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ABSTRACT

This research established a systematic method to generate various pore-size distributions (PSDs) and studied the effect of PSDs on the
shock compaction response of granular materials using two-dimensional mesoscale simulations under identical porosity. Simulations uti-
lized various PSDs for three particle shapes (circle, ellipse, and square).Contacting particle configurationsusing three PSDs, characterized by
spatially uniform distributed pores to heterogeneous distributed pores, andnon-contactingparticle configurations under a single case of
PSD were tested. The PSD of generated particle sets was characterized using coordination number, mean diameter, and bimodality coeffi-
cient as statistical metrics. Mesoscale simulations showed that regardless of the conditions of pore distributions, shock compaction of granu-
lar materials consistently demonstrates a precursor, shock compaction front, and end. However, the shock compaction velocity of contacting
particles was dependent on the PSDs despite the constant initial porosity. The compaction velocity was faster in particle configurations with
relatively uniform pore distributions than in heterogeneous pore distributions, which our study demonstrated can be attributed to particle
rearrangement during compaction. Circular-shaped particles had high sensitivity in shock compaction response to the various PSDs.
Furthermore, a contacting particle configuration tended to propagate the shock compaction wave relatively faster than particles that were in
a non-contact configuration. This study established the relative importance of considering PSD as a metric over the coordination number in
studies of the shock compaction response of granular materials. Further, insights are provided on the evolving shock substructure to charac-
terize the shock compaction response of granular materials.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0229975

I. INTRODUCTION

Understanding the rapid compaction of granular materials is
of great interest in a variety of fields and events such as powder
metallurgy, geophysical flows, mining, deformation of energetic
materials, asteroid impact, and crater formation.1–3 The bulk
response of granular materials under shock compaction is com-
monly modeled as a continuum using average properties, such as
the porosity or distention,4,5 representing the constituent grains’
collective response to accommodate macroscopic deformation.
Such approximations, however, do not consider several important
mechanisms of deformation in granular materials that cause the
simplistic models to deviate from the interesting phenomena, such

as void collapse, energy dissipation from grain contact, and
particle-scale anisotropy effects.6 This work focused on understand-
ing the effect of the pore-size distribution (PSD) on the weak shock
compaction response of a granular material with salt as a surrogate
material.

Several studies on granular materials under shock compaction
have demonstrated the importance of considering the inherent fea-
tures at the particle scale. For example, the effect of contact angle
between particles was investigated using 2D (two-dimensional)
dynamic photoelasticity.7 It was found that the load transfer within
granular materials is significantly dependent on the contact angle.
Rutherford et al.3 conducted anin situ flyer plate test using a
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granular mixture of different grain sizes and analyzed shock propa-
gation by employing a scanning x-ray phase-contrast radiography.
By analyzing the bulk response, they concluded that the mean
values of the measured velocities agreed with the continuum pre-
dictions available in the literature. However, the distribution and
evolution of wave velocities and wavefront thickness varied depend-
ing on the internal structure of the granular sample. In other
words, the inherent particle-scale features impact the shock wave
response in granular materials.

With the increasing significance of the mesoscale understand-
ing of granular materials, simulations have systematically employed
sophisticated numerical methods to gain insights in order to bridge
the scales between microscale properties and macroscale response.
Mesoscale modeling simulates individual particles as a deformable
solid, enabling sub-grain analysis, including explicit consideration
of the removal of porosity, grain-to-grain interactions, and then
understanding their effects on the macroscopic response.8–11

Therefore, mesoscale simulation can provide information that is
not accessible to legacy experimental methods based on surface
measurements.

Simulation results showed that one of the main distinguishing
features of granular materials is forming heterogeneous pressure
field induced by grain-on-grain interactions, resulting in the
so-called force chain network (i.e., stress bridge) and non-
uniformity of the pressure wavefront.8,9,12 Furthermore, it was
found that the process of deformation is dependent on the porosity
of granular assemblies; for example, the elastic mechanism is domi-
nant within the grains at high porosity and low impact velocity,
whereas inelastic deformation appears at lower porosity and high
impact velocity.13,14

Using mesoscale simulation, few studies have investigated the
effect of particle arrangement—we will also refer to this asfabric,
which is particularly significant to understand the mechanical
response of granular materials. Davisonet al.15 found that the
initial particle arrangement affects the final granular particle con-
glomerate. They conducted mesoscale simulations to explore the
heterogeneous response of bimodal mixtures of chondrules and
grains as a highly porous bimodal system. They found that asym-
metrical distribution of strain around chondrules and flattening of
chondrule appears in the direction of the applied shock. Borg and
Vogler9 conducted a mesoscale hydrodynamic simulation to assess
the effect of particle arrangement on the bulk Hugoniot response
with two initial geometries corresponding to different crystalline
orientations of the grains. Their simulated results demonstrate an
anisotropic response depending on the relative orientation of the
cubic packing of grains to the loading; cubic packing arrangement
having the [100] direction had 12% faster shock velocity than the
same geometry but rotated 45� along the [110] direction.
Furthermore, this difference increases to 55% at the maximum
packing density of particles. In this regard, studying the effect of
random or unstructured particle arrangement is vital for a more
general understanding of the particle arrangement in shocked gran-
ular materials.

Derrick et al.16 explored the effects of coordination number
on mono-disperse, granular tungsten carbide using 2D mesoscale
numerical simulations. The coordination number is the number of
contacts with the neighboring particles. In their study, the larger

coordination number showed a faster shock speed, lower post-
shock bulk density, and lower particle velocity, and they concluded
that coordination number is a good predictor of a shock response.
However, their simulation excludes gravity. In their case, particle
sets were generated through a Brownian-motion-like model, result-
ing in suspended particles with an average coordination number of
under 1.9. From a practical standpoint, such a non-contacting con-
dition could be interpreted as one in a very low-gravity environment,
e.g., other than terrestrial gravity, which would result in different
initial particle conditions. In previous studies, the importance of the
initial mesostructure has been acknowledged. Considering the inter-
nal structure before compaction is important, particularly when
composite particles are in contact under gravity. A systematic study
is needed to understand the structures formed by granular materials,
the influence of gravity, and their influence on the shock compaction
response, which is the purpose of this work.

