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The low-velocity impact response of 2D granular crystals immersed in various fluids over a wide range of viscos-
ities (1-10° cP) was investigated. The drag effects in the immersed crystals results in significantly higher wave
attenuation as compared to dry granular crystals. In order to quantify the spatial dependence of the wave
decay characteristics, the coefficients of attenuation were computed for the dry granular crystals and granular

crystals immersed in various fluids. The coefficient of attenuation for immersed granular crystals was signifi-
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cantly larger than the coefficient of attenuation for dry granular crystals. As the viscosity increased, the coefficient
of attenuation also increased due to the additional drag effects followed by an unexpected decrease for the
highest viscosity fluids. The ratio of kinetic energy to strain energy for immersed granular crystals decreases ini-
tially as a function of viscosity but increases again for the fluids with the highest viscosities.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Dry granular materials are materials made of macroscopic particles
acting collectively. It is well known that interactions in dry granular ma-
terials are only through individual contacts between the particles and
dry granular materials have negligible cohesion, essentially meaning
that they can be separated without overcoming any attractive forces [1].
However, the presence of moisture or another fluid content in the granu-
lar media can completely alter the mechanical or physical properties as
well as wave dynamics of granular materials. In fact, the nature of inter-
particle contact interactions and resulting mechanical properties and
wave characteristics of wet granular media can change significantly
with various degrees of wetness or fluid content. The accurate description
of how fluid content affects the properties of granular materials could
have major implications on numerous real-world applications involving
wet and immersed granular materials. The accurate description of the
mechanics of wet/immersed granular materialsis criticalin many geolog-
ical applications e.g. understanding the mechanics of snow avalanches [ 2]
and rain-induced landslides [3] to predict potential avalanches/land-
slides and design structures to reduce disasters. The mechanics of
immersed granular materials is vital in civil engineering applications
and construction materials for underwater constructions [4]. The me-
chanics and flow of wet and immersed granular media also plays a
major role in the pharmaceutical and food processing industry [5].
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Depending on the degree of wetness or fluid content, four regimes with
increasing fluid content can be defined in wet granular media:
1) Pendicular state, 2) Funicular state, 3) Capillary state, and 4) Sub-
merged or immersed state. In the pendicular state for granular media,
the inter-particle contact interactions are cohesive in nature as a result
of the formation of fluid bridges around the individual contacts [1]. The
contact interactions in the funicular and capillary state of granular
media are also cohesive in nature with additional considerations due to
the presence of voids in the former state and pore formation due to sur-
face tension in the latter state. At high fluid content in granular media
i.e. in the fully immersed state, cohesion is absent in the inter-particle
contact interactions [6]. However there are viscous and velocity-
dependent effects on contact interactions in immersed granular media
[7] e.g. drag on particles resulting in higher dissipation. Although there
are a considerable number of studies that investigate the mechanical be-
havior of dry granular materials in various scenarios, the literature on wet
and immersed granular materials is very limited in comparison. In the
past, Tegzes et al. [8] observed that at low fluid contents dry and wet
cases have identical behavior with a clear transition from continuous to
avalanching flow, which lacks at higher fluid contents. Jarray et al. [9]
found that the presence of secondary fluid increases the depth of flowing
layers and reduces the mobility of the particles. In[10], the effects of fluid
viscosity on segregation in a rotating drum were investigated and it was
found that the angle of repose has a sharp increase with increasing fluid
viscosity. The segregation index decreases dramatically with increasing
fluid viscosity, thus higher viscosity mitigates segregation, indicating
that the fluid viscosity has a huge effect on the behavior of the granular
segregation. Other experiments have reported on the compaction of
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wet granular assemblies [11,12], where it was found that the surface
tension of the fluid decreases the packing fraction of the assembly,
whereas the characteristic compaction time was found to sharply in-
crease with increasing surface tension [11]. An important dynamical
behavior of granular materials is the segregation phenomena observed
in wet granular materials. The cohesion arising due to the fluid brid-
ges slows down the segregation in wet granular materials, it is still ob-
served often [13,14]. However, it was found that the viscosity of the
wetting fluid has a huge impact on the segregation, as the segregation
is not present for high viscosity fluids [13], similarly, segregation does
not appear for high fluid content [14]. While there are various specific
examples for investigations on the physics of wet granular materials,
in contrast, the literature investigating the mechanics of immersed
granular materials is even more limited in terms of both their num-
bers and their scope. Most of the work on the immersed granular mat-
ter is an investigation of avalanching behavior utilizing molecular
dynamics [15,16] or using rotating drums [17-19] and tiltable cells
[20] and crater formation [21,22]. Another type of experiments that
were of significant interest lately were submerged granular discharges
through an aperture [23-25]. While the discharge of the dry granular
system has a constant rate for most of the discharge process and the
discharge of fluids slows down over time, it was found that the dis-
charge rate of the submerged granular system accelerates throughout
the whole discharge process [23,24]. The discharge process was found
to be governed by the friction between the particles, as the discharge
was slowing down for frictionless particles both in dry and submerged
granular systems, was constant for dry frictional particles, and was ac-
celerating for submerged frictional particles [23]. In the recent past,
there has been a substantial interest in the investigation of granular
chains embedded in the secondary medium polymer matrix [26]. In
[26], the authors have found that embedding the chain in polymer
matrix results in higher dissipation and reduce the force transmission
through the chain, moreover, the pulse propagation speed was the
smallest for the embedded chain. These works on granular media em-
bedded in a polymer matrix can be thought of as the most extreme
case of granular material in secondary viscous media. However, to
the best of the authors' knowledge, there is no literature that bridges
the gap between granular materials in low viscosity fluids (e.g. water)
to granular materials in secondary viscous solids (e.g.: polymers). This
manuscript provides a new insight into the role of the viscosity of the
secondary media on the mechanics of the granular materials.
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Fig. 1. a) A schematic representation of the drop-tower based experimental setup. Typical images recorded by the high-speed imaging system at 40,000 fps for the left half of the b) dry
granular crystals and wet granular crystals submerged in c) transparent fluid (water) and d) opaque fluid (black transmission oil).
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2. Experimental procedure

