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2Aluminium Research Center (REGAL), Québec, Canada

3Department of Mechanical Engineering, Université Laval, Québec, Canada
4Department of Mining, Metallurgical, and Materials Engineering, Université Laval, Québec, Canada
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Abstract—Carbon anodes, commonly made by vibro-compaction
of anode paste, are an important part of the electrolytic reaction in
aluminum production. The overall behavior of anode paste during
vibro-compaction is greatly influenced by the properties of coke
aggregates and the rheological characteristics of pitch, particularly
its viscosity. To simulate this process and investigate the effect of
fluid viscosity, we use mixtures of coke particles (80% by volume)
combined with a fluid (20% by volume) consisting of glycerin and
water. The glycerin-to-fluid volume fraction is varied across four
ratios: 70%, 80%, 90%, and 100%. The reason for using a mixture of
glycerin and water as a representative fluid is that its viscosity at room
temperature resembles the viscosity of the binder matrix (a mixture
of coal tar pitch and fine coke particles) at high temperatures in the
vibra-compaction stage, as determined through dimensional analysis.
Using ultra-high-speed imaging at 3,000 frames per second, we track
the representative materials’ dynamics when poured into a transparent
vessel and subjected to vertical vibration at 60 Hz frequency and
0.4 mm amplitude. Then, we analyze the effect of glycerine-to-water
volume fraction on the bulk average height and height uniformity. Our
results show that the vibration activates the void-filling mechanism,
minimizes the voids between the particles, and compacts the bulk
material through time. In addition, the compaction rate and final
degree of uniformity are affected by the glycerin-to-fluid volume
fraction. Specifically, mixtures with a lower glycerin-to-fluid volume
fraction, indicating a lower viscosity, showed faster compaction and
achieved a more uniform final surface profile. The reason is that the
lower viscosity of water compared to glycerin reduces interparticle
forces and facilitates particle rearrangement during vibration. Our
findings contribute to a deeper understanding of vibro-compaction
and have potential implications for various vibration-based industrial
processes, including those in the pharmaceutical, food processing, and
sediment transport. Furthermore, the experimental setup and image
analysis techniques developed in this study can be used to investigate
the effect of other parameters, such as particle size and vibration
frequency, on the vibration-induced dynamics of granular materials.

Keywords-component—Aluminum production, Carbon anodes,
Granular materials, Vibration, Compaction

I. INTRODUCTION

Granular materials are widely used in engineering and
exhibit complex behavior when subjected to vibration. Under-

standing this complexity is crucial for both natural processes,
such as landslides and earthquakes, and industrial applica-
tions, such as vibro-compaction of anode paste in carbon
anode production [1–3]. Carbon anodes are key components
in the electrolysis reaction that converts alumina to molten
aluminum. Since carbon anodes are consumed during this
reaction, their density and homogeneity significantly impact
the overall performance of aluminum production [4]. Figure 1
shows sequential stages of anode production: preparation of
raw materials (coal-tar pitch and calcined petroleum coke
particles), mixing, vibro-compaction of anode paste, and the
final baked carbon anode [5].

Green anodes are made by vibro-compacting anode paste
in a mold [6]. The vibro-compaction chamber is first filled
with a mixture of calcined petroleum coke particles and coal-
tar pitch, forming a semi-conical heap. Research shows that
porosity is lowest in the core of the bulk material and increases
in a V-shaped distribution towards the edges [7]. This porosity
distribution indicates that the core area is more compacted
than the sides, even before further compaction occurs from the
descending flat plate. Additionally, the pouring process causes
significant horizontal size segregation in the bulk material:
coarse particles, due to their higher inertia, tend to accumulate
in the outer area, while smaller particles remain concentrated
in the interior section [8].

One key characteristic of a poured granular material is the
angle of repose (AoR), defined as the steepest angle at which a
bulk can be placed without slumping relative to the horizontal
plane [9]. The angle of repose is a key property that char-
acterizes the cohesive behavior of granular materials. It also
effectively indicates the material’s filling capacity, packing
stability, and behavior under various conditions, particularly
when subjected to vibration [10].