The discrete element method (DEM) has commonly been
used to create a desired randomly packed structure through isotro-
pic compaction within a predefined range of density. From DEM,
various fabrics can be achieved by adjusting variables such as the
number of iterations, particle shape, and particle friction.17–19

However, this strategy has limitations in achieving a wide range of
variations in particle fabric for the same averaged porosity.
Furthermore, characterization of the PSD has commonly used
mean pore size while ignoring the shape of the distribution.18,20

Various statistical metrics, such as the Weibull and log-normal
type, were suggested to better quantify the unimodal or asymmetri-
cal shapes of PSDs.21,22 Weibull and log-normal distributions can
also capture the tail-end of distributions, but they cannot model
bimodal distributions, which are commonly observed in granular
materials.23,24

The goal of this study is to understand the effect of initial
fabric (i.e., particle arrangement) under a weak shock compaction
regime using 2D mesoscale simulations. This study has two main
objectives: to establish a method to generate and quantify particle
sets with various pore-size distributions (PSDs) and to investigate
the effect of varying PSDs via mesoscale simulations. In this
context, we adopt the bimodality coefficient, defined as the ratio
between skewness and kurtosis, to accurately capture the tail-end of
the distribution more intuitively. In this study, we utilized the
bimodality coefficient to quantify the tail-end feature of a distribu-
tion since the bimodality coefficient can represent a bimodal distri-
bution. Therefore, the first objective of this study was to introduce
a novel method for generating particle sets that can create diverse
PSDs and identify a statistical metric to quantitatively analyze
PSDs. Particle sets were prepared under initially contacting and
non-contacting conditions while keeping the porosity and particle
size as constants in all simulations to identify the effects solely
from varying the internal mesostructure. Under contacting condi-
tions, three PSDs were generated with different pore sizes and
particle coordination numbers, from relatively uniform to heteroge-
neous pore distributions. The particle sets with varying PSDs were
quantified using coordination number, mean pore size, and bimo-
dality coefficient schemes. The second objective was to investigate
the effect of PSD on the shock compaction velocity. Mesoscale sim-
ulations were conducted using Free Lagrange (FLAG) hydrocode
based on the methodology described in Seoet al..25 Our previous
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work compared mesoscale simulations of square-shaped granular
salt under weak shock compaction and obtained good agreement
with the experiment on the simulated shock compaction velocity
(included in S2 in thesupplementary material). This study exam-
ined the effects of particle shape and pore-size distribution on the
shock compaction and particle velocities. This study further provided
insights into the kinematics of particle-scale evolution and the role
of stress bridging phenomenon leading to differences in the dynamic
bulk response. In the remainder of this manuscript, the terms con-
tacting and non-contacting conditions will be referred to in the
initial configuration without referencing theinitial qualifier.

II. GENERATION OF VARIOUS PORE-SIZE
DISTRIBUTIONS

Various methods have been suggested for constructing a parti-
cle domain, such as particle insertion method,26,27 imported cross-
sectional image of scanned particle set,28,29 and perturbation particle
approach.6 In this study, dry pluviation was simulated to build the
gravity-driven particle arrangement, analogous to the experimental
technique of preparing the sample by rainfalling grains into a hollow
cylinder followed by pressing to near desired tap density. Dry pluvia-
tion simulations were conducted by using an integrated workflow
that utilized MatLab and LAMMPS (large-scale atomic/molecular
massively parallel simulator) software packages, described in

Seoet al..25 In brief, individual particles were constructed using sub-
spheres (diameter of 0.02 mm) along (tracing) the particle boundary
[Fig. 1(a)]. The centers of numerous particles were randomly seeded
without overlapping with others in LAMMPS, as shown inFig. 1(b).
Next, particles were pluviated (rainfall) under a body force simulat-
ing gravity and subsequently rearranged by shaking walls of the
boundary [Fig. 1(c)]. Finally, the top of the stacked particles was
pressed to flatten the assembly [Fig. 1(d)] while conforming to near
tap density as in the experiment.

The pluviation technique commonly resulted in higher tap
density than was desired. Thus, a selective particle removal method
was employed to create various PSDs to ensure particle contact
until the desired porosity was achieved. Deleting or inserting parti-
cles to achieve the desired porosity has been used before to create
configurations of granular materials.23 A particle removal strategy
was adapted to evolve the fabric under constant porosity, described
as follows. Dense packing was achieved through dry pluviation sim-
ulation [Figs. 1(a)–1(d)] by ensuring continuous contact between
particles without a suspended particle, as shown inFig. 1(e).
Circle-, ellipse-, and square-shaped grains displayed average porosi-
ties of 0.192, 0.2419, and 0.306, respectively, after dry pluviation.
Image analysis was conducted on the dry-pluviated set to calculate
the coordination number by checking the number of particles
detected within a 3� 3 search window, as shown inFig. 1(f).30

The coordination number was between 1 and 6 for circles and

FIG. 1.Dry pluviation methods (a)–(d) after Seoet al.25 Schematic of strategy for generating contact particle sets with PSDs (e) a dry-pluviated sample (f) a searching
window for coordination number calculation (g) removing particle candidates having a specific number of coordination number (h) final particle setafter (g).
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ellipses and between 1 and 7 for square-shaped particles excluding
itself. After reaching a targeted porosity (0.35 in this study), parti-
cles having a specific coordination number were deleted randomly
so as to preserve the initial contact condition of the particles. For
example,Fig. 1(g)shows that particles having a maximum coordi-
nation number (colored in yellow) were selected for removal to
achieve the desired porosity.

