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ABSTRACT

This paper presents an experimental investigation of immersed granular collapse with an initially dense packing, mainly focusing on the
collapse characteristics of different flow regimes and the influence of the initial aspect ratio. A novel experimental setup and imaging method
are introduced to simultaneously observe the motion of the particles and the fluid. The collapse dynamics, including the collapse
acceleration, steady propagation velocity, and collapse duration, are analyzed based on the front propagation. It is found that the collapse
procedures in the inertial and viscous regimes differ significantly, with the transitional regime possessing some unique characteristics of
both. The inertial regime exhibits a faster collapse process, sharper final deposition, and a depression near the right wall in the case of high
columns. The viscous regime collapses from the upper-left corner, from where particles drop to the bottom and form the flow front in
advance of the particles initially at the bottom, and exhibits a triangular final deposition. The inertial regime exhibits swirling fluid motion,
which helps the granular transport, whereas the fluid flow in the viscous regime mainly follows the granular flow. The collapse regime char-
acteristics are more pronounced in higher columns.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067485

I. INTRODUCTION

Particle–fluid mixture flows are common in natural events such
as debris flows, landslides, and turbidity currents. The existence of the
fluid dramatically changes the granular flow because of the complex
particle–fluid interactions. For example, submarine landslides can
happen on very shallow inclinations (<1�) and may travel several
orders of magnitude farther than their terrestrial counterparts.1

Submarine landslides are also more destructive, generating tsunamis,
and damaging offshore infrastructure.2 As a simplified model of natu-
ral granular flows, small-scale granular collapse has been widely stud-
ied for its rich dynamics and simple configuration. In this unsteady
problem, an initially static granular column collapses onto the hori-
zontal plane under gravity. Depending on the properties of both the
particles and the fluid, the collapse may be assigned to different flow
regimes,3,4 each having particular collapse features. Basically, the flow
regime is defined based on the moving characteristics of the particles.
For a single particle dropping in fluid, the main driving force is gravity
g and the resistance is the drag force. Along the direction of the gravity,

assuming the flow being stationary, the motion of the particle is gov-
erned by

p
6
d3qp

dvp
dt

¼ p
6
d3ðqp � qf Þg � Fd: (1)

Here, d is the particle diameter, vp is the particle velocity, and qp(qf ) is
the particle (fluid) density and qp > qf . Fd is the drag force applied on
a single particle, expressed by5

Fd ¼ Cd
pd2

4

qfv
2
p

2
: (2)

Note that in terms of the hydrodynamic force, only the drag force is
considered since it is the most significant.6 The drag force coefficient
Cd depends on the particle Reynolds number Rep ¼ qfvpd=lf , where
lf is the dynamic viscosity of the fluid. A comprehensive review of the
expressions of Cd is given by Goossens.5 In a perfectly laminar flow or
viscous regime (Rep < 0:5), Cd ¼ 24=Rep, whereas in a turbulent flow
or inertial regime (Rep > 1000), Cd remains almost constant at around
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0.4. By solving Eq. (1) analytically, timescales of sI and sV are obtained
for the inertial and viscous regimes, respectively. In addition, for a par-
ticle moving in the air, for which the drag force is negligible, we can
define the time required for the particle to move one particle diameter
as the free fall timescale sFF (see the detailed solving procedure and
expressions of the timescales in Pont et al.3 and Jing et al.7). Then, two
dimensionless numbers are defined:

St ¼ sV
sFF

¼ 1
18lf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qpðqp � qf Þgd3

2

s
; r ¼ sI

sFF
¼

ffiffiffiffiffi
qp
qf

r
; (3)

which compare the three timescales to evaluate the relative importance
of the inertial regime, viscous regime, and free fall regime. As shown in
previous investigations,3,4 the Stokes number St and density ratio r deter-
mine the granular flow regime, and a phase diagram can be determined,
as shown in Fig. 1. Dry granular collapse, that is, collapse in the air where
the ambient fluid can be ignored, has been widely studied. It is found
that the initial column height–width aspect ratio dominates the flow
regime.8–18 However, for immersed granular collapse, due to its compli-
cated granular dynamics and particle–fluid interactions, the immersed
granular collapse is much less well studied. The flow is highly dependent
on many factors, such as the fluid properties, particle diameter, and ini-
tial state, including the solid concentration and aspect ratio. Existing
studies are mainly based on numerical simulations, including the
Eulerian–Eulerian,19–24 Eulerian–Lagrangian,7,25–33 and Lagrangian–
Lagrangian.34–36 These numerical studies are based on relatively few
experimental investigations.21,34,37–39 The available experimental results
are mainly from collapse events in the viscous regime, as shown in
Fig. 1, and the inertial regime and transitional regime38 have rarely been
studied.

