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Abstract It is generally appreciated that the mechanical
behavior of granular media depends fundamentally on the
interaction of the constituent particles, and that the validity
of numerical models of granular media would be greatly
improved with knowledge of the grain-scale mechanics.
However, most supporting experimental work has been
conducted on highly idealized materials, and a limited amount
of information exists on grain-scale force–displacement rela-
tionships for naturally occurring materials. To address this
shortcoming, we are conducting a program that integrates
laboratory experiments on grains of naturally occurring
aggregate with the discrete element modeling method, with
the goal of relating the grain-scale physical and mechani-
cal properties of granular media to bulk behavior. The paper
describes the equipment and methods that have been deve-
loped to conduct close-loop controlled, grain-scale experi-
ments under monotonic and cyclic loading conditions, and
presents results from an initial set of experiments on unbon-
ded grains. The implications of the grain-scale results to the
discrete element model are discussed. Discussions center on
the applicability of a physically based approach to the mecha-
nics of granular media in general. In light of future explo-
ration missions and the resulting need to predict the mecha-
nical properties of lunar and planetary regoliths, the paper
examines the potential usefulness of our physically based
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approach to the problem of predicting the behavior of the
types of materials found in those environments.
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1 Introduction

Current numerical models can compute the mechanical beha-
vior of granular media based on the interaction of a large
number of discrete components. These models have found
applications in industrial problems, civil engineering, sea
ice dynamics and granular media research. When given the
proper micromechanical basis, such computer simulations
improve our understanding of how granular media behave on
a very fundamental level, and thus have great value as predic-
tive tools to improve material design methods, and to support
the development of constitutive relationships for continuum-
based analysis. Furthermore, this approach is particularly
attractive for work on cohesionless and large-grained media
that are difficult to sample, and can be employed to conduct
virtual experiments to examine behavior under conditions
that are difficult to reproduce in the laboratory. For example,
experiments involving shear tractions at specimen bounda-
ries (e.g., [1]) are very difficult to conduct and are typically
restricted to research-level experiments on uniform sand or
clay. Such situations could be readily examined numerically
with models that have an adequate physical basis.

In addition to examining terrestrial materials, an intri-
guing application for physically based granular media simu-
lation is the prediction of the mechanical properties of lunar
and planetary regoliths, for which in-situ testing is diffi-
cult and return sampling for terrestrial testing is extremely
expensive.
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An ultimate goal of the present effort is to employ
experimentally measured micromechanical properties and
the geometry of the constituent particles in the numerical
simulation of the mechanical behavior of granular media.
However, a number of technical challenges must be overcome
in both the numerical models and the experimental metho-
dologies before this goal can be realized. Improvements are
required in the computing software to deal with realistic
particle size gradations and shapes. Numerical time integra-
tion schemes pose practical limits to the particle mass and
stiffness that can be used to model interactions at contacts.
Yet, both algorithms and hardware are advancing quickly
and it is reasonable to expect that numerical modeling capa-
bilities will soon rise to a level acceptable for practical
purposes.

On the other hand, methodologies for measuring the grain-
scale mechanical properties of naturally occurring materials
at the scales of interest here (e.g., on the order of 10−3 m
and larger) have not advanced in step with numerical proce-
dures. There has been progress with experiments at a much
finer scale, however. The equipment used in atomic force
microscopy (AFM) has been successfully adapted to per-
form mechanical properties and friction experiments on the
micro- and nano-scales [13,15]. This approach is capable of
resolving forces on the scale of nN, with spatial resolution
on the order of nm, and can resolve periodicity in sliding
friction on the scale of atomic spacing. Although such work
has direct application in the area of nanotribology (e.g., [2]),
it examines behavior at a physical scale that is several orders
of magnitude smaller than the scale of interest to many engi-
neering problems.

Experimental methods have been developed to observe
particle motion in three-dimensional grain assemblies, and
progress has been made in identifying specific micro-scale
deformation mechanisms. However, it is generally necessary
to assume the underlying particle interaction laws. Although
the resulting simulations can produce reasonable enginee-
ring behavior, there is no guarantee of the uniqueness of the
assumed laws or that they adequately capture the details of
the underlying physical processes. Consequently, the intent
of our micro-scale experiments is to isolate and quantify
the grain-scale interactions that underlie bulk behavior. The
resulting particle interaction laws will provide a physical,
rather than phenomenological basis for the numerical simu-
lations. This, in turn, will greatly enhance the usefulness and
reliability of the simulations.

This paper describes our initial efforts to develop expe-
rimental procedures to explore particle contact mechanics
in support of discrete model development for research on
granular media, and presents the results of our initial expe-
riments on unbonded grain pairs subjected to cyclic and
monotically increasing normal contact loading. The micro-
scale behavior is examined in the context of the discrete

element modeling framework and the implications of the
observed behavior on the macroscopic response of the mate-
rial is considered.