The process for achieving various specimens with the same
desired porosity but different PSDs is as follows.Figure 2shows
cases of three PSDs generated using the aforementioned selective
particle removal technique. Three PSDs were generated from one
dense packing of the dry pluviation set, using the process illustrated
in Fig. 1(h). Case 1 inFig. 2(a)was achieved by removing particles
having maximum coordination (coord.) number (here defined as
max-level of coordination number case), case 2 [Fig. 2(b)] was gen-
erated by randomly deleting particles having coordination numbers
less than 5 (defined as mid-level of coord. case). In contrast, case 3
was the result of removing particles having coordination numbers
less than 3 (defined as min-level of coord. case) [Fig. 2(c)]. It is
noted that max-, mid-, and min-levels of cutoff for coordination

numbers can be different for each realization before applying the
particle removal technique, but their final coordination numbers
are close to each other (see Sec. S1 in thesupplementary material).
Specifically, the algorithm we used in this study to delete the parti-
cles arrives at a user-defined porosity, while other variables are
unconstrained, such as the final coordination number and quanti-
fied variables of PSD.

A set of PSD samples is made up of three cases of PSD, one
for each particle shape (e.g., case1, case2, and case3 for circular
shapes) generated by applying the selective particle removal
method on the same dry-pluviated sample. In other words, a set of
PSD samples originating from one dry-pluviated sample differed in
the size distribution of pores while keeping the rest of the particle
positions the same, as shown inFig. 2. In addition, three realiza-
tions of the dry-pluviated sample for each case of PSD were devel-
oped for simulation, which differed in the spatial position of
particles.

For producing a non-contacting particle domain, particles
were initially dry pluviated with using an enlarged particle size
(e.g.,Davg ¼ 0:454 mm for circular particle shapes) according to

FIG. 2.Examples of various contact
conditions: circle, ellipse, and square;
(a), (d), (g) case 1; (b), (e), (h) case 2;
(c), (f ), (i) case 3 under porosity of
0.35.
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the procedure described inFigs. 1(a)–1(d) [Fig. 3(a)]. Then, the
particles were subsequently shrunk to the desired particle size (e.g.,
Davg ¼ 0:423 mm for circular particle shape, same as initial contact
condition) while retaining the targeted porosity [Fig. 3(b)].
Figure 3(c) presents the final particle arrangement of non-
contacting conditions in the initial configuration for subsequent
mesoscale simulation.

III. STATISTICAL ANALYSIS OF PARTICLE
ARRANGEMENT USED IN SIMULATION

Three quantitative descriptors (i.e., metric) of the mesostruc-
tured distribution of the grains (representing the fabric) were
defined to differentiate various particle spatial arrangements and
PSDs, establishing the reliability of our method for generating gran-
ular samples. The generated specimens of particle sets were statisti-
cally characterized using the measures of coordination number, the
mean diameter of pores, and the bimodality coefficient; the latter
two metrics quantify the statistical features of the PSD.
Coordination number has been recognized as one of the key
metrics for characterizing the arrangement of granular particles to
identify the effects on the mechanical characteristics such as bulk
response and compaction strength.31–34 Coordination number is
responsive not only to the material attributes, e.g., particle size,
shape, density, and particle interaction force, but also to the exter-
nal environmental factors such as adsorbed moisture, magnetic
fields, and gravitation force.35,36

In this study, the coordination number (i.e., the number of
contacting particles) was calculated using the image analysis

technique described in Seo.30 In brief, each pixel representing seg-
mented particles was assigned a distinct value, indicated by a differ-
ent color in Fig. 1(f ). A search window(shown using green solid
line) of 3� 3 pixels was swept across the image to identify parti-
cles. If more than one pixel from different particles was detected
within the search window, they were considered in contact. By con-
sidering the inherent features of image analysis, we allow for a one-
pixel gap between particles and still identify them as being in
contact.

Figure 4(a)shows a representative statistical distribution of the
coordination number for a contacting condition particle set corre-
sponding to the mesostructure inFig. 2(a). In this distribution, par-
ticles with a coordination number of 1 corresponded mostly to
those near the wall [5.2% of total particles have a coordination
number of 1 inFig. 2(a)]. Despite the sophistication of our tech-
nique, we still end up with some suspended particles, which corre-
spond to a coordination number of 0 and account for 0:4%–1% of
total particles for all cases of particle shapes. The suspended parti-
cles resulted from the selective particle removal method that
achieved the targeted porosity. Consequently, the generated parti-
cles demonstrated reasonable packing of the granular system, with
over 99% of these particles exhibiting contiguous conditions.

Figure 4(b) displays the weighted averages of coordination
numbers for all cases of particle arrangements. It is noted that the
average coordination numbers of each realization for all cases are
described in Table S1 of thesupplementary material. The weighted
average was computed by averaging values37 from three such reali-
zations of particle arrangements, one of which is shown as the rep-
resentative in Fig. 2. Therefore, to determine the average

FIG. 3.Strategy to generate non-
contacting conditions, (a) enlarged par-
ticle under dry pluviation, (b) shrinking
to targeting particle diameter, (c) final
set of the non-contacting particle set.

FIG. 4.(a) An example of the distribu-
tion of coordination number in a repre-
sentative sample with contacting
particle conditions, (b) the weighted
average coordination number depend-
ing on the case of PSDs.
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coordination number for each case (a)–(i) across three realizations,
a weighted average was calculated based on the grain count in each
realization. Each point inFig. 4(b) represents a weighted average
value of three realizations accompanied by one standard deviation.
When pores are relatively evenly distributed (as in case 1), the
weighted average coordination number is lower than when there is
heterogeneous pore size and distribution (as in case 3). As circular
particles had the lowest porosity from dry pluviation, they exhibited a
significant variation in the coordination number for different PSDs.
This implies a larger change in internal structures compared to the
particle arrangements for the ellipse- and square-shaped particles.