A schematic representation of the drop-tower based low-speed im-
pact experimental setup is shown in Fig. 1a. It is built on a rigid fixture
with adjustable perforated sidewalls, allowing the fluid to freely flow
into and out of the system, which ensures the absence of any potential
pressure build-ups in the system and achieves projectile velocities
~6 m/s. In order to be able to image the experiment, the front wall of
the setup needs to be transparent, and since high-speed imaging re-
quires a high level of light intensity, to minimize potential distortions
from the bright light sources an anti-reflective coated glass (Edmund
Optics) with a 93-94% transmission was used as the front wall. Since
the experimental setup, which is closed from all sides, is required to
be leak-proof during the low-speed impact experiment, the transparent
front wall was attached to the rigid metallic fixture setup using an elas-
tomeric sealing agent. The elastomeric sealing agent was employed at
all other potential wall joints to avoid leaks during the experiments. In
this work, Polyurethane (Durometer 80A, McMaster-Carr) cylindrical
grains with around %2 in diameter and 1 in length were arranged into
a granular crystal in a cubic arrangement as shown in Fig. 1b. The mate-
rial properties such as density, elastic modulus, poisson's ratio and the
coefficient of friction for the cylinderical polyurethane grains used in
the granular crystals are listed in Table 1. The experimental setup has
adjustable rigid sidewalls and can accommodate up to 20 columns
and up to 15 rows grains of 2 in diameter. In the experiments presented
in the current work, granular crystals with 15 columns and 13 rows
were immersed in the various secondary fluids. The viscosity values
for the various secondary fluids used in immersed granular crystals
are listed in Table 2. A random, dense speckle pattern was deposited
on the front face of each individual polyurethane cylindrical grain to
allow for the subsequent DIC analysis for the computation of the particle
kinematic and strain fields. In order to ensure the success of the pro-
posed low-speed impact experiment for immersed granular materials,
a few stringent requirements needed to be satisfied; 1) the glass front
wall to be protected from huge pressure increase in fluid phase during
impact loading, 2) the experiment design needs to avoid the potential
bubble formation and other complications due to the interaction of
the fluid with the sidewalls and 3) the secondary fluid media should
not obstruct the recording of the motion of the grains. Careful experi-
mental design, the use of perforated sidewalls, and a small gap between
the front wall and cylindrical grains account for the first two
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Table 1
Material properties for the polyurethane grains used in dry and immersed granular
crystals.

