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ABSTRACT

Granular materials are widely encountered in natural and engineered systems, yet
their behavior under cyclic loading remains difficult to predict because bulk response
emerges from complex grain-scale interactions. Repeated loading can produce
irreversible deformation, history dependence, and evolving internal load-transfer
mechanisms that are not fully captured by macroscopic measurements alone. Al-
though cyclic behavior has been studied extensively at the continuum scale, direct
experimental characterization of the grain-scale processes governing cyclic response
remains limited.

This thesis investigates the multiscale behavior of dry, cohesionless granular ma-
terials subjected to quasi-static cyclic simple shear loading through laboratory ex-
periments coupled with the Granular Element Method (GEM), a mechanics-based
force-inference framework for estimating interparticle contact forces from experi-
mentally measurable grain-scale data. An experimental framework was developed
by upgrading an existing simple shear apparatus to enable controlled cyclic loading
and by integrating imaging, tracking, and post-processing methods for multiscale
measurements.

At the macroscale, the experiments show that cyclic simple shear produces direction-
dependent and history-dependent behavior. Repeated loading generates asymmetric
stress and deformation responses, incomplete recovery of the initial state, and pro-
gressive changes that depend on packing condition and confinement level. Densely
packed and loosely packed assemblies exhibit qualitatively different cyclic responses,
while normal confinement primarily influences the strength and persistence of those
responses.

At the grain-scale, the results show that cyclic behavior is governed largely by the
reorganization of the internal force network rather than by large changes in overall
contact connectivity. Force chains evolve continuously with loading direction and
cycle history, while anisotropy plays a central role in linking internal structure to
bulk shear resistance. Dense systems initially develop stronger, more coherent load-
bearing structures that weaken with repeated cycling, whereas loose systems deform
via more distributed force transmission and progressive compaction.

Overall, this work provides a mechanistic framework for understanding how granular
materials accumulate history, weaken, and reorganize under repeated shear. The
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combined experimental and GEM results also provide benchmark data to calibrate
and validate physics-based particle models for broader granular systems and relevant
engineering applications.
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C h a p t e r 1

INTRODUCTION

1.1 Objectives

This thesis investigates the multiscale behavior of dry, cohesionless granular ma-

terials subjected to quasi-static cyclic simple shear loading through laboratory ex-

periments coupled with the Granular Element Method (GEM), a force-inference

framework for estimating interparticle contact forces.

The primary objectives of this research are:

1. To develop and implement an experimental framework for controlled cyclic

simple shear loading by upgrading an existing simple shear apparatus.

2. To determine how grain-scale mechanisms � including force chain evolution,

contact network reorganization, and anisotropy development � govern the

macroscopic cyclic response of granular materials.

3. To evaluate how repeated loading, packing density, and normal con�nement

in�uence the multiscale behavior of granular assemblies under cyclic shear.

1.2 Granular Materials under Cyclic Loading

Granular materials are among the most abundant materials encountered in nature

and engineering, second only to �uids in everyday occurrence, and are de�ned as

collections of solid frictional particles of size greater than one micron. Common

examples include sand, rice, pharmaceutical pills, railway ballast, and snow [1,

2]. Despite their prevalence, the mechanical behavior of granular materials under

cyclic loading remains incompletely understood, particularly when examined across

multiple length scales.

Cyclic loading arises from a wide range of natural and man-made sources. In

nature, wind and waves impose repeated loading on onshore and o�shore structures.

Earthquakes generate shear waves that induce cyclic shearing of soils that can lead

to catastrophic soil liquefaction. Soil liquefaction during earthquakes, such as the

infamous 1964 Niigata 7.5-magnitude earthquake, has caused severe damage to

foundations, embankments, retaining structures, and transportation infrastructure
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(Figure 1.1) [3]. Repeated loading also occurs in engineered systems, including

tra�c loads from railways and highways, crane rails, vibrating machinery, the

repeated �lling and emptying of watergates and silos, and the mechanical compaction

of surfaces [4].

Figure 1.1: Liquefaction-induced damage during the 1964 Niigata, Japan earth-
quake. Image reproduced from [3] and accessed via Wikimedia Commons.

