNF magnitude for small particles is 0.12 and 0.04, respectively, 

with near circular angular distributions. The disparity between the aCNF  magnitude for larger 

and smaller particle confirms that the strong force network aligns itself to the direction of 

the major principal stress state, while the weak force network provides the buckling 

resistance to the strong force columns. These observations are consistent with past studies 

on strong and weak force columns (Minh et al. 2014; Kruyt 2016; Sufian et al. 2021). 

5.6 Undrained triaxial response and fabric evolution 

The undrained triaxial response of 100A, 33ABC, and 25ABCD is presented in terms of the 

evolution of q and excess pore pressure (Δu) with axial strain for specimens prepared at 
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different ξ0 at a p′ of 100 kPa (Fig. 5.12) and 800 kPa (Fig. 5.13). The denser specimen 

(smallest ξ0) mobilizes greatest q for any given p′ due to the generation of negative Δu with 

greater magnitudes. At small axial strains, the denser specimens generate slightly positive 

Δu followed by a reduction in Δu reaching the minimum negative value at critical state. The 

looser specimens generate slightly positive or slightly negative Δu throughout the entire 

simulations. The specimens subjected to a p′ of 800 kPa show a less dilative response, in 

agreement with the drained results.  

A comparison of the undrained triaxial response for the 100A, 33ABC and 25ABCD 

specimens at a ξ0 between -0.05 and -0.09 subjected to a p′ of 100 kPa highlight the effect of 

gradations, where specimens with broader gradations generate larger negative Δu (Fig. 

5.14). At the peak and critical states, the 33ABC specimen mobilizes the highest q followed 

by 25ABCD and 100A specimens, respectively. The 33ABC specimen shows the highest 

magnitude of Δu and rate of pore pressure generation, followed by the 25ABCD and 100A 

specimens, likely due to the former’s more negative state (ξ0 = -0.09). These observations are 

consistent with the drained simulation response (i.e., Fig. 5.8) showing a more dilative 

response for the more broadly graded specimens as well as with past experimental studies 

(Ahmed et al. 2023, Amirpour Harehdasht et al. 2017, and Simoni and Houlsby 2006). The 

packing characteristics, transmission of contact forces and evolution of fabric for these 

specimens (Figs. S5.4, S5.5, S5.6) show similar trends to those described for the drained 

triaxial simulation. Namely, the particles with larger sizes have greater PC, carry larger 

contact forces, and have contact force angular distributions that are more anisotropic and 

aligned with the major principal stress direction. With increasing axial strain, the packing 

density (PC) continuously increases (Figs. S5.4(a,b), S5.5(a,b), S5.6(a,b)), and the 
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distribution of contact forces with particle size remains relatively consistent (Figs. 

S5.5(c,d,e), S5.6(c,d,e), S5.7(c,d,e)).  

5.7 Gradation effects on stress-dilatancy and pore pressure generation 

Recent studies indicate that the ξ0 is more robust in capturing the effects of gradation on the 

strength and stress-dilatancy behavior of coarse-grained soil (Ahmed et al. 2023; Li et al. 

2015). Unlike DR, ξ0 captures the difference between eo and ecs, which considers the 

dependency on p′. In addition, due to the influence of gradation on the slope and position of 

the CSL (i.e., Fig. 5.5), a given DR value for different soils does not ensure the same difference 

between the initial and critical states. The variation of ϕ'p, ϕ'p - ϕ'cs, and ψmax with ξ0 for 

drained simulations is presented in Figs. 5.15(a), (b), (c), respectively, along with the dashed 

lines representing the bounds proposed by Been and Jefferies (1985). For all the gradations, 

ϕ'p, ϕ'p - ϕ'cs, and ψmax increase as ξ0 becomes more negative. Moreover, at the same ξ0, ϕ'p, 

ϕ'p - ϕ'cs, and ψmax increase as the soils become more broadly graded. The values of ϕ'p and 

ϕ'p - ϕ'cs converge for the specimens with greater ξ0, while the difference between the values 

for the 100A and 25ABCD specimens grows as the ξ0 decreases. This increase in the spread 

is due to an increase in the dilative tendencies with an increase in gradation and is 

corroborated by a relatively rapid increase in the ψmax with decreases in ξ0 for the 25ABCD 

and 33ABC specimens compared to 100A (Fig. 5.15(c)). These trends can be explained by the 

larger PC values and the greater anisotropy of the contact force angular distributions in the 

more broadly graded specimens (i.e., Figs. S5.1(a,f,g,h), Figs. 5.10(a,f,g,h), and Figs. 

5.11(a,f,g,h)). 
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The results for the 100A specimen align closely with the lower bound proposed by Been 

and Jefferies (1985), while the results for 33ABC and 25ABCD specimens plot above the 

bounds. These results suggest that the bounds presented by Been and Jefferies (1985) fail to 

explicitly capture the systematic variation in behavior as soil gradation becomes broader, 

also observed in experimental results by Ahmed et al. (2023). Additionally, comparison of 

ϕ'p - ϕ'cs and ϕ'p with DR in Fig. 5.16 reveals that while there is a general increase in ϕ'p - ϕ'cs 

and ϕ'p with DR, DR fails to effectively capture the systematic increase in the parameters 

resulting from an increase in gradation.  

The maximum pore pressure generated at the critical state (umin) and the minimum rate 

of pore pressure generation (δu/δεa)min during undrained shearing are intimately related to 

the volume change tendencies of the specimens. The variations of umin and (δu/δεa)min as a 

function of ξ0 are presented in Figs. 5.15(d,e). Both umin and (δu/δεa)min becomes more 

negative as ξ0 is decreased for all the gradations. For the same ξ0, the 25ABCD and 33ABC 

specimens produce more negative umin and (δu/δεa)min values than the 100A specimen, in 

agreement with the greater dilative tendencies for the more broadly graded soils shown in 

the drained simulations. The trends in the undrained responses are also related to the 

greater PC values and anisotropy of the contact force angular distributions in the more 

broadly graded specimens (i.e., Figs. S5.5(a,f,g,h), Figs. S5.6(a,f,g,h), and Figs. S5.7(a,f,g,h)). 

These observations further advance the trends regarding pore pressure generation for 

specimens with similar ξ0 observed in past research (Kokusho et al. 2004; Gong et al. 2012; 

Ghadr and Assadi-Langroudi 2019; Ahmed et al. 2023).  
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5.8 Conclusions 

This paper investigates the effect of changes in gradation on the shear strength, volume 

change, and stress-dilatancy of coarse-grained soils using DEM simulations on specimens 

with CU between 1.9 and 6.4. Monotonic simulations were performed to highlight the 

gradation effects on the drained and undrained triaxial response, critical state lines, and 

parameters such as ϕ'p, ϕ'p - ϕ'cs, ψmax, umin, and (δu/δεa)min.  

Specimens with broader gradation mobilized greater peak shear strengths, dilative 

volume changes, rates of dilation, negative excess pore pressures, and rates of pore pressure 

generation when compared at the same ξ0. In specimens with broader gradations, the 

coarsest particles form a significant number of contacts with their neighboring particles, 

carrying a majority of the contact forces. The coarsest particle for the 25ABCD (i.e., CU = 6.37) 

specimen is connected to 12 times more particles than the coarsest particle in the 100A (i.e., 

CU = 1.98) specimen at similar ξ0. This greater interlocking of the coarser particles leads to a 

greater dilation during shearing, resulting in greater peak shear strengths for the more 

broadly-graded specimens. The largest particles in the 25ABCD specimen carry up to 50 

times the average contact force, while the coarsest particles in the 100A specimen carry 

about 3.5 times the average contact force. The fraction of particles in the strong force 

network increases as the gradation becomes broader, from D40 to D100 for poorly graded 

100A specimen to D20 to D100 for the broadly-graded 25ABCD specimen. The D10 size is close 

to the threshold average size of the inactive particles in force transmission. The contact force 

distributions indicate that the strong force network (carried by coarser particles) aligns 

itself with the major principal stress direction, while the weak force network and inactive 
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particles provide buckling resistance, and this effect becomes pronounced with an increase 

in gradation.  

The results indicate the position and slope of the critical state line in the e-log(p′) plane 

decrease as the gradation becomes wider, and at similar ξ0 the ϕ'p, ϕ'p - ϕ'cs and ψmax increase 

with an increase gradation. In contrast, when plotted in terms of DR the effects of gradation 

are obscured. Comparison of the simulation results with the trends presented in Bolton 

(1986) and Been and Jefferies (1985) suggests that these frameworks do not explicitly 

capture the effect of gradation. Specifically, the simulation results for the more broadly-

graded specimens indicate that they plot higher in ϕ'p - ϕ'cs vs. p′ space than those predicted 

by Bolton’s framework. Also, while the 100A specimen results align with the lower bound 

presented by Been and Jefferies (1985) in ϕ'p vs. ξ0 and of ϕ'p - ϕ'cs vs. ξ0 spaces, the 25ABCD 

specimen results have greater of ϕ'p and ϕ'p - ϕ'cs values than the reported upper bound for 

any given ξ0. Overall, these results indicate that gradation has a significant effect on the peak 

strength and dilatancy of coarse-grained soils, driven by the disproportionately high role of 

the coarsest particles in the assembly in transmitting contact forces. These effects are readily 

captured when ξ0 is used as the state parameter for comparison between different soils. 
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5.12 Tables and figures 

 

Table 5.1: Gradation characteristics of the simulated materials 

Soil D10 (mm) D30 (mm) D50 (mm) D60 (mm) Cu Cc emax emin 

100A 1.67 2.14 2.83 3.31 1.98 0.83 1.01 0.62 

33ABC 2.50 4.82 8.76 11.20 4.48 0.83 0.74 0.45 

25ABCD 2.84 6.54 12.72 18.10 6.37 0.83 0.68 0.41 

 

 

Table 5.2: DEM simulations parameters 

Parameter Symbol Value 

Normalized normal stiffness kn/d 2.5e8 Pa 

Shear to normal stiffness ratio ks/kn 0.2 

Particle density ρ 2650 kg/m3 

Friction coefficient during sample 

preparation 
μprep 0.1 to 0.4 

Friction coefficient during shearing μshear 0.5 

Global damping during preparation ςprep 0.05 to 0.5 

Global damping during shearing ςshear 0.05 
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Table 5.3: Parameters of drained triaxial simulations 

Soil 

Mean effective 
confining stress, Initial void 

ratio, e0 
Initial state 

parameter, ξ0 

Relative 

Density, DR 
p' (kPa) 

100A 

100 0.853 -0.04 40 

100 0.802 -0.10 53 

100 0.692 -0.21 82 

400 0.866 0.00 37 

400 0.801 -0.08 54 

400 0.693 -0.18 81 

800 0.836 0.02 45 

800 0.805 -0.03 53 

800 0.686 -0.14 83 

33ABC 

100 0.655 0.03 31 

100 0.632 0.01 39 

100 0.518 -0.11 78 

400 0.676 0.06 24 

400 0.635 0.01 38 

400 0.511 -0.11 80 

800 0.666 0.06 28 

800 0.619 0.02 44 

800 0.518 -0.09 78 

25ABCD 

100 0.603 0.02 28 

100 0.586 0.01 35 

100 0.471 -0.10 79 

400 0.595 0.02 31 

400 0.585 0.02 35 

400 0.481 -0.08 75 

800 0.585 0.04 35 

800 0.574 0.02 39 

800 0.479 -0.07 76 
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Table 5.4: Parameters of undrained triaxial simulations  