One significant contribution of fabric in granular systems is the
distribution of pores, which affects the localization of hot spots for
thermal energy dissipation during shock compaction (Bardenhagen
et al.,2002; Rutherfordet al.,2017; Vogleret al.,2012). To measure
the distribution of pore sizes, we conducted an image analysis
described in Fig. A1 and Sec. S1 of thesupplementary material.
Statistics of the PSD were characterized using the bimodality coeffi-
cient and the equivalent mean pore diameter shown inFigs. 5(a)
and5(b). The bimodality coefficient,� , is sensitive to the tail-end of
PSD and is given by the following equation:

� ¼
� 2 þ 1

� þ 3(n� 1)2

(n� 1)(n� 3)

, (1)

where� is the skewness,� is the kurtosis, andn is the number of
items in the sample.38,39 � measures the asymmetry of the distribu-
tion and � is a measure of the tailedness of the distribution. The
bimodality coefficient (� ), spanning 0, � , 1, can also express not
only the uniformity of the distribution but also an asymmetric shape
of a distribution, improving our ability to quantify using the skew-
ness and kurtosis extracted from the distributions. For example, a
light tail distribution results in low kurtosis (i.e., minimal or no out-
liers), leading to a higher value of the bimodality coefficient.39

Furthermore, the bimodality coefficient benefits from representing
the bimodal distribution with two peaks of different heights, which
is utilized in this study for expressing asymmetric PSDs.

Mesostructures made of circular particle shapes exhibit signifi-
cant variation in their bimodality coefficient [Fig. 5(a) and
Table I]; this is due to the low porosity (dense packing) following
dry pluviation. The average tap densities of the pluviated samples

for circle, ellipse, and square shapes are 0.808, 0.758, and 0.694,
respectively. The dry-pluviated mesostructure made of circular par-
ticles exhibits the highest packing density, resulting in substantial
changes in the mesostructure’s fabric during the selective particle
removal technique until it achieves the targeted porosity compared
to other shapes.

We adopt yet another shape parameter to represent the PSD,
namely, the mean pore diameter,Dmean, which was calculated as a
mean value of measured pore size. The averageDmean for all three
realizations is plotted inFig. 5(b). Dmean decreases from Case 1
toward Case 3 and exhibits high skewness induced by a large number
of bigger pores, regardless of the particle shapes. Consequently, larger
pores in Case 3 resulted indenser particle clustersgrouped together
within the sample compared to case 1 with relatively uniformly dis-
tributed sparse particle clusters and smaller pores.

In the case of the mesostructure with particles under non-
contacting conditions, all voids are interconnected around the granu-
lar system as shown inFig. 3(c). Therefore, characterizing the pore
size distribution for non-contacting conditions requires additional
consideration. A representative amount of the shortest gap between
non-contacting particles is 0.003 mm for non-contacting conditions
in our mesostructure, and significant pore space exists in the granular
system. Previous studies have reported that the pore space affects the
deformation characteristics of granular assemblies.40–42 In this regard,
the quantitative characteristics of the pore-size distribution for a gran-
ular system under non-contacting conditions were extracted employ-
ing a process that required an additional step, schematically
illustrated in Fig. A1 in thesupplementary material. The bimodality
coefficient and mean pore diameter were calculated based on the
obtained PSD, as indicated inFigs. 5(a), Table I, andFig. 5(b).

FIG. 5.Quantified variables of PSDs
for contacting and non-contacting con-
ditions: (a) bimodality coefficient, and
(b) mean pore diameter of segmented
pores.

TABLE I.Average bimodality coefficient for the three realizations of initial granular
assembly generated using circle, ellipse, and square shapes.

Particle shape

Bimodality coefficient

Case 1 Case 2 Case 3 Non-contacting conditions

Circle 0.662 0.744 0.788 0.505
Ellipse 0.667 0.702 0.715 0.493
Square 0.574 0.601 0.598 0.487
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IV. COMPUTATIONAL SETUP AND METHODS

Mesoscale simulations were accomplished to simulate a novel
experimental setup involving 1D linear compaction. Simulations
enabled the observation of mesoscale responses under evolving
shock compaction that is otherwise difficult to study under experi-
ments alone. A large bore length of sample height facilitated explor-
ing the traversing shock compaction wave over the sample length. In
addition, a smaller bore diameter (i.e., the inner diameter of a sap-
phire cylinder) enabled experiments on a manageable number of
grains that can be explicitly simulated. The entire setup is illustrated
in Fig. 6. A fixed hollow sapphire cylinder with an inner diameter of
7.0 mm, an outer diameter of 37.0 mm, and a height of 70.0 mm was
co-axially assembled to accommodate a moving brass impactor.
Impact velocity was applied to the granular sample by a brass piston
moving from right to left, as shown inFig. 6.

The mesoscale simulations were conducted representing
Morton’s table salt that had an average equivalent diameter of
Davg ¼ 0:423 mm; this sample geometry matched the simulation
detailed in our previous work.25 In this study, the constitutive
equation for the sub-grain material utilized an elastic visco-plastic
model with linear hardening and an equation of state (EOS) for
NaCl from tabulated SESAME data.43 The EOS describes the rela-
tionship between state variables in a material under varying condi-
tions, such as pressure and temperature. The materials properties
of salt are displayed inTable II. Earlier studies have shown that a
visco-plastic model captures the mechanics of granular salt under
creep or static loading.44,45 In this regard, it is reasonable to assume
that an isotropic elastic–plastic hardening material for a grain of salt
undergoing confined compression and subsequent brittle crushing.
This is attributable to the finding that, under confined compressive
conditions, a crushed solid typically exhibits stress hardening rather
than softening at the continuum scale.46 Further details are provided
in Seoet al.25 For completeness, a brief summary of the comparison
validating the simulations against experimental results is included in
thesupplementary materialas Fig. A3.