Material properties for polyurethane grains

Density 1267 kg/m®
Young's modulus 9.35 MPa
Friction coefficient 043
Poisson's ratio 049

Table 2
Viscosities values for various Newtonian fluids used in immersed granular crystals.

Liquid viscosities (Pa*s)

Water 1073
80% syrup ~0.5
100% syrup ~5
Ultrasound gel ~150
Gelatin ~1000

requirements. The third requirement is a relatively trivial one for clear
and semi-transparent fluids e.g. water, however, it may become a prob-
lem for opaque fluids. Fortunately, the experimental setup described in
this work is versatile enough to allow impact experiments for granular
crystals immersed in opaque fluids with a slight modification to the ex-
perimental approach. Typical examples of the images recorded by the
high-speed imaging system for dry granular crystals and granular crys-
tals immersed in clear and opaque fluids are shown in Fig. 1b-d. As seen
in Fig. 1b-d, the speckle pattern on each individual grain can be clearly
visualized in the recorded images for each case and the image quality is
not compromised during a course of impact testing. The experiments
with clear fluids require no additional modification and can be run di-
rectly. However, in the case of opaque fluids, the volume between the
front wall and the grains can be covered in a clear and a very low friction
membrane. This frictionless layer should not interfere with the vertical
movement of the grains and allow the high-speed imaging system to re-
cord the motion of grains during a low-speed impact experiment. In
Fig. 1d, the granular crystal is immersed in a black opaque fluid (black
engine oil), however, there is an ultrasound gel in front of the grains,
which allows us to record the experiments. It is important to verify
that the membrane is indeed not affecting the particle motion, and it
was observed that as long as there is a 2-3 mm gap between the glass
and the grains and only about 1-2 mm of the grains is inside the gel,
there is no detectable influence of the gel on the particle motion. In
our case the opaque fluid was oil-based with low solubility for the gel,
however, a different opaque fluid requires careful choice of the mem-
brane material. The current work will only focus on the wave dynamics
of granular crystals immersed in clear, Newtonian fluids, and the exper-
iments with the opaque fluids will be discussed in more detail in our fu-
ture publications.