Moreover, researchers have mainly focused on the behavior of
the granular phase, largely overlooking the fluid phase motion and
particle–fluid interactions. Previous numerical investigations have
found that the fluid vortex generated by particle motion will in turn
drive the particles near the upper surface of the granular material,
leading to the wavy shape of the granular morphology.21,23,30

However, these results actually lack experimental evidence. Available
experiments concerning the fluid motion were conducted by Pinzon
and Cabrera,40 who studied planar granular collapse and added dye to
the fluid to visualize the fluid motion using particle image velocimetry
(PIV). However, only statistical analysis is applied in the column near
region and the description is qualitative rather than quantitative. To
date, there are no direct experimental results concerning the fluid flow
details and its influence on the granular movement, especially in differ-
ent flow regimes.

In this paper, we mainly focus on immersed granular collapse,
that is, collapse in the inertial and viscous regimes, with an initially
dense packing (solid concentration as � 0:64). Experiments are con-
ducted over a wide range of St values, and new observation methods
are introduced to ensure a comprehensive analysis of the individual
collapse characteristics of both the particles and the fluid.

The remainder of this paper is organized as follows. We intro-
duce the experimental setup, observation method, and experimental
groups in Sec. II. The observations are described in Sec. III, mainly
focusing on the collapse procedure of particles and fluid. Section IV
presents a quantitative analysis of the collapse dynamics for different
flow regimes. Finally, the conclusions to this study are summarized in
Sec. V.

II. EXPERIMENTAL PROCEDURE
A. Granular material and fluid

The experiment is designed based on refraction index matching
method.41,42 Transparent borosilicate glass beads (d ¼ 3:8460:3 mm)
are chosen as the particles that have a measured density of 2178
kg �m�3. By gently dropping particles from a hopper onto a granular
pile and measuring the edge slope using image processing,43 the repose
angle hr is found to be about 25�. The friction coefficient between the
particles and the wall, lp�w, is determined by a sliding test,32 which
gives lp�w ¼ 0:19. The fluid is a mixture of dimethyl sulfoxide
(DMSO) aqueous solution and glycerin aqueous solution. The solutions
possess refractive index of 1.474, which matches with that of the borosil-
icate glass beads. These solutions have a similar density, but dramatically
different viscosities (measured to be 2.37 mPa � s for the DMSO solution
and 811 mPa � s for the glycerin solution). By mixing the two liquids
properly, it is possible to perform experiments in different flow regimes
as will be seen in Sec. IIC.

B. Experimental setup and imaging methods

The experimental setup for studying the immersed granular col-
lapse is sketched in Fig. 2. A confining gate (� 3mm thick) is used to
form a rectangular space in the corner of a glass water tank
(50� 8� 40 cm3). The particles are first wet with the fluid and then
added with caution into the space in case of any trapped air. After
then, a plate is used to press the granular block to its target height H0.
The initial width of the block is L0 ¼ 4 cm and the height H0 is varied
to form different aspect ratios as a ¼ H0=L0. After the gate is removed
vertically driven by a system of ropes and valleys, the granular column
collapses onto the horizontal plane under gravity. The moment the
gate starts to move is denoted as t¼ 0 s. The duration of the gate-
removal stage is less than one-tenth of the collapse duration (see Sec.
IVB). Hence, the influence of the gate movement is believed to be
minor and only exists in the initial stage.21–23,34 A lid is placed on the
liquid free surface to prevent any possible waves from forming when

FIG. 1. Flow regime phase diagram. Stars, circles, squares, diamonds, and trian-
gles correspond to the experiments performed in the present study and by Rondon
et al.,37 Bougouin and Lacaze,38 Wang et al.,34 and Lee et al.,21 respectively. The
dashed and dotted lines correspond to the boundaries of flow regimes proposed by
Pont et al.3 and Cassar et al.,4 respectively.
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the granular column starts to collapse and mimics a no-slip boundary
condition.

The chosen particles are nearly transparent when immersed in
the fluid due to the matched refractive index. To improve the contrast
between the particles and the fluid, moderate Rhodamine 6G is dis-
solved in the liquid and a green laser sheet (thickness � 1mm, wave-
length 532nm) is illuminated from the left along the front wall within
a distance of 3mm to it, to lighten the fluid background with fluores-
cence (emission peak wavelength> 555 nm). The fluid is also seeded
with fluorescent tracer particles (named as tracers in the following),
which give out brighter fluorescence. We use a black-and-white cam-
era (camera I) with a resolution of 2048� 2048 pixels to record the
collapse process at an acquisition rate of 50–1000Hz, depending on
the deformation rate in the different flow regimes. In this way, the par-
ticles and fluid tracers near the front wall are simultaneously recorded.
The particles in the inner region are only observable when they come
into the laser plane. Different with previous experiments, we also
observe the motion of the bottom particles. A blue laser sheet
(445 nm) is illuminated from the front along the bottom plate, and the
scattered light of bottom particles is reflected to a photochromic cam-
era (camera II) by a mirror placed under the tank, inclined at a 45�

angle from the horizontal.
A bandpass filter (400–500nm) enables camera II to capture the

scattered blue laser only. For the postprocessing, only the blue channel
of the obtained images is used. A high-pass filter (550 nm) located
before camera I discards the source laser, so that camera I captures
only the fluorescence. Thus, in the images obtained by camera I, the
particles are dark and the tracers are bright points, while the fluid
exhibits an intensity in between.