2 Micromechanical observations

The bulk of laboratory experiments conducted in conjunction
with discrete element model development have frequently
employed idealized materials, with a focus on observing par-
ticle motion under gravitational or forced loading, and/or
stress transmission through assemblies of particles. Such stu-
dies have served to verify the mechanical behavior (e.g., [20])
and microstructural evolution [19], predicted by numerical
models. Such experiments provide critical insight regarding
stress transmission and the relative motion of particles (nor-
mal, shear, rolling), and facilitate a mechanistic approach
to granular media mechanics [23]. These efforts have made
it possible to identify and simulate, for example, the deve-
lopment of force chains [16,21], and demonstrated the role
of processes such as particle rolling and normal contact in
granular media. Although some of the studies conducted in
support of numerical model development have addressed the
influence of the actual physical properties of the particles
(e.g., [12]), it appears that incorporation of detailed des-
criptions of the actual contact mechanics has generally been
considered to be too burdensome computationally.

By identifying the important micromechanical deforma-
tion mechanisms, previous studies have made critical contri-
butions to our understanding of the micromechanics of
granular media mechanics. However, when attempting to
extend the numerical models to applications involving natu-
rally occurring (e.g., highly variable, rather than ideal) mate-
rials, it is necessary to employ contact laws that reflect actual
material behavior. The static and dynamic sliding friction
of a number of minerals has been examined [14] in labora-
tory experiments. In those experiments, mineral type, lubri-
cation and surface roughness were found to influence sliding
friction, and stick–slip behavior was frequently observed.
Despite the equipment limitations of the day, those results
provide a clear indication that the bulk properties and
microscopic surface characteristics of the material exert an
influence on the particle interaction mechanics. As far as
naturally occurring materials are concerned, deformation
modes other than pure sliding have apparently not been well
investigated and the present laboratory effort is motivated by
the need for more complete experimental information to sup-
port the development of realistic laws for the particle-scale
mechanics.

With regard to the experimental methodology applied in
the present effort, it is noted that the combination of mono-
tonic and cyclic loading methods has been used for some
time in the development of mechanistic models of various
types of ice and ice–soil mixtures [3–6]. That work used the
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cyclic loading response coupled with a dislocation mecha-
nics analysis to query the state of the defect population of a
specimen as a function of its stress state and loading history.
The cyclic response is particularly informative in this regard
because it readily provides information on both the elastic
and inelastic deformation of the material, and can thus be
used to decompose the macroscopic load–deformation res-
ponse into its components. Although the underlying mecha-
nisms of deformation are completely different in the case of
grain interactions, this approach can readily be applied to
support the development of mechanistic models applicable
to the particle scale.

3 Discrete element method

The discrete element method (DEM) of Cundall and Strack
[7] treats the granular medium as a collection of interacting
discrete objects. Each object moves in accordance with New-
ton’s laws of motion in response to the total force that results
from contact with other particles and body forces such as
gravity and inertia (Fig. 1). The motion of each particle is
described by a velocity (v) and rotation (ω) at the center of
the particle. The contact forces between particle pairs are a
result of the relative motion at the point of contact, as defi-
ned by vc

A and vc
B , which result from a combination of rela-

tive translation (vB − vA) and relative rotation (ωB − ωA).
The relationship between the contact motions and resisting
forces define the micro-scale properties of the medium. The
constitutive response of the material at the macro-scale is an
emergent property that is the result of the collective response
of the aggregate, and depends on the micro-scale properties,
the stochastic nature of the particle arrangement and boun-
dary conditions.

The contact motions and their conjugate forces are decom-
posed into normal and shear components as shown in Fig. 2.
The forces acting at a contact between two particles consist
of three components conjugate to the three modes of relative
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Fig. 1 Kinematic variables for two contacting particles
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Fig. 2 Relative contact motion and their conjugate force pairs
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Fig. 3 Idealized force law for normal contacts

motion. The normal mode consists of motions (vc
N ) direc-

ted along the normal direction of the contact and are resis-
ted by either compressive or tensile forces (fc

N ) (Fig. 3). In
DEM these forces are often assumed to be modeled as a
simple linear spring that relates fc

N to the total penetration �n .
However, in many codes the contact is modeled after Hertz
contact theory for contacting spheres in which the force is
proportional to �

3/2
n . While the Hertz theory for elastic inter-

action for spheres has been verified, its applicability to actual
soil particles is not as well known. First, the contact response
might not be elastic, due to degradation or damage at the point
of contact. The degradation of contact asperities gives a stif-
fening effect that can mask the elastic behavior of the Hertz
contact. Further, actual particles are not spherical. Finally,
at the particle scale, the material behavior is typically not
isotropic but is determined by the character of the mineral
from which it is formed. Therefore, one aim of the present
investigation is to determine the importance of modeling the
elastic contact behavior precisely in natural soil particles.