In the current investigation, five different fluids (water, 80%, and
100% solutions of water and corn syrup, ultrasound gel, and gelatin)
with viscosities in wide 1073-10° Pa”s (1-10° cP) range were used. A cy-
lindrical projectile of 4-in. length, 1-in. diameter and about 140 g mass is
falling under gravity through a hollow tube, accelerating to about 6 m/s
velocity and hitting the 4 in thick sliding top wall, which deforms the
grains upon impact. The additional details of the experimental proce-
dure and the subsequent post-processing of the experimental data to
determine the particle-scale kinematics and strains in the granular crys-
tal during impact loading are provided in [27,28]. The deformation of
the grains was recorded at a frame rate of 40,000 fps using an optical im-
aging system that includes a Photron FASTCAM SA-Z high-speed cam-
era. The kinematics and strains fields in each individual grain in the
left halve of the granular crystal were calculated using a commercial
digital image correlation (DIC) software (VIC-2D from Correlated
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Solutions). To facilitate the usage of DIC, a random, nonrepeating
speckle pattern was spray-painted on the front face of each individual
cylindrical grain. Similar to [27], the surface averaging method for dis-
placements and strains at a pixel scale is used to calculate average dis-
placement, strain, and velocity in each grain. The DIC analysis was
performed on each grain separately and the region of interest on each
grain was sub-divided into around 200 subsets. Thus, the DIC analysis
provides around 200 data readings for horizontal and vertical displace-
ments for each grain with a resolution of ~0.05-0.1 pixels and an accu-
racy of 0.1% for the strain fields. To take advantage of the symmetry of
the system and reduce the complexity and the computational cost
[27], only the image of the left half of the granular crystal was recorded
during the impact experiments as seen in Fig. 1b-d. In previous experi-
ments, it was verified that this assumption of symmetry does not result
in any major difference and hence the right half of the granular crystal
would have a similar impact response. The initial point of projectile im-
pact is in the top-center of the granular crystal, which would be the
rightmost column in Fig. 1b-d. A typical example of velocity calculations
for granular crystal subjected to low-speed impact loading is shown in
Fig. 2, where the time evolution of normalized velocity of the rightmost
column of grains is plotted along with the velocity fields in all grains at
five different time instances, specified in Fig. 2a. While in Fig. 2b-f the
velocity fields of all grains are presented, to obtain the highest possible
resolution, the DIC is performed on each grain individually, and the ve-
locity of each grain is calculated by averaging the velocities of subsets of
the grain, which as mentioned above, is averaging of close to 200 read-
ings for each particle. The average strains (&, £y, &y) for each grain was
calculated using the similar procedure on the grain-scale strain fields.
Due to the difference of refraction indices between air and e.g. water,
there is an expected refraction at the interfaces of air and water, so using
DIC may be accompanied by unexpected inaccuracies. There are some
reports on using some modification of the DIC technique for deforma-
tion measurements of objects immersed in fluids [29] and hence a rela-
tively simplistic uncertainty analysis was performed to investigate how
much a very thin layer (~2 mm) of fluid will affect the DIC results. In this
analysis, an object of known sizes with a similar pattern was placed in-
side the fluid at the same distance between the glass front wall as the
grains and was moved inside the fluid by known distances in both hor-
izontal and vertical directions. The subsequent DIC analysis revealed
that the displacement measurements were not significantly affected
by the presence of the fluid layer and the displacement uncertainty
was always under 1% for both directions for all cases. Since the displace-
ment uncertainties were relatively low, no further modifications were
incorporated in the DIC analysis, and the results provided by the com-
mercially available VIC-2D software were found to be acceptable.

3. Results and discussion

The maximum value of velocity for the polyurethane grains in the
central column for dry and immersed granular crystals under low-
speed impact loading are shown in Fig. 3. As seen in Fig. 3, the spatial ve-
locity decay as a function of the distance from the point of initial impact
follows a similar trend for the different types of dry and immersed gran-
ular crystals. As seen in Fig. 3, there are two distinct regions for all dry
and immersed crystals, where the spatial decay of maximum velocity
follows an exponential dependence of the distance in the first region
and the spatial decay of maximum velocity in the second region follows
a significantly higher rate. This observation is consistent with our previ-
ous reports for dry granular crystals with different arrangements [27]
and this behavior was attributed to the influence of the lateral con-
straints on the wave propagation, more specifically, the depth where
most of the kinetic energy is concentrated depends on the lateral size
of the crystal. Our previous work also indicates that this behavior for
wave dynamics with two distinct regions of velocity decay was also ob-
served for different directions in the dry crystals, which is also consis-
tent for the experiments for various granular crystals in the current
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Fig. 2. a) Time evolution of velocities of the grains in the rightmost column starting with grain in 1st row to the 13th row. The velocity field for the individual grains in the left half of
granular crystal immersed in water under low-speed impact loading at various instants from the time of initial impact; b) t1 = 0.7 ms, c) t2 = 1.3 ms, d) t3 = 2 ms, e) t4 = 2.65 ms

and f) t5 = 3.1 ms.

work. This proves that the wave propagation and wave decay character-
istics for dry and immersed granular crystals in different fluids are quite
similar. An interesting observation can be made for the granular crystal
immersed in the highest viscosity fluids. As seen in Fig. 3, the region 2
with higher spatial decay rate for velocity is comparably much shorter
for the granular crystals immersed in two fluids with the highest viscos-
ities, namely ultrasound gel and gelatin. The reasons behind this differ-
ence in decay characteristics are consistent with other decay
characteristics discussed below.