Mesoscale simulations of shock compaction were accomplished
using the FLAG hydrocode,47,48 a Multiphysics simulation hydro-
code developed by Los Alamos National Laboratory (LANL). It uti-
lizes an established finite volume method to solve mesh deformation
over discrete time steps within a computational mesh over material
domains. In 2D, FLAG generates a mesh consisting of four-node ele-
ments within a material domain occupied by a particle.
Subsequently, FLAG updates field variables and thermodynamic
quantities using material constitutive and equation of state contin-
uum models, accounting for contact between the particles. Each

grain domain is equipped with boundaries that regulate interactions
with neighboring grains, ensuring force transmission and preventing
interpenetration between Lagrangian grains. Simulations were con-
ducted on High Performance Computing at LANL using 144 proces-
sors spanning 12 h of wall-clock time.

In order to balance the numerical accuracy with the total time
required for the mesoscale simulations, the mesh size was deter-
mined based on the convergence of results for field pressure and
particle velocity. Eight zones were determined as suitable for accu-
rate results along the particle length for square-shaped grains, doc-
umented in Seoet al.25 In addition, we found six zones suitable
along the diameter of circular and elliptical particle shapes. Figures
A4 and A5 in thesupplementary materialinclude details demon-
strating satisfactory convergence of results for different zone sizes.
The critical zone size is selected such that the results show consis-
tent numerical values in field pressure and particle velocities even
after further refinement of the zone size for a particular shape.
Moreover, having different numbers of zones between square-
shaped particles and circular-shaped particles does not influence
further analysis for zones smaller than the critical size. With the
aforementioned details on the model set-up in FLAG, three realiza-
tions of the spatial distribution of pores per case of PSD under the
same porosity were simulated. Simulations were conducted for dif-
ferent impact velocities of 100, 200, and 300 m/s.

V. MESOSCALE SIMULATION RESULTS

A. Evolution of shock wave compaction in various
particle shapes

Figure 7 shows representative simulation results visualizing
pressure under an impact velocity of 100 m/s for the initially con-
tacting condition of particles. Zone pressure, denoted aszp, is
defined as the pressure corresponding to a finite volume element

FIG. 6.Schematic of mesoscale simu-
lation with a linear compaction setup.

TABLE II.Material properties and parameters utilized in modeling.25

Materials Salt Brass Sapphire

Density (g/cm3) 2.16 (single grain),
1.41 (assembly)

8.47 3.97

Shear modulus (GPa) 10.48 38.7 175
Hardening modulus (GPa) 2.34 20 20
Yield strength (MPa) 11.8 337 380
EOS SESAME tables Holian49
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within a material domain. Particle sets with circular, elliptical, and
square particle shapes were prepared, as shown inFigs. 7(a), 7(c),
and 7(e); these mesostructures have an initially constant particle
size (delta distribution) and same initial porosity. Simulated results
47� s after impact are shown inFigs. 7(b), 7(d), and 7(f).
Regardless of the particle shape, the evolution of shock compaction
involves three stages, namely, precursor, shock front, and shock
compaction. This was confirmed across all impact velocity testing
ranges. The precursor indicates the leading edge of shock wave
propagation where force chains (i.e., stress bridging) are formed.
Furthermore, elastic waves propagated in this regime, particle
deformation and rotation occur, resulting in the rearrangement of
particles. The compaction front refers to the transition point where
most particles experience dominant pressure changes due to con-
fined loading. The shock compaction end indicates the position
where particles in the post-shock regime reach the final, nearly
uniform pressure. Those three stages were quantified as described
by Eqs. (ss3)–(ss5) in thesupplementary material.

In Fig. 7(b), circular particles showed faster shock wave propaga-
tion, while in Fig. 7(f), square-shaped particles exhibited the slowest
velocity of shock compaction wave. We conjecture that the difference
in shock wave velocity is caused due to the differences in the ability
of particles to rearrange within the developing shock zone. According
to Dwivediet al.,10 when the shock wave is applied to the particles,
the process of closing the gaps between them continues until the

particles are locked in place. In this study, simulations showed that
circular particles were able to move more freely into the empty spaces
compared to angular particles, such as square-shaped grains, which
have edges that make it harder for the particles to potentially inter-
lock within an assembly.9 With regard to the simulated snapshot
shown inFig. 7(f), square-shaped particles exhibit a higher tendency
for locking against rotations. These particles experience significant
resistance to motion once locked through face-to-face contact.50 In
post-shock regimes, square-shaped particles displayed a strong force
chain through face-to-face contacts, leading to an increased ability to
sustain higher (localized) pressures compared to other types of con-
tacts from point-to-point and point-to-face.25 Ellipse-shaped particles
preferred arrangements leading to contacts with their major axis
aligned in the direction of the traveling shock wave, as depicted in
Fig. 7(d). Similar to circular particles, even elliptical particles are
capable of rotating and rearranging themselves, and consequently, rel-
atively more energy is likely to dissipate through particle motion (and
rotation), resulting in a lower velocity of the shock compaction wave
for ellipse and square particles compared to circular particles.