Figure 4 depicts the shear or tangential mode of contact
deformation. The response to the motion is initially elastic
followed by slipping once the Coulomb limit criterion is met.
A similar response is modeled for rolling resistance which is
assumed to be proportional to the magnitude of the normal
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Fig. 5 Idealized contact law for contact moment

force (see Fig. 5). Not shown is the torsional mode in which
the relative rotation vector is aligned with the normal axis.
The torsional mode is of greatest interest in bonded materials.

In bonded media, the tensile force is not zero but is limited
by a bonding strength. The bonding strength is more com-
plicated than the conventional frictional contact law used
in DEM because the limit load for each mode depends on
the combination of loads present [8,9,22]. Figure 6 depicts
conceptually how the interaction of loads affects the bond
strength. The delineation of the limit surface is the organizing
principle for future efforts in our research program. A critical
question in bonded media is the loss of force once the tensile
limit is exceeded (Fig. 3). As bonding is lost, a brittle macro-
scale response is created that is difficult to understand from
macro-scale observations. For example, preliminary compu-
tations by us show that the relative stiffness of the bonded
contact in the three modes, as well as the bonding strength,
can influence the macro-scale failure mode. Sorting out such
interactions is greatly simplified through a combination of
macro-scale observations and DEM based on independent
particle-scale measurements.

Not shown in Figs. 3, 4 and 5 is the response to load
reversals. The contact force–displacement laws must contain
damping for realistic simulation. The damping is generally
incorporated either as a viscous damping or a hysteretic (rate-
independent) curve calibrated to reproduce a reasonable

Fn

Fs

Μc

Fig. 6 Shear-normal, moment-normal, and shear-moment limit sur-
faces (conceptual)

coefficient of restitution. Where the micro-scale calibration
can be compared with macro-scale results, realistic beha-
vior can be obtained—particularly in the case of cohesionless
materials. Where macro-scale computations are not available
or there are limited micro-scale data to guide the calibration,
an empirical approach is typically adopted. For example,
energy dissipation is quantified by assuming a micro-scale
law that has no specific physical basis, and the damping coef-
ficient is assigned empirically to obtain realistic macro-scale
behavior. Computations strongly suggest that even though
slip (e.g., shear deformation) would appear to be the princi-
pal macro-scale mechanism for dissipation, the micro-scale
mechanism that actually dissipates the energy is inter-particle
motions in the normal mode.

The preceding paragraph illustrates the need for experi-
ments that explicitly quantify the damping associated with
specific mechanisms of particle interaction. As demonstra-
ted in the following sections, the approach adopted in our
work involves in part the explicit determination of inter-
particle damping with cyclic loading experiments. Our initial
experiments focus on the normal contact mode of unbonded
contacts, and extension to other contact modes (shear, rol-
ling) with and without bonding are planned.

4 Experimental procedures

Figure 7 shows a photograph of the experimental system
configured for uniaxial loading of grain pairs. This is a
computer-controlled, electro-mechanical system that employs
a voice coil actuator to apply loads, a non-contacting laser
sensor to measure the relative deformation of the specimen
mounting pins, and a bonded strain gauge load cell to monitor
the axial force applied to the specimen and provide a feed-
back signal to the control system. A graphical user interface
(GUI) was developed to set the test parameters (load path,
amplitude and frequency for cyclic loading experiments, data
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Fig. 7 Photograph of the
experimental system

acquisition rate, etc.) and perform the closed-loop control
functions. The system also employs a digital micrometer for
positioning and calibration of the laser sensor. The expe-
riments reported below employed a load cell with a 25 N
capacity, and laser sensors that provided a ten VDC output
for nominal ranges of 300 or 100µm. The resolution of the
displacement measuring system is on the order of 100 nm.

For the experiments presented below, the system was ope-
rated in closed-loop load control (e.g., the axial load on the
grain pair was the controlled variable), and three load paths
were employed in the experiments. Under the ramp loading,
the normal force on the grain pair increased linearly at a
specified rate to a maximum value. With the haversine wave-
form, the normal force cycled between a nominal no-load
contact and a maximum value at a specified frequency (typi-
cally between 10−3 and 5 Hz). The third waveform consisted
of a sinusoidally varying load of a given amplitude and fre-
quency superimposed on a compressive background force.
An analysis of the cyclic component of the latter waveform
allows us to examine stiffness and damping as a function of
the background force and is intended to provide insight into
confining pressure effects.