As mentioned earlier, the wave propagation process and the subse-
quent decay characteristics for dry and granular materials in fluids are
quite similar. However, while there is a qualitative similarity, there is
a huge quantitative difference between the two types of granular crys-
tals. Since the spatial decay rate of the wave velocity amplitude in the
region 1 follows exponential form, hence the decay rate for the experi-
mental data presented in Fig. 3 was described using an exponential
fitting in the form of exp (—a"x), where «is the coefficient of attenua-
tion or the spatial decay rate and x is the distance from the point of ini-
tial impact. The coefficient of attenuation « is the reciprocal of the
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distance over which the amplitude decreases by e (Euler's constant,
~2.718) times. A similar fitting could not be performed for the region
2 for the wave velocity amplitude in the various granular crystals in
Fig. 3. The trend for wave velocity amplitude in regions 2 for the differ-
ent types of granular crystals does not follow an exponential decay and
follows a somewhat arbitrary trend closely related to the lateral con-
straints imposed by the sidewalls. The actual values of the coefficient
of attenuation in any particular granular crystals are influenced by a
wide range of factors (such as grain size, packing, defects, grain proper-
ties, properties of secondary fluid media boundary conditions, etc.). In
the experimental approach presented in the current work, the only fac-
tor that changes between the experiments for different granular crystals
was the viscosity of the secondary fluid media. Thus, a comparison be-
tween the coefficient of attenuation for the various granular systems
can provide a clear indication of the influence of the viscosity of the sec-
ondary fluid media on the wave attenuation. The coefficients of attenu-
ation for various granular systems are plotted in Fig. 4, where the Fig. 4a
provides a qualitative comparison between the granular crystals im-
mersed in low viscosity fluids and the dry granular crystals on a linear
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Fig. 3. The maximum amplitude of the wave velocity for the grains in the central column for (a) dry granular crystal and granular crystals immersed in (b) water, (c) 80% syrup, (d) 100%
syrup, (e) ultrasound gel and (f) gelatin. The red lines in each plot indicate tentative trend-lines for the spatial dependence of the velocity decay in region 1 and region 2.

scale. The Fig. 4b provides a more comprehensive comparison between
the granular crystals immersed in various fluids over a wide range of
viscosity. The coefficient of attenuation for various fluid media cannot
be represented on the same linear scale plot, as the inclusion of the
data for the high viscosity fluids makes the low viscosity data illegible
on the linear scale. It is noteworthy that the error bars due to the stan-
dard deviation from multiple experiments for each granular system
are comparable to the data markers shown in Fig. 4. As seen in Fig. 4a,
there is a steep increase in the coefficient of attenuation between dry
and immersed granular crystals, whereas a subsequent increase of vis-
cosity, even by powers of magnitude, results in a much smaller increase
in the coefficient of attenuation. This also confirms that the presence of
secondary fluid media results in a significant increase in wave attenua-
tion as compared to dry granular crystals. This also strongly indicates
that if the objective is increasing the coefficient of attenuation i.e. spatial
decay of wave velocity, after a certain point, a further increase in viscos-
ity may not result in a significant increase in wave attenuation. There is
only one force acting in dry granular materials, which is the
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inter-particle interaction force [30], however, in immersed granular
materials, there are number of new forces acting on the particles, e.g.
viscous drag, inertial drag, buoyancy, the Basset force, the Magnus
force [31]. While in most typical applications, especially at low speeds,
we can limit the discussion to the viscous drag, all the forces mentioned
act against the particles' motion, slowing them down, hence we see the
sharp increase in the coefficient of attenuation in Fig. 4a. Contrary to
this, increasing the viscosity of the liquid increases the magnitude of
those already existing forces, thus having a smaller effect on the coeffi-
cient of attenuation. As seen in Fig. 4b, for two fluids with the highest
viscosity (ultrasound gel, gelatin), there is a clear decrease in the coeffi-
cient of attenuation with an increase in viscosity. The two fluids in ques-
tion have extremely high viscosities and can be considered to be soft
polymers. Unfortunately, it is not trivial to explain these experimental
observations for the influence of viscosity on the wave decay in im-
mersed granular crystals. This behavior can be attributed to the fact
that as the viscosity of the fluid increases, it becomes comparable to
the viscosity of the particles, and the granular system starts to behave
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Fig. 4. The coefficient of attenuation as a function of the viscosity for (a) dry and immersed granular crystals on the linear scale and (b) immersed granular crystals on a semi-log scale.
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more and more like a continuum solid media. Basically, when the vis-
cosity of secondary fluid media such as gelatin becomes really high, it
starts acting less like a viscous fluid with drag effects and more like a vis-
coelastic “solid” that participates in the force transmission process.

