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Research on the Generation Mechanism
and Influencing Factors of the "Granular
Kettlebell" Phenomenon

By Zhou Kexin & Liu Fufeng

Abstract:To investigate the principles and conditions under which a container filled
with granular materials, termed the "Granular Kettlebell," can be lifted'by immersing
an object within it, we reviewed existing research and derived.the interaction mode
between granular materials and the immersed object, specifically friction. An
experimental setup and methodology were devised to convert the friction force
between the granular materials and the immersed object into-a‘measurable
gravitational force. Theoretical derivations explored how the friction force between
the granular materials and the immersed object varies with the radius of the granular
materials, the diameter of the container, the radius of the base of the immersed object,
and the height of the granular material accumulation, thereby elucidating the
conditions under which the "Granular Kettlebell" can be lifted. The results indicated
that the radius of the granular.materials negatively correlates with friction, the
container diameter exhibits a quadratic-function relationship with friction with an
opening upwards, the radius of the base of the immersed object positively correlates
with friction, and-the height of the granular material accumulation affects the system's

gravitational force.

Keywords:»Granular Materials, Friction, Janssen Model
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Chapter 1: Introduction

Based on the 2023 IYPT Problem 12, Rice Kettlebells, we introduce the concept
of the "Granular Kettlebell," which refers to a container filled with granular materials.
Granular materials are complex systems composed of a large number of discrete solid
particles with diameters greater than 1 1 m, interacting with each other. They are a
common state of matter and one of the most widely existing and familiar material
types on Earth. Granular materials exhibit properties distinct from solids; fluids, and
gases, as they are typically in a non-equilibrium state far from equilibrium; with their
state structures remaining metastable even during static accumulation,.characterized
by nonlinearity, self-organization, and energy dissipation:

When an object such as a chopstick is immersed into granular materials, the
container and its contents can be lifted by pulling.the object to a‘certain depth. This
phenomenon is termed the "Granular Kettlebell" effect. Existing research has
analyzed the pressure at the bottom of the container. For instance, in 1884, British
scientist Roberts first observed that the pressure at the bottom of a granary tends to
saturate after the height of the grain accumulation'exceeds twice the diameter of the
base, known as the granary-effect. This'demonstrates the unique static properties of
granular materials compared to fluids. In 1895, German engineer Janssen proposed a
continuous medium model that simplifies the complex internal interactions of
granular materials, elegantly explaining the granary effect: due to interparticle forces,
the force in the'direction of gravity is redirected horizontally, with the walls of the
granary supporting part of the weight of the grains, causing the pressure at the bottom
to saturate.

Based on previous studies, it is evident that the essence of the "Granular
Kettlebell" phenomenon lies in the balance between the interaction between granular
materials and the immersed object and gravity, and its occurrence is influenced by
relevant parameters.

Numerous natural disasters are intimately related to the properties of granular

materials, such as avalanches, mudslides, landslides, and sandstorms. Meanwhile,

30



many daily production and living activities involve granular materials, such as grain
storage, railway subgrades, and the interaction between buildings, cable-stayed
bridges' foundations, and the soil.

While some research has been conducted on the generation, transportation, and
storage of granular materials, the handling, control, and interaction mechanisms
between granular materials and other substances have not been systematically and
fully developed. Today, with increasing demands for building safety and the need for
natural disaster prevention and mitigation, studying the statics of .granular materials
and their interaction principles with other substances is of great.significance. This
research not only deepens the understanding of the fundamental properties ofgranular
materials but also potentially provides new ideas and methods for'the'design,
processing, and application of granular materials.

Drawing on the work of previous scholars, we extend our.investigation of the
"Granular Kettlebell" phenomenon to explore its sensitivity to factors such as the
radius of the granular materials, the diameter of the container, the radius of the base of

the immersed object, and the height of the granular material accumulation.
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Chapter 2: Theoretical Model of the "Granular Kettlebell"

2.1 Janssen Model

The vertical pressure within the cylinder is equal everywhere on the same
horizontal plane.
1.The horizontal pressure is proportional to the vertical pressure.

2.Mathematically, this can be expressed as:

where k is the stress redirection coefficient, which increases with the height of
the particulate material.

3.The friction between the particles and the container wall reaches the maximum
static friction.