C. Experimental groups

The mass fraction of glycerin in the fluid varies from 0 to 91%,
and the corresponding viscosity varies from 2.37 to 411 mPa � s.
Table I lists the fluid properties of the four groups considered in this
investigation. For each group, the aspect ratio is varied from 2 to 6,
and the experiment is repeated at least three times for each aspect
ratio.

According to Pont et al.,3 the boundary between the viscous and
inertial regimes is Re ¼ St=r ¼ 2:5 and Bougouin and Lacaze38 con-
firmed this conclusion. Our experiment gives two groups far away
from this boundary, which indicates that they are in the strongly vis-
cous (SV) or strongly inertial (SI) regime. The other two groups are
near the boundary, implying that the viscous or inertial regimes are
weak and that they are more likely to present the coexistence of the
two regimes. Hence, we name these two groups the weakly viscous
(WV) and weakly inertial (WI) regimes. The distribution of the four
groups in the collapse regime diagram is shown in Fig. 1.

III. EXPERIMENTAL RESULTS
A. Granular collapse process

The collapse process is shown in Fig. 3 (Multimedia views) for
the SI and SV regimes with initial aspect ratios of 2 and 5. For the SI
regime, the collapse starts soon after the plate begins to move. The col-
umn height decreases rapidly and approaches the final height (� L0)
at t ¼ 0:6t95, even for the high column with a¼ 5. Here, t95 is the
time when the collapse runout approaches 95% of the total runout as
used in previous studies37,38 and see also the definition in Sec. IVB.
The final deposition has a low height and long length, forming a sharp
triangle, and possesses a depression near the right wall in the case of
higher column collapse (a � 3). We did not investigate higher column
collapses because the runout may exceed the view range, and could
even reach the left wall. From previous investigations,21,30,38 the shape
of the final deposition in the inertial regime tends to be more wavy
and may resemble a Mexican hat for larger values of a.9 This is mainly
due to the fluid influences, which will be discussed in Sec. III C.

The SV regime collapses in a quite different manner to the SI
regime. The collapse is much slower than in other groups. Within a
few seconds after the gate is removed, the lower particles observed by
camera I have barely moved, while the upper particles have destabi-
lized and started moving prior to the lower ones. Though camera I
only clearly records the first particle layer, it is still possible to observe
that those indistinct inner particles drop first (see Fig. 3). Camera II
provides more evidence that, after a few seconds of the gate leaving,
some particles suddenly emerge near the bottom plate, while the initial
bottom particles have not moved that far, as shown in Fig. 3
(t ¼ 4:9 s � 0:17t95 for a¼ 2 and t ¼ 7:8 s � 0:39t95 for a¼ 5 in SV
regime). Thus, we can infer that, for the collapse in the SV regime,
those upper-left corner particles drop first and arrive at the bottom
plate, forming the collapse front prior to the lower particles. Because
of the high viscosity, particles near the front wall are retarded by the
boundary layer, while inner particles fall down leaving a single near-
wall retarded layer, indicated by higher intensity due to loss of inner
particles (see SV regime in Fig. 3). The upper particles gradually fall

FIG. 2. Experimental setup of the immersed granular collapse.

TABLE I. Parameters for each experimental group.

Fluid density
(kg �m�3)

Fluid viscosity
(mPa � s) (St, r) Regime Label

1087 2.37 (19.04, 1.42) Strongly inertial SI
1139 9.37 (4.70, 1.38) Weakly inertial WI
1167 29.7 (1.46, 1.37) Weakly viscous WV
1235 411 (0.10, 1.33) Strongly viscous SV
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down and move into the inner region, disappearing from the images
of camera I. The final deposition is triangular for all aspect ratios.

Regime WI exhibits a similar collapse process as the SI regime,
but the collapse proceeds more slowly and ends with a less sharp trian-
gle. The depression, though less remarkable, is also observed in the WI
regime for higher aspect ratios (a � 5). The WV regime gives a trian-
gular final deposition, similar to the SV regime. Generally speaking, a
higher fluid viscosity results in a less mobile fluid and particles. In
addition, the three dimensionality (see the Appendix A) is more pro-
nounced at higher viscosity, manifested as retarded particles near the
front wall. As a result, the particles making up the flow front observed
by camera I actually spring up from the inner region. For the most vis-
cous group (SV regime), in the final deposition, the particles within
approximately 0:5Lf from the final leading front are newly appeared,
where Lf is the final deposition length.