B. Evolution of shock wave compaction with PSDs in
contact conditions

In order to analyze the shock compaction responses, we per-
formed a 1D analysis on the mesoscale simulation results, using

FIG. 7.FLAG simulations under impact velocity of 100 m/s at case 1 initial condition and at 47� s for (a) and (b) circle, (c) and (d) ellipse and (e) and (f) square,
respectively.
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data analysis as illustrated in Fig. A6 in thesupplementary
material. The results of the 1D analysis for the evolution of shock
response for a circular particle set are shown inFigs. 8(a)and 8(b)
for case 1 (relatively uniform PSD) and case 3 (heterogeneous
PSD) at 45� s after impact under an initial piston velocity of
100 m/s. Note that the average porosity is constant for both cases.
It was observed that case 3, with heterogeneous PSD, exhibited

slower shock compaction velocity compared to case 1. This implies
that PSD has an influence on the shock compaction response of
granular materials, supporting previous observations that the bulk
response was influenced by different initial geometries in the ideal
crystalline orientation.9

Furthermore, with reference toFig. 8, the precursor thickness
was defined as the length between the precursor and compaction

FIG. 8.FLAG results and profile of
evolving field-averaged pressure of
case 1 and case 3 under an impact
velocity of 100 m/s at 45� s.
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front. From our simulations, the precursor thickness was measured
as 5 and 6 mm for a realization from case 1 and case 3 PSD, respec-
tively. Despite case 3 displaying a longer length of the shock com-
paction ramp, it showed slower shock compaction velocity. In case
3 [Fig. 8(b)], characterized by a higher heterogeneity in the PSD,
denser particle clusterswere observed. These denser particle clusters
had a greater number of contacting particles forming a cluster,
facilitating faster propagation of force chains as seen inFig. 8(b),
leading to an extended shock compaction length. In addition, the
larger pores from the heterogeneous spatial distribution provided
pockets, leading to a relatively higher incubation time for the wave
to fully develop the final pressure in that localized region, resulting
in a slower shock compaction velocity.

Figure 9plots shock compaction thickness [Figs. 9(a), 9(c),
and 9(e)] and shock compaction velocity [Figs. 9(b), 9(d), and 9(f)]

for individual cases under impact velocities of 100, 200, and 300 m/s.
Shock compaction wave velocity was calculated from the position of
the compaction front identified using the gradient profiles of
field-averaged pressure. Each point inFig. 9is an average value from
three realizations per case of PSD and, in addition, includes their
corresponding variation indicated using one standard deviation.
With increasing heterogeneity of the pore-size distribution, the
shock compaction thickness shows an increasing trend for most
types of particle shapes. The thickness changes are likely a result of
the longer precursor length from denser particle clusters, as dis-
cussed inFig. 8. Note that the shock compaction thickness for
200 m/s does not show a clearly increasing trend. For square-shaped
particles, case 1 shows a wider shock compaction thickness com-
pared to case 3. This difference may be attributed to the small differ-
ence in the PSD and the limited number of realizations of the

FIG. 9.Average shock compaction
thickness of three realizations for
circle-, ellipse-, and square-shaped
particles under impact velocity of (a)
100 m/s (c) 200 m/s, and (e) 300 m/s.
Shock compaction velocity of particle
sets at an impact velocity of (b)
100 m/s, (d) 200 m/s, and (f) 300 m/s.
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square-shaped particle sets. Square has a small range of variation in
the pore-size distribution due to the high initial porosity after dry
pluviation. Therefore, the selective particle removal method to gener-
ate various particle arrangements did not result in a significant dif-
ference between PSD of various cases. Higher impact velocities
generally led to reduced thicknesses for all shapes, aligned with
observation in.51,52 This latter phenomenon can be explained based
on the time required for force chains to develop ahead of the main
shock compaction wave. For greater impact speeds, the higher speed
of the moving shock compaction wave increasingly catches up with
the precursor.

In contrast, the shock compaction velocity had a decreasing
tendency with increasing heterogeneity of the pore-size distribu-
tion, shown in Figs. 9(b), 9(d), and 9(f). According to Derrick
et al.,16 particle assemblies having large coordination numbers gen-
erally have a faster shock velocity. Consistent with their observa-
tion, in our simulations, higher velocity does appear in the case of
the circular particles than elliptical and square-shaped particles
since circular particles have the highest coordination number, as
seen inFig. 4(b). The average coordination numbers for all cases
and realizations of granular mesostructures considered in this study
are presented in Sec. S1 of thesupplementary material. However,
under the variation of PSDs, the coordination number effect is less
significant, as presented inFig. 9(b), 9(d), and 9(f ). Specifically, as

the PSD becomes more heterogeneous, our analysis shows that the
average coordination number increases, as seen inFig. 4. If the
coordination number were to have a more significant impact on
the shock compaction velocity, this would mean one should expect
the shock compaction velocity to increase for case 3 compared to
case 1, which is more homogeneous. However, the analysis of simu-
lations shows otherwise, i.e., simulated results show a decreasing
shock compaction velocity with the increase in heterogeneity of the
pore size distribution, a trend that is clearly observed for all impact
velocities inFigs. 9(b), 9(d), and 9(f ). While we arrived at the con-
clusion that PSD is a more important indicator of potential shock
compaction characteristics than mean coordination number, it
remains to be seen whether the use of spatial distributions of initial
coordination number would lead to the same conclusions.

We hypothesize that this could be due to the rearrangement
of particles in granular materials.Figure 10shows an example of a
FLAG simulation of a circular particle set under an impact velocity
of 300 m/s. In case 3, when the piston impacts the particles at 1� s,
local pressure appears in particle clusters [Fig. 10(c)], and then the
local pressure is seen to release (diffuse away) inFig. 10(d). This
phenomenon is similar to the experimental findings reported by
Saddet al.,53 which show that voids in granular materials result in
higher local wave attenuation under explosive loads. Additionally,
between Figs. 10(c)and 10(d), we observe that the initially

FIG. 10.FLAG simulation results visu-
alizing pressure of case 1 at (a) 1� sec
and (b) 4� s and case 3 at (c) 1� s
and (d) 4� s under an impact velocity
of 300 m/s.
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densified particles were rearranged toward larger pores instead of
moving in the direction of the shock wave. This observation aligns
with the concept in Liu & DeLo (2001)54 that particles with a
majority of contact points on one side with other wide-facing large
pores may move non-uniformly due to interparticle contact shear-
ing and particle rotation, even under macroscopically isostatic
loading. Interestingly, as initially pressurized particles display a
reduction in local pressure, other particles consolidate and start
presenting high pressure. This led to their local pressure in case 3
[Fig. 10(d)] being higher than in case 1 [Fig. 10(b)]. This suggests a
strong sensitivity of shock compaction velocity to PSD, which is
more apparent than the coordination number in the granular
systems under constant porosity.