Through experimental and theoretical research, the expression for pressure p,at

height z in the silo is derived as:

gD

........................ (1.2)
4k

[ eXp(—T

where p is'the base of the natural logarithm, [ is the coefficient of kinetic friction
between the particles.and the container wall, D is the inner diameter of the container,
and H is the height of the particulate material accumulation,g is the gravitational

aceeleration

2.2 Force Analysis Model for the Immersed Object and the Enti

re System

To investigate the "granular kettlebell" phenomenon and the influence of r

elated parameters, a theoretical analysis and force model for the system are est
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ablished. The particulate material is abstracted as spherical particles, the contain
er is a straight cylindrical container, and the immersed object is a slender cyli

nder. The force analysis on the immersed object yields:

17

pySy

G

1y

(Picture2.1)

From the force balance of the immersed object:

T—|—pZS = | f+Gl .............................. (1.3)

where T is the tension force“acting on the immersed object, py is the pressure at

the bottom of the immersed object, S«s.the base area of the immersed object, G, is
the weight of the immersed object; and f is'the friction force between the particulate
material and the immersed object.

If the friction force between the particulate material and the immersed object
reaches the maximum static friction force, which is approximatel equal to he sliding

friction.force, then:

11t is the coefficient of kinetic friction between the particulate material and the

immersed object, o is the horizontal stress acting on the immersed object from the

particulate materia.

A force analysis for the entire system involves:
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G, is the gravity of the particulate material. G, is the.gravity of the contain

From the force balance of the immersed object:

T = G1 + G2 + G3 ............................... (1.5

2.3 Solving for Friction Force

The immersed object is abstracted as a cylindrical rod. Integrating the horizontal

stress acting on the immersed ebject from 0.to H yields:

@CZIglpxSxdy ..............................

From(1.1)(1.2)(1:4)(1.6),by organizing and summarizing, we can obtain:

Where r is the radius of the base of the immersed object.

By substituting and simplifying the equation, we obtain:
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f = W'DgD — 'Ongz (1 _4#1§H) .................. (1.8)
2 8 1tk
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When D , we can obtain:

mpgDH pgmrD?

f =
2 8
llk ............................ (1.9)

2D (-2

2 4tk

By transforming it, we obtain a quadratic function relationship:
r
f 'Og[ (D 2/Jk) +4luzk ] ............... (1.10)

8 Lk

Erom(1.10), there exists an optimal inner diameter of the container.p , to

maximize the friction force:
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By (3) :

By(1.5)(1.10)(1.12), for the "granular kettlebell" to be lifted just barely, it'is

necessary to satisfy:

p.S+G,+G, :’Z—Zf[—(z)—zyk)2+4y2k2] ............. (L13)

2.4 Exploration of the Stress- Redirection Coefficient k

Based on reference [1], the particulate material is abstracted into particle cells as

shown in the figure, with a stacking pattern-approximately as described.

A

(Picture2.3)

In the stacking structure of particulate material, let the angle between the actual
contact force Fbetween particles and the direction of particle contact be B , Then, the

component of force F in the horizontal direction is:
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The component force of F in the vertical direction is:

= Fosin(9+ﬁ) =0y @ Ly oo (1L15)

Where L and L, are the length and width of the particle cell, respectively.

Thus:

During the process of particles pulling against'each other, assuming that the
friction force between particles reaches.the maximum static friction force, an equation

can be derived from the fact that the resultant-external force on a static system is zero:

Fesingf=uelF ecosf

(1.17)
Where p is the coefficient of friction between particles, we can obtain:
ﬂ — arctanﬂ .............................. (1.18)
Therefore, the stressredirection coefficient is given by:
Ox 1
L —— L ————————————————————————————————————— ittt tsttcnsssenns ( 1.19)

Oy - tan(@ + f)etan

Simultaneously, we consider the packing arrangement of spherical particulate
material as the closest packing, where three spherical particles in the lower layer are
closely arranged, and above the triangular void formed by these particles, another

spherical particle is stacked. The centers of these four particles form a regular
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Chapter Three: Experimental Exploration

3.1 Experimental Setup, Objectives, and Content

To explore the conditions and influencing factors for lifting the "granular
kettlebell," we have the following experimental equipment: frosted glass beads with
diameters of 2mm, 3mm, and 4mm, straight plastic cups with different inner
diameters, cylindrical wooden sticks with different diameters, vernier calipers and
electronic vernier calipers with tenth-degree accuracy, electronic scales«(with an

accuracy of 0.1g), force sensors, and data collectors.