Soil 

Mean effective 
confining stress, Initial void ratio, 

e0 
Initial state 

parameter, ξ0 

Relative 

Density, DR 
p' (kPa) 

100A 

100 0.854 -0.048 40 

100 0.802 -0.1 53 

100 0.753 -0.149 66 

800 0.837 -0.007 44 

800 0.805 -0.039 53 

800 0.716 -0.128 76 

33ABC 

100 0.645 0.011 35 

100 0.632 -0.002 39 

100 0.574 -0.06 59 

800 0.625 -0.01 42 

800 0.619 0.004 44 

800 0.583 -0.032 56 

25ABCD 

100 0.573 -0.009 40 

100 0.562 -0.02 44 

100 0.521 -0.062 60 

800 0.572 0.016 40 

800 0.544 -0.016 51 

800 0.511 -0.054 64 
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Table 5.5: Anisotropy of contact normal force angular for drained simulations 

Specimen State Particle Size aCNF 

 

100A Initial 

D < 10% 0.04  

10% < D < 40% 0.01  

D > 40% 0.03  

100A Peak 

D < 10% 0.42  

10% < D < 40% 0.44  

D > 40% 0.54  

100A Critical 

D < 10% 0.28  

10% < D < 40% 0.33  

D > 40% 0.42  

33ABC Initial 

D < 10% 0.01  

10% < D < 25% 0.01  

D > 25% 0.01  

33ABC Peak 

D < 10% 0.34  

10% < D < 25% 0.41  

D > 25% 0.60  

33ABC Critical 

D < 10% 0.12  

10% < D < 25% 0.33  

D > 25% 0.40  

25ABCD Initial 

D < 10% 0.00  

10% < D < 20% 0.01  

D > 20% 0.02  

25ABCD Peak 

D < 10% 0.29  

10% < D < 20% 0.35  

D > 20% 0.58  

25ABCD Critical 

D < 10% 0.04  

10% < D < 20% 0.36  

D > 20% 0.41  
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Figure 5.1: (a) Particle size distribution of the simulated materials and (b) templates for 

clumped particles. 
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Figure 5.2: Comparison of (a) particle shape parameters between real (box and whiskers) 

and simulated particles, (b) emax and emin for different clump mixes, and (c) bounds for emax 

and emin from experiments and DEM simulations for different gradations. Note: Re. = 

regularity and S = sphericity.   
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Figures 5.3: Images of 100A, 33ABC, 25ABCD, and 25ABCD (2.1x) specimens. The particle 

color is normalized between the maximum (red) and minimum (blue) diameter in the 

specimen. 
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Figures 5.4: Comparison of the (a) q, (b) εv, (c) stress path in q-p' space, and (d) stress path 

in e-log(p'), space between drained triaxial simulations and experiments.  
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Figure 5.5: Stress paths and critical state lines with respective fittings in the e-log(p′) and 

q-p′ spaces for (a) 100A, (b) 33ABC, and (c) 25ABCD. 
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Figure 5.6: Drained triaxial results at p' = 100kPa for (a) 100A, (b) 33ABC, and (c) 25ABCD.  
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Figure 5.7: Drained triaxial results at p' = 800kPa for (a) 100A, (b) 33ABC, and (c) 25ABCD.  
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Figure 5.8: Comparison of (a) q/ p′ and (b) εv for 100A, 33ABC, and 25ABCD specimens 

with ξ0 = -0.1 and p′ = 100 kPa subjected to drained shearing. 
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Figure 5.9: (a) ϕ'p - ϕ'cs versus ψmax, and (b) ϕ'p - ϕ'cs versus p' for monotonic drained 

triaxial tests. The black lines in (b) represent the bounds from Bolton (1986).  
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Figure 5.10: (a) Cumulative distribution of PC, (b) variation of PC with the particle size, 

(c),(d),(e) distribution of contact normal forces with particle sizes (as percent passing), and 

(f),(g),(h) angular distributions of contact forces for the peak strength states for 100A, 

33ABC and 25ABCD specimens subjected drained triaxial compression at p′ = 100 kPa and 

ξ0 = -0.1. 
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Figure 5.11: (a) Cumulative distribution of PC, (b) variation of PC with the particle size, 

(c),(d),(e) distribution of contact normal forces with particle sizes (as percent passing), and 

(f),(g),(h) angular distributions of contact forces for the critical states for 100A, 33ABC and 

25ABCD specimens subjected drained triaxial compression at p′ = 100 kPa and ξ0 = -0.1. 
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Figure 5.12: Undrained triaxial results at p' = 100kPa for (a) 100A, (b) 33ABC, and (c) 

25ABCD.  
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Figure 5.13: Undrained triaxial results at p' = 800kPa for (a) 100A, (b) 33ABC, and (c) 

25ABCD.  
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Figure 5.14: Comparison of (a) q and (b) εv for 100A, 33ABC, and 25ABCD specimens with 

ξ0 = -0.1 and p′ = 100 kPa subjected to undrained shearing. 
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Figure 5.15: Variation of (a) ϕ'p, (b) ϕ'p- ϕ'cs , (c) ψmax, (d) umin, and (e) (δu/δεa)min with ξ0 

for drained and undrained tests. 
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Figure 5.16: Variation of (a) ϕ'p - ϕ'cs  and (b) ϕ'p with DR for drained tests. 
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Supplementary figures

 

Figure S5.1: Comparison of the (a) q, (b) εv, (c) stress path in q-p' space, and (d) stress path 

in e-log(p'), space between 25ABCD and 25ABCD (2.1x) specimen for drained triaxial 

simulations at p′ = 100 kPa. 
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Figure S5.2: (a) Cumulative distribution of PC, (b) variation of PC with the particle size, 

(c,d,e) distribution of contact normal forces with particle sizes (as percent passing), and 

(f,g,h) angular distributions of contact forces for the initial states for 100A, 33ABC and 

25ABCD specimens subjected to drained triaxial compression at p′ = 100 kPa and ξ0 = -0.1. 
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Figure S5.3: Comparison of obtained data and fitted lines using Eq. 7 at (a) initial (Fig. 

S3h), (b) peak (Fig. 10(h)) and (c) critical (Fig. 11(h)) state for strong forces for 25ABCD 

specimen subjected to drained triaxial compression at p′ = 100 kPa and ξ0 = -0.1. 
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Figure S5.4: (a) Cumulative distribution of PC, (b) variation of PC with the particle size, 

(c,d,e) distribution of contact normal forces with particle sizes (as percent passing), and 

(f,g,h) angular distributions of contact forces for the initial states for 100A, 33ABC and 

25ABCD specimens subjected to undrained triaxial compression at p′ = 100 kPa and ξ0 = -

0.06. 
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Figure S5.5: (a) Cumulative distribution of PC, (b) variation of PC with the particle size, 

(c,d,e) distribution of contact normal forces with particle sizes (as percent passing), and 

(f,g,h) angular distributions of contact forces for the peak states for 100A, 33ABC and 

25ABCD specimens subjected to undrained triaxial compression at p′ = 100 kPa and ξ0 = -

0.06. 

 

                                     

               
  
 
   
 

  
 
   
 

  
 
   
 

      

         

         



216 
 

 

Figure S5.6: (a) Cumulative distribution of PC, (b) variation of PC with the particle size, 

(c,d,e) distribution of contact normal forces with particle sizes (as percent passing), and 

(f,g,h) angular distributions of contact forces for the critical states for 100A, 33ABC and 

25ABCD specimens subjected to undrained triaxial compression at p′ = 100 kPa and ξ0 = -

0.06. 
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Chapter 6 

 

DEM simulations of the liquefaction triggering resistance and post-

triggering strain accumulation of coarse-grained soils with varying 

gradations 

 

Author’s note: This paper will be submitted as a journal paper to the ASCE Journal of 

Geotechnical and Geoenvironmental Engineering authored by Mandeep Singh Basson, 

Alejandro Martinez, and Jason T. DeJong. The paper is presented herein with minor edits for 

consistency with the other chapters of this Dissertation. 

 

6.1 Abstract 

The evaluation of liquefaction triggering potential and induced strains is crucial for 

liquefaction assessment of geosystems constructed on, or comprised of, coarse-grained soils. 

A series of cyclic constant volume direct simple shear (DSS) tests were simulated using the 

discrete element method (DEM) to investigate the influence of gradation on the pre- and 

post-liquefaction behavior of coarse-grained soils, including the liquefaction triggering 

resistance, shear strain accumulation, and fabric evolution. The DEM simulations were 

conducted on isotropically consolidated cubical specimens composed of non-spherical 

particles with a range of coefficient of uniformity (CU) between 1.9 and 6.4. Macro-scale 
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analysis reveals that specimens with broader gradations yield lower liquefaction triggering 

resistance than poorly graded specimens at similar relative densities. However, the more 

broadly-graded specimens have higher liquefaction triggering resistance when compared at 

the same initial state parameter. After liquefaction is triggered, the specimens with broader 

gradation accumulate shear strains at smaller rates than the poorly-graded specimens. 

Particle-level measurements, such as the particle connectivity, percentage of sliding 

contacts, and anisotropy in the strong and weak force networks indicate the impact of 

gradation on particle packing within the specimen. Specifically, the presence of coarser 

particles in the broadly graded specimens promotes stable packing and enhanced 

interlocking by forming a substantially large number of contacts, which limits the particle 

movement and produces lower post-liquefaction strain accumulation. In contrast, the finer 

particles minimally contribute to overall specimen stability. Additionally, wider gradations 

increase the anisotropy in contact forces, with strong forces aligning along the major 

principal stress direction and weak forces providing resistance against buckling. These 

insights contribute to a better understanding of pre- and post-liquefaction triggering 

behavior in granular soils and the implication for the design of resilient infrastructure built 

on, or comprised of, coarse-grained broadly graded soils. 

6.2 Introduction 

Earthquake-induced soil liquefaction is a natural phenomenon due to the weakening of load-

bearing contact force networks caused by the accumulation of excess pore water pressures 

(e.g., Ishihara et al. 1975; Seed et al. 1976; Idriss and Boulanger 2008). Liquefaction leads to 

a substantial loss of soil shear strength and accumulation of shear strains, posing a 
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significant threat to the stability of critical infrastructure, including dams, levees, tunnels, 

building foundations, pipelines, bridges, and causing floating of critical buried structures 

(e.g., Rollins and Seed 1990; Bray et al. 2014; Cubrinovski et al. 2017). Gravelly alluvial soils 

deposited by rivers and streams are among the most common natural deposits that underlie 

or comprise the aforementioned critical infrastructures. These soils consist of a wide range 

of particle sizes, including coarser particles that are notably larger than clean sands, leading 

to a coefficient of uniformity (CU) value greater than 40 (e.g., Kokusho et al. 2004; DeJong et 

al. 2016). Given the numerous case studies documenting liquefaction in coarse-grained 

broadly-graded soils in the field (e.g., Kokusho et al. 1995; Towhata et al. 2014; Zhou et al. 

2020), it is vital to understand the effect of differences in the particle size distribution (PSD) 

on the liquefaction behavior of soils. 

Numerous laboratory experimental and physical modeling investigations have been 

conducted to examine the effect of PSD on the liquefaction triggering resistance. Although 

these studies have made significant contributions to understanding liquefaction in broadly 

graded soils, there are still inconsistencies and knowledge gaps, particularly in isolating the 

specific effects of increasing CU compared to an increase in particle sizes. For instance, 

studies indicate that increases in CU while maintaining the median particle size (D50) can 

produce either an increase (Yilmaz et al. 2008) or a decrease in the liquefaction resistance 

(Chang et al. 2014; Doygun et al. 2019; Reardon 2021; Humire 2022), or show no clear 

correlation (Wichtmann et al. 2019). Vaid et al. (1990) reported that specimens with higher 

CU but similar D50 have increased liquefaction resistance at low relative densities (DR). In 

contrast, at higher DR, there is a decrease in liquefaction resistance with increasing CU. 