Typically the contact interaction between the grains in a granular
crystal is modeled as a Hertzian contact in F=K*6> form [30]. In most
immersed or submerged granular systems, an additional term that ac-
counts for the viscous drag effects is also included in the contact
model. Since the current granular system consists of cylindrical grains,
this viscous term can be modeled as the viscous drag on a cylindrical
body in a fluid, given by [32]:

B 4mual ()
" In(2a/b)—0.72

where ptis the viscosity of the fluid, U is the velocity of the cylindrical ob-
ject, a is the semi-length and b is the radius of the cylinder. However,
this is for the case of a single long cylinder and for the case when fluid
inertia is negligible. Unfortunately, the derivation of an analytical for-
mulation for viscous drag for multiple, densely packed grains is not a
trivial process that is further complicated by the difficulty of

Powder Technology 380 (2021) 126-133

determining fluid inertia. There are two recent reports on drag on a
rod moving circularly [33] and a horizontal plate moving vertically
[34] in immersed granular materials, however, the results are not appli-
cable to our experiments. More recently, Fan et al. [25] have combined
the lattice Boltzmann method (LBM) with the discrete element method
(DEM) to describe the fluid-solid interaction numerically for a sub-
merged granular system discharge case, where LBM is used for the fluid
phase and DEM is used for the solid phase. The normal component of
the contact force is calculated as:
Fij = —knSjj—v,V} (2)
where k, is the normal stiffness, 6f} is the normal relative displace-
ment of the particles in contact, vy, is the normal coefficient of vis-
cous dissipation and v} is the normal velocity of the particle. A
similar approach with two components of force - one for
particle-to-particle interaction, and another for the viscous dissipa-
tion could be adopted to explain for the experimental results in the
current work. However, the models similar to [25] that rely on a
single viscous drag term in the contact law that accounts for the
drag force acting on the grain cannot explain the experimental
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evidence for high viscosity fluids. According to a description similar
to Eq. (1), the force acting on the particle should increase indefi-
nitely with increasing viscosity. However, as seen in Fig. 4b, ini-
tially the coefficient of attenuation increases with increasing
viscosity, and this effect in wave attenuation is plateauing due to
some competing mechanism. Finally, this competing effect starts
dominating leading to a decrease in the coefficient of attenuation
with increasing viscosity for the ultrasonic gel and gelatin. How-
ever, to the best of the author's knowledge, there are no existing
models that can explain this unique phenomenon, and this raises
the need for further model development. Thus, the existing DEM
models for immersed granular media may have to be modified to
include an additional third term in order to explain the aforemen-
tioned competing effect that reduces the wave attenuation with in-
crease in viscosity. This third term related to the viscoelastic
deformation of secondary media would probably have a viscosity
dependent term with an opposite sign to the viscous term in
Eq. (2).