The peculiar collapse characteristics of the SV regime, that is, par-
ticles drop to the bottom plate to form the flow front, are not apparent
in other regimes. This phenomenon actually indicates that the move-
ment of the bottom particles is so significantly retarded that the upper
particles arrive at the bottom plate before the bottom particles have
started moving. It has been reported by Rondon et al.37 that initially
dense and loose packing collapses in different manners. According to
the critical state theory,44,45 the dense (loose) packing must dilate
(contract) before it can flow. A negative (positive) excess pore pressure

zone forms in the main body of the granular column, and this sucks in
(ejects) fluid through the granular skeleton, which further stabilizes
(destabilizes) the column,37,46 resulting in the slow (fast) collapse pro-
cess. We recall that all our experiments used an initially dense packing
(as � 0:64). The different initial collapse manner of the SV regime
compared with the other groups can be explained by the timescale
trelax required for the excess pore pressure to relax, which is inversely
proportional to the hydraulic conductivity k,45,47

trelax ¼
qp

qp � qf

as � as
asas

L�

k
; where k ¼ ð1� asÞ3

a2s

d2qf g
lf

: (4)

Here, L� is the characteristic length and as is the solid concentration
in the flowing layer, which are defined to be L� ¼ L0=2 and as ¼ 0:58
in this paper. Lower values of k mean that the fluid flows less easily
through the granular skeleton, and so the pore pressure takes longer to
relax. For the SV regime, trelax ¼ 12:83 s, which is much longer than
the time required for the upper-left particles to arrive at the bottom
plate (4.9 and 7.8 s for a¼ 2 and a¼ 5, respectively). During this relax-
ation time, the main body of the SV regime remains in its initial
state, while the upper-left particles, which are less pressured and con-
solidated, become destabilized first.32,48 While for the SI regime,
trelax ¼ 0:06 s, which is quite insignificant compared with the collapse
duration (� 1 s), so the pore pressure relaxation has little influence on

FIG. 3. Collapse process of SI and SV
regimes with aspect ratios of a¼ 2 and
a¼ 5. For each instant, the upper and
lower images are obtained from cameras I
and II, respectively. The white lines in
first column mark the initial state. See
definition for t95 in Sec. 6. Multimedia
views: https://doi.org/10.1063/5.0067485.1;
https://doi.org/10.1063/5.0067485.2; https://
doi.org/10.1063/5.0067485.3; https://doi.org/
10.1063/5.0067485.4
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the collapse and the collapse is observed to start from the column foot.
Thus, it can be concluded that the fluid viscosity significantly changes
the initial collapse behavior. In fact, from Eq. (4), trelax is also con-
trolled by the solid concentration as and particle diameter d, which
may alter the collapse, as reported by Rondon et al.37 and Lee et al.21

B. Final runout and height

In our experiment, most particles were involved in the collapse
process because the columns are relatively high (amin ¼ 2). The final
depositions were generally triangular, although a depression may
appear at the right part for inertial regimes. In particular, no
trapezoidal-shaped deposition21,24,38 was observed. In terms of the
final deposition, the final length has long been of interest because of its
geophysical meaning. Lf is defined here as the maximum distance the
particles observed from camera I can reach, ignoring detached par-
ticles. Note that this length is reasonable because it reflects the move-
ment of the granular pile, but not that of dispersed particles. The
farthest position the particles can reach, as observed by camera II, is
normally 1–2 cm beyond Lf . Figure 4(a) shows the normalized runout
R� ¼ ðLf � L0Þ=L0 with respect to the aspect ratio. The runout tends
to increase with increasing aspect ratio and decreasing viscosity (SV
and SI regime as the boundary). R� obeys a power–law relationship
with the aspect ratio as: R� ¼ kaa. For the wide span of St in this study
(0.1–19.04), the exponent a does not vary significantly, remaining in
the range 0.72–0.86, whereas the coefficient k almost doubles, from
kSV ¼ 1:49 to kSI ¼ 2:37.

The final height Hf is defined as the height of deposition close to
the right wall. The normalized final height H� ¼ Hf=L0 with respect
to a is shown in Fig. 4(b) illustrating the remarkable differences among
the different flow regimes. The final height of the SV regime follows
the power-law relationship H� ¼ 0:88a0:53. Hf in the WV regime is
lower than in the SV regime, and the difference tends to increase for
larger values of a. Hf in the SI regime is approximately the initial
length L0 (H� � 1), indicating that the increased upper particles are
transported to a longer distance, leaving a depression whose height is
nearly L0. For higher values of a, Hf even tends to decrease, implying
that the transport effect grows stronger. A similar trend was also
observed by Bougouin and Lacaze,38 Jing et al.,30 and Lee et al.21 For

the WV regime, Hf is higher than in the SI regime. With increasing a,
Hf tends to achieve a constant value, at which the depression appears,
and this value is higher than that of the SI regime.

Figure 4 also presents the experimental results from previous
investigations.21,37,38 Note that the results from different regimes may
give significant differences, so we only compare the results with similar
regime indicated by Fig. 1. The results with close (St, r) are marked
with same color and generally same edge profile as shown in Fig. 4. It
can be seen that the results for the SI and SV regime for both final
length and height agree well with those reported by Bougouin and
Lacaze38 and Rondon et al.37 (as ¼ 0:60). The WV regime exhibits
close final length with Bougouin and Lacaze38 but slightly larger final
height. The results by Lee et al.21 are also comparable with the WI
regime results given by this paper. All in all, our experimental results
generally match well with previous results by different researchers and
in different flow regimes.