Kokusho et al. (2004) observed only a small difference in liquefaction resistance for soils 
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with different CU while keeping the minimum particle diameter constant. Most studies report 

that soils with broader gradations exhibit a more dilative post-liquefaction response, which 

ultimately leads to lower liquefaction-induced deformations (e.g., Evans and Zhou 1995; 

Hubler et al. 2018; Humire 2022; Carey et al. 2022; Pires-Sturm and DeJong 2022), and only 

a few studies have systematically studied the post-liquefaction strain accumulation in 

coarse-grained soils that undergo cyclic mobility (rather than flow liquefaction) 

(Tasiopoulou et al. 2020; Humire and Ziotopoulou 2022). These observations are consistent 

with observations from monotonic testing where soils with higher CU demonstrate higher 

peak strengths and greater rates of dilation (Hamidi et al. 2012; Amirpour Harehdasht et al. 

2017; Basson et al. 2023a; Ahmed et al. 2023). 

The discrepancies observed in laboratory testing and physical modeling investigations 

may be attributed to either the coupling of changes in gradation with other particle 

properties, such as particle shape and D50, differences in the definition of state used for 

comparison (i.e., relative density (DR) versus void ratio versus state parameter), or 

limitations and boundary effects inherent to the testing device. For instance, the size of the 

specimen and the compliance of the particle-membrane interface may artificially increase 

the liquefaction resistance for soils with a relatively large size difference between the coarser 

and finer particles (Evans et al. 1992; Humire 2022). Recent studies indicate that changes in 

monotonic soil behavior, particularly the trends in peak friction angle, dilation angle, and 

excess pore pressure generation, resulting from a widening of gradation, can be effectively 

captured by comparing the response with the initial state parameter (i.e., the difference 

between the current void ratio and critical state void ratio at a given mean effective stress, 

ξ0,  per Been and Jefferies (1985)) (e.g., Huang et al. 2014b; Basson et al. 2023b; Ahmed et al. 
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2023). The ξ0 is able to capture the changes in the void ratio and the shift in the critical state 

lines with a widening of gradation, in comparison to using either the initial void ratio or DR.  

Discrete element modeling (DEM) has been recently adopted as a numerical tool to 

understand the effect of changes in gradation on particle packing, shear strength, stress-

dilatancy, and liquefaction resistance independent of other particle characteristics (e.g., 

Huang et al. 2019; Kuei et al. 2020; Yang et al. 2022b; Basson et al. 2023b; Banerjee et al. 

2023; Zuo et al. 2023). From a micro-scale perspective, the liquefaction resistance and post-

liquefaction strain accumulation are influenced by particle contact interactions and the 

distribution of contacts between the particles of different sizes within the specimen. In soils 

with broader gradations, the coarser particles form a larger number of contacts and carry a 

higher magnitude of contact forces as compared to finer particles. Additionally, the presence 

of finer particles promotes pore space filling, leading to improved particle packing and 

enhanced particle interlocking. The enhanced interlocking limits particle movement and can 

reduce deformations during repeated cyclic loading.  

This study investigates the effect of gradation on the pre- and post-liquefaction 

triggering response and evolution of the fabric of coarse-grained soils using cyclic constant 

volume direct simple shear DEM simulations. The tested specimens are created based on 

three PSDs with CU ranging between 1.9 to 6.4 and tested over a range of DR and ξ0. The 

macroscale results are presented as shear stress – shear strain curves, shear-induced pore 

pressures – cycle number relationships, liquefaction triggering curves, and post-triggering  

strain accumulation. Analysis of soil fabric is presented, examining the percentage of sliding 

contacts, particle packing characterized by mechanical coordination number and particle 
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connectivity, and the evolution of fabric anisotropy at different points during cyclic shearing 

to reinforce the obtained macroscale differences as a result of changes in gradation. 

6.3 Simulation methodology 

6.3.1 Simulated granular materials 

The simulated particle size distributions and particle shapes were based on a range of 

naturally available well-graded soils sourced from a marine deposit from Cape May 

formation near Mauricetown, New Jersey. The sourced soils were segregated into four poorly 

graded soils named as 100A, 100B, 100C, and 100D, where the former is the finer and the 

latter is the coarser. The poorly graded soils were mixed into different proportions to create 

soils with different gradations. The 33ABC soil comprises equal parts (33%) of 100A, 100B, 

and 100C, while the 25ABCD soil comprises equal parts (25%) each of 100A, 100B, 100C, 

and 100D. These soils have been extensively tested at the University of California Davis using 

centrifuge physical modeling (Sturm 2019; Sawyer 2020; Carey et al. 2022), laboratory 

testing (Humire 2022; Reardon et al. 2022; Ahmed et al. 2023), and numerical modeling 

(Chiaradonna et al. 2022; Basson et al. 2023a; b). To achieve realistic computation times, the 

simulated PSDs were upscaled by 20 times compared to the experimental PSDs, based on 

recommendations of past studies (Ciantia et al. 2015; Coetzee 2019). Table 6.1 summarizes 

the gradation and packing characteristics of the simulated soils, while Fig. 6.1(a) presents 

the PSD of both the experimentally tested (EXP) and simulated (DEM) soils.  

The particle shape influences the packing characteristics and the overall behavior of 

soils subjected to cyclic loading (e.g., Ashmawy et al. 2003; Santamarina and Cho 2004; 

Athanassiadis et al. 2014). An attempt was made to recreate the natural particle shapes using 
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clumped particles. Clumping multiple spherical particles into particles of specific shapes has 

been widely adopted in past DEM studies as a computationally-efficient way to recreate 

particle shapes (Garcia et al. 2009; Zheng and Hryciw 2017). Based on the recommendations 

presented in the literature (Ferellec and McDowell 2008; Suhr and Six 2020), seven clump 

templates were generated to match the particle shape parameters. Three clump templates 

(Fig. 6.1(b)) out of the seven were selected as they best matched the particle perimeter, 

width/length, circle ratio, area, diameter sphericities, and regularity values obtained from 

real soils (Fig. 6.1(c)). All the specimens were created with 70% clump #1, 20% clump #2, 

and 10% clump #3 because specimens with those mixes better matched the experimental 

maximum and minimum void ratios (emax and emin, respectively). In the DEM simulations, the 

emax and emin were obtained through manipulation of the inter-particle friction coefficient 

μprep and the damping coefficient ζprep for specimens prepared at a confining stress of 10 kPa, 

as typically done (Muir Wood and Maeda 2008; Gu et al. 2020a; Zuo et al. 2023). To achieve 

the emax, μprep, and ζprep of 0.5 were used, whereas, for emin, lower values of μprep of 0.01 and 

ζprep of 0.05 were chosen. Subjectivity is involved in selecting these parameters, as noted in 

O’Sullivan(2011) and Kuhn et al. (2014). However, these specific parameters values were 

selected as they provided a close match to the experimentally obtained emax and emin values 

(Fig. 6.1(d)). Other aspects considered in the decision of particle shape and proportion of 

clump templates were the ability to obtain reasonable calibrations for the drained triaxial 

response and liquefaction triggering curve for direct simple shear, as described in more 

detail below. More information on the selection of clump templates is presented in Basson 

et al. (2023b). 
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6.3.2 Simulation procedure 

Constant volume cyclic direct simple shear (DSS) simulations were conducted using the 

three-dimensional DEM code YADE (Šmilauer et al. 2010). Cubical specimens, as shown in 

Fig. 6.2, were generated with clumped particles based on the gradations presented in Fig. 

6.1(a). Periodic boundaries were employed around the specimens to ensure homogenous 

strain fields throughout the simulation procedure. The simulation procedure consisted of a 

sample preparation stage followed by a cyclic shearing stage. During sample preparation, a 

cloud of initially non-overlapping particles was randomly created inside a larger cubical box 

and isotropically compressed to an initial mean effective stress (p
0
′ ) of 100 kPa using a servo-

control algorithm. This sample preparation technique produces specimens with negligible 

initial fabric and stress anisotropy (Basson and Martinez 2023a). The void ratio and density 

of the specimen were controlled by changes in the friction coefficient during the sample 

preparation stage (μprep) within the range of 0.01 and 0.5 while keeping the damping ζprep 

constant at 0.05. Specimens were created for target DR ranges between 39% to 43% and 58% 

to 60%, and additional specimens were prepared to compare responses at similar initial 

state parameters (ξ0) of -0.01 and -0.06. Basson et al. (2023b) performed drained and 

undrained triaxial compression simulations to define the critical state lines for the 100A, 

33ABC, and 25ABCD soils. These critical state lines, presented in Fig. 6.3, illustrate that the 

position and slope of the critical state line in the e-log(p′) plane decrease as the gradation 

becomes wider. Additionally, a relative decrease in the difference between emax and emin 

values (Table 6.1) is observed with a broadening of gradation (also shown in Fig. 6.1(c)). The 

implications of these observations on the comparison of cyclic behavior with respect to ξ0 

and DR  are presented in the subsequent section. 
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During the cyclic shearing stage, constant specimen volume was maintained by fixing its 

height constant. This constant volume approximation is widely used in DEM simulations due 

to its computational efficiency and reasonable agreement with laboratory testing (e.g., 

Bonilla 2004; Hanley et al. 2013; Keishing and Hanley 2020). It is noted that the presence of 

fines in the specimens with wider gradations could potentially alter the permeability and 

affect the excess pore pressure generation rate, as noted by Carey et al. (2022) and Zhang 

and Rothenburg (2020). Nonetheless, the constant volume method was adopted to achieve 

reasonable calibration to the trends obtained from constant volume laboratory testing of the 

dry specimen with similar gradations (Humire et al. forthcoming). Cyclic shear strains were 

induced by applying a strain gradient from the bottom to the top of the specimen, with the 

bottom remaining fixed to mimic the loading strain gradient applied in the experiments. The 

strain gradient was reversed when the horizontal shear stresses (τxz) reached a specified 

target shear stress (τtarget). The strain rate for the strain gradient was chosen to ensure that 

the specimen was sheared in the quasi-static regime by keeping the inertial number below 

10-3. The value of τtarget was computed based on the cyclic shearing ratio (CSR) as: 

𝐶𝑆𝑅 =  
𝜏𝑡𝑎𝑟𝑔𝑒𝑡

𝑝0
′  (6.1) 

where p0′ is the initial mean effective stress. This cyclic shearing method produced a strain-

controlled ‘zig-zag’ loading time history as shown in Fig. 6.4, which has been widely adopted 

in the DSS simulations using DEM (Kuhn et al. 2014; Banerjee et al. 2023). The stresses and 

strains were computed in a measurement cube slightly smaller than the specimen size. The 

gravity was set to zero during both sample preparation and cyclic shearing. In total, 
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specimens with different ξ0 and DR values were tested at a p
0
′  of 100 kPa at CSRs of 0.05, 0.10, 

0.15, and 0.20. Table 6.2 summarizes the details of the tested specimens. 