At the macroscale, it is well known that cyclic loading can produce behavior that

di�ers signi�cantly from monotonic loading. Repeated cycles may reduce bearing

capacity, induce uneven settlement, alter sti�ness, and cause permanent deformation

beneath structures. In o�shore energy applications, for instance, excessive founda-

tion rotation can reduce turbine serviceability once tilt exceeds 2 to 5 degrees [5].

Repeated loading on already-deformed granular terrain, commonly referred to as

multi-pass loading, is also particularly important in vehicle mobility problems (Fig-

ure 1.2). In military operations, successive wheel and track passes can progressively

alter the density and internal structure of granular terrain, leading to excessive sink-

age, reduced drawbar pull, and eventual vehicle immobilization. These e�ects are

critical in go/no-go mobility assessments for convoys operating on unpaved terrain

[6]. Similar challenges arise in planetary exploration, where rover wheels or tracks

are subjected to repeated loading as they traverse loose regolith. A well-known

example is the entrapment of the Mars Exploration Rover Spirit, which became

embedded in weak soil deposits within Troy crater in 2009 [7]. These examples

demonstrate that cyclic loading is not simply repeated monotonic loading, but a

distinct loading condition in which history e�ects and progressive internal changes

become important.
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(a) (b)

Figure 1.2: Vehicle mobility examples in granular terrain. (a) A Humvee traversing
rugged terrain in Khowst Province, Afghanistan. U.S. Marine Corps image, public
domain [8]. (b) NASA's Mars Exploration Rover Spirit partially embedded in loose
Martian regolith [9]. Image credit: NASA/JPL-Caltech.

Although the macroscopic e�ects of cyclic loading are well documented, the grain-

scale mechanisms underlying this behavior are less well understood experimentally.

Processes such as contact rearrangement, force chain evolution, anisotropy devel-

opment, and localized particle sliding are believed to in�uence the bulk response

strongly, yet are di�cult to observe directly during loading [2, 10, 11]. For this rea-

son, a variety of laboratory test devices were developed to reproduce cyclic loading

conditions and to study granular media behavior in controlled environments.

1.3 Common Test Devices for Studying Granular Media

Several laboratory devices are commonly used to study the response of granular

materials under cyclic loading, including: (1) the consolidation (oedometer) test,

(2) the axisymmetric triaxial test, (3) the hollow cylinder torsional shear test, and

(4) the simple shear test [4]. Each apparatus o�ers di�erent advantages depending

on the loading path and material behavior of interest.

The oedometer test, introduced by Terzaghi in 1925 [12], has long been used to

evaluate the compressibility and swelling behavior of soils under one-dimensional

loading. It remains widely used in geotechnical practice for estimating settlement

beneath foundations and earth structures. However, because loading is restricted

to one dimension, the oedometer test is not well-suited to studying cyclic shear

deformation or more complex stress paths [13].

For this reason, the most relevant devices for the present study are the axisymmetric

triaxial test, the hollow cylinder torsional shear test, and the direct simple shear test,

all of which permit shear loading under controlled con�nement.
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In the axisymmetric triaxial test, a cylindrical specimen enclosed within a latex

membrane is subjected to an all-around con�ning pressure while axial loading is

applied vertically. Shearing develops due to the di�erence between axial stress

and con�ning stress. The triaxial test is widely available, relatively simple to

operate, and extensively used for monotonic and cyclic soil testing. However, true

simple shear stresses cannot be applied, the compliant membrane permits radial

deformations, and the principal stress directions rotate rapidly rather than gradually

during loading. Since many geotechnical problems involve progressive rotation of

the principal stress directions during loading, this limitation can be signi�cant [4,

14].

The hollow cylinder torsional shear test addresses several of these limitations. In

this apparatus, a hollow cylindrical specimen enclosed by a membrane can be

subjected to axial loading, torsional shear, and independently controlled inner and

outer pressures. This allows complex stress paths and gradual rotation of the

principal stress directions [4, 14]. However, the test remains mechanically complex,

and membrane e�ects can produce stress and strain nonuniformities that vary with

radius. Additional nonuniform stresses may arise from the simultaneous application

of torque and pressure gradients [15].