The load and deformation readings are digitized and recor-
ded as a function of time. The post-test analysis smoothes the
raw data and calculates quantities such as the actual loading
and deformation rates, frequency and hysteresis loop area
when applicable, peak load, internal friction and the average
slope during a cycle of loading. The smoothing is done by
conducting a series of piece-wise regression fits to the raw
data, rather than applying a running average (which can cause
a phase shift in time-based data) and the methodology is fully
described in Cole and Durell [6]. With regard to the analy-
sis of the cyclic loading response, the slopes reported below
are determined from the zero-to-peak load and deformation
values of the load–deformation curves. The frictional loss
that occurs during cyclic loading of materials in general is
frequently characterized by the internal friction (tan φ) are
determined from [18]:

tan φ = �W/W

2π
. (1)

Where �W is the hysteresis loop area, and W is the peak
stain energy during a load cycle. Equation (1) is particu-
larly useful when the response shows a measurable hysteresis
loop area but the phase lag angle φ is too small to measure
directly. Strictly speaking, Eq. (1) applies to sinusoidal (e.g.,
alternating tension/compression) loading, for which the peak
load occurs at the quarter-cycle point. It also presupposes
that the elastic modulus is constant through the entire loa-
ding cycle. In principle, Eq. (1) can be applied to haversine
loading by analyzing it as a sine wave oscillating about the
mean force. This treatment can provide reasonable values
of tan φ when the peak-to-peak value of the cyclic force is
sufficiently low that the curvature of the force–displacement
relationship is inconsequential. However, that calculation can
produce inappropriately high values of internal friction for
the case of Hertzian behavior. The problem arises because
of the increase in the slope of the force–displacement rela-
tionship with force that is characteristic of Hertzian behavior.
This has the effect of decreasing the value determined for the
stored strain energy per cycle (W ) in the above expression,
which in turn leads to a high value of tan φ.

When the curvature of the force–displacement relation-
ship cannot be ignored, it is possible to derive Eq. (1) using a
haversine waveform, in which the peak stored strain energy
per cycle occurs at the mid-point of the cycle. This leads to
the following expression:

tan φhaversine = �W/W

π
(2)

in which W is now the area under the load–deformation curve
from the start of loading up to the peak load which occurs
midway through the cycle. In the internal friction plot presen-
ted below, the internal friction was calculated from Eq. (2)
for haversine loading that begins and ends at a nominally
zero force.

Finally, note that this definition of internal friction is not
synonymous with the angle of internal friction used in geo-
technical analysis. Rather, it a measure of the energy dissi-
pated by friction or micro-scale damage within the material
on each side of the contact. This measure of loss is also to be
distinguished from Coulombic friction created by tangential
sliding of the contact. As specific deformation mechanisms of
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granular media are investigated experimentally, and the dam-
ping associated with each is quantified, it will be important
to specify the deformation mechanism to which an internal
friction value applies (e.g., φnormal and φtangential).

5 Specimens and methodology

Two types of material were examined in our initial expe-
riments: a recently processed (e.g., unweathered) gneiss—
representative of relatively hard rock behavior and a
randomly selected pair of grains of weathered, local (New
Hampshire) gravel (see Fig. 8). The crushed gneiss was pro-
vided by a colleague (Prof. Ivar Horvli of the Norwegian
University of Science and Technology), and is being subjec-
ted to an extensive series of laboratory triaxial experiments
in a separate research program. Because the aggregate was
somewhat large for our purposes, representative pieces were
broken up and a variety of sizes and shapes of the resulting
fragments were selected for our experiments. The grains were
bonded to threaded stainless steel pins with epoxy. Care was
taken to assure that the contact points were from the original
surface of the grains. Scaled digital micrographs of the grains
were obtained before and after testing. The profile of each
grain was digitized from the micrographs and the radius of
curvature of the contact point was determined as described
in the following section.

Our initial observations on the gneiss indicated that the
most stable and reproducible configuration was a relatively
flat grain paired with a relatively pointed grain (see Fig. 8).
It was important to center the point of contact between the
two grains on the axis of loading. We note that the method

of producing these grains leads to irregular shapes and sizes,
making it difficult to mount them accurately, and the deve-
lopment of more precise mounting methods is a matter of on-
going interest. The weathered aggregate, on the other hand,
had more regular shapes and smooth, well-rounded surfaces.
The size and shape of these grains made them relatively easy
to center on the loading pins.

We note that microfracturing and/or frictional sliding was
audible in the initial loading cycles when the higher force
levels were applied to certain of the gneiss grains. However,
since the focus of the present experiments was to quantify the
intrinsic interaction of the grains, the data presented below
do not include tests that produced any audible reports during
loading, nor was there any visible evidence of damage to the
grains used to generate the reported data. The initial effort
described below focused on the development of the experi-
mental equipment and methodology and our on-going work
will produce a more detailed characterization of the test mate-
rial.