The contact interactions between the particles were simulated based on a linear elastic 

model incorporating Mohr-Coulomb plasticity. Table 6.3 summarizes the contact parameters 

used in this study. To eliminate the effect of differences in D50 on the overall response, the 

normal contact stiffness was computed based on the normalized particle stiffness, 

represented by the ratio of particle normal stiffness to particle diameter (k/d), as suggested 

by Scholtès et al. (2009) and implemented by Šmilauer et al. (2010). The contact parameter 

values were obtained by performing a parametric comparison between the experimental 

and simulation results obtained from drained triaxial results (Basson et al. 2023b). To assess 

the suitability of these parameters to simulate the pre- and post-liquefaction triggering 

response of specimens, constant-volume cyclic DSS simulations were performed on 100A 

specimens and compared to the responses obtained from experimental DSS testing on 

specimen made of 100A gradation presented in Humire et al. (forthcoming). Figs. 6.5(a,b,c) 

compares the experimental and simulation results for a 100A specimen at a similar DR ~ 

42%, and Figs. 6.5(d,e,f) compares the results for specimen at a similar ξ0 ~ -0.11. The results 

show a strong similarity between the experimental and the simulation results and offer 

valuable insights into the challenges of calibrating simulation parameters to reproduce 

experimental results based on the chosen definition of specimen state. Specifically, for 

specimens prepared at similar DR, the liquefaction triggering curves, presented as CSR-N 

curves based on the number of cycles (NL) to triggering of liquefaction  when the pore 

pressure ratio (rU) reaches a value of 0.99 (Fig. 6.5(c)), are relatively similar between the 

experiments and the simulations, despite the steeper slope of the DEM results. In contrast, 
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the post-triggering response exhibits notable differences (Fig. 6.5(b)). However, in 

comparison for specimens at similar ξ0., the post-liquefaction response is similar (Fig. 6.5(e)) 

while the liquefaction triggering response differs significantly between the two specimens 

(Fig. 6.5(f)). Although the simulation of pore water is not incorporated in this study, the 

excess pore pressure was computed based on the standard practice of assuming constant 

volume and incompressible fluid. Consequently, the equivalent excess pore pressure ratio 

(rU) was computed as the reduction in p′ normalized by its initial value, as: 

𝑟𝑢  =
𝑝0

′ −  𝑝′

𝑝0
′  

(6.2) 

where p′ is the current mean effective stress. The point at which the rU exceeds 0.99 was 

considered the liquefaction triggering  threshold, during which the number of cycles 

required to reach liquefaction (NL) was recorded. The test stage before triggering is referred 

to as pre-triggering , while the stage after triggering is referred to as post-triggering. 

Additionally, the experiments and DEM simulations exhibit a similar failure slope (Mf) 

approximating the dilation phase of the butterfly shaped response. Specifically, the 

experiments yield Mf of 35.8˚ compared to 34.1˚ for DEM simulations for specimen at similar 

DR  43% and of 35.8˚ compared to 34.4˚ for DEM simulations for specimen at similar ξ0 ~ -

0.11. The differences described here in the cyclic response between the experiments could 

be possible due to the variation in the particle shape (DEM specimen consists of clumped 

particles as shown in Fig. 6.1(b)) and boundary effects (periodic boundaries in DEM as 

compared to stacked rings and membrane in the experiments). Despite the differences in the 

response, the comparison of numerical and experimental results indicates that the contact 
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parameters used in this investigation produce realistic responses of cyclic behavior in sandy 

soils.  

The relative difference between the specimen size (Dspecimen) and the particle size 

controls the number of particles in the specimen and can influence the specimen behavior. 

Dspecimen was computed based on the maximum of either 20 times the D50 or 4 times the 

largest particle diameter (Dmax) for a given PSD, based on the recommendations presented 

in past research (e.g., O’Sullivan 2011; Huang et al. 2014a; Mutabaruka et al. 2019). The 

Dspecimen/D50 ratio ranged from 22.1 for 100A to 21.0 for 25ABCD, while the Dspecimen/Dmax ratio 

varied between 10.6 for 100A to 4.2 for 25ABCD. Based on these values, the tested specimens 

consisted of 35,000 clumps for 100A specimens and 50,000 clumps for 33ABC and 25ABCD 

specimens. An additional specimen was created with 2.1 times the Dspecimen and 1.5 times the 

number of clumps for the 25ABCD specimen to evaluate the appropriateness of the chosen 

specimen size. Figure 6.6 compares the response between the 25ABCD and 25ABCD (2.1x) 

specimens prepared at similar initial states and tested at a CSR of 0.1. Increasing the 

specimen size and the number of particles does not significantly affect the overall response. 

Specifically, the number of cycles to triggering of liquefaction, post-triggering strain 

accumulation, and rate of pore pressure generation are relatively similar between the two 

specimens. Therefore, the smaller specimen was used for the simulations to reduce the 

computational cost.  

6.4 Cyclic direct simple shear simulations 

This section presents the results of cyclic DSS simulations performed on 100A, 33ABC, and 

25ABCD specimens. First, representative results are compared in terms of shear stress, shear 
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strains, and generation of excess pore pressures. Subsequently, the liquefaction triggering 

curves and accumulation of shear strain results are presented and compared for specimens 

at similar DR and ξ0.  

6.4.1 Cyclic direct simple shear response 

The cyclic shearing response of all the specimens exhibits the typical macroscopic behavior 

of coarse-grained soils. Figure 6.7 presents representative results in terms of τxz versus p′, 

τxz versus shear strains (γxz), and rU versus the number of cycles (N) obtained from DSS 

simulations on the 100A, 33ABC, and 25ABCD specimens. The specimens were prepared at 

a ξ0 range of -0.01 to -0.07 and DR range of 39% to 43%, , subjected to CSRs of 0.05, 0.10, and 

0.15. Figure 6.8 presents similar results for specimens prepared within a ξ0 range of -0.06 to 

-0.14 and DR range of 58% to 61% , subjected to CSRs of 0.10, 0.15, and 0.20. It is important 

to note that due to the difference in definitions, a similar DR between specimens does not 

correspond to a similar ξ0. For example, a 100A specimen prepared at a DR of 61% has a ξ0 of 

-0.14, while a 25ABCD specimen prepared at a DR of 60% has a ξ0 of -0.06, indicating that the 

latter will exhibit a less dilative behavior. Conversely, a 100A specimen prepared at ξ0 of -

0.06 has a lower DR of 40% compared to 25ABCD at 60%; despite the DR differences, both 

specimens can be expected to be similarly dilative. These variations are attributed to the 

downward shift and flatter slope of critical state lines, along with the relative decrease in the 

difference of emax and emin values, with an increase in CU, as shown in Fig. 6.3 and reported in 

experimental testing of similar gradations by Ahmed et al. (2023).  

During cyclic shearing, the τxz for all the specimens undergoes alternating increasing and 

decreasing cycles to meet the τtarget magnitude, resulting in an overall contractile tendency 
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observed by a concomitant decrease in p′, accumulation of γxz, and increase in rU (Figs. 6.7 

and 6.8). With continuing cyclic loading p′ eventually decreases to a value close to zero, and 

rU reaches a value close to 1.0, indicating that the sample has liquified. Post-triggering , all 

specimens undergo alternating cycles of contraction and dilation, forming butterfly-shaped 

loops in τxz - p′ space. Each loading cycle produces a noticeable increase in shear strains, and 

post-triggering  shear strains accumulate progressively with each cycle. For specimens with 

the same DR, a higher CSR accelerates the generation of excess pore pressure and leads to a 

faster decrease in p′, which decreases the NL to triggering of liquefacion . Post-triggering , the 

accumulation of γxz is relatively similar for different CSR values, whereas the rU oscillates 

over a broader average range for higher CSR values (0.72 to 1.0 for CSR of 0.2 versus 0.83 to 

1.0 for CSR of 0.1 for 25ABCD specimen at DR of 60%, Fig. 6.8). Looser specimens tend to 

undergo liquefaction with a sudden loss of strength (flow liquefaction) in a smaller number 

of cycles, as shown by a sudden increase in rU (Fig. 6.7). In contrast, denser specimens tend 

to exhibit cyclic mobility, with higher liquefaction resistance and a gradual increase in rU (Fig. 

6.8).  

Changes in gradation influence the overall cyclic shearing response, from the stress 

paths followed to the NL and the accumulation of post-triggering  shear strains. Additionally, 

the comparison of results concerning the influence of gradation depends on the chosen state 

(ξ0 versus DR). A broader gradation results in higher NL and lower post-triggering γxz when 

comparing based on a similar ξ0 value. However, when comparing based on a common DR  

value, the more broadly graded specimens result in  lower NL and  higher post-liquefaction 

γxz for specimens with DR of 39-43% and 58-61% (Fig. 6.9). The looser specimens exhibit 

similar post-triggering  behavior irrespective of gradation, while the denser specimens show 
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reduced post-triggering  γxz as the gradation is broadened. This difference arises from the 

relative position of the initial state of the specimens with similar ξ0 with respect to their 

critical state lines and the emax and emin values (Fig. 6.3), where a 100A specimen is closer to 

the critical state line and emax for a similar ξ0. These observations indicate that comparing 

responses based on ξ0 better captures fundamental differences from widening gradation. 

Similar efficacy of ξ0 in capturing the effect of change in gradation on the monotonic and 

cyclic response has been presented in recent studies (Huang et al. 2014b; Basson et al. 

2023b; Zuo et al. 2023; Ahmed et al. 2023).  

6.4.2 Liquefaction triggering resistance 

The CSR, density, and confining stress affect the NL to  triggering of liquefaction. Typically, 

these relationships are presented as liquefaction-triggering curves, representing a locus of 

specific combinations of CSR and NL that result in triggering for a specimen at a given density 

and confining stress. The liquefaction triggering curves for 100A, 33ABC, and 25ABCD 

specimens with different initial DR and ξ0 are presented on a semi-log plot in Fig. 6.10. The 

obtained CSR-NL data points for the different specimens were fitted with a power function 

given as: 

𝐶𝑆𝑅 = 𝑎 𝑁𝐿
−𝑏 (6.3) 

where coefficient a and exponent b were fitted using least squares. The fitted curves are 

plotted as dashed lines in Fig. 6.10, and the fitted parameters are summarized in Table 6.4.  

An increase in the density of a specimen promotes tighter packing and better 

interlocking between the particles, leading to enhanced resistance to triggering and shifting 

of the triggering curves towards the top and right in CSR – N space. The trends of liquefaction 
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triggering are presented as comparisons between the specimens prepared at similar DR (Fig. 

6.10(a)) and ξ0 (Fig. 6.10(b)). The b values obtained for the specimens at a DR ~ 60% are 

close to 0.5, higher than those reported in the literature for experimental DSS testing (e.g., 

Boulanger and Idriss 2014; Ulmer et al. 2022). This difference may be attributed to the 

challenges in accurately capturing the particle shape of natural sand particles in DEM, the 

lack of a standard method for determining emax and emin for DEM specimens, differences in 

boundary conditions, and possible localization during shearing in experiments. These 

factors may contribute to a relatively higher contact density than equivalent experimentally 

tested specimens at similar DR values, as discussed by Bernhardt et al. (2016) and Banerjee 

et al. (2023), leading to a greater sensitivity to CSR due to improved interlocking and higher 

capacity to resist cyclic shear stresses. Similar increases in b values for denser specimens are 

presented in the past DEM studies (Xu et al. 2015; Gu et al. 2020b; Rahman et al. 2021; Zhang 

et al. 2023).  