Note that a wide distribution of flow width W exists in previous
investigations, for example, 667d in Rondon et al.,37 357d in Lee
et al.,21 and 67d in Bougouin and Lacaze,38 compared with our width
� 20d. Since the final runout and height are well comparable between
them and this study, we believe that the chosen width is enough to
represent a typical immersed granular collapse process. Future system-
atical investigations on the influence of W on the collapse process are
still deserving.

C. Particles and fluid motion

The fluid tracers are recorded by camera I as bright dots and can
be tracked using particle tracking velocimetry (PTV). In this study, the
open-source PTV code TracTrac49 is used to determine the position
and displacement of each tracer. To enhance the contrast between the
tracers and the fluid, the background (determined by averaging 10
frames forward and backward, i.e., 21 frames in total) is subtracted
from the original image of every frame. The fluid motion is repre-
sented by the tracers’ trajectories. For each instant investigated, tracers
recognized in the past tens of frames are indicated by scattered points
that are colored according to their velocity magnitude. The point size
increases as the frame gets closer to that instant. Only tracers that can
be continuously tracked for at least ten frames are shown. In addition,

FIG. 4. (a) Normalized final runout and (b) normalized final height against aspect ratio a. The filled markers are the experimental results in this paper. The hollow markers are
the experimental results obtained by Bougouin and Lacaze38 (4, ^, �), Lee et al.21 (5), and Rondon et al.37 (h, compared with SV). The markers with the same color and
edge profile possess close (St, r). The dashed lines correspond to the power-law fit of the experimental results. The error bars represent the maximum and minimum values of
at least three repetitions under the same experimental conditions (as in subsequent figures).
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the particles are also tracked with PTV based on the Hough transform
circular detection and nearest-neighbor matching methods.50,51

1. Overview of the motion

Figure 5 (Multimedia view) shows the fluid motion of the SI
regime with a¼ 4. After the gate is lifted, the particles start to fall
down, driving the stationary fluid downward, while the collapse front
pushes the fluid forward, generating a large recirculation of the ambi-
ent fluid, as shown in Figs. 5(a)–5(c). With the continuous falling of
particles, a large vortex (vortex A) builds up at the upper-left corner of
the column, as shown in Fig. 5(b). Vortex A is generally located above
the column top and near the right wall. During the falling process, vor-
tex A descends with the granular collapse and swirls the upper par-
ticles. As the pile front invades the fluid ahead, another small vortex
(vortex B) builds up in the region encircled by the recirculation and
vortex A, as shown in Fig. 5(c). Vortex B is located above the front and
closely follows the front movement. At t ¼ 0:65t95 when the upper
particles generally arrive at their final height (� L0), the particles
beneath vortex A are picked up and thrown to the front region, leaving
a depression. Vortex A then crosses over the depression and moves
forward, transporting the particles beneath it further ahead. In the later
stages of the collapse, the recirculation almost disappears, while the
two vortices continue to develop and move forward under the fluid
inertia, as shown in Fig. 5(d). In general, for higher columns, the inten-
sity of vortex A is stronger, resulting in a deeper depression. This is the

reason for the final height decreasing, as shown in Fig. 4(b). Vortices
A and B also exist in the WI regime, although they are much weaker
because of the increased viscosity, which depresses the fluid inertia.

The fluid motion of the WV regime with a¼ 4 is shown in Fig. 6
(Multimedia view). The recirculation is similar to that in inertial
regimes. Above the granular column, the fluid mainly heads down-
ward following the falling particles, as shown in Fig. 6(b). Most of the
fluid motion occurs near the granular pile and follows the granular
flow direction, but the vortices cannot be clearly distinguished. In
addition, the fluid velocity is about three times smaller than that of the
SI regime, and no particles appear to be picked up by the fluid, which
explains the triangular final deposition in the viscous regime. Similar
results can be observed more clearly in our previous investigation of
the WV regime using CFD-DEM simulations32 (note that the large
vortex described there is actually the recirculation proposed here). The
SV regime exhibits the weakest fluid motion, which is only obvious
near fast-moving particles. Readers are referred to the videos accompa-
nying Fig. 3 for the flow details.

2. The relative motion of particles and fluid

In the immersed granular collapse, the fluid drag
Fd ¼ Cdpd2qf juf juf=8 plays a significant role in changing the collapse
manner. The relative velocity between the fluid and particles
ur ¼ uf � up determines the direction and magnitude of Fd. During
the initial stage of collapse, the falling particles are enduring negative

FIG. 5. Trajectory of fluid tracers and velocity of particles in SI regime with aspect ratio a¼ 4 at (a) t ¼ 0:2t95, (b) t ¼ 0:4t95, (c) t ¼ 0:65t95, and (d) t ¼ t95. The PTV-
tracked tracers and particles are represented by small dots and circles, respectively, and colored by their velocity magnitude according to the same color bar. Tracers in a total
of 40 frames (0.04 s) before each instant are shown. The short lines associated with the particles indicate the velocity direction, with the length scaled by the velocity magni-
tude. Dashed rectangles A and B designate the vortices described in the text. Black and white rectangles in (c) are the regions used for velocity averaging for tracers and par-
ticles, respectively. Multimedia view: https://doi.org/10.1063/5.0067485.5
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fluid drag since the fluid is initially static. In the later stage, the par-
ticles almost stop moving, while the fluid is still flowing indicating that
the particles are enduring positive drag force, which helps their further
transport. Therefore, there should be a stage when the role of the fluid
on the particles transfers from resistance to driving, indicated by a neg-
ative to positive value of ur � up.