(Picture2.4)

Experimental equipment
The experimental design is as follows: Multiple experiments are conducted to
gradually identify the minimum immersion depth required for lifting the "granular
kettlebell." At this point, the gravitational force and frictional force of the lifting

system are balanced, indicating that the frictional force between the granular material
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and the immersed object is proportional to the lateral wall pressure, which in turn is
positively correlated with the immersed lateral area. Therefore, this relationship can
be reflected through the minimum immersion depth. To validate the theory, multiple
experiments are conducted by varying the experimental variables, and the magnitude

of the error is calculated.

3.2 Parameter Measurement

(1) The coefficient of kinetic friction between the granular material and the
wooden stick is measured by a force sensor, which measures the tensile foree, and the

coefficient of kinetic friction is indirectly calculated based on the formula:

(Picture2.5)

Measurement of friction coefficient
After taking the average of multiple measurements, the coefficient of kinetic

friction B between the granular material and the wooden stick was found to be 0.68.

(2) To measure the coefficient of kinetic friction between the granular materials,
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the angle of repose is first measured, and then the coefficient of kinetic friction is

indirectly calculated based on the formula: b

$/A

M =tanB

For granular material with a diameter of 4mm:

For granular materi

(Picture2.7)

For granular material with a diameter of 2mm:
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After taking the average of multiple measure \Q the nts of kinetic

friction between the granular materials were fi e r materials with a

diameter of 4mm: 0.27; for granular materials with a r of 3mm: 0.29; and for

granular materials with a diameter (%@.47.-%
(3) Measurement of the inner diameter straight plastic cup, the average

R

diameter of the wooden stick, %ir g S
The diameters of't ’@ m , the inner diameter of the straight plastic
-
cup, the average diameter of the stick, and their masses were measured using

vernier calipers a electronic s

! @’ Inner Mass/g
qb‘ diameter/cm
* ys
QY

Cupl 2.20 21.4

651/ Cup2 3.35 423
Cup3 4.67 39.8
Cup4 6.15 52.3

(\/ \\ (Table2.9)

Wooden Diameter/mm Mass/g
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stick

Stick1 2.50 5.5
Stick2 2.55 6.7
Stick3 2.75 8.1
Stick4 2.9 9.3

(Table2.10)

Granular Diameter/mm
material
Granular 1 2
Granular 2 3
Granular 3 4

(Table2.11)

3.3 Experiment

The following independent variables were selected for experimentation:

1. Container inner diameter

2. Wooden stick-diameter

3. Pile height of granular material

4. Diameter of granular material

We‘used vernier calipers to measure and continuously adjust these variables,
restricting them within a certain range and then gradually narrowing it down in order

to find the minimum immersion depth.
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(Picture2.12)
Schematic diagram of the experiment
Next, quantitative experiments were'conducted on each independent variable. By
varying the independent variables, the. minimum immersion depth of the wooden stick

required to lift the system was measured.for each set of data.
3.3.1 Container Inner Diameter

After changing the values of multiple irrelevant variables, the relationship
between the minimum immersion depth and the inner diameter of the container was
measured for multiple sets of data.

Taking granular material with a diameter of 2mm and a wooden stick with a
diameter of 2.75mm as an example, the minimum immersion depth required to lift the
system at different inner diameters of plastic cups was measured at various pile

heights as follows:
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Diameter of granular material:2mm;,
Wooden stick diameter:2.75mm
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Container inner diameter/cm

(Picture2.13)

As can be seen from the graph, when other irrelevant variables are the same, the
minimum immersion depth has aroughly quadratic relationship with the inner
diameter of the container, and there is an optimal container inner diameter that
minimizes the minimum immersion depth.

Statistical analysis revealed.that the optimal container inner diameter in this case
is approximately 4.36cm.

Using Equation (1.19), the theoretical stress redirection factor is calculated to be
approximately-0.378. Based on the coefficient of kinetic friction between the granular
material and the wooden stick of 0.68, and the coefficient of kinetic friction between
the granular particles of 0.61, the theoretically optimal container inner diameter is

calculated to be 4.56cm using Equation (1.11), which is close to the actual value.

3.3.2 Wooden Stick Diameter
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After changing the values of multiple irrelevant variables, the relationship
between the minimum immersion depth and the diameter of the wooden stick was
measured for multiple sets of data.

Taking granular material with a diameter of 2mm and a straight plastic cup with
an inner diameter of 3.35cm as an example, the minimum immersion depth required
to lift the system at different diameters of the wooden stick was measured at various

pile heights as follows:

Diameter of granular material:2mm
Container inner diameter:3.35cm