6 Radius of curvature determination

Analytical treatments of contact mechanics depend critically
on the radius of curvature of the objects in contact. Manufac-
tured or processed materials can be machined and brought
to an arbitrarily smooth finish such that the macroscopically
observed curvature is applicable at the point of contact. As
described in the following section, we have conducted experi-
ments on processed materials with relatively smooth surfaces
and a well-defined radius of curvature, and those results are in
close agreement with elastic contact behavior. On the other

Fig. 8 Micrograph of a grain
pair of crushed gneiss used in
the experiments
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hand, there is probably not a simple relationship between
the radius of curvature and the force–displacement behavior
of a contact in naturally occurring granular materials as a
consequence of roughness and inelastic deformation at the
contact. For such non-ideal, naturally occurring materials,
the radius of curvature could vary on scale of the contact
patch—particularly for the case of the crushed, unweathered
aggregate. Additionally, local crushing and microcracking
are likely to occur during loading in natural materials. Such
permanent deformation will alter the local radius of curva-
ture, and possibly increase the no-load contact area, both of
which can substantially change the force–displacement rela-
tionship of the contact.

With the above considerations in mind, we have characte-
rized the radius of curvature at the contact point for the grains
employed in the present experiments using a readily available
optical microscopy system that has sufficient resolution (bet-
ter than 100µm) to characterize our relatively large grains.
Scaled, digital micrographs were obtained before and after
testing, and a quantitative image processor (Image Pro Plus)

was used to obtain profiles of the grains as shown in Fig. 9.
The scaled outlines were subjected to a least squares analysis
to determine the radius of a best-fit circular arc centered on
the point of contact. The results of this analysis are given in
Table 1.

For the case of the gneiss specimens, each grain pair
consisted of a pointed grain impinging on a nominally flat
grain, and we report the curvature only of the pointed grain.
The weathered grains both appeared to be nominally sphe-
rical to the unaided eye, but were irregularly shaped when
viewed under the microscope. Consequently, the curvature
for those grains was determined for the lobes that were
actually in contact.

We note that the reported values of curvature were obtai-
ned after testing, and are applicable to the mechanical data
that are presented. The grains were intentionally selected to
be robust, and there was no visible evidence of damage after
testing. However, it is cautioned that the load–deformation
data presented here may not be representative of virgin loading
behavior. Our on-going work is addressing the matter of

Fig. 9 Plots of the digitized
outlines of the grains used in the
experiments. The radius of
curvature was determined by a
least squares analysis as
described in the text. Circular
arcs have been over-plotted to
indicate the regions of the
outlines used in the analysis.
a The pointed grain from pair
NOR1, b the pointed grain from
pair NOR2, c the pointed grain
from pair NOR3, d, e the two
pointed grains of weathered
aggregate
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Table 1 Estimated radii of curvature for the grains used in the experi-
ments

Grain pair Radius of curvature Remarks
at contact (mm)

NOR1 1.00 Crushed, not milled

NOR2 0.64 Crushed, not milled

NOR3 1.41 Milled

Weathered (A) 1.67 Weathered NH gravel

Weathered (B) 0.52

Brass pins 2.32

Nylon pins 2.23

Only one value is reported for grain pairs NOR1–3 because they consis-
ted of one pointed grain and one nominally flat grain. The weathered
pair consisted of two pointed grains

virgin versus conditioned contact behavior and those results
will appear at a later date.

7 Reference experiments

Reference experiments were conducted on specimens of
commercial nylon and brass to validate the performance of
the system using manufactured materials of known mecha-
nical properties. Pairs of pins with the geometry shown in
Fig. 10 were machined and the radius of curvature of the
contact region on each pin was determined as described in the
preceding section. These specimens were subjected to ramp
loading at 1 N s−1 and/or haversine loading at 1 Hz over a
range of peak force, and the load–displacement results are
shown in Fig. 11 in log-log space. The data for the brass
specimens were obtained from a ramp loading test and the
nylon data were determined from a series of cyclic loading
tests with increasing peak loads as indicated. Although these
results exhibit a certain degree of scatter, the data cluster
about a slope of 3/2, which is indicative of Hertzian behavior.