Here, we give a rough but still meaningful investigation on the
relative velocity near the surface of the granular pile. We study the
moment of 0:65t95 for the SI regime and 0:75t95 for the SV regime as
shown in Figs. 5(c) and 6(b), respectively. These two moments corre-
spond to the ends of the steady propagation stage as will be defined in
Sec. IVC. The investigated regions are marked with black rectangle for
tracers and white rectangle for particles. The rectangles have a dimen-
sion of approximately 2d � 15d. The averaged velocity of tracers
�uf ¼ ð�uf ;x; �uf ;zÞ and particles �up ¼ ð�up;x; �up;zÞ in the specific region
are used to calculate ur. It can be seen that the tracers and fluid regions
used are near but not totally coincident, which we believe is still
acceptable.

The obtained results based on the averaged methods are given in
Table II for SI andWV regimes. Here, the drag force coefficient is calcu-
lated by Schiller–Naumann equation52 Cd ¼ 24ð1þ 0:15Re0:687p =RepÞ.

The friction force is estimated by f 	 G tan hr with G ¼ ðqp
�qf Þgpd3=6 being the particle’s reduced gravity. The results indicate
that the drags of the SI and WV regimes both act positively to the par-
ticles (ur � �up > 0). The drag force of the SI regime is comparable with
the particle’s friction force, so the fluid drag may significantly help the
particles’ further transport, which results in the formation of the depres-
sion. The relative velocity of the WV regime is one magnitude smaller
than that of SI regime. The drag of the WV regime is seven times
smaller than the granular friction, so it is concluded that the fluid is
mainly flow following the particles and the fluid drag here is quite less
positive.

IV. ANALYSIS AND DISCUSSION

In this section, we analyze the collapse dynamics based on the
front propagation. Because the particles observed by camera I may be
retarded, we judge the front position from camera II. At instant t, the
front position of the bottom particles Lt is where the summation of the
transverse intensity of the image achieves a given threshold. The
threshold is experiment-dependent, but is approximately 1/4 the maxi-
mum intensity.

FIG. 6. Trajectory of fluid tracers and velocity of particles in WV regime with aspect ratio a¼ 4 at (a) t ¼ 0:4t95, (b) t ¼ 0:75t95, (c) t ¼ t95, and (d) t ¼ 2t95. Tracers in a total
of 10 frames (0.04 s) before each instant are shown. The motion representation is the same as in Fig. 5. Black and white rectangles in (b) are the regions used for velocity
averaging for tracers and particles, respectively. Multimedia view: https://doi.org/10.1063/5.0067485.6

TABLE II. Results of the velocities and forces for SI and WV regimes.

�uf (m/s) �up (m/s) �ur (m/s) Fd (N) f (N)

SI, a¼ 4 (−0.332, −0.011) (−0.172, −0.023) (−0.160, 0.012) 1:13� 10�4 1:48� 10�4

WV, a¼ 4 (−0.156, −0.028) (−0.141, −0.034) (−0.014, 0.006) 2:05� 10�5 1:37� 10�4
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It is widely agreed that the final runout Rf ¼ Lf � L0 generally
evolves in three stages, that is, acceleration, steady propagation, and
deceleration.19,21,32,39 The collapse starts from a static state and the
particles fall down to drive the surrounding fluid into motion. As a
result, the granular potential energy is converted into the kinetic
energy of the particles and fluid, and the collapse accelerates. As the
granular velocity increases, the driving forces (mainly the pressure gra-
dient) approximately balance the resistance (mainly interparticle fric-
tion and drag force, which depends on the relative velocity), and the
front propagates with a relatively steady velocity.19 In the later stage,
the particles arrive at their final height and the driving forces weaken,
leading to the front’s deceleration.

Given the peculiar collapse behavior of the SV regime, the front
position is difficult to determine in the first half of the total runout.
Thus, this regime is omitted from the analysis of the acceleration and
steady propagation stages.