Particle diameter is one of the parameters that affects the
angle of repose; nevertheless, the nature of this influence is
not invariably straightforward. Some studies have found that
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Figure. 1. Step-by-step process for manufacturing carbon anodes. The procedure involves initial preparation of coal-tar pitch and calcined petroleum coke,
followed by mixing, vibro-compaction, and ultimately baking to produce the final product.

large particles exhibit greater interlocking and resistance to
slippage and rolling due to their increased surface area and
more friction, leading to a higher angle of repose [11–14].
In contrast, the findings of other studies suggest that smaller
particles tend to form a bulk with a higher angle of repose due
to higher surface area to volume ratio, more contact points, and
stronger interparticle forces [8, 15]. In addition to the particle
size, other particle properties also affect the flowability of a
material. Static and rolling friction coefficients, influenced by
particle texture, significantly affect repose angle most among
all considered parameters [16]. Research indicates that a higher
friction coefficient increases the angle of repose, which in turn
results in a decrease in flowability [8]. In addition, irregularly
shaped particles form a bulk with a higher angle of repose,
which is explained by the enhanced interlocking between the
irregular aggregates [10].

The interplay between the lubricating effects of a liquid and
cohesive forces promoted by its viscosity affects flowability of
wet granular materials. On the one hand, higher water content
reduces interparticle friction, allowing the particles to flow
more easily [12, 17–20]. On the other hand, water can increase
capillary forces and cohesion between particles, leading to
clumping, poorer flow characteristics, and higher angle of
repose [21–25]. It is found that a more viscous fluid exerts
a greater drag force. Increased drag force stabilizes granular
flow, decreases particle collisions, slows relative motion, and
decreases velocity fluctuations. In addition, it leads to the
forming of a more stable pile with stronger cohesive forces,
lower segregation, higher angles of repose, and stronger liquid
bridges [21, 26, 27]. Since particles are less likely to segre-
gate in a cohesive environment, the final segregation index
decreases as viscosity increases [21]. Moreover, higher cohe-
sivity promotes clumping and reduces flowability, affecting the
angle of repose and fluidization behavior.

After pouring the material into the vibro-compaction cham-
ber, a flat plate descends on the bulk material, applying
pressure while vibrating vertically. The stress caused by the
load begins to move from the top layers to the entire bulk,
while the vibration allows coke particles to flow from the pile
center to the sides, resulting in a more uniform distribution.
Fluidization is one of the common phenomena observed in
vibrated granular materials, in which the material transits from
a solid-like to a fluid-like state [28]. This transition is mainly
caused by the weakened inter-particle friction, enabling the
particles to flow more freely. The fluidization dynamics are

affected by vibration frequency, amplitude, particle properties,
and fluid characteristics [29].

Segregation is another phenomenon that occurs in polydis-
perse granular materials when subjected to vertical vibration.
This phenomenon is known as the Brazil nut effect, where
larger aggregates tend to rise to the bulk surface while smaller
ones accumulate at lower layers [30]. It is shown that the
size and density of particles, in addition to the rheological
characteristics of the fluid, play a significant role in the
segregation of the granular material under vibration [31].

While considerable research has been conducted on the
vibration-induced dynamics of granular materials, further in-
vestigation is required to understand the time-dependent vari-
ations in bulk average height and uniformity. Additionally, it
is crucial to explore how fluid viscosity, particularly glycerin
and water volume fractions, influences the temporal evolution
of bulk material during vibration. We, therefore, analyzed the
effect of glycerin-water volume fraction on several parameters,
including the variation of bulk angle over time and the changes
in bulk uniformity throughout the vibration period.

To begin our analysis, we first outline the experimental
setup for pouring and inducing vibration to granular materials.
Next, we present the time-dependent changes in bulk surface
curvature observed during vertical vibration. Following this,
we compare the average height and height uniformity across
different glycerin and water volume fractions. Finally, we
summarize the key findings from our experiments and discuss
potential avenues for future research in this area.

II. MATERIALS AND METHODS

This section describes the experimental setup, experimental
procedure, and image processing methods.

A. Experimental setup

Our lab-scale experimental setup, shown in Figure 2, is
designed to simulate the industrial vibro-compaction. The
setup consists of a 10 × 10 × 2 cm3 transparent vessel [32].
These dimensions ensure that the side walls have minimum
effect on the bulk dynamics during pouring and vibration
[33]. The vessel is installed firmly on a “Vibro Pro Kinetic”
vibration table, which provides vertical vibrations at a fre-
quency of 60 Hz and an amplitude of 0.4 mm. To capture
the dynamics of the granular materials at 3,000 frames per
second, a “FASTCAM SA-Z” ultra-high-speed camera is used.
We use LED-lit lightboxes and diffusive panels to enhance
lighting conditions to achieve high-quality images at these



high frame rates. All experiments are conducted at a controlled
temperature of 20 ± 0.5 °C to ensure reproducibility.
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Figure. 2. Schematic illustration of the granular flow apparatus. A transparent
container mounted on a vibrating platform enables the observation of bulk
motion, with material introduced through a funnel and dynamics captured via
ultra-high-speed imaging.