Moreover, the displacements agree quantitatively with the
approach distance δ calculated for elastic spheres of radius
R and Young’s modulus E , resulting from a normal force N
(e.g., [17]):

δ = 2

[
3(1 − υ2)N

4E R1/2

]2/3

. (3)

Figure 11 plots this relationship (solid lines) for the brass
and nylon pins used in these experiments. The radius of
curvature at the contact points of the brass and nylon pins
was determined to be 2 mm using the method described in
a previous section. The good agreement between the calcu-
lated and experimentally determined values for the brass in
Fig. 11 requires a Young’s modulus of 80 GPa, which is rea-
sonable for this material (modulus values in the literature
typically range from 90 to 125 GPa depending on composi-
tion and treatment). Since the reported values of the modu-
lus of elasticity for nylon vary somewhat, we determined the
bulk modulus of our nylon stock directly in the test appa-
ratus and arrived at a value of 1.6 GPa. The data plotted in
Fig. 11 account for the deformation of the threaded portions
of the specimens. Because of the relatively low modulus of
the nylon, that contribution was approximately 10% of the
total. By contrast, since the modulus of brass is relatively
high, the contribution from the threaded portion of the brass
pins was <1% of the total deformation.

8 Experimental results

The goals of these initial experiments were to demonstrate
the viability of the experimental equipment and methods,
and explore several fundamental aspects of contact behavior
under normal loading. We note that applied loads of �25 N
were in some cases sufficient to cause damage of the contact

Fig. 10 Micrograph of one of
the brass pins used in the
reference experiments (a) and
the outline of the pin obtained
from a quantitative image
processor used to determine the
radius of curvature of the
contact region (b)
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Fig. 11 Force versus displacement data from ramp and cyclic loading
experiments on brass and nylon pins, and the results of a Hertzian contact
calculation (straight lines) for each material

points, as evidenced by audible reports during load applica-
tion. Although we did not employ methods to track or quan-
tify damage in these initial experiments, this will be a point
of interest in future work. Since most of the grain pairs that
were examined had been subjected to extensive load cyclic
during the course of the experiments, the results presented
below are not expected to be representative of the virgin state
of the material. A related aspect of the contact problem that
will be examined in future experiments is the matter of the
contact area.

The experiments reported below report briefly on monoti-
nic or ramp loading, and then focus more closely on the cyclic
loading behavior, with an emphasis on load level effects on
the stiffness of the contacts.

Monotonic loading. Figure 12a shows a typical response
of the weathered aggregate and the unweathered, crushed
gneiss to a loading ramp. It was common for these materials to
display an upward concavity to the load–deformation curve,
but a logarithmic plot of these curves (see Fig. 12b) shows
linear behavior at lower forces and a transition to a 3/2 power
relationship at high forces.

Haversine loading. Figure 13 shows the load–
deformation response of the weathered aggregate and the
crushed gneiss to compressive haversine loading. The wea-
thered aggregate clearly exhibits a lower stiffness and inter-
nal friction (as evidenced by the lower slope and much larger
hysteresis loops) than the crushed gneiss, although it is noted
that both of the weathered grains were nominally spherical
whereas the gneiss grain pairs always consisted on one cur-
ved and one nominally flat grain. The weathered aggregate
also exhibits a more significant amount of permanent defor-
mation per load cycle. Excluding the first load cycle, the ave-
rage slope of the hysteresis loops of the weathered aggregate
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Fig. 12 Load–deformation behavior for the gneiss and weathered
aggregate pairs plotted with a linear scales, and b logarithmic scales.
The latter plot shows lines with slopes of 1 and 3/2 for reference. The
loading rate was 20 N s−1
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Fig. 13 Load versus deformation for the crushed gneiss and weathered
aggregate pairs subjected to haversine loading

is 0.627 Nµm−1, and the average internal friction is 0.175.
In comparison, the response of gneiss is 1.72 Nµm−1 and
0.12, respectively for the slope and internal friction.
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Sinusoidal loading superimposed on a background load.
Figure 14 illustrates the case of a sine wave superimposed

on a constant background load level. The background load
was applied at a rate of approximately 20 N s−1, and main-
tained for a brief period before the sinusoidal loading was
initiated. Typically 3–5 cycles of the sine wave were applied,
and the background load was subsequently ramped to zero as
indicated in the figure. Figure 14a shows the experiment in
load-time space, and Fig. 14b shows the load–deformation
behavior. The background load levels were applied in the
sequence of 5, 10, 15 and 20 N, and the amplitude of the
superimposed sinusoidal loading was either ±5 or ±10 N.
The frequency of the sinusoidal loading was 1 Hz.

Figure 15 shows typical behavior for the gneiss for back-
ground loads of 10 and 15 N, and a superimposed cyclic load
of ±5 N. Although the response of the specimens to this loa-
ding sequence was somewhat variable, the general effect of
the increased background force was to decrease the inter-
nal friction observed under cyclic loading. This decrease
was usually accompanied by a small increase in the slope
of the load–deflection curve. Figure 16 illustrates this trend
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Fig. 15 Load–deformation response of ball-milled gneiss subjected to
sinusoidal loading superimposed on background forces of 10 and 15 N
as indicated. The cyclic loading frequency was 1 Hz
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with a plot of the slope of the load–deflection curve and the
internal friction versus the peak (e.g., background load +
the cyclic load amplitude) load level. Although the data are
somewhat sporadic in this regard, there was a tendency for
the slope to increase and the internal friction to decrease with
repeated cycling during each individual set of load cycles.
Additionally, both quantities frequently tended toward an
equilibrium value with repeated load cycling. This could be
the result of attenuating damage at the contact point, and will
be studied in future experiments.