A. Acceleration stage

In the case of dry granular collapse, Lube et al.11 found that the
acceleration during the initial stage remains constant, that is, 0:75g.
For the immersed case, Jing et al.30 found a similar result: 0:75g 0,
where g 0 ¼ ðqp � qf Þg=qp is the reduced gravity. In this paper, we
assume that the acceleration is bg 0. The runout evolutions for all
experiments in the SI, WI, and WV regimes are shown in the insets of
Fig. 7. The sampling stage to determine b is about 10% of the total
runout. We find that the coefficient b is highly dependent on the fluid
viscosity and the aspect ratio. For the same regime, b tends to increase
with increasing aspect ratio, and the upper/lower limits of b are 0.15/
0.25 for the SI regime, 0.05/0.14 for the WI regime, and 0.015/0.04 for
the WV regime. Generally, b decreases with increasing fluid viscosity
(decreasing St). In fact, for the extreme situation in which the fluid vis-
cosity goes to infinity, the granular materials barely move and b tends
to zero. b may be related to many factors, such as the fluid viscosity
(as reported here), particle size distribution, interparticle contacts, ini-
tial packing density, and aspect ratio. A proper prediction of b requires
systematic investigation and would be meaningful for disaster preven-
tion and risk assessments.

B. Collapse duration and regime analysis

For each experiment, we define the length scale L95 satisfying
L95 � L0 ¼ 0:95ðLf � L0Þ and the timescale t95 as the time at which
the front particles reach L95. We consider t95 as the collapse duration,
because in later stages, the granular pile collapses quite slowly and the
presence of some detached moving particles makes it difficult to deter-
mine a proper total collapse time. In general, with a more viscous fluid,
the granular pile will take longer time to fully stop moving after reach-
ing L95. For the SV regime, we waited more than 10min to get the final
deposition shown in Fig. 3, whereas t95 is just tens of seconds.

Figure 8 shows the variation of t95 for the different regimes. For
the SI, WI, and WV regimes, the collapse duration grows longer with
increasing aspect ratio, which is in line with intuition. The SI and WI
regimes have similar t95 values, although there are significant differ-
ences in their runout as shown in Fig. 4(a). However, for the SV
regime, t95 remains almost constant, despite the runout growing longer
for higher aspect ratios. This is because the creep behavior in the later
stage takes up most of the collapse duration, and higher column col-
lapses exhibit larger velocities, which imply a faster creep stage.

Following Bougouin and Lacaze,38 we introduce characteristic
timescales defined as

tV ¼ H0

U1
V

; tI ¼ H0

U1
I

; tFF ¼ H0

UFF
; (5)

where

U1
V ¼ ðqp � qf Þgd2

18lf
; U1

I ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ðqp � qf Þgd

3Cdqf

s
; (6)

are the viscous and inertial regime terminal velocities, respectively, for
a falling particle in fluid when the hydrodynamic forces (mainly drag
force) balance the reduced gravity and the velocities only depend on
the material properties. In U1

I ; Cd ¼ 0:4. UFF ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2g 0H0

p
is the

velocity of a particle freely falling from a height of H0 under reduced
gravity. The nearness of the collapse duration t95 with the characteris-
tic timescales may identify the corresponding flow regime. Here, we
discard the tFF-normalization because it generally deviates from unity,
which means that the experiment in this paper is by no means in the
free fall regime. Figure 9 presents values of t95 normalized by tV and tI.

FIG. 7. Acceleration coefficient b vs St. Black, blue, and red markers correspond
to the SI, WI, and WV regimes, respectively. The insets are the runout evolutions of
different regimes. The black short curves denote the ideal acceleration, that is,
bg0t2=2. The dashed line provides a visual guide.

FIG. 8. Collapse duration t95 against aspect ratio a for different regimes. The
dashed lines are visual guides.
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It can be seen that, as the aspect ratio increases, the normalization gen-
erally tends to unity, which proves that the regime characteristics are
more pronounced for higher columns because the particles can move
over longer distances to reach their limit velocity, which will be dis-
cussed in Sec. IVC. For the SI and WI regimes, tI-normalization gives
results that are the closest to unity, whereas tV-normalization gives
much larger values. Therefore, both the SI andWI regimes clearly cor-
respond to inertial regime flows. Similar analysis also demonstrates
that the SV regime is clearly viscous. For the WV regime, however, tI-
normalization and tV-normalization are both close to unity, indicating
that this regime exists near the boundary of the viscous and inertial
regimes. Thus, the WV regime can be seen as the transitional state
between the viscous and inertial regimes. Note that Re ¼ St=r � 1:07
for the transitional regime, which is in agreement with the value pro-
posed by Cassar et al.4

C. Steady propagation velocity and free fall scaling

By normalizing the runout using L95 � L0 and the time using t95,
we find that the curves for the same regime generally have a similar
trend. As shown in Fig. 10, although it is difficult to distinguish the
steady propagation stage from the collapse procedure precisely, we
define the steady propagation stage, which possesses a constant slope

between 0.4 and 0.65t95 for the SI and WI regimes and 0.5–0.75t95 for
the WV regime. The constant velocity Uc comes from a linear fit of
the runout data during the steady propagation stage with coefficient of
determination R2 > 0:99 for all the groups investigated.