B. Experimental procedure

To prepare the material, specific volumes of coke particles,
glycerin, and distilled water are thoroughly mixed. The mix-
ture is then poured into a vessel, forming a semi-conical heap.
Next, the bulk is subjected to a two-second vertical vibration
with 60 Hz frequency and 0.4 mm amplitude. Meanwhile,
an ultra-high-speed camera captures 3,000 frames per second.
Given the 60 Hz frequency of the vibration table, 50 images
will be obtained for each oscillation of the vibration table.

C. Image processing

After conducting the experiments, a MATLAB code is used
to track and monitor the bulk motion and vibration table
displacement [32]. First, the captured images are cropped
to a specific preset region. For each x-coordinate, the code
stores the first y-coordinate of the pixel that exceeds a defined
brightness threshold, indicating the bulk surface profile in each
image. The bulk average height is calculated as the mean of the
y-coordinates of the surface profile across all x-coordinates:

ˆ̄zB =
1

Nx

Nx∑
x=1

ẑ(x) (1)

where ẑ(x) is the height of the surface at each x-coordinate,
and Nx is the total number of x-coordinates.

We also define height uniformity, a dimensionless parameter
quantifying the evenness of the surface profile, as follows:

uB = 1− σz

ẑmax − ẑmin
(2)

where σz is the standard deviation of the y-coordinates of
the surface profile, and ẑmax and ẑmin are the maximum and
minimum y-coordinates of the surface profile, respectively.

III. RESULTS AND DISCUSSIONS

First, it is essential to define two key parameters: the particle
volume fraction (ϕ) and the glycerin-to-fluid volume fraction
(ζ).

The particle volume fraction (ϕ) is defined as the ratio of
the volume of coke particles (V̂c) to the total volume of the
mixture, which includes the volumes of coke (V̂c), glycerin
(V̂g), and water (V̂w):

ϕ =
V̂c

V̂c + V̂g + V̂w

(3)

In all the cases considered in this study, the particle volume
fraction is kept constant at 80%, similar to the anode paste
recipe in vibro-compaction.

The glycerin-to-fluid volume fraction (ζ) is defined as the
ratio of the volume of glycerin (V̂g) to the total volume of the
fluid, which includes the volumes of glycerin (V̂g) and water
(V̂w):

ζ =
V̂g

V̂g + V̂w

(4)

We aim to analyze the dynamics of granular materials
during vibro-compaction. Figure 3 shows how a granular bulk
(with ϕ = 80% and ζ = 70%) evolutes over time during
vertical vibration. The 2D bulk surface profiles are displayed
at a series of intervals (0.0 s, 0.5 s, 1.0 s, 1.5 s, and 2.0 s).
Darker blue shades indicate earlier times, while lighter blue
shades show later stages.

Initially (t = 0.0 s), the granular material forms a cone-
shaped heap with a steep surface slope (angle of repose),
indicating that the particles are packed loosely right after
being poured. This loose configuration is characterized by
a significant presence of void spaces between the particles,
resulting in a lower overall bulk density.

After initiating the vibration, the material begins to compact
dynamically, with particles redistributing over time. This phase
is characterized by reduced bulk average height and angle. The
initial height of the bulk decreases continuously over time
as particles settle and fill void spaces. Vibration facilitates
particle motion, causing them to flow downward and find more
stable configurations. This compaction effect is particularly
pronounced in the central region of the bulk. In addition, the
bulk angle decreases due to the combined effects of particle
rearrangement and reduced void space. As the angle of repose
decreases, the material becomes more stable and has less
tendency to slump. The reduced angle also indicates improved
uniformity in particle distribution across the bulk.