Gradation influences the number of cycles required to trigger liquefaction. Specimen 

with broader gradation requires more cycles to  trigger liquefaction than poorly-graded 

specimens at similar ξ0 (Fig. 6.10(a)). For example, at a CSR ~ 0.10, the 25ABCD specimen 

requires 1.97 times more cycles at a ξ0 of -0.01 and 6.03 times more cycles at a ξ0 of -0.06 

compared to the corresponding 100A specimens. However, the trends change when DR is 

used as the basis of comparison. Specifically, the 25ABCD specimen with a DR of 43% requires 

0.56 times the cycles for the corresponding 100A specimen, and at a DR of 60%, the 25ABCD 

specimen requires 0.59 times the cycles required for the 100A specimen at a CSR ~ 0.10.  
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The influence of CU on liquefaction triggering resistance can also be illustrated by 

comparing the cyclic liquefaction resistance of a specimen considering the CSR required to 

achieve a fixed NL of 10 using the fitted parameters a and b (Table 6.4) and Equation 6.3. 

Figures 6.11(a,b) provides comparisons as functions of ξ0 and DR, respectively. At similar ξ0, 

the broadly graded 33ABC and 25ABCD specimens exhibit higher liquefaction resistance 

than the poorly graded 100A specimens. For example, at a similar ξ0 of -0.6, 25ABCD requires 

2.5 times the CSR (Fig. 6.11(a)) of a 100A specimen to trigger liquefaction . An opposite trend 

emerges when the results are compared in the term of DR .  At a  similar DR of 43%, 25ABCD 

requires 65% of the CSR (Fig. 6.11(b)) compared to the 100A specimen to trigger 

liquefaction. At a higher DR of 60%, 25ABCD requires 67% of the CSR compared to a 100A 

specimen to trigger liquefaction. These findings align with the observations presented in 

past studies involving experimental and DEM DSS testing on various gradations (Doygun et 

al. 2019; Mutabaruka et al. 2019; Humire 2022; Banerjee et al. 2023). The findings highlight 

the importance of the specific parameter of state being used to capture the effects of 

gradation on the liquefaction triggering response, which may explain some of the 

inconsistencies reported in the literature, as previously described. 

6.4.3 Post-liquefaction shear strain accumulation 

Each post-triggering cycle produces an incremental increase in shear strains, which can be 

monitored by tracking the evolution of single (γsa) and double amplitude (γda) maximum 

shear strains (Shamoto et al. 1997; Humire et al. 2019; Tasiopoulou et al. 2020). γsa 

represents the maximum shear strain occurring during each half of the loading cycle, and the 

γda represents the cumulative shear strains experiences during both halves of the loading 
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cycle. More information about the γsa and γda maximum shear strains is presented in Humire 

and Ziotopoulou (2022).  

The accumulation of shear strains after triggering is influenced by the state and 

gradation of the specimens, as shown in Figs. 6.12(a,b), which present γsa and γda as a 

function of N. Looser specimen, which suddenly loses shear strength once they liquefy, 

exhibit an instantaneous increase in the post-triggeringliquefaction shear strains (100A 

specimen at ξ0 = -0.07). In contrast, denser specimens show a more gradual accumulation of 

shear strains, with the accumulation rate decreasing as the number of cycles increases 

(specimen at ξ0 = -0.14). The progressive reduction in the rate of shear strain accumulation 

is particularly pronounced for specimens with broader gradations, as shown in Figs. 

6.12(c,d), which show γsa and γda as a function of cycles after triggering. Consequently, 

specimens with broader gradations result in smaller overall post-triggering shear 

deformations at similar ξ0 and DR . For instance, the 25ABCD specimen at ξ0 = -0.06 and DR = 

60% accumulates a total of 5.3% γsa and 10.7% γda, compared to 7.3% γsa and 17.1% γda for 

100A after five cycles post triggering (Fig 12(c,d)). These results are consistent with 

experimental test results on 100A, 33ABC, and 25ABCD gradations presented in Humire 

2022. The decrease in the rate of shear strain accumulation may be attributed to the 

enhanced dilative tendencies exhibited by soils with broader gradations. Such soils 

experience greater interlocking between particles and a larger number of particles 

participating in contact force transmission, resulting in higher rates of dilation and lower 

overall shear deformations during liquefaction (e.g., Simoni and Houlsby 2006; Amirpour 

Harehdasht et al. 2017; Basson et al. 2023b; Ahmed et al. 2023). Further details about the 
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interparticle interactions and fabric evolution of the tested specimens are discussed in the 

next section. 

6.5 Fabric evolution during cyclic shearing 

This section examines the influence of gradation on the evolution of interparticle 

interactions and fabric to explain the differences in the liquefaction triggering resistance and 

post-triggering strain accumulation. In particular, the particle connectivity, percentage of 

sliding particle contacts, and fabric anisotropy is evaluated at different points during the 

simulations of 100A, 33ABC, and 25ABCD specimens at similar DR  and ξ0. 

6.5.1 Particle connectivity 

The gradation of a granular material controls the arrangement of particles in a specimen. 

The Mechanical Coordination Number (MCN), as described in Thornton (2000), has been 

widely adopted to provide insights into the evolution of particle contacts during loading. In 

such cases, MCN provides a scalar quantity that quantifies the number of force transmitting 

contacts in an assembly. In the absence of a gravitational field, the particles without any 

contact (floaters) or with one contact (rattlers) do not contribute to force transmission. Fig. 

6.13 presents the evolution of MCN with the number of cycles, and Table 6.5 reports the MCN 

at triggering for specimens with different gradations and initial states. As rU gradually 

increases (i.e., Figs. 6.4, 6.5, and 6.6), the MCN starts to decrease, eventually reaching the 

point of liquefaction triggering. Post-triggering, the MCN oscillates between its minimum and 

maximum value for each cycle. For comparison, at a similar ξ0 (i.e., Fig. 13,a,c,d), the initial 

MCN for 100A (7.02) is smaller than for the 33ABC and 25ABCD specimens, whereas, at 

similar DR values (i.e., Figs. 6.13(b,c,d)), the initial MCN for the 100A specimen (8.13) is 
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greater than for the 33ABC (7.59) and 25ABCD (7.62) specimen. At the point of triggering, 

the 25ABCD specimen shows a slightly smaller MCN at triggering (4.22) as compared to the 

100A specimen (4.53) at a similar ξ0. Post-liquefaction, the minimum MCN during the 

contraction phase was observed to be 1.9 for 100A, 2.1 for 33ABC, and 2.3 for 25ABCD. These 

values suggest that specimens with broader gradations exhibit greater interlocking even at 

very low confinements. A greater interlocking likely increases resistance to particle 

rearrangement, resisting soil dilation, and decreasing post-liquefaction strain accumulation.  

Recent studies indicate that the MCN fails to provide a complete description of the 

distribution of contacts for broader gradations due to the averaging across the coarse and 

finer particles (Liu et al. 2021a; b; Basson et al. 2023c). Instead, the Particle Connectivity 

(PC) parameter has been proposed as a more effective measure to capture the packing 

characteristics, quantifying the distribution of the total number of contacts for each particle. 

Further details about the computation of PC for the tested gradations are presented in 

Basson et al. (2023b; c). For the cyclic DSS simulations, the PC distributions were evaluated 

at the following four stages: (1) the start of the shearing (i.e., end of consolidation), (2) 

midway to triggering of liquefaction (rU of 0.5, p′ of 50 kPa), (3) contraction phase 

immediately after triggering, and (4) end of the first dilation phase after triggering. Fig. 6.14 

shows a schematic of the stages chosen for PC analysis on data from a 25ABCD specimen 

subjected to a CSR of 0.10. 

Specimens with broader gradations yield wider PC distributions. Fig. 6.15 presents the 

cumulative PC distribution for 100A, 33ABC, and 25ABCD specimens calculated as the sum 

of all the particle volumes for each PC value. The 25ABCD specimen consistently shows the 
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highest PC values for any given cumulative volume percentage throughout the shearing 

process. At the start of shearing (Fig. 6.15(a)), the 25ABCD specimen exhibits the highest PC 

value of 223, followed by 88 for the 33ABC specimen and 19 for the 100A specimen at a 

similar ξ0. As the shearing progresses, the contacts between the particles start to break down 

due to particle rearrangement, leading to lower PC values midway to triggering of 

liquefaction (Fig. 6.15(b)) across all the specimens. During the contraction phase shortly 

after triggering, a substantial percentage of particles experience contact loss due to the small 

confining stresses, resulting in a sudden increase in particles with PC smaller than one (i.e., 

floaters and rattlers) (Fig. 6.15(c)). This increase is more pronounced in the 100A specimen 

than in the 33ABC and 25ABCD specimens at a similar ξ0. For instance, the inactive particles 

increase from 7.1% to 43.6% for the 100A specimen, from 4.7% to 26.1% for the 33ABC 

specimen, and from 4.3% to 19.9% for the 25ABCD specimen between the start of shearing 

to immediately after triggering. These observations suggest that a greater proportion of 

particles are active in transmitting forces in specimens with broader gradation, which 

improves the overall stability and resistance to deformation at very low confinements. 

During the post-triggering dilation phase (Fig. 6.15(d)), the PC distributions are similar to 

those in the pre-triggering state, and this trend continues with each subsequent cycle of 

shearing. 

The PC increases with particle size for all specimens, indicating that the coarser particles 

contribute more to the load-bearing process. Fig. 6.16 presents the distribution of average 

particle sizes for each PC value at the same four test stages. To calculate the average particle 

size, all the particles for a given PC were grouped into bins, and the average particle size 

within each bin was computed. For specimens with similar ξ0 at the start of shearing, the 
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coarsest particle in the 25ABCD specimen with an average particle size of 71.7 mm is 

connected to 223 particles, while the coarsest particles in the 100A specimen with an 

average particle size of 6.2 mm are connected to 19 particles (Fig. 6.16(a)). As shearing 

progresses, the PC is reduced for each average particle size during the contraction phase 

immediately after triggering of liquefaction. During this phase, the PC for the coarsest 

particle decreases by 74% for 25ABCD, 75% for 33ABC, and 53% for 100A specimens (Fig. 

6.16(c)). At smaller average particle sizes, the distributions have a steeper slope, indicating 

that the finer particles form the majority of the inactive particles in all the specimens. This 

indicates that the finer particles are less participative in the overall stability of the specimen, 

while the coarser particles promote more stable packing, similar to the observations 

presented in recent studies (Wiącek and Molenda 2018; Liu et al. 2021a; Basson et al. 2023b; 

Yilmaz et al. 2023).  

6.5.2 Contact sliding 

Cyclic deformations in a soil specimen produce instability by changing the direction of major 

principal stresses, resulting in particle rearrangement and the destruction of interparticle 

contacts carrying large forces. This instability reaches its peak at the point of triggering when 

a significant number of load-bearing particle contacts are destroyed (e.g., Wei and Wang 

2017; Wei et al. 2018; Sassel et al. 2023). The creation and destruction of contacts between 

the particles depend on the amount and rate of particle movement during shearing, which is 

influenced by the interparticle friction and overall particle interlocking in the specimen (Gu 

et al. 2020b; Yang et al. 2022a). The contacts begin to slide when the tangential force at a 

contact exceeds the limiting force, defined as the product of the normal contact force and the 

friction coefficient by the Mohr-Coulomb frictional law. As the specimen approaches 
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triggering of liquefaction, most load-bearing contacts start sliding, and the specimen 

transitions from a solid to a liquid-like state (Yang et al. 2022b). After triggering of 

liquefaction, the specimen gradually regains stability as it dilates. Its resistance is mobilized 

as prior interparticle contacts are restored, or new contacts are formed during the 

alternating cycles of contraction and dilation. 