As shown in Fig. 11(a), Uc increases with increasing aspect ratio
for a 
 4 and tends to approach a saturated value for large aspect
ratio. Note that for one single particle free falling in fluid, the particle
will ideally achieve a certain terminal velocity. The initial falling pro-
cess of the particles is quite similar to the free falling especially for
higher columns where the particles have longer distance to fall, so,
with the column height increasing, the falling particles will also tend to
reach a limit velocity with no further acceleration. Therefore, when the
particles approach the corner dead zone which forms an inclined plane
and their velocity turns from vertical to horizontal, the crash velocity
is stable and the particles motion changes to horizontal with similar
speed. The driving force of the front particles is mainly the momen-
tum of back-transferred particles, which is why the propagation veloc-
ity no longer increases.

To confirm the above conjecture, we study the averaged velocity
Uaverage of the fastest 10% of particles in each instant from the PTV
result, as presented in Sec. III C. These particles are generally located at
the upper front side of the granular pile. The variation of Uaverage,
during which time it generally reaches its maximum, is shown in
Figs. 11(b)–11(d). As the aspect ratio increases, Uaverage tends to reach
a constant value in the WV regime as shown in Fig. 11(d), which rep-
resents the limit velocity for the falling particles. Although the limit
velocity does not seem to be achieved in the SI and WI regimes, the
difference between neighboring aspect ratios is decreasing similar with
the trend of Uc. Note that this limit velocity does not have to be the
theoretical terminal velocity U1

VðIÞ for one falling particle, because in
the finite flow region, the ambient fluid will flow following the par-
ticles, which reduces the relative velocity and hence the drag force, and
we also have to consider the wake effects of the neighboring particles.
For the inertial regimes, Uaverage even grows higher than U1

I as shown
in Fig. 11(b). This fact is a further evidence that the fluid may help
transport the particles.

V. CONCLUSION

We have experimentally studied immersed granular collapse in
different flow regimes. By introducing the refraction index matching

FIG. 9. Normalized runout duration by (a) tI and (b) tV against aspect ratio a for different regimes.

FIG. 10. Typical normalized runout evolution in different flow regimes.
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method and tracers into the fluid, the motion of the particles and the
fluid was observed simultaneously. In addition, the propagation of the
bottom particles was observed using a mirror placed below the experi-
mental equipment. We found that the collapse behavior is significantly
dependent on the initial column height–width aspect ratio as well as
on the flow regime, which is mainly controlled by the fluid properties.
The inertial regimes collapse faster, end with sharper final depositions,
and have depressions near the right wall in the case of high columns,
whereas the viscous regimes collapse more slowly and end with a pure
triangular final deposition. In the SV regime, the collapse starts from
the upper-left corner, from where particles drop to the bottom plate to
form the flow front in advance of the bottom particles, which can be
explained by the excess pore pressure relaxation time. For the inertial
regimes, the swirling of the fluid is significant and may transport par-
ticles ahead, resulting in the depression. For higher-viscosity fluids, the
fluid inertia is less pronounced and the fluid mainly follows the granu-
lar motion, leaving a pure triangular final deposition.

By comparing t95 with the characteristic timescales, we have
found that the SI and WI (SV) regimes are clearly inertial (viscous)
regimes, whereas the WV regime is close to the boundary of inertial
and viscous regimes and possesses some unique characteristics of
both, such as a similar propagation velocity and collapse duration to
the inertial regimes, and the reduced fluid swirling and triangular-
shaped final deposition of the viscous regime. As the aspect ratio
increases, the collapse characteristics become more pronounced, and
the collapse duration tends to the characteristic timescale of the partic-
ular regime. The steady propagation velocity Uc tends to be constant
for higher aspect ratios, as the falling particles reach a regime-

dependent limit velocity, indicating that the collapse will not accelerate
all the way with increasing height.
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APPENDIX: ON THE THREE-DIMENSIONALITY
OF THE COLLAPSE

The three dimensionality due to sidewall has long bothered the
studies of granular flow.47,53 The wall effects during the immersed
granular collapse are twofold, the higher drag on particles due to
the fluid boundary layer and the friction between particles and wall.
Hence, we may observe the retarded layer near wall, which refers to
the near-wall region where only one single particle layer exists. This
implies that the inner region flows fast than near-wall region.

FIG. 11. (a) Front velocity against aspect ratio during the steady propagation stage. Averaged velocity variation for (b) SI regime, (c) WI regime, and (d) WV regime.
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We have to admit that the three-dimensionality effect is ineli-
gible especially for collapse in fluid with higher viscosity (SV
regime). Yet in terms of a few problems we studied, we believe the
results are still reasonable. For the final deposition, the profiles of
the boundary and inner particles differ 1d at most, because no
retarded layer is observed finally. The collapse dynamics investi-
gated in Sec. IV are based on the front propagation judged from
camera II, that is, the leading position of the inner particles where
the wall effect is less significant. The particles and fluid motion in
Sec. III C is near front wall and actually cannot represent the inner
flow, since the velocity vectors may be smaller and distorted near
wall. Yet, we assume that the flow is vertically planar, and the
motion on the same plane recorded by camera I can still reflect the
flow and interaction pattern of particles and fluid in inner region.
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