Additionally, shock thickness and velocity sensitivity due to
PSD varied notably, particularly for circular shapes. For instance,
when the impact velocity is 100 m/s, circular particles show a
7.484% reduction in shock velocity as PSD becomes more heteroge-
neous. Similarly, ellipse- and square-shaped particles experience
velocity reductions of 1.868% and 2.518%, respectively. At an
impact velocity of 300 m/s, the reduction in velocity becomes more
pronounced, with circular particles experiencing a 5.132% reduc-
tion and the ellipse- and square-shaped particles experiencing
reductions of 2.145% and 0.467%, respectively.

The observed differences in sensitivity may be due to inherent
shape features. With the same particle size, circular- and square-
shaped particles exhibit different initial porosities after dry pluvia-
tion: 0.192 for circular particles and 0.306 for square particles.

Consequently, circular particles display a wider variation in assem-
bly while going through the particle removal technique until reach-
ing a targeted porosity of 0.35, compared to square-shaped
particles. This wider variation of PSDs in circular particles gener-
ates larger pores, allowing for particle rearrangement under shock
compaction. The shape itself contributes to the sensitivity of the
pore-size distribution. Indeed, circular particles exhibit greater sen-
sitivity to pore-size distribution during the particle removal process
because they have the lowest porosity after dry pluviation; hence,
they can more easily form large pockets within the dense conglom-
erate of circular particles. The differences in shock compaction
thickness are, in turn, influenced by PSDs. Furthermore, the incon-
sistency in coordination number is due to inherent shape features
while maintaining a constant porosity and particle size in the
assembly.

Figure 11shows the correlation between the shock compaction
velocity,Us, and particle velocity,Up, obtained from simulations
for three impact velocities (100, 200, and 300 m/s); each point indi-
cates the average value of velocities from three realizations per case
of the PSD. Particle velocity was calculated based on the difference
in the center positions of particles between two consecutive time
steps. The correlation betweenUs–Up was calculated using a linear
fit (not shown in the figure) per each case of PSDs. Interestingly,
the slope from a linear fit matched for all types of shapes, although
differences were observed in the y-intercept of the linear fit. For
example, circular particles displayed the slope for various PSDs
(case 1, case 2, and case3) as 2.908, 2.921, 2.890 and with one

FIG. 11.Shock compaction velocity
and particle velocity of (a) circle (b)
ellipse and (c) square particle set.
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standard deviation as 0.006, 0.016, 0.047, respectively, whereas
20.08% difference in the value of the y-intercept was observed for
case 1 compared to case 3 inFig. 11(a). In other words, variations
of PSDs have an insignificant influence on the slope of theUs–Up.
Furthermore, the average slopes in circular-, ellipse-, and square-
shaped particles were 2.902, 2.917, and 2.930, respectively, and
appeared to have matching values.

According to Borg and Vogler,9 the effect of particle morphol-
ogy on the relationship betweenUs–Up is significant until the parti-
cle packing achieves its maximum density, at which point the
particles become rigidly locked. At this stage, any difference
becomes insignificant, especially once plastic deformation takes
over and becomes more dominant than rigid and elastic behaviors.
This is consistent with our findings related toUs–Up, where the
particles undergo plastic deformation under the testing conditions,
as depicted inFig. 10. However, the reason why circular particle
sets exhibit faster shock compaction velocity might be due to the
effect of higher coordination numbers.16

C. Comparison of shock compaction response
between initially contacting and non-contacting
particles

The effects of initial contact in a granular system were exam-
ined through FLAG simulations. Two conditions were tested: non-
contacting and contacting, under an impact velocity of 300 m/s
(refer toFig. 12). It was observed that the non-contacting condition
displayed lower localized pressure [seeFig. 12(b)] due to more
energy being transferred through particle displacement toward
adjacent particles, inclusive of mechanisms of dissipation. In our
simulations, the sources of dissipation in our model are shock vis-
cosity and plasticity within grains. The study revealed that in order
to propagate shock waves in granular materials, solid-to-solid
contact is essential. In non-contacting conditions, the lack of
contact between solids delayed the propagation of shock waves, as
the formation of particle contacts during evolving shock compac-
tion was also delayed. Furthermore, it was found that the precursor,
which requires a pathway through contacting particles, only

appeared after forming particle contacts in the non-contacting con-
dition, whereas it traveled in advance in the contact condition
[refer to Fig. 12(a)]. As a result, the cumulative response of the
non-contacting conditions led to lower shock velocities compared
to the contacting conditions.

Figure 13shows the average pressure and shock compaction
velocity based on the PSDs for both contacting and non-contacting
conditions. Figure A7 in thesupplementary materialcorresponds
to Fig. 13but has been replotted with theX axis labels distinguish-
ing three cases of contacting and one case of non-contacting condi-
tions. In all the sub-plots, the simulated results for non-contacting
conditions are marked with an empty symbol (scatter) while results
from contacting conditions are marked using a solid filled symbol
(scatter). The initially non-contacting conditions correspond to the
lowest bimodality coefficient among all the cases, followed by
increasing bimodality coefficients for cases 1, 2, and 3 in that
sequence. The average pressure trends indicate that the non-
contacting condition generally results in slightly lower pressure
than the initially contacting condition for circular-, ellipse-, and
square-shaped particles. However, for case 3 of circular particle
sets, the pressure was lower than the non-contacting condition,
suggesting that the high heterogeneity of the PSD in the case 3
transferred more energy for particle rearrangement toward large
pores rather than moving toward neighboring particles in non-
contacting conditions. On the other hand, low sensitivity to the
cases appeared in square-shaped particle sets due to the relatively
small difference in heterogeneity between the tested particle sets
attributed to insignificant variation between the PSD of various
cases. The velocity of the non-contacting conditions inFigs. 13(a),
13(c), and 13(e) follows a similar trend to the pressure, generally
showing lower velocity than the contact condition. In summary,
these results highlight the importance of considering the fabric
(PSD and particle arrangement) within the granular system to
more accurately influence the shock compaction velocity and
understand the particle-scale response of granular materials under
shock compaction. In order to accentuate the trend, Fig. A8 in the
supplementary materialpresents the same values as inFig. 13after
normalization.