Broader gradations show a lower proportion of sliding contacts pre- and post-

liquefaction. Fig. 6.17 compares the percentage of sliding contacts for 100A, 33ABC, and 

25ABCD specimens. The contacts are categorized into strong or weak force contacts based 

on the magnitude of the contact normal forces (Fn). Typically, the load-bearing contacts carry 

forces greater than the average force in the specimen (𝐹𝑛/𝐹𝑛̅ > 1.0, where 𝐹𝑛̅ is the average 

force, Fig. 6.17(a)) and form the strong force chain network while the contacts transmitting 

a force smaller than the average force (𝐹𝑛/𝐹𝑛̅ < 1.0, Fig. 6.17(b)) form the weak force chain 

network (Radjai et al. 1997). At the point of triggering, 100A specimens have a larger 

percentage of sliding strong and weak force contacts, followed by 33ABC and 25ABCD 

specimens (black dots in Fig. 6.17). At similar ξ0, the 100A specimen has 20.2% and 44.1% 

of sliding contacts for the strong and force contact networks, respectively, while the 

corresponding values for the 25ABCD specimen are 14.1% and 29.4% (Table 6.5). This 

difference is also evident, but less clear, when comparing the percent of sliding contacts 

based on the same DR. Past studies suggest that the coarser particles in specimens with 

broader gradations carry the majority of the strong forces (Santamarina 2003; Liu et al. 

2021a; Basson et al. 2023b), implying that a smaller number of sliding contacts between 

these coarser particles is involved in the liquefaction of specimens. Interestingly, during the 

dilation phase post-liquefaction, the greatest values of the sliding contacts increase more 
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rapidly for the 100A specimens than for the 25ABCD specimen. In the case of strong forces, 

the percent of sliding particles increases by 0.45% per cycle for the 25ABCD specimen 

(dashed line in Fig. 6.17(a)) and 0.92% per cycle for the 100A specimen (solid line in Fig. 

6.17(a)). Similarly, for weak forces, the percent of sliding particles increased by 0.73% per 

cycle for 25ABCD specimen (dashed line in Fig. 6.17(b)) and 1.83% per cycle for 100A 

specimen (dashed line in Fig. 6.17(b)). The smaller rate of increase of percent of sliding 

contacts suggests a greater interlocking between particles (Figs. 13,15,16) limits the particle 

movement in more broadly graded specimens and could explain the lower post-liquefaction 

strain accumulation.  

6.5.3 Contact force fabric anisotropy 

Analysis of the angular distributions of normal forces provides an insight into the anisotropy 

and orientation of load bearing (i.e., strong forces) and supporting (i.e., weak forces) contact 

networks in a specimen. In this study, the contact normal force anisotropy is evaluated using 

the vector analysis approach presented in past studies (Rothenburg and Bathurst 1989). The 

magnitude and orientation of the contact normal forces across the specimens are 

characterized using an analytical function of the form: 

F(θ) = 𝐹𝑛̅ (1 + aF cos 2 (θ – θF)) (4) 

where aF is the parameter that defines the anisotropy of the distribution and θF is the 

preferred orientation with respect to the horizontal direction (x-axis). Fig. 6.18 and Fig. 6.19 

present the fitted angular distributions for the strong force and weak force networks, 

respectively, along the XZ planes, for the four stages during the cyclic tests (i.e., Fig. 14) for 

100A, 33ABC, and 25ABCD specimens. Table 6.6 summarizes the fitted parameters (aF)strong 
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and (θF)strong for the strong and (aF)weak and (θF)weak for the weak forces, obtained by least 

squares fitting on the data points obtained for the tested specimens, as shown in Fig. 6.18 

and Fig. 6.19.   

Broader gradations produce more anisotropic normalized Fn distributions. At the start 

of shearing, all the specimens show negligible anisotropy due to the initial isotropic 

compression, indicated by near-circular distributions (Figs. 6.17(a) and 6.18(a)) and aF 

values smaller than 0.07 (Table 6.6). However, with an increase in shear strains midway to 

triggering of liquefaction, slight anisotropy emerges in the strong force network (Fig. 

6.17(b)), as indicated by the elliptical distributions and a slight increase in aF (0.06 for 100A 

and 0.12 for 33ABC and 25ABCD) and θF (21˚ for 100A to 59˚ for 33ABC) values. In contrast, 

the weak force networks maintain near isotopic distributions (Fig. 6.18(b)). During the 

contraction phase, the strong forces show significantly more anisotropic distributions and 

are oriented toward the major principal stress. Finally, during the dilation phase, the 

anisotropy in the strong forces reaches its maximum, and the distribution is also aligned in 

the direction of the major principal stress. Among the specimens at a similar ξ0, the 25ABCD 

specimen exhibits the highest anisotropy. Specifically, during the dilation phase, its 

distribution has an aF value of 0.52, followed by the 33ABC specimen with an aF of 0.48 and 

the 100A specimen with an aF of 0.32. In contrast, the angular distributions for the weak 

forces show very small anisotropies, indicated by the near-circular distributions and aF 

values smaller than 0.07, confirming that weak forces take limited participation in load 

bearing but provide buckling resistance to the strong force network. Overall, the findings 

suggest that the inclusion of coarser particles in broadly graded specimens increases the 

contact force anisotropy during cyclic loading, while finer particles have a comparatively 
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smaller impact on the overall stability, liquefaction triggering, and strain accumulation in the 

specimen. 

6.6 Conclusions 

This study examined the effect of gradation on the liquefaction triggering and post-triggering 

behavior of coarse-grained soils. The macroscale and microscale behavior were analyzed 

using cyclic constant volume direct simple shear DEM simulations of specimens comprised 

of particle shapes similar to natural sands and with CU between 1.9 and 6.4. The simulations 

provide insights regarding various aspects of cyclic soil behavior, including liquefaction 

triggering resistance, post-triggering strain accumulation, sliding at particle contacts, 

particle packing, and anisotropy in strong and weak force networks. 

The macro-scale results reveal interesting patterns in the behavior of specimens with 

broader gradations (i.e., 25ABCD specimen with CU = 6.37) compared to poorly graded soil 

specimens (i.e., 100A specimen with CU = 1.98) at similar relative density or state parameter 

values. Additionally, the results emphasize the significance of selecting the appropriate state 

parameter to capture the effects of gradation. The more broadly graded specimen exhibits 

higher liquefaction triggering resistance than the poorly graded specimen at similar state 

parameters. A contradictory trend emerges, with broadly graded specimen  showing lower 

resistance at similar relative densities. Additionally, when plotted in terms of DR the effects 

of gradation are obscured. Post-triggering, the well-graded specimens accumulate shear 

strains at a smaller rate than the poorly graded specimens at either similar state parameter 

or relative density.  
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The micro-scale results reveal that variation in macro-scale results is attributed to the 

tighter particle packing and increased interlocking of coarser particles for broadly graded 

specimens. The specimens with broader gradations show higher particle connectivity at all 

stages during cyclic shearing. At the start of shearing, the coarsest particles for broadly 

graded specimens have 11x  more contact with neighboring particles than the poorly graded 

specimen. Similarly, at the point of triggering of liquefaction, the coarsest particles for the 

broadly graded specimen are connected to 6x more particles than the poorly graded 

specimen. Moreover, the percentage of inactive particles by volume at initial liquefaction is 

2.3x lower for the specimen with broader gradation compared to the poorly graded 

specimen. The improved interlocking in more broadly graded specimens results in a lower 

percentage of sliding contacts for both strong and weak force-carrying contacts at the 

triggering of liquefaction and in subsequent cycles, which is linked to the slower rate of post-

triggeringn strain accumulation in well-graded specimens. The analysis of the anisotropy of 

the contact force networks indicates that the strong forces align with the major principal 

direction, and the anisotropy in the strong forces increases as the gradation becomes 

broader. The weak forces are relatively isotropic and resist the buckling of strong force 

networks.  

Overall, the findings presented in this paper provide insights into the influence of 

gradation on the pre- and post-triggering behavior of coarse-grained soils. Specifically, the 

range of particle sizes and the disproportionally higher contribution of coarser particles to 

the load bearing limits the overall deformation during cyclic loading, similar to those 

previously reported for monotonic loading. These effects are readily captured when ξ0 is 

used as the state parameter for comparison between different soils. 
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6.9 Tables and figures 

Table 6.1: Gradation and packing characteristics of the simulated materials 

Soil 
D10 

(mm) 

D30 

(mm) 

D50 

(mm) 

D60 

(mm) 
Cu Cc emin emax 

emax - 

emin 

100A 1.67 2.14 2.83 3.31 1.98 0.83 0.62 1.01 0.39 

33ABC 2.50 4.82 8.76 11.20 4.48 0.83 0.45 0.74 0.29 

25ABCD 2.84 6.54 12.72 18.10 6.37 0.83 0.41 0.68 0.27 
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Table 6.2: Parameters of specimens tested in constant volume cyclic DSS. Each specimen 

was tested at three CSRs at p′ of 100 kPa 

Soil 
Mean effective 

confining stress, 
p

0
′  (kPa) 

Initial void 
ratio, e0 

Initial state 
parameter, ξ0 

Relative 
Density, DR (%) 

100A 

100 0.898 -0.01 28 

100 0.843 -0.07 42 

100 0.772 -0.14 61 

33ABC 

100 0.632 -0.02 39 

100 0.601 -0.06 50 

100 0.574 -0.08 58 

25ABCD 
100 0.562 -0.02 43 

100 0.521 -0.06 60 
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Table 6.3: DEM simulations parameters 

Parameter Symbol Value 

Normalized normal stiffness k/d 2.5e8 Pa 

Shear to normal stiffness ratio ks/kn 0.2 

Particle density ρ 2650 kg/m3 

Friction coefficient during sample preparation μprep 0.01 to 0.5 

Friction coefficient during shearing μshear 0.45 

Global damping during preparation ζprep 0.05 to 0.5 

Global damping during shearing ζshear 0.05 
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Table 6.4: a and b parameters from the liquefaction triggering curves at p′ of 100 kPa 

Soil 
Initial state 

parameter, ξ0 
Relative Density, 

DR (%) 
a b 

100A 

-0.01 28 0.09 0.27 

-0.07 42 0.17 0.38 

-0.14 61 0.79 0.51 

33ABC 

-0.02 39 0.18 0.53 

-0.06 50 0.47 0.57 

-0.08 58 0.63 0.52 

25ABCD 
-0.02 43 0.15 0.50 

-0.06 60 0.59 0.53 
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Table 6.5: Parameters at the triggering of liquefaction  for 100A, 33ABC, and 25ABCD 

specimens at p′ of 100 kPa 

Soil 
Initial state 

parameter, ξ0 

Relative 
Density, DR 

(%) 

% sliding 
strong 
force 

% sliding 
weak 
force 

MCN 
% inactive 
particles 

by volume 

100A 
-0.01 28 20.2 44.1 4.56 44.3 

-0.07 42 18.2 41.2 4.53 43.1 

33ABC 
-0.06 50 16.8 39.5 4.25 26.5 

-0.08 58 15.3 36.8 4.47 26.1 

25ABCD -0.06 60 14.1 29.4 4.02 19.7 
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Table 6.6: Anisotropy of contact normal force angular distributions 

State Specimen 
Initial state 
parameter, 

ξ0 
(aF)strong (θF)strong (aF)weak (θF)weak 

 

Initial 

100A 
-0.01 0.03 3.8 0.01 118.2  

-0.07 0.03 4.2 0.02 0.3  

33ABC 
-0.06 0.03 1.4 0.01 119.2 

 