Frequency effects under haversine loading. We exami-
ned the response under haversine loading for frequencies of
3 × 10−2 and 10−1 Hz to establish a baseline for behavior
and to explore the behavior of our experimental apparatus
at lower frequencies. Figure 17a shows several cycles of the
force–displacement response of the gneiss to a 20 N haver-
sine at 10−1 Hz. Note that the initial load-up has the upward
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Fig. 17 Load–deformation response of the crushed gneiss to haversine
loading at frequencies of a 10−1 Hz and b 3 × 10−2 Hz

concavity observed at the higher frequencies discussed above,
and that the response reaches an apparent steady state after the
first cycle. Excluding the first cycle, the average slope obser-
ved for this specimen was approximately 2 Nµm−1 and the
internal friction was 0.04. At the somewhat lower frequency
of 3 × 10−2 Hz, shown in Fig. 17b, the overall response was
similar (the average slope was 2.4 Nµm−1), but the load–
deformation plot is noticeably less smooth than the higher
frequency response, possibly the result of stick–slip beha-
vior that was not evident at the higher frequencies. Perhaps
because of the contributions to the hysteresis loop area of the
stick–slip behavior, a higher internal friction value of 0.12
was observed at the lower frequency.

9 Discussion

The results presented above make it clear that grain-scale
experiments provide important quantitative information on
particle mechanics and are sufficiently sensitive to particle

characteristics to support the development of physically
based relationships needed for discrete element models.
Although we have presented data that we feel are represen-
tative of the behavior of the specimens under consideration,
it is emphasized that we are dealing with naturally occurring
material, and a certain degree of variability in the mecha-
nical response should be expected. Additionally, the extent
to which the observed behavior is influenced by the vaga-
ries of a particular contact versus variations in the intrin-
sic properties of the grains is a matter of concern and will
be the subject of future work. That being said, the syste-
matic differences found in the stiffness of the test materials
strongly suggest that intrinsic properties of the grains
influence the mechanics of their interaction to a measurable
degree. Although the data presented above are limited, they
do display a number of trends that have noteworthy
implications for the numerical modeling effort which are
now considered.

The force–displacement curves observed during monoto-
nic (Fig. 12) and cyclic (Fig. 17a) loading where the force
varied from a nominal no-load contact to 15–20 N are macro-
scopically concave upward. However, as noted above, the
ramp loading experiments showed linear behavior at low
forces and undergo a transition to a 3/2 power law depen-
dence at a nominal force of 3.5 N for the gneiss and possibly
at a somewhat lower force for the weathered aggregate. The
variability in the latter curve prevents a more precise determi-
nation of the transition force. This shift to non-linear behavior
is also evident under cyclic loading, as indicated in Fig. 17a.
Non-linear behavior is not clearly evident in experiments in
which the force was either low (< 5 N) or varied over a relati-
vely small range (e.g., Figs. 13, 14, and 15). It is possible that
the behavior in these experiments appears to be linear prima-
rily because the force range was too small for the relatively
weak non-linearly to be observed. Nonetheless, there is some
evidence of seating effects in the cyclic loading experiments
since the initial loading curves are generally different from
all subsequent cycles.

The upward concavity in the particle-scale load–
deformation relationship suggests a relationship to the pres-
sure sensitivity of the elastic constants often found in
macro-scale experiments. This is in contrast to the alterna-
tive explanation that the increase in stiffness might be related
to subtle recoverable changes in contact topology. We note
that the upward concavity observed in the load–deformation
behavior is not generally addressed in DEM simulations, and
it will be a point of interest in future work to determine the
extent to which this aspect of particle-scale behavior is reflec-
ted in the macro-scale behavior of the particulate medium.
The fact that the non-linear behavior becomes evident only
when the normal force varies over a relatively wide range
suggests that linear force–displacement relationships may
be sufficient to model grain-scale behavior for either low
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absolute levels of inter-particle forces or for relatively small
changes in inter-particle force.

As noted in a previous section, the force–displacement
relationship can be understood in greater depth with the infor-
mation gained from the experiments in which cyclic loa-
ding was superimposed on a background force. The example
results from these experiments (Fig. 16) show that the elastic
stiffness increases with the normal force, verifying the trend
evident in the monotonic loading experiments. Additionally,
it shows that the internal friction (from which the inelastic
strain can be calculated) decreases as the mean normal force
increases.