By the end of the vibration period (t = 2.0 s), the bulk
surface stabilizes, reaching a nearly uniform height and angle,
though the average height continues to decrease slightly.
The resulting profile is flatter compared to the initial state,
indicating a reduction in the angle of repose. The final angle
represents the most stable configuration under the applied
vibration. In addition, this state represents the maximum
achievable compaction with minimal void spaces under the



given vibration conditions (frequency of 60 Hz and amplitude
of 0.4 mm).

Figure. 3. Dynamic bulk compaction under vibration for a granular material
with ϕ = 80% and ζ = 70%. The 2D bulk evolution is visualized from the
initial state (t̂ = 0.0 s) to the final state (t̂ = 2.0 s). Darker blue shades
represent earlier times, while lighter blue shades indicate later times, with
profiles shown at intervals of 0.5 s.

In this study, four cases are compared with varying glycerin
to fluid volume fractions: 70% (black line in Figure 4 and
Figure 5), 80% (gray line), 90% (blue line), and 100% (red
line, representing the case with only glycerin as the fluid).

Figure 4 illustrates the time evolution of the bulk average
height (ˆ̄zB) for the four cases with different glycerin-to-fluid
volume fractions. The figure shows that the bulk average
height decreases with time for all four cases, indicating the
compaction of the granular material under vertical vibration.
The case with the highest glycerin to fluid volume fraction
(100%, red line) exhibits the slowest decrease in bulk average
height, while the case with the lowest glycerin to fluid volume
fraction (70%, black line) shows the fastest decrease. Further-
more, the range at which the average height oscillates is wider
for cases with higher water and lower glycerin content. This
observation suggests that the presence of water in the fluid
mixture enhances the compaction process, likely due to the
lower viscosity of water compared to glycerin.

Figure 5 presents the time evolution of the height uniformity
(uB) for the four cases. The figure shows that the height
uniformity increases with time for all four cases, indicating
that the surface profile becomes more even as the granular
material compacts under vertical vibration. The case with
the highest glycerin-to-fluid volume fraction (100%, red line)
exhibits the slowest increase in height uniformity, while the
case with the lowest glycerin-to-fluid volume fraction (70%,

Figure. 4. Time evolution of the bulk average height (ˆ̄zB) for different
glycerin-to-fluid volume fractions (ζ). The bulk average height is normalized
by subtracting the initial height (ˆ̄zB0 ) for each case. The particle volume
fraction (ϕ) is kept constant at 80%. The black, gray, blue, and red lines
represent ζ values of 70%, 80%, 90%, and 100%, respectively. The decrease
in bulk average height over time indicates the compaction of the granular
material under vertical vibration. The presence of water in the fluid mixture
(lower ζ values) enhances the compaction process, as evidenced by the faster
decrease in bulk average height.

black line) shows the fastest increase. This observation sug-
gests that the presence of water in the fluid mixture promotes
the formation of a more uniform surface profile during the
compaction process.

IV. CONCLUSION

This study experimentally examined the dynamics of gran-
ular materials subjected to vertical vibration. Mixtures of
coke particles, glycerin, and water were used to simulate the
anode paste in the vibro-compaction process. Vertical vibration
was then applied to the poured material, while ultra-high-
speed imaging captured the bulk motion and vibration table
displacement at 3,000 frames per second.

The results demonstrated the influence of the glycerin-to-
fluid volume fraction on the compaction dynamics of the
granular material under vertical vibration. A lower glycerin-
to-fluid volume fraction, indicating a lower overall viscosity
of the fluid, enhanced the compaction process and promoted
the formation of a more uniform surface profile, likely due
to the lower viscosity of water compared to glycerin. In
addition, the range at which the average height oscillated was
wider for cases with higher water and lower glycerin content.
These findings provided valuable insights into the role of fluid
properties in the vibro-compaction process and can guide the



Figure. 5. Time evolution of the height uniformity (uB) for different
glycerin-to-fluid volume fractions (ζ). The height uniformity is normalized
by subtracting the initial height uniformity (uB0 ) for each case. The particle
volume fraction (ϕ) is kept constant at 80%. The black, gray, blue, and red
lines represent ζ values of 70%, 80%, 90%, and 100%, respectively. The
increase in height uniformity over time indicates that the surface profile
becomes more even as the granular material compacts under vertical vibration.
The presence of water in the fluid mixture (lower ζ values) promotes the
formation of a more uniform surface profile during the compaction process,
as evidenced by the faster increase in height uniformity.

optimization of industrial applications, such as the production
of carbon anodes for aluminum smelting.
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