-0.08 0.04 2.7 0.00 33.1  

25ABCD -0.06 0.02 1.5 0.01 10.1  

Mid way to 
liquefaction 

100A 
-0.01 0.06 21.0 0.06 37.2  

-0.07 0.04 40.7 0.05 31.4  

33ABC 
-0.06 0.13 59.4 0.05 56.5 

 

-0.08 0.12 32.6 0.04 51.2  

25ABCD -0.06 0.12 35.7 0.01 25.5  

Contraction 
after 

liquefaction 

100A 
-0.01 0.22 137.7 0.03 62.6  

-0.07 0.21 134.4 0.02 33.3  

33ABC 
-0.06 0.35 126.2 0.04 21.2 

 

-0.08 0.38 135.1 0.03 34.3  

25ABCD -0.06 0.41 133.5 0.07 88.6  

Dilation 
after 

liquefaction 

100A 
-0.01 0.31 47.4 0.07 54.4  

-0.07 0.32 41.3 0.07 47.2  

33ABC 
-0.06 0.43 42.2 0.02 42.1 

 

-0.08 0.48 43.4 0.04 56.0  

25ABCD -0.06 0.52 46.2 0.05 55.3  
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Figure 6.1: (a) Particle size distribution, (b) templates for clumped particles, (c) particle 

shape parameter distributions between real (box and whiskers) and clumped particles, and 

(d) emax and emin of the simulated materials. Note: Re. represents regularity and S represents 

sphericity. 
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Figure 6.2: 100A, 33ABC, 25ABCD, and 25ABCD (2.1x) specimens. The colors represent the 

particle diameters and are normalized between the maximum (red) and minimum (blue) 

diameter across the specimen. 
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Figure 6.3: Critical state lines in the e-log(p′) space based on the best fits presented in 

Basson et al. 2023(b). The dashed lines represent the respective emax values, and dotted 

lines represent the respective emin values. 
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Figure 6.4: The variation of γxz and τxz with iteration number during the DSS simulation  

for a 100A specimen at a CSR of 0.2. 
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Figure 6.5: Comparison of the DSS results as (a,d) τxz versus p′, (b,e) τxz versus γxz, and (c,d) 

CSR versus N curve between DEM simulations and experiments for specimens prepared at 

a DR ~ 43% and ξ0 ~ -0.11, respectively. (a,b,d,e) present the response for specimen at CSR 

of 0.10. The dashed-dotted lines represent the failure slope (Mf) approximating the dilation 

phase of the butterfly-shaped response. 
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Figure 6.6: Comparison of DEM simulations results in terms of the (a) τxz versus p′, (b) τxz 

versus γxz, (c) rU versus N, and (d) γxz versus N between 25ABCD and 25ABCD (2.1x) 

specimens. 
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Figure 6.7: Comparison of DSS DEM simulation results for (a) 100A, (b) 33ABC, and (c) 

25ABCD at p' of 100kPa and DR between 39-43%.  
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Figure 6.8: Comparison of DSS DEM simulation results for (a) 100A, (b) 33ABC, and (c) 

25ABCD at p' of 100kPa and DR between 58-61%.  
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Figure 6.9: Comparison of DSS DEM simulation results as (a) τxz versus p′, (b) τxz versus γxz, 

and (c) rU versus N for 100A, 33ABC, and 25ABCD at ξ0  ~ -0.06. 
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Figure 6.10: Liquefaction triggering curves in terms of CSR versus N for specimens with (a) 

similar DR and (b) similar ξ0 for 100A, 33ABC, and 25ABCD specimens at p' of 100kPa. 
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Figure 6.11: Comparison of cyclic strengths at NL of 10 with (a) DR and (b) ξ0 for 100A, 

33ABC, and 25ABCD specimens. 
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Figure 6.12: Comparison of (a) γsa and (b) γda with N, and (c) γsa and (d) γda with Nposttrig for 

100A, 33ABC, and 25ABCD specimens. Black dots represent the point of triggering. 
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Figure 6.13: Comparison of MCN with N for (a,b) 100A, (c,d) 33ABC, and (e) 25ABCD 

specimens. Black dots represent the point of triggering liquefaction. 
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Figure 6.14: Schematic of point picked for fabric analysis at (1) start of shearing, (2) , (3) 

contraction phase immediately after triggering, and (4) end of first dilation phase post 

triggering on (a) τxz versus p′, (b) τxz versus γxz, (c) rU versus N, and (d) γxz versus N for 

25ABCD specimen at a ξ0 of -0.06 tested for a CSR of 0.10. 
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Figure 6.15: Cumulative distribution of PC for (a) initial state, (b) dilation before 

liquefaction, (c) contraction phase immediately after triggering, and (d) dilation phase post 

triggering for 100A, 33ABC, and 25ABCD specimens. 
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Figure 6.16: Variation of PC with the particle size for (a) initial state, (b) dilation before 

liquefaction, (c) contraction phase immediately after triggering, and (d) dilation phase post 

IL for 100A, 33ABC, and 25ABCD specimens. 
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Figure 6.17: Percentage of sliding contacts carrying (a) strong forces and (b) weak forces 

with N for 100A, 33ABC, and 25ABCD specimens. Black dots represent the point of 

triggering. 
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Figure 6.18: Angular distributions of normalized contact forces for (a) initial state, (b) 

dilation before liquefaction, (c) contraction phase immediately after triggering, and (d) 

dilation phase post triggering for strong forces for 100A, 33ABC, and 25ABCD specimens. 
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Fig 

Figure 6.19: Angular distributions of normalized contact forces for (a) initial state, (b) 

dilation before liquefaction, (c) contraction phase immediately after triggering, and (d) 

dilation phase post triggering for weak forces for 100A, 33ABC, and 25ABCD specimens. 
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Chapter 7 

 

Conclusions 

 

This dissertation presented an investigation into the effect of inherent properties, such as 

the fabric- and stress-induced anisotropy and gradation, on the mechanical behavior of 

coarse-grained granular soils using Discrete Element Modeling (DEM) simulations and a 

newly developed experimental testing setup.  

Chapter 2 described a newly developed testing setup that consists of seven bender 

element pairs that allow measuring shear wave velocity along different orientations and 

polarization planes. This system provides VS,VH (vertically propagating and horizontally 

polarized shear wave), VS,HV (horizontally propagating and vertically polarized shear wave), 

and VS,HH (horizontally propagating and horizontally polarized shear wave) measurements, 

as well as shear wave measurements (VS ) at 75°, 65°, 55°, and 50° (from the horizontal) to 

provide a sweep between VS,VH and VS,HV. Experiments were conducted on glass beads and 

angular sand specimens under isotropic or 1D compression to assess the impact of the 

stress- and fabric-induced anisotropies on the VS obtained across different orientations and 

polarization planes. 

Chapter 3 presented the results of experiments and DEM simulations aimed at 

quantifying the anisotropy of VS along different orientations and polarization planes in 

granular soil specimens. The influence of particle shape, depositional processes, and stress 
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state on the VS anisotropy is investigated. Specimens with different stress anisotropy 

(isotropic versus 1D compression) and fabric anisotropy (spheres versus elongated clumps 

in DEM, glass beads versus natural elongated sand in experiments) were tested to highlight 

the effect on the polar distributions of VS and to develop a framework for assessing the 

anisotropy of soil specimens. 

Chapter 4 investigated the effect of the shape of the particle size distribution (PSD) on 

the proportion of inactive particles, distributions of particle connectivity, and contact force 

transmission between particles of varying sizes in granular assemblies by means of a series 

of isotropic compression 3D DEM simulations. The simulations were performed on the 

specimens made of five different PSDs. Additionally, a parametric study was conducted to 

identify the effect of particle contact law parameters on particle connectivity (PC) and the 

proportion of inactive particles in specimens with different magnitudes of polydispersity. 

Chapter 5 explored the influence of gradation on the shear strength, volume change, and 

stress-dilatancy of coarse-grained soils using DEM simulations on specimens with CU 

between 1.9 and 6.4. Monotonic drained and undrained simulations were performed to 

highlight the gradation effects on the drained and undrained triaxial response, critical state 

lines, and the associated slope and intercept parameters, and parameters such as the peak 

friction angle (ϕ'p), difference of the peak and critical state friction angles (ϕ'p - ϕ'cs) and 

maximum dilation angle (ψmax), excess pore pressure (umin), and excess pore pressure 

generation rate ((δu/δεa)min). Additionally, a comparison of the simulation results with the 

trends presented in Bolton (1986) and Been and Jefferies (1985) is presented, along with a 
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comparison of results with relative density and initial state parameter, to identify a state 

parameter that captures systematic differences in the response of broadening of gradation. 

Chapter 6 presented a 3D DEM investigation into the effect of gradation on the 

liquefaction resistance and post-liquefaction response of coarse-grained soils. Through 

cyclic constant volume direct simple shear simulations, both macroscale and microscale data 

were analyzed to provide insights into various aspects of cyclic soil behavior, including 

liquefaction triggering resistance, post-triggering  strain accumulation, sliding at particle 

contacts, packing, and PC, and the anisotropy in strong and weak force networks. 

Additionally, the results are compared at similar relative densities and initial state 

parameters to emphasize the significance of selecting the appropriate state parameter to 

capture the effects of gradation. 

7.1 Estimation of soil fabric 

The testing setup described in Chapter 2, along with the presented results in Chapters 2 and 

3, emphasizes the utility of using VS measurements along different orientations and 

polarization planes to assess the anisotropy of soil specimens. The results suggest that the 

stress- and fabric-induced anisotropies can be identified by employing the parameters 

describing the angular distribution of VS and by comparing VS,HV to VS,HH, and VS,VH to VS,HH. 

Additionally, a comparison of the obtained data to that of field studies suggests that the 

presence of stress- and fabric-induced anisotropy can be obtained indirectly through VS 

measurements using existing methodologies such as SCPT, cross-hole, and down-hole 

testing. This information could be crucial for designing and analyzing geosystems affected 

by soil fabric, such as a dam with underlying seepage . 



285 
 

Specimens with negligible stress- (i.e., isotropic compression) and fabric-induced 

(spheres and glass beads) anisotropies have near-circular VS polar distributions. Under 1D 

compression, these exhibit vertically elongated VS polar distributions due to the greater 

vertical stresses and concomitant contact normal forces. Specimens of elongated clumps and 

natural angular sand show considerable fabric-induced anisotropy. Under isotropic 

compression, the VS distribution for these specimens is horizontally elongated, controlled by 

the distribution of particle long-axis orientations. 

The preferential direction of the stress- and fabric-induced anisotropies determines the 

existence of competing or supportive mechanisms. When the anisotropies are in opposite 

directions (e.g., horizontally-aligned elongated particles under 1D compression with K < 1), 

the VS distribution is near-isotropic because their effect cancels out. When the anisotropies 

are in the same direction (e.g., horizontally aligned elongated particles under 1D 

compression with K > 1), the net anisotropy in the specimen increases.  

Angular distributions of VS illustrate the stiffness anisotropy visually, and fitting them with 

analytical equations provides quantitative anisotropy metrics. The VS polar distributions 

were closely related to the contact normal force and particle long-axis orientation polar 

distributions. An equation to describe the experimentally determined angular distribution 

of VS was proposed, which has the same form as established relationships used to describe 

the distribution of particle orientation and contact normal vectors. The coefficient an 

adequately quantifies the anisotropy of the angular VS distribution, as presented in Chapters 

2 and 3. 
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Systematic comparison of VS,HV/VS,VH and VS,HV/VS,HH and the proposed Anisotropy 

parameter (Ae) can help discern the effects of stress- and fabric-induced anisotropy on soil 

specimens. The specimen anisotropy can be visualized in VS,HV/VS,VH versus VS,HV/VS,HH space, 

or in Ae versus VS,HV/VS,VH and VS,HV/VS,HH spaces, which can help determine the type of 

anisotropy. However, challenges remain to decouple the effects of stress and fabric 

anisotropy when both simultaneously affect the response of a specimen. These results are 

presented in Chapter 3. 