In the simple shear test, the specimen is laterally con�ned by rigid rings or rigid walls

while a normal load is applied vertically. Shearing is then induced by horizontal

displacement of either the top or bottom boundary. As in the hollow cylinder

test, the principal stress directions rotate continuously during loading [4, 14]. More

importantly, the simple shear test closely reproduces �eld conditions associated with

horizontal ground motion, such as earthquake-induced soil shearing [16]. The main

limitations of the test are nonuniform stress and strain �elds near boundaries and the

possible pinching of material at corners or wall interfaces. In practice, nonuniform

stresses and strains are avoided by focusing the analysis on the specimen's central

region, often referred to as the sample core [17].

Table 1.1 summarizes the main advantages and limitations of the triaxial, torsional

shear, hollow cylinder, and simple shear devices. After considering the loading paths

relevant to this study, the need for gradual stress rotation, and the desire to simulate

�eld-like cyclic shearing conditions, the simple shear apparatus was selected for the

experiments presented in this thesis.
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Table 1.1: Comparison of common laboratory apparatuses used to investigate cyclic
loading behavior in granular materials. The triaxial, hollow cylinder, and simple
shear tests are evaluated with respect to loading-path control, principal stress rota-
tion, boundary conditions, and suitability for cyclic shear studies. Based on these
criteria, the simple shear apparatus was selected for the experiments in this thesis.

Criterion Triaxial Test Hollow Cylinder Test Simple Shear Test

Stress Path Control Moderate High Moderate�High

Principal Stress Rotation Limited/sudden Continuous Continuous

Ability to Simulate Cyclic Shear Moderate High High

Boundary Conditions
Membrane

con�nement
Membrane

con�nement
Rigid lateral
con�nement

Main Advantages
Widely available,

simple, standardized
Complex loading paths,

independent stress control
Closely simulates �eld shearing,

continuous stress rotation

Main Limitations
No true simple shear,

radial deformation
Complex apparatus,

radial stress/strain gradients
Boundary non-uniformity

near walls/corners

1.4 Granular Media Across Length Scales

As shown schematically in Figure 1.3, granular materials can be studied across three

primary length scales: microscale, mesoscale, and macroscale. The macroscale

describes the overall behavior of the full specimen or bulk material. For example, one

may be interested in the motion of a landslide, the settlement beneath a foundation,

or the shear resistance of an entire laboratory sample. The microscale, also known

as the grain-scale, focuses on individual grains and their local interactions, such as

contacts, rotations, and contact forces. Between these two is the mesoscale, where

behavior is examined within a smaller representative volume of material containing

many particles. Studying all three scales helps explain how local grain behavior

gives rise to the granular assembly's overall response.
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Figure 1.3: Characteristic length scales in granular media: macroscale (km),
mesoscale (mm), and microscale (`m). Example behavior at each scale includes
bulk landslide �ow, a representative volume element (RVE) of grains deforming
within that �ow, and individual grain interactions within the RVE. The macroscale
panel includes a photograph by Timo Volz from Unsplash [18]. The mesoscale
panel was adapted from Hurley et al. [19], with permission from Springer Nature.

1.4.1 Macroscale Properties

In this thesis, the four macroscopic quantities of interest are: (1) stress ratio, (2) shear

strain, (3) volumetric strain, and (4) void ratio. Together, these quantities describe

the overall strength, deformation, and packing state of the granular assembly during

cyclic loading.

The �rst is the stress ratio, `, de�ned as the ratio of shear stress to applied normal

load, ` = gGH•f HH. The stress ratio indicates the level of shear resistance mobilized

under the applied load. In general, a higher stress ratio corresponds to a stronger

bulk response [20].

The next two quantities are shear strain, W, and volumetric strain, n+ . Shear

strain describes the distortion of the sample during loading, while volumetric strain

describes changes in specimen volume. A positive volumetric strain indicates

dilation (i.e., the granular assembly expands), whereas a negative volumetric strain

indicates contraction. These quantities are linked through Reynolds dilatancy, which

describes the tendency of granular materials to change volume as they shear, ¤n+ = V ¤W

[21].

The fourth quantity is the void ratio, 4, which is the ratio of pore volume to solid

particle volume. The void ratio is especially useful for distinguishing densely packed

and loosely packed assemblies, since packing state strongly in�uences sti�ness,

strength, and deformation behavior [22].
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