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Unsteady flows and inhomogeneous packing in damp granular heap flows
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We experimentally study the transition from steady flow to unsteady flow in a quasi-two-dimensional granular
heap when small amounts of water are added to monodisperse glass spheres. Particles flow uniformly down
both sides of the heap for low water content, but unsteady flow occurs as the water content increases. The
unsteady flow mode consists of a nondepositing downslope avalanche and an upslope propagating granular
jump. The transition from steady to unsteady flow occurs when the slope exceeds a critical angle as a result
of water-induced cohesion. Under unsteady flow conditions, the deposited heap consists of loosely packed and
densely packed layers, the formation of which is closely related to the unsteady flow dynamics.
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I. INTRODUCTION

Flows of wet granular materials are common in nature and
industry. By increasing the liquid content, the behavior of
granular materials can change dramatically from cohesionless
dry particles all the way to slurries and suspensions [1–4]. In
this study, we focus on the first step of this transition where
the particles are damp (slightly wet) and gravity-driven flow
occurs. Many industrial and geophysical scenarios fall into
this regime, for example, when granular materials exposed to
environmental humidity become damp. Previous studies have
shown that high relative humidity can significantly influence
the flowability and slope stability of the materials [5–8]. Also,
a small amount of liquid can be mixed with particles inten-
tionally to reduce segregation [9–12] or suppress airborne
dust [13]. However, the flow behaviors of damp granular ma-
terials differ from that of dry materials. Thus, it is important
to understand the influence of small quantities of added liquid
on the flow.

Gravity-driven free surface flows of wet granular materials
exhibit unique behaviors that are relatively unexplored com-
pared to those that occur in dry and cohesionless materials [3].
The most significant difference between wet and dry granular
materials is the angle of repose. An inclined bed remains
static below a critical angle, θs , defined as the maximum
angle of repose [14]. Previous studies have shown that for
wet granular materials, θs depends on the liquid content, Wc,
defined here as the volume fraction of the added liquid in the
total packed volume of the particles [9,15–19]. At extremely
low Wc, liquid is trapped in valleys between the asperities of
particle surfaces [20–23], and tiny liquid bridges may form
between the asperities of two contacting particles, which in-
troduces weak cohesion [22,23]. Under damp (or slightly wet)
conditions, where Wc is typically on the order of 10−4 to 10−3,
liquid bridges can form between contacting particles due to
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capillary forces, which introduces cohesion [24,25]. The num-
ber of liquid bridges per particle, N , increases with increasing
Wc until it reaches a maximum value of approximately six
bridges per particle for mono-sized spheres [25]. As a result
of increasing N , stronger cohesion between particles causes
θs to rise significantly [9,15–19]. Mechanical properties of the
damp material, such as yield stress and tensile strength, also
increase as N increases [21,25]. In addition, increasing Wc

can cause the free surface of the flowing material to become
rough, and flow instabilities may occur [9,16,26], as discussed
later. Further increasing Wc beyond where N = 6 leads to
another regime where liquid bridges merge and form more
complex structures [25], so that the angle of repose and other
mechanical properties become insensitive to Wc [21], which
is not the focus of this study.

Here we study slightly wet granular flows during heap
formation, which occurs widely in both geophysical and
industrial systems [9,19,27–32]. For quasi-two-dimensional
(quasi-2D) bounded heap flow of dry spheres [27–30,33],
particles are fed onto the heap and flow downslope in a rel-
atively thin flowing layer along the surface of the previously
deposited particles, which form a static bed. The free surface
of the flowing layer is inclined at an angle, θ , which is usually
slightly larger than θs for dry flows. For a sufficiently large and
steady feed rate, the free surface rises uniformly, and particles
are uniformly deposited from the flowing layer to the static
bed [27–29]. When the particles are size bidisperse, with the
smaller species being smooth and spherical and the larger
species being rough and nonspherical, a second flow mode
occurs and stratification of the two species can be observed
[34–39]. This flow mode is periodic with each period contain-
ing a downslope avalanche followed by a granular traveling
jump that propagates upslope [35]. (The jump is also referred
to as a kink, a granular bore, or a shock [40–44].) This flow
mode is triggered by the interplay of particle size segrega-
tion [45] and the difference in the angle of repose between the
two species [36,37], which is also referred as the “segregation
mobility feedback” [39]. Stratification due to size segregation
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FIG. 1. Schematic of the experimental quasi-2D bounded heap
(not to scale).

can also occur for smooth spherical particles, but the underly-
ing layer formation mechanism is different [28,31].