The magnitude of effective stress in specimens strongly influences the VS magnitudes, 

irrespective of the material and loading conditions. This dependency was observed in 

measurements obtained in all orientations and polarization planes, and the α-coefficient and 

β-exponent values that describe the power function between both parameters agree with 

values published in the literature. The results show that the α-coefficient and β-exponent 

values are not constant for a given specimen, but they depend on the orientation and the 

polarization plane of the shear waves, as presented in Chapters 2 and 3.  

7.2 Effect of gradation on the mechanical behavior of soils 

Highly polydisperse and bimodal gradations, with a higher coefficient of uniformity (CU), 

have a larger percentage of inactive particles by number during isotropic compression, 

predominantly consisting of finer particles. The coarser particles in these gradations are 

surrounded by a higher number of finer particles, as shown by the increase in PC with an 

increase in particle size, and they carry the largest magnitude of contact normal forces. The 

DEM simulations indicate that an increase in stiffness ratio, a decrease in particle friction 
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coefficient, and an increase in global viscous damping result in an overall decrease in the 

proportion of inactive particles in the specimen. These results are presented in Chapter 4. 

The gradation had a significant effect on the mechanical response of soil specimens 

during triaxial shearing. Specimens with broader gradation mobilized greater peak shear 

strengths, dilative volume changes, rates of dilation, negative excess pore pressures, and 

rates of pore pressure generation when compared at the same initial state parameter, ξ0. The 

position and slope of the critical state line in the e-log(p′) plane decrease as the gradation 

becomes wider, and at similar ξ0, ϕ'p, ϕ'p - ϕ'cs, and ψmax, increase with an increase in 

gradation. In contrast, when plotted in terms of relative density, DR, the gradation effects are 

obscured.  

A comparison of the simulation results with the trends presented in Bolton (1986) and 

Been and Jefferies (1985) suggests that these frameworks do not explicitly capture the effect 

of gradation. Specifically, the simulation results for the more broadly-graded specimens 

indicate that they plot higher in ϕ'p – ϕ′cs vs. p′ space than those predicted by Bolton’s 

framework. Also, while the 100A (i.e., CU = 1.98) specimen results align with the lower bound 

presented by Been and Jefferies (1985) in ϕ'p vs. ξ0 and ϕ'p - ϕ'cs vs. ξ0 spaces, the 25ABCD 

(i.e., CU = 6.37) specimen results have greater ϕ'p and ϕ'p - ϕ'cs values than those 

corresponding to the reported upper bound for any given ξ0.  

In specimens with broader gradations, the coarsest particles form a significant number 

of contacts with their neighboring particles, carrying the greatest contact forces. The 

coarsest particle for the 25ABCD specimen (i.e., CU = 6.37) is connected to 12x more particles 

than the coarsest particle in the 100A (i.e., CU = 1.98) specimen at a similar ξ0. The greater 
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interlocking of the coarser particles leads to greater dilation during shearing, resulting in 

greater peak shear strengths for the more broadly graded specimens. The largest particles 

in the 25ABCD specimen carry up to 50x the average contact force, while the coarsest 

particles in the 100A specimen carry about 3.5x the average contact force. The fraction of 

particles in the strong force network increases as the gradation becomes broader, from D40 

to D100 for the poorly graded 100A specimen to D20 to D100 for the broadly graded 25ABCD 

specimen. The D10 size is close to the average threshold size of the particles inactive in the 

transmission of contact forces for specimens of all considered gradations. The contact force 

distributions indicate that the strong force network (carried by the coarser particles) aligns 

with the major principal stress direction. In contrast, the weak force network and inactive 

particles provide buckling resistance, which becomes more pronounced with an increase in 

gradation. Overall, these results indicate that gradation significantly affects the peak 

strength and dilatancy of coarse-grained soils, driven by the disproportionately high role of 

the coarsest particles in the assembly in transmitting contact forces. These effects are readily 

captured when ξ0 is used as the state parameter for comparing different soils. These findings 

are presented in detail in Chapter 5. 

For the cyclic response, the specimen with broader gradation (25ABCD) exhibits lower 

liquefaction triggering resistance than the poorly-graded specimen (100A) at similar DR, 

while showing higher resistance at similar ξ0. Post-liquefaction, the 25ABCD specimens 

accumulate less shear strains than 100A specimens at similar DR and ξ0. At the point of  

liquefaction triggering, the 25ABCD specimen shows a lower percentage of sliding contacts 

for both strong and weak force-carrying contacts. Additionally, specimens with broader 

gradations show higher particle connectivity at all the points during shearing. At the start of 
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shearing, the largest particles for 25ABCD have 11x more contact with neighboring particles 

than the 100A specimen. Similarly, at the point of initial liquefaction, the largest particles for 

the 25ABCD specimen are connected to 6x more contact with neighboring particles than the 

100A specimen. Moreover, the percentage of inactive particles at initial liquefaction is 2.3x 

lower for the 25ABCD specimen than the 100A specimen. These observations suggest that 

broader gradations promote tighter particle packing and greater interlocking of coarser 

particles, leading to enhanced dilative tendencies and lower post-liquefaction strain 

accumulation. The analysis of anisotropy in the contact force networks indicates that the 

strong forces align with the major principal direction, and the anisotropy in the strong forces 

increases with an increase in CU. The weak forces are relatively isotropic and provide crucial 

to the buckling of the strong force networks. The breadth of the gradation, along with the 

disproportionally higher contribution of the coarser particles to interlocking and thus 

limiting of overall specimen deformation during cyclic loading, highlight the significance of 

gradation in understanding the cyclic shearing behavior of granular soils. These findings are 

presented in detail in Chapter 6. 

7.3 Recommendations for future work 

The future research directions that could address the limitations and knowledge gaps 

identified in this dissertation, and contribute to further advancements in understanding the 

fundamental behavior of granular soils, are as follows: 

 Validation of the proposed VS framework for identification of fabric- and stress-

induced anisotropies: Comparing the indirect VS assessment proposed in this 

dissertation with the direct measurements from X-ray computed tomography of the 
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same specimens would assist in verifying the trends reported in the proposed 

framework. 

 Field testing validation of the proposed VS framework: Conducting shear wave 

propagation tests in various directions and orientations using cross-hole and down-

hole techniques, along with testing of undisturbed soil specimens in the laboratory 

using the proposed testing setup, would cross-validate the anisotropies obtained 

from both methods and assess the applicability of the VS framework to field 

conditions. 

 Modified BE testing setup for VS measurements during triaxial testing: Modifying the 

proposed testing setup to accommodate standard triaxial specimens would enable 

continuous VS measurements during isotropic and anisotropic triaxial compression 

tests. This would provide fundamental insights into the evolution of the stress- and 

fabric-induced anisotropies during shearing and facilitate the development of 

constitutive models incorporating soil fabric effects. 

 Improved particle shape representation and capturing the deformation of surface 

asperities in DEM simulations: With better computational resources, the particle 

shape of sub-angular soils could be better represented using higher-order clump 

templates composed of a larger number of sub-particles. Exploring other particle 

shape recreation techniques, such as spherical harmonics or level-set discrete 

elements, could also mimic realistic particle shapes. Additionally, using different 

contact laws, such as the Greenwood-Williamson contact law, could help understand 

the effect of surface roughness and asperity deformation on the overall soil response 

during loading. 
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 Expansion of the VS framework to different soil types: Considering the effect of soil 

type, including clays and organic soils, would require wave propagation simulations 

on specimens with platy particles. Using bonded contact models for DEM or material 

point method (MPM) could provide valuable insights for modifying the proposed VS 

framework accordingly.  

 Investigating the effect of particle crushing on VS measurements: Further 

investigation into the influence of particle crushing on stiffness anisotropy is needed. 

This would guide modifications to the proposed framework to account for a variety 

of soils, including crushable carbonate soils.  

 Investigation of sample preparation techniques on VS measurements: Examining the 

effect of sample preparation methods, such as dry and moist tamping, funnel 

deposition, and air pluviation, on stiffness anisotropy would enhance understanding 

of the influence of specimen preparation on the presented VS framework.  

 Effect of boundary conditions and loading directions on monotonic and cyclic 

strength of coarse-grained soils: Simulating flexible membrane and stacked ring 

boundary conditions in DEM simulations would improve the calibration of overall 

responses between experiments and simulations. Additionally, drained and 

undrained triaxial extension and hollow cylinder simulations could help identify the 

effect of gradation on the strength anisotropy of coarse-grained soils.   

 Investigations on the monotonic and cyclic strength of diverse gradations: 

Incorporating a wider range of gradations, such as bimodal mixtures of fines and 

coarse soils, would provide valuable insights into the engineering behavior of 
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granular soils and aid in understanding anisotropy from different particle size 

perspectives (fine-fine, fine-coarse, and coarse-coarse). 

 Investigation of D50 changes on the critical states lines and monotonic and cyclic 

strength of coarse-grained soils: Conducting additional simulations to evaluate the 

effect of increasing D50 using a non-normalized contact law, where stiffness is not held 

constant with an increase in particle size, would help explain the changes in soil 

behavior as a result of variations in D50, which could provide insights into the trends 

observed in experimental results showing the coupled effect of D50 and CU.  

 Incorporating coupled solid-pore fluid modeling in DEM simulations: The current 

undrained simulations rely on a constant volume approximation to enforce 

undrained conditions. However, centrifuge and experimental studies have shown 

that the permeability of broadly graded soils is significantly influenced by the 

presence of the finer particle, which affects the pore pressure dissipation 

characteristics during cyclic loading. Conducting additional simulations using 

Computational Fluid Dynamics (CFD) with DEM would allow for consideration of 

permeability changes and explore their impact on cyclic response, liquefaction 

triggering resistance, and post-liquefaction strain accumulation in broadly graded 

soils. 

 Assessing the applicability of sand-based liquefaction triggering correlations for 

varying gradations: Simulating Cone Penetration Tests (CPT) using DEM, along with 

drained/undrained-monotonic/cyclic triaxial and direct simple shear (DSS) 

simulations, would assist in investigating the suitability of using strength response-
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penetration resistance relationships developed for clean sands for soils with broader 

gradations. 

 DSS DEM simulations that consider shear stress bias: Conducting DSS simulations to 

investigate the effect of gradation on the monotonic and cyclic response of coarse-

grained soils under sloping ground conditions, with different initial static shear stress 

ratios, could provide insights into the variability of the Kα correction curves available 

in the literature and provide modifications for broadly graded soils. 

 DSS DEM simulations at different overburden stresses: Conducting DSS simulations 

to investigate the effect of gradation on the monotonic and cyclic response of coarse-

grained soils under different overburden pressures could provide insights into the 

variability of the Kσ correction curves available in the literature and provide 

modifications for broadly graded soils. 

 Using DEM simulations as clean test data for training machine learning (ML) 

algorithms: The data obtained from DEM simulations of drained/undrained-

monotonic/cyclic strengths and cone penetration tests can serve as valuable training 

data for machine learning algorithms. These algorithms can be trained to develop 

triggering correlations that incorporate the influence of gradations in predicting 

liquefaction potential and strength response.  