It is well known that the kinetic energy (KE) of a moving object is
highly affected by the drag of the medium, hence a decrease in kinetic
energy with increasing viscosity is expected. However, the strain energy
(SE) is transmitted through contacts between grains, and thus the pres-
ence of the fluid medium should have a lower impact. Since the kine-
matic quantities (horizontal and vertical velocity) for each grain are
calculated using DIC at each time instant, the total kinetic energy
(TKE) of the system can be computed by summation of the KE for
each grain at any instance. Similarly, the total strain energy (TSE) can
be computed using the strain data for each grain at each time instant
using DIC, the nominal volume of the grain, and the effective Young's
modulus [27].In Fig. 5, the time evolution of TKE and TSE for dry and im-
mersed granular crystals are plotted for typical low-speed impact ex-
periments. As seen in Fig. 5, the TSE and TKE for the dry crystal are
comparable, although the difference between the TSE and TKE increases
with increasing viscosity. However, there is a significant decrease in the
difference between kinetic and strain energies for the granular crystals
immersed in fluids with the two highest viscosities. The ratio of TKE
and TSE is plotted for various granular crystals in Fig. 5g. As seen in
Fig. 5g, the energy ratio initially decreases, then plateaus for high viscos-
ities and then increases again. This behavior is consistent with the re-
sults for velocity attenuation coefficients presented in Fig. 4. The drag
effects due to the secondary fluid in the immersed granular systems
predominantly affects the kinetic energy of the granular systems and
the kinetic energy would correlate well with the spatial velocity decay
in granular crystals. Thus, the initial increase in coefficient of attenua-
tion increases as a function of fluid viscosity would result in lower TKE
values and a corresponding decrease in ratio of TKE to TSE. However,
for higher viscosity levels, the secondary fluid also contributes to the
load transmission and counteracts the viscous drag effects Thus as the
coefficient of attenuation decreases for the highest viscosity fluids i.e.
the kinetic energy decay is reducing; it results in a corresponding in-
crease in the ratio of TKE and TSE for the liquids with the highest
viscosities.

As seen in Fig. 5, it is also noteworthy that although the strain and
kinetic energies for dry granular crystals rise at the same time, the
strain energy reaches the maximum with some delay as compared
to kinetic energy for granular crystals immersed in secondary fluid
media. This delay increases from around 0.7 ms for water to around
2.2 ms for 100% syrup, but then decreases again to around 1.8 ms for
gelatin. The velocity of wave propagation or time-of-flight velocity,
i.e. the average velocity of the peak of the initial wave traveling
from the first particle to the last one increase from around 63.5 m/s
for water to around 112.9 m/s for 100% syrup with a decrease to
around 72.6 m/s for gelatin. Both increases and decreases in both
time delay and wave propagation velocity are nonlinear and there is
no clear dependence on viscosity. These observations are consistent
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with literature reports for a somewhat smaller pulse propagation
speed in embedded granular chains [26].

4. Conclusions

In this work, an experimental study of low-velocity impact loading
of 2D granular crystals immersed in secondary fluid media over a
wide range of viscosities is presented to quantitatively evaluate the
role of the fluid viscosity on the wave propagation in immersed granular
systems. A novel drop-tower based experimental technique was devel-
oped to investigate the wave dynamics of 2D granular crystals im-
mersed in the different fluids that can be visualized for both clear and
opaque fluids. High-speed imaging, coupled with DIC was used to calcu-
late the kinematics of the individual particles, from which it was found
that the wave propagation process in dry and immersed granular crys-
tals is similar in nature, i.e. there are two distinct regions in the crystal,
where the velocity/kinetic energy attenuation is different. However, the
coefficient of attenuation was found to be strongly influenced by the
viscosity of the fluid. The coefficient of attenuation of the immersed
granular crystal is significantly higher than that for the dry crystal as a
direct consequence of the viscous drag effects from the viscous intersti-
tial fluid. However, a further increase in viscosity resulted in a slower
growth in the coefficient of attenuation as a function of fluid viscosity
due to a competing viscous effect that reduced the attenuation charac-
teristics. This competing effect leads to plateauing of the coefficient of
attenuation followed by a rather unexpected decrease as a function of
viscosity. These trends are consistent with those for the ratio of kinetic
and strain energies for the dry and various immersed granular crystals.
Moreover, there is a time delay between kinetic and strain energy peaks
due to the presence of the secondary viscous fluid medium. The viscos-
ity of the secondary fluid medium also impacted the wave propagation
velocity in immersed granular crystals. As compared to dry granular
materials, the mathematical description of the mechanics of immersed
granular systems is immensely more difficult due to the complexity of
the physics and non-linearity of the contact interactions. Thus, this
first of its kind experimental investigation establishes a clear need for
model development that can explain the anomalous behavior of the im-
mersed granular crystals over a wide range of fluid viscosity.
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