This work is not without limitations. Frictional forces, both
the friction between grains and the friction between the salt and
tube walls, were not accounted for in the model and might be
responsible for some differences betweenUs–Up of the experiment
and modeling.25 Furthermore, comparisons between 2D and 3D
simulations with spherical grains by Borg and Vogler55 reveal that
2D simulations with sliding (no friction) exhibited comparable
trends in stress distributions, lateral velocity, and temperatures
compared to 3D simulations, although 2D simulations underesti-
mated pressure compared to those in 3D. Past studies on granular
materials have successfully analyzed compaction using simulations
without fracture and friction.56,57 According to Borg and Vogler,9

the dissipation due to visco-plastic work surpasses that due to grain
contact and friction when material deformation is low. In the
current hydrocode model, the pore space is a vacuum. We assumed
that modeling the pore gas may not change the trends observed by
mesoscale simulations under weak shock compaction. Such an
assumption is consistent with the experimental setups (such as the
flyer plate58) for granular compaction that includes a bleed valve

FIG. 12.FLAG results of granular materials for (a) contacting particles and (b)
non-contacting particles at 3� s under an impact velocity of 300 m/s.
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that expels compressed air out of the granular system being com-
pressed so that the air pressure may not change the trends observed
in the measured shock responses.59,60

VI. CONCLUSIONS

We investigated the effect of pore-size distribution on the
weak shock response of granular materials using two-dimensional
mesoscale simulations. To create particle sets having a wide range
of pore-size distributions (PSDs), a selective particle removal tech-
nique was developed. Particle sets with different PSDs (spanning
relatively homogeneous to heterogeneous distributions) were
generated under contacting conditions with circle-, ellipse-, and
square-shaped grains. This study adapted coordination number
and bimodality coefficient as statistical metrics to characterize

PSDs with a focus on the tail-end of a distribution. Particle sets
with a spatially homogeneous pore distribution displayed high
coordination number and low bimodality coefficient compared to a
spatially heterogeneous pore distribution, which has a greater
number of large pore sizes. Mesoscale simulations were conducted
to simulate the response of granular materials under weak shock
compaction of salt (, 300 m/s). The results demonstrate that
initial PSD influences the velocity of the shock compaction wave.
Regardless of the particle shape, slower shock compaction wave
velocity was consistently observed for a specimen with heteroge-
neous PSD compared to an unimodal PSD. Due to relatively larger
pore sizes in heterogeneous PSDs, these formpockets, which indi-
vidually facilitate particle rearrangement in its periphery and result
in a significant pressure release in the neighborhood of a pore.
Circular particle shape is especially sensitive to the type of spatial

FIG. 13.Converging value of
field-averaged pressure in the post-
shock regime of contacting and non-
contacting condition for (a) circle-, (c)
ellipse-, and (e) square-shaped parti-
cles. Shock compaction velocity of con-
tacting and non-contacting conditions
for (b) circle-, (d) ellipse-, and (f)
square-shaped particles.
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distribution, resulting in up to 20.08% difference in the shock com-
paction wave velocities, while the slope of theUs-Up shows no sig-
nificant change.

From the comparison of simulated results between contacting
and non-contacting particles in the initial condition, it was
observed that the non-contacting particle configuration tended to
have slower shock wave velocities despite the identical porosity of
the particle assembly. The results indicate that considering
particle-scale structural features such as the spatial and size distri-
bution of pores has a significant effect on the shock compaction
response of granular materials. These findings suggest that addi-
tional metrics beyond the averaged porosity should be implemented
in the theoretical models toward accurately predicting the inherent
dynamic continuum response of granular materials under weak
shock compaction.

SUPPLEMENTARY MATERIAL

† S1: The quantitative characteristics of the pore-size distribution
for a granular system under non-contacting conditions were
extracted employing a process that required an additional step,
schematically illustrated in Fig. A1 in thesupplementary
material. To measure the distribution of pore sizes, we conducted
an image analysis described in Fig. A1 and Sec. S1 of the
Supplementary material.

† This study examined shock compaction regimes up to 300 m/s
using the FLAG hydrocode, details of which are available in the
work of Seoet al.25 (included in S2 in thesupplementary
material). For completeness, a brief summary of the comparison
validating the simulations against experimental results is
included in Fig. A3 in thesupplementary material). The average
coordination numbers for all cases and realizations of granular
mesostructures considered in this study are presented in Sec. S1
and Table S1 of thesupplementary material.

† Figures A4 and A5 in thesupplementary materialinclude details
demonstrating satisfactory convergence of results for different
zone sizes.

† In order to analyze the shock compaction responses, we per-
formed a 1D analysis on the mesoscale simulation results, using
data analysis as described in Fig. A6 in thesupplementary
material. Three stages of the 1D shock compaction wave were
quantified as described by Eqs. (s3)–(s5) in thesupplementary
material.

† In order to accentuate the trend associated with the effect of
PSD, Fig. A8 in thesupplementary materialspresents the same
values as inFig. 13after normalization.
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