With a certain amount of scatter, the internal friction
appears to be independent of frequency, at least over the rela-
tively narrow range examined here, indicating that energy
dissipation is by true hysteretic behavior, rather than some
form of viscoelasticity. This micro-scale observation is thus
consistent with observations that the constitutive response of
granular media at the macro-scale is primarily rate-
independent. We note that this conclusion applies to the case
of small strains only, and that it will be useful to examine
wider ranges of force and frequency to verify the trends seen
here.

Comparing the behavior of the test materials under normal
cyclic loading, we see that the weathered aggregate displayed
appreciably greater hysteresis than the crushed gneiss. The
reason for the higher loss in the weathered material is not
apparent at this time, although the likely causes for later
investigation include increased contact area, the extent to
which the weathered surfaces engage each other microscopi-
cally, and possible loss mechanisms associated with defects
within the grains. Regardless of its source, the substantial
difference in hysteresis between the two materials is surpri-
sing, and the loss in the gneiss appears to be much less than
expected based on that required to get realistic DEM simu-
lations. Given that the internal friction increases noticeably
with decreasing mean contact force, and that a variety of
applications deal with forces that are substantially lower than
those reported herein, it is of particular interest to explore the
extent to which higher internal friction values are characte-
ristic of contacts subjected to low forces. Consequently, we
are currently working to extend the operating range of our
system to considerably lower forces.

The present experiments were not equipped to quantify
microcracking at the contact point. As noted above, a
conscious effort was made to avoid using results from expe-
riments where audible damage occurred, but this does not
preclude damage on a very fine scale. Future work will incor-
porate an acoustic emissions monitoring system to provide
some insight regarding the experimental conditions associa-
ted with microcracking at the contact point.

The experimental techniques described in this paper are
equally applicable to bonded particles, for which microme-

chanical measurements are of great interest. The case of bon-
ded particles is problematic because it is difficult to relate
micro-scale behavior to emergent behavior, and macro-scale
observations are less useful to identifying the mechanics of
bonding forces on the scale of grains. Bonding forces can
include electrostatic forces, capillary tension, and cementa-
tion. They can act in tangential, normal, and bending modes
either independently or coupled through a limit surface
(Fig. 5). Such complex interactions cannot be quantified from
macro-scale experiments, but the grain-scale experimental
methods applied here can be used to isolate and quantify the
deformation and failure modes of interest. As of this writing,
laboratory experiments on bonded granular media have been
initiated.

Our on-going investigations that couple contact measure-
ments with both macro-scale experiments and DEM simu-
lations should lay the groundwork for procedures to use
simulations to develop macro-scale engineering properties
from micro-scale measurements. This approach is particu-
larly attractive for lunar and planetary mission planning
where opportunities to experimentally determine the in-situ
engineering properties of the regoliths are limited.

10 Summary and conclusions

Equipment and methods have been developed to conduct
grain-scale mechanical properties experiments on unbonded
grain pairs. The results of contact experiments using pro-
cessed materials (brass and nylon) were presented to vali-
date our experimental and analytical methods. Additionally,
methods were presented to determine the radius of curva-
ture at the contact points. Example results on two types of
naturally occurring materials (crushed gneiss and a weathe-
red gravel) illustrated normal force–displacement relation-
ships under monotonic and cycle loading conditions, and an
approach to integrating such grain-scale experimental results
into a discrete element modeling framework was discussed.

The experimental data provided information on the elastic
stiffness and energy dissipation of contacts between particle
pairs as functions of mean force level and frequency. A sub-
stantial difference was observed in elastic stiffness and the
hysteretic loss of the two materials under consideration, and
the implications of the latter observation were discussed in
the context of discrete element model development.

Pressure sensitivity of the contact stiffness was apparent
in the initial ramp loading of the contact. Both material types
displayed a 3/2 power law dependence of the force–
displacement behavior when the range of applied normal
force was sufficiently high, and this dependency was sus-
tained under repeated load cycling. Because of its relatively
mild curvature, the force–displacement behavior appeared to
be linear when the range of applied force was low (<5 N).
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The initial results suggest several topics of research using
the DEM. It is clearly of interest to understand the elastic
response under various background force levels and this
would certainly be essential to any investigation into wave
propagation in granular media. The observed variation in
contact response under repeated loading is highly relevant
to understanding the effects of specimen formation and the
relationship between reconstituted versus in-situ behavior. A
related issue is “aging” of sedimented deposits, which have
been observed to gain strength with the passage of time.
The common feature of all these topics is the direct mea-
surement of contact properties, which allows separation of
contact behavior from structural features such as force chains
and contact orientation.
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