In 3D heap formation, the flow is often not axisymmetric
and unsteady flow can occur. For example, pouring certain
types of sand onto a 3D heap can result in unsteady flow
that revolves around the feed zone [46,47]. The unsteady flow
may be related to the segregation mobility feedback [47], even
after the particles were sifted to a relatively narrow size distri-
bution [46]. However, since some of these experiments were
conducted at relative humidities between 60% and 90% [46],
there is a possibility that water condensed on the small diam-
eter (∼0.1 mm) particles used in the study contributed to the
unsteady flow [8]. For example, in experiments using damp
mono-sized spheres with Wc = 4 × 10−4 in rotating circular
tumblers, unsteady flow occurs which consists of a downslope
front followed by a second front traveling upslope [16,26],
similarly to that due to particle size and shape differences.
This suggests that using particles differing in size and shape
may not be the only way to trigger unsteady flow, and it is
possible that unsteady flows can also occur for slightly wet
particles in heap flows.

In this study, we experimentally investigate the transition
from steady to unsteady heap flow of damp (slightly wetted)
mono-sized spheres in a quasi-2D center-filled bounded heap
geometry. Section II describes the experimental methods. Sec-
tion III presents the results showing the transition from steady
flow with uniform deposition to unsteady and asymmetric
flow. Section IV discusses the formation of the inhomoge-
neous packing for particles deposited on the heap. Section V
presents the conclusions.

II. EXPERIMENTAL METHODS

The apparatus (Fig. 1) for the quasi-2D bounded heap
experiments consists of a glass front plate and an aluminum
back plate, separated by acrylic bars which form the bounding
walls and the bottom. The width of the heap, W , is 38 cm
and the gap thickness, T , is 1.27 cm, except for a small num-
ber of cases where T = 2.54 cm to confirm that the impact
of changing the gap thickness is minimal in the quasi-2D

condition. A metal funnel placed above the center of the silo
feeds the particles. The outlet cross section of the funnel is
shaped into a 1.1 × 1.02-cm2 rectangle to fit the quasi-2D
silo. Four sizes of glass spheres with density ρ = 2.62 g/cm3

(Ceroglass Technologies Inc., TN) are used with diameters d

of 0.63 ± 0.07 mm, 0.53 ± 0.04 mm, 0.35 ± 0.05 mm, and
0.20 ± 0.03 mm. The interstitial liquid is distilled water,
with nominal density ρw = 1 g/cm3 and surface tension γ =
74 dynes/cm.

For each experiment, particles are first dried in an oven at
90 ◦C for at least half an hour and then cooled in air to room
temperature (21 ◦C). A volume of water, Vw, is mixed into an
as-poured bulk volume of particles, Vp, (Vp = 1 L) in a glass
beaker to obtain wet granular material with water content
Wc = Vw/Vp. Experiments begin by pouring the mixture into
the funnel within 1 min after the mixtures are prepared to
minimize evaporation. The beaker, funnel, and walls of the
silo are cleaned after each experiment. Water lost to the beaker
and funnel surfaces can be neglected, as their surface areas
are over 100 times smaller than the total surface area of
all the particles for the largest diameter particles used here.
Furthermore, water does not drain from the particles due to
gravity, as the particle diameters are much smaller than the
capillary length of water, lc = √

γ /ρwg ≈ 2.7 mm, where g

is the acceleration due to gravity. The relative humidity in
the laboratory was below 15% when the experiments were
conducted and does not have any significant influence on
the experiments. To examine the overall loss of water during
preparation and feeding, separate tests were conducted where
samples were collected from the mixture flowing out of the
feeding funnel, and wet and dry weight of the samples were
measured to calculate the water content. Results from tests
indicate that less than 5% of water is lost during preparation
and feeding, which is negligible.

We perform experiments varying Wc systematically from
0 to 1 × 10−3 for all particle sizes. The mass feed rate from
the funnel ṁ remains constant as the funnel empties, but
decreases with increasing Wc, from ṁ = 64 g/s at Wc = 0 to
approximately ṁ = 30 g/s at Wc = 1 × 10−3 for the particle
sizes examined. Results from additional experiments studying
the influence of the feed rate are reported later in the paper.

A digital camera (EOS Rebel T6, Canon Inc., Japan)
records videos of the experiments at 30 frames/s with a
spatial resolution of about 0.4 mm, which is comparable to
one particle diameter. The videos allow us to measure the
instantaneous surface height profile h(x, t ) by examining the
change of image intensity in each column of the image [32],
where x is the coordinate in the horizontal direction, and z

is the vertical direction with the origin at the center of the
heap base, see Fig. 1. In addition, a high speed camera (Flea3,
Point Grey Research Inc., Canada) records videos for specific
smaller regions of the flow at 200 frames/s with a spatial
resolution of 0.1 mm.

III. TRANSITION TO UNSTEADY FLOWS

We first characterize the two flow modes observed at
different Wc. With zero or small Wc, steady heap flow occurs
with uniform deposition on both sides of the heap, as de-
scribed in previous studies of dry bounded granular heap flows
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FIG. 2. (a) Image of rising heap with uniform deposition, and (b)
image differencing result with 0.2 s delay for steady heap flow with
d = 0.63 mm, Wc = 0, and ṁ = 64 g/s. In image differencing, the
image difference between two frames is largest where particles are
flowing, and thus the flowing regions appear darker in the result.
A video illustrating this process is included in the Supplemental
Material [48].

[27–29]. An example with d = 0.63 mm and Wc = 0 is
shown in Fig. 2(a), where the free surface is symmetric about
the center and inclined at θ = 27.7◦ during the flow. As more
material is fed into the system, the free surface rises uniformly
at a constant rise velocity, vr = ṁ/(φρWT ), where φ = 0.58
is the packing density of the heap for the dry particles used
here. To visualize the flowing layer, we measure the image
intensity difference between two frames with a time increment
of 0.2 s. In this way, flowing regions have a large image
difference (dark) while nonflowing regions have a negligible
image difference (light). The result [e.g., Fig. 2(b)] shows that
flow occurs in a thin layer corresponding to the gray region
near the free surface. The thin dark layer on the free surface
results from the surface rising uniformly.

At larger Wc, the flow is unsteady and asymmetric about
the center of the heap. A time series of images for the flow
with d = 0.63 mm and Wc = 0.8 × 10−3 is shown in Fig. 3.
At t = 0 [Figs. 3(a) and 3(e)], flow occurs only on the right
side of the heap in the form of an avalanche propagating
downstream. After the avalanche front reaches the bounding

wall, an upstream traveling jump [41,42,44] forms [t = 1.3 s,
Figs. 3(b) and 3(f)]. After the jump reaches the feed zone near
the center, it directs the feed stream toward the left side of
the heap, which triggers a downslope avalanche on the left
side [t = 2.8 s, Figs. 3(c) and 3(g)]. In the meantime, the right
side becomes static, as the image difference shows. When the
front of the downslope avalanche reaches the left bounding
wall, an upstream traveling jump forms at that bounding wall
[t = 4 s, Figs. 3(d) and 3(h)]. In this way, the flow is periodic
and continues to alternate between the two sides of the heap.

The downslope avalanche and upslope traveling jump are
similar to the unsteady and periodic flows observed in studies
of spontaneous stratification due to “segregation mobility
feedback” [34–39]. However, since monodisperse spheres do
not segregate, a different mechanism must govern the tran-
sition. In addition to the unsteady flow mode for Wc = 0.8 ×
10−3, the surface incline of θ = 33.4◦ is steeper than that with
no water (θ = 27.7◦). For unsteady alternating flow, the angle
θ is measured as the angle of the free surface on the static
side. This is the angle formed by the upslope traveling jump
in the previous period and is also the angle of the slope on
which the next downslope avalanche will propagate. Another
significant difference with the dry flow case is that slightly
darker and brighter layers are evident in the deposited heap
(observable in Fig. 3). The brighter layers are densely packed,
and the darker layers are loosely packed. The loosely packed
layers have more voids which make them look darker when
the apparatus is lit from above. The formation of these layers
is discussed in detail in Sec. IV.

To quantify the transition from steady to unsteady flow, we
first define an unsteadiness index, �:

� =
〈{

1

W

∫ W/2

−W/2

[vr (x, t ) − vr0]2

v2
r0

dx

}1/2
〉
. (1)

In this relation, vr (x, t ) = dh(x, t )/dt is the instantaneous
local surface rise velocity, vr0 = ṁ/φρWT is the average

FIG. 3. Images (top row) and image differencing results with 0.2 s delay (bottom row) of unsteady heap flow with d = 0.63 mm, Wc =
0.8 × 10−3, and ṁ = 35 g/s showing an oscillatory heap instability (alternating flow) at different times: (a) and (e) t = 0, (b) and (f) t = 1.3 s,
(c) and (g) t = 2.8 s, and (d) and (h) t = 4 s. The dashed reference lines are at the same location in the t = 0 and t = 1.3 s images. A video
illustrating this process is included in the Supplemental Material [48].
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rise velocity, and 〈 〉 denotes a temporal average measured
from when the heap base first spans the entire width of the
apparatus to when the feed is stopped. Thus, � is essentially a
spatial and temporal average of the local deviation from steady
flow. We exclude from the average the 5-cm-wide feed zone
in the center and the 2.5-cm-wide regions adjacent to each
downslope bounding wall to reduce the influence of bouncing
particles on �. For steady flows (Fig. 2), vr (x, t ) ≈ vr0 (with
small fluctuations), so that � is close to zero. For unsteady
flows, static regions with vr (x, t ) = 0 yield a local deviation
of 1, while vr (x, t ) for the traveling fronts of the downslope
avalanche and the upslope traveling jump are much greater
than vr0 and result in local fluctuations greater than 1. Thus, on
average, the unsteadiness index � is typically greater than 0.5
for unsteady flows, and we define a transition water content,
W ∗

c , which corresponds to the water content when � = 0.5
for a particular particle size.

Figure 4(a) shows how � varies with liquid content for
the four particle sizes considered. For each particle size, �

is close to zero at Wc = 0 and remains near zero at small Wc,
indicating that the flow is steady. As Wc is further increased,
� starts to increase, indicating unsteady flow. When Wc is
only slightly larger than the transition water content, W ∗

c , the
propagating fronts are less distinct than those shown in Fig. 3
and sometimes do not propagate the entire length of the slope.
Thus, the deviation of vr (x, t ) from vr0 is relatively small
resulting in � slightly above 1. When Wc is further increased,
the propagating fronts are sharper which results in larger �.
Near Wc = 1 × 10−3, the free surface becomes rough such
that more localized flows (i.e., not spanning the entire slope)
and avalanches occur [9,16,26], which results in a plateau in
� for the larger particles (d = 0.53 mm and d = 0.63 mm).
Note that data for Wc > 0.8 × 10−3 for the smaller particles
are not available because the feed funnel jams at and above
this water content. Figure 4(a) also indicates that the transition
to unsteady flow occurs at smaller water contents for smaller
particles. To further demonstrate this trend, the transition
water content W ∗

c is plotted versus particle diameter d in the
inset of Fig. 4(a), which shows that W ∗

c increases with d.
A linear interpolation is applied to calculate W ∗

c at � = 0.5
using two neighboring data points.

The transition from steady to unsteady flow is likely related
to the ratio between water-induced cohesion and particle
weight. Steady flow occurs at zero or small cohesion, while
unsteady flow occurs when cohesion is significant compared
to the particle weight. The liquid bridge force between two
particles can often be approximated as πγ d [2,4,24], while
the particle weight is π

6 ρgd3. Thus, a Bond number that
characterizes the ratio between liquid bridge force and particle
weight can be defined as Bo = 6γ /ρgd2 [24,49,50]. The
Bond number scales with d−2, indicating that liquid bridge
force can dominate for smaller particles. However, the Bond
number alone is not adequate to explain the increase of φ

with Wc in Fig. 4(a) since Bo is independent of Wc. This is
because that the liquid bridge force is relatively insensitive to
the bridge volume [2,4,24].

To explain the dependence of � on Wc, two possible
scenarios can be considered. The first one is related to par-
ticle roughness and predicts that the transition from steady
to unsteady flow is determined by the initial formation of
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FIG. 4. Results of the parametric study varying Wc and d .
(a) Change of the flow unsteadiness index � with Wc. Inset: W ∗

c

vs. d . (b) Surface angle θ vs. Wc/W ∗
c . Inset: θ vs. Wc. (c) Change

of � with θ . Particle sizes: 0.20 mm (red diamonds), 0.35 mm (blue
triangles), 0.53 mm (yellow circles), and 0.63 mm (green squares).
The filled green squares represent data for 0.63-mm particles at gap
thickness T = 2.54 cm; all other data for T = 1.27 cm.

liquid bridges, which occurs when the valleys between surface
asperities are filled with liquid [20,22,23]. This occurs at
Wc,as = 6αφδ/d [20], where α is the ratio of the area of val-
leys between asperities to the total surface area of a particle,
and δ is the characteristic height of the asperities. Assuming
that surface roughness does not vary with particle size, the
asperity filling mechanism predicts that W ∗

c should decrease
with increasing d, which is opposite to the observations shown
in Fig. 4(a). In the second scenario, the transition occurs

032906-4



UNSTEADY FLOWS AND INHOMOGENEOUS PACKING IN … PHYSICAL REVIEW E 98, 032906 (2018)

at W ∗
c > Wc,as, and the controlling parameter becomes the

number of liquid bridges per particle, N , which increases
with Wc from 1 to a saturating value of 6 [20,21,25]. In this
regime, the overall force ratio for a particle is NBo, which
increases with Wc, and this causes the material properties such
as tensile strength and yield stress to increase with Wc [21].
Similarly, the increase of NBo can also drive the increase of
� with Wc in Fig. 4(a). In addition, the fact that lower water
content is required to trigger the flow transition for smaller
particles [Fig. 4(a) inset] can be explained: To reach the same
overall force ratio required for the flow transition, fewer liquid
bridges (N ) are needed for smaller particles, which in turn
lowers W ∗

c . The exact functional form for the relation between
W ∗

c and d is difficult to specify, as many complications likely
come into play, such as the possible dependence of N on
d [20].

Having identified the water content as a critical factor
for the flow transition, we further discuss the mechanism
for the transition and focus on another important property
that is significantly influenced by Wc: the surface angle θ .
Figure 4(b) shows that for the particle sizes examined, θ

is approximately 27◦ for Wc approaching zero. It increases
abruptly for Wc/W ∗

c > 1 to approximately 40◦ for the max-
imum water content Wc ≈ 1 × 10−3, which agrees qualita-
tively with previous studies [9,15–19]. Again, this increase is
most likely related to the increase of NBo: Stronger cohesion
requires steeper angle for gravity-driven flow to occur. Note
that for Wc/W ∗

c < 1, the increase in θ is small compared to
the increase for Wc/W ∗

c > 1, as shown in Fig. 4(b). This is not
unexpected because the surface slope in steady and unsteady
flows develops under different flow dynamics and cohesion
can play different roles in the formation of the slope in the
two flow modes.

Figure 4(c) shows the relation between � and θ , which
indicates a flow transition at θ ≈ 30◦ for all particles sizes.
For θ < 30◦, the flow is steady (� close to zero) and the
surface rises uniformly (Fig. 2), indicating uniform particle
deposition on the entire heap. For θ > 30◦, the flow becomes
unsteady (� > 1), as shown in Fig. 3, and no deposition
occurs during the downslope avalanche (t = 0 and t = 2.8 s
in Fig. 3). This is evident by comparing the material above the
dashed reference lines in Fig. 3 at t = 0 and t = 1.3 s, where
the surface upslope from the traveling jump does not rise (i.e.,
there is no deposition in this region). Thus, the downstream
flow experiences a transition from steady deposition to un-
steady deposition (only during the upslope traveling jump on
one side of the heap) as θ increases beyond 30◦ due to the
water-induced cohesion.

This transition is reminiscent of the concept of a “neutral
angle,” θn, that has been discussed in a number of studies
focusing on material exchange between the flowing layer and
the underlying static bed [51–53]. These studies propose that
deposition of particles on the static bed during the downstream
flow is only possible when θ < θn, where θn = 30◦ in this
study. For the unsteady flows with θ > 30◦, deposition is only
possible via the upslope traveling jump, where particles flow
along the slope to the traveling jump and are deposited on
the face of the jump. Previous studies of dry granular flows
in a chute indicate that a minimum base incline angle and
a downstream obstacle are required for the formation of the

jump [41,42,44], as mentioned previously. Here increased θ

due to cohesion and the presence of the downstream bounding
walls satisfy these two conditions, respectively. No upslope
propagating jumps were found in experiments where the
bounding walls (the obstacles) are removed. In addition, the
unsteady flow mode observed here resembles the unsteady
flow mode formed due to the segregation of particles with size
and shape differences [34–39]. In that case, large and rough
particles segregate to the free surface, which sets a higher
surface angle (possibly higher than θn for the small spherical
particles that segregate to the interface between the flowing
layer and the static bed) to induce the downslope avalanche
and the upslope traveling jump [35]. Thus, it appears that
particle roughness in size-and-shape stratification flow and
water-induced cohesion in slightly wet flow play similar roles
in increasing θ beyond θn, resulting in a similar traveling jump
flow mode.

In quasi-2D heap flows with frictional sidewalls, it is
known that the sidewall friction can influence the surface
inclination angle [54], which could in turn influence the flow
transition in our experiments. To investigate this effect, we
performed additional experiments at a double gap thickness
T = 2.54 cm and four water contents using the 0.63-mm
particles, and the results are shown in Fig. 4 as filled symbols.
In Fig. 4(a), comparing to cases at T = 1.27 cm with the same
particle diameter, the transition with the double gap thickness
appears to shift slightly toward higher water content. In the
inset in Fig. 4(b), at zero or small Wc, θ is slightly lower in
cases at double gap thickness, possibly due to the reduced
sidewall friction influence [54]. However, Fig. 4(c) shows that
the flow transition occurs at a neutral angle between 29◦ and
33◦, similarly to θn for single gap thickness. Thus, the slight
shift of the critical water content at the transition is possibly
because a higher Wc is needed for the heap with double gap
thickness to reach the same θn. Despite these small differ-
ences, the results with double gap thickness indicate that the
flow transition is not restricted to a particular gap thickness.

Last, we consider the influence of the feed rate ṁ on heap
flow. As mentioned in Sec. II, the feed rate from the funnel de-
creases as Wc increases. However, ṁ plays a lesser role in the
transition to unsteady flow than does Wc. Figure 5 shows three
cases with the same particle diameter and water content but
with different funnel sizes that produce different feed rates:
ṁ = 21 g/s [small funnel, Fig. 5(a)], ṁ = 30 g/s [medium
funnel, Fig. 5(b), which corresponds to the data in Fig. 4], and
ṁ = 46 g/s [large funnel, Fig. 5(c)]. At all three feed rates,
unsteady flow occurs but the increase of θ due to ṁ is only
about 1◦, which is less significant than the increase of θ due
to Wc (more than 10◦), indicating that the flow mode is less
sensitive to ṁ than to Wc. Note that with the large funnel, both
the width of the feed flow stream and the impact velocity of
the particles increase, resulting a small portion of the particles
bouncing over the peak of the heap and sometimes induces
a small flow on the nonflowing side of the heap. The shape
and the height of granular jumps in the related problem of dry
granular chute flows are mainly determined by the flow rate
and the incline angle of the chute [41,42]. Here the height of
the jump in slightly wet flows also increases with ṁ as shown
in Fig. 5. A consequence of varying ṁ is that the thickness of
the alternating layers deposited on the heap also varies, which
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FIG. 5. Images of heap flow with d = 0.20 mm and Wc = 0.7 × 10−3 at different feed rates showing strong dependence of the jump height
slope on the feed rate but weak dependence of the heap surface angle on the feed rate. (a) ṁ = 21 g/s and θ = 37.5◦. (b) ṁ = 30 g/s and
θ = 38.2◦. (c) ṁ = 46 g/s and θ = 38.8◦. Deposited layer thickness is indicated by the arrows.

will be discussed later. Quantifying the scaling and other
details related to the influence of ṁ, Wc, and d on the shape
and height of the traveling jump are topics for future work.

IV. INHOMOGENEOUS PACKING

The faint alternating brighter and darker layers evident in
Figs. 3 and 5 are a consequence of heterogeneous packing
in the deposited heap. Previous studies have shown that the
poured packing density can be less dense for granular ma-
terials with cohesive forces due to adhesion (van der Waals
forces) [55–57] or liquid addition [58–60]. Here, we also
observe that the overall packing density in the deposited heap
formed by slightly wet flows is less than that for dry flows.
Figure 6 compares heaps of d = 0.20 mm particles for Wc =
0 [Fig. 6(a)] and Wc = 0.7 × 10−3 [Fig. 6(b)]. Although the

FIG. 6. Increase in volume of the deposited heap in slightly wet
granular flows. Images of the final heap with d = 0.20 mm particles
with (a) Wc = 0 and (b) Wc = 0.7 × 10−3. (c) Volume ratio V/Vdry

vs. Wc for the four particle sizes. Inset shows V/Vdry vs. Wc/W ∗
c .

dry weight of the two heaps is equal, the volume for Wc =
0.7 × 10−3 is clearly larger than the volume for Wc = 0. In
addition, it is also clear that the surface incline (the dynamic
angle of repose) is steeper for Wc = 0.7 × 10−3 and the
layering in the deposited heap only occurs with the damp
unsteady flow.

To quantify the change in the overall packing density, we
plot the volume ratio V/Vdry versus Wc in Fig. 6(c), where

the total volume V = T
∫ W/2
−W/2 h(x)dx of the deposited heap

for wet flows is larger than the volume for dry flows, Vdry.
For all particle sizes, V/Vdry first increases slightly with Wc,
indicating that the packing is marginally less dense for steady
heap flow. As Wc is further increased and the flow becomes
unsteady, the increase in V/Vdry with Wc is much steeper.
At Wc near 1 × 10−3, V/Vdry plateaus except for the case of
d = 0.20 mm particles where data for Wc > 0.8 × 10−3 are
not available due to funnel jamming. In addition, for the same
Wc, the increase in the heap volume V/Vdry is more significant
for smaller particles. This is likely a result of the difference in
the force ratio between water induced cohesion and particle
weight for different sized particles, as discussed in Sec. III.
Thus, we apply the same scaling by plotting V/Vdry versus
Wc/W ∗

c in the inset of Fig. 6(c), resulting in the collapse
of the data except for the few cases near Wc = 1 × 10−3

(Wc/W ∗
c ≈ 2 for the largest particles) where V/Vdry plateaus.

This result is similar to the results in a previous computational
study where the packing density decreases when the ratio
between cohesion and gravity is increased [57], but that study
reports no layers of differing packing densities. In addition,
the inset of Fig. 6(c) also shows that the increase of V/Vdry

with Wc/W ∗
c transitions at Wc/W ∗

c ≈ 1, which corresponds
to the transition from steady to unsteady flow, indicating that
the transition to unsteady flow influences the packing structure
of the deposited heap.

The measured volume V can be used to estimate the overall
packing density, which is φ = mp/(ρV ), where mp is the total
mass of the particles. For cases shown in Figs. 6(a) and 6(b),
the overall packing density is φ = 0.58 for Wc = 0 and φ =
0.5 for Wc = 0.7 × 10−3, which means that the local packing
density in the loosely packed layers in the latter case is lower
than 0.5. By assuming that the loosely packed layers are two
times thicker than the densely packed layers (estimated from
the image) and the packing density of the densely packed
layers to be 0.58, we estimate that the minimum local packing
density for the loosely packed layers to be around 0.46, which
is comparable to the uniform poured packing of wet particles
with similar sizes reported in previous studies [57,60].

As mentioned earlier, slightly brighter and darker layers
occur in the deposited heap for unsteady flow, as shown in
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FIG. 7. Fluorescent light images of a heap with Wc = 0.8 ×
10−3, d = 0.63 mm, and ṁ = 33 g/s. (a) Image of the deposited
heap under visible light. (b) Image of the deposited heap under UV
light, and magnified images of (c) yellow box in (b) and (d) yellow
box in (c). Horizontal lines in (a) and (b) show correspondence
between features in (a) visible and (b) fluorescent images.

Figs. 3, 5, 6(a), and 6(b). Particles in the brighter layers
are densely packed while particles in the darker layers are
loosely packed with more voids evident, at least near the
transparent front wall. This inhomogeneous distribution of
the packing density has not been reported in previous studies
on packing of cohesive granular materials [55–60]. Since it
is known that wet particles pack loosely and dry particles
pack densely, one may wonder if the particles in the densely
packed layers are dryer and vice versa. This can be determined
using fluorescent imaging. A green fluorescent dye (Model
295-17, Cole-Parmer Instrument Co., IL) is added to distilled
water at a concentration of 2.3 mg/ml, and experiments are
conducted using the same protocol as with undyed water.
An ultraviolet (UV) light with wavelength 365 nm (Model
XX-15N, Spectronics Inc., NY) illuminates the deposited
heap, and a digital camera acquires images. A long-pass filter
(GG495, Thorlabs, Inc., NJ) placed in front of the camera
filters out visible light below a wavelength of 495 nm and a
UV filter (Model 54-058, Edmund Scientific Inc., NJ) in front
of the long-pass filter blocks the UV light from reaching the
long-pass filter and the camera. No significant influence on the
flow from the fluorescent dye is evident.

Figure 7 shows an example of the fluorescent imaging
results with d = 0.63 mm and Wc = 0.8 × 10−3. Figure 7(a)
shows the deposited heap under visible light, where the
brighter and darker layers are visible. The corresponding im-
age under the UV light is shown in Fig. 7(b). Note that the top
layer of the free surface is dark, probably due to evaporation
immediately after the heap was deposited. More importantly,
there are brighter and darker layers in the fluorescent image
of the heap. Examination of Figs. 7(a) and 7(b) indicates that
the brighter and densely packed layers in Fig. 7(a) are also the
brighter layers in Fig. 7(b), demonstrating that the particles
within these layers are not dry. To better understand this,

FIG. 8. Images of an 80 × 67 mm2 region halfway down the
right slope with d = 0.53 mm, Wc = 0.6 × 10−3, and ṁ = 37 g/s.
Insets show magnified surface regions as indicated. (a) Static slope
when flow is on the left side at t = 0. (b) Downslope avalanche
front enters the window at t = 0.35 s. (c) Flow after the downslope
avalanche front passes at t = 0.96 s. (d) Flow when the upslope jump
propagates into the region at t = 1.58 s. Dashed white reference lines
are located at the same position in all panels. A video corresponding
to this process is included in the Supplemental Material [48].

Fig. 7(c) shows an enlarged image of the layers under UV
light, and Fig. 7(d) shows an even further magnified image
of two layers. Here, in the densely packed layer [upper right
region in Fig. 7(d)], a brighter spot appears on each particle.
These spots are liquid bridges formed between particles and
the front glass wall. For the loosely packed layer [lower left
region in Fig. 7(d)], few liquid bridges between particles and
the front glass wall are evident because the loosely packed
particles make fewer contacts with the front wall. Thus, the
loosely packed layers appear darker in Figs. 7(b) and 7(c),
although particles from both the densely packed and loosely
packed layers are wetted. Also, from Fig. 7(b), which shows
the layering more clearly, it is evident that the layers on the left
and right sides of the heap are asymmetric about the center of
the heap, corresponding to the alternating unsteady flow and
indicating a strong connection between the dynamics of the
flow and the formation of the layers.

To demonstrate how the layers form during the unsteady
flow, Fig. 8 shows a time series of images acquired by focus-
ing on a small region of the heap using the high-speed camera.
The image in each panel is an average of frames recorded over
a 0.05-s period: Regions with moving particles are blurred and
regions with no motion remain sharp. Figure 8(a) shows an
inclined static surface halfway down the slope when the flow
is on the opposite side of the heap at time t = 0. In this image,
the layer near the free surface is loosely packed, as evident by
the dark voids in the close up image, and the free surface is
rough, similarly to the free surfaces observed in previous ex-
periments of damp granular flows [19,26]. A dashed reference
line indicating the free surface location is reproduced at the
same position in the three subsequent images.
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Shortly after t = 0, the flow switches to the right side,
and at t = 0.35 s the downslope avalanche front, which is
the blurred region on the upper-left portion of the surface
in Fig. 8(b), enters the image. After the front passes, par-
ticles continue to flow through this image window, shown
in Fig. 8(c) (t = 0.96 s). In this image, a thin flowing layer
with a thickness of about 10d is observed on the free surface,
while the particles below the flowing layer remain static with
a clear interface between these two regions. The interface
coincides with the reference line. There is minimal deposi-
tion or erosion that occurs between the flowing layer and
the static region, though the bump of particles above the
reference line in the close-up image in Figs. 8(a) and 8(b)
has been eroded in Fig. 8(c). In this case, θ ≈ 40◦ be-
cause of the cohesion, so no deposition occurs during the
downslope flow. Except for smoothing the surface, no ero-
sion occurs, possibly because the cohesion also increases
the yield stress in the static region [21,25]. However, par-
ticles immediately below the flowing layer become densely
packed evident in the close-up image in Fig. 8(c), leaving
less densely packed particles below them, evident in the
close-up image. Apparently, collisions of particles in the
flowing layer with particles in the bed smooth and compact
the very top of the “static” region, and the interface becomes
smooth.

Finally, at t = 1.58 s, the upslope traveling jump propa-
gates into the image window from the lower right, shown in
Fig. 8(d). The jump in this case has a height of approximately
30d. The particles in the thin flowing layer approach the jump,
climb up its face and then come to rest, thus propagating the
jump upstream. Particles that run into the bottom portion of
the jump have higher velocities and higher confining pressure
(due to the weight of particles above them) and they pack
more densely. Particles decelerate when they climb up the top
region of the jump, so they come to rest at a lower velocity and
have a lower confining pressure. As a result, these particles
pack less densely and form a rough surface. This results in
a depthwise packing density gradient in the newly deposited
region behind the jump. After the traveling jump passes, the
slope is similar to the static slope at t = 0 in Fig. 8(a).

Figure 8 indicates that the dynamics of the unsteady
flow at higher water content accounts for layering in the
packing density. The loosely packed layers observed in
Figs. 3, 5, 7(a), and 8(a) are formed when the traveling jumps
propagate upslope. Consequently, the thickness of these layers
is set by the height of the jumps. This can be demonstrated by
comparing the layering patterns in Fig. 5 where the thickness
of the layer in each case is indicated by the arrows. For
ṁ = 21 g/s [Fig. 5(a)], the jump height is small and the
layers are thinner than the layers for ṁ = 46 g/s [Fig. 5(c)],
which has a higher jump. As discussed in previous studies
of dry granular jumps demonstrated in chutes [41,42], the
shape of the jump is influenced by the base incline angle,
the incoming velocity of the particles, and the thickness of
the flowing layer. It is also possible that the packing density

gradient in the depthwise direction varies depending on the
height and the shape of the jump. However, exploring the
relationship between the traveling jump and the layer packing
density requires careful measurement of the flowing layer
thickness, particle velocity, jump height, and the packing
density distribution in the jump, which is beyond the scope
of this study, but should be considered for future work.

V. CONCLUSIONS

In summary, we experimentally study granular flows of
damp submillimeter glass spheres in a quasi-2D bounded
heap with a water content Wc, volume of water to volume
of particles, ranging from 0 to 1 × 10−3. At zero or low Wc,
steady flow occurs simultaneously and uniformly down both
sides of the heap. At higher Wc, the flow becomes periodic.
Each period is composed of a downslope avalanche and an
upslope jump on alternating sides of the heap, similar to the
flow pattern in spontaneous stratification of smooth and rough
particles [35]. The flow is asymmetric on the two sides of
the heap resembling the flow asymmetry found in 3D heap
flows [46,47]. The transition from steady to unsteady flows
occurs when the surface angle is increased due to cohesion
beyond a critical value which is approximately 30◦ for the
case of submillimeter spherical glass particles studied here.
Although we have not performed a detailed study, a similar
unsteady mode to that for W = 38 cm described in this paper
occurs for apparatus widths as low as 10 cm.

In addition to the flow mode transition, the packing density
of the deposited heap for wet flow is lower than that for
dry flow. It is known that cohesive particles tend to have a
less dense poured packing density than noncohesive particles
[55–60]. However, here we show that in addition to the
reduced packing density, the packing in the deposited heap
of damp granular materials is inhomogeneous with densely
packed and loosely packed layers occurring as a result of the
unsteady flow dynamic. These layers are formed during the
upslope propagation of the traveling jump.

The mechanism for the wetted flow transition studied here
could help in understanding unsteady flows in other flow ge-
ometries with particles slightly wetted either by adding liquid
or by environmental humidity. The inhomogeneous packing
could have important implications in various aspects such as
slope stability, mechanical properties, thermal conductivity,
and permeability of heaps in industrial and geophysical situa-
tions. Future work should focus on quantifying the formation
of the traveling jump and its relation to the inhomogeneous
packing distribution, as well as its implications for 3D heap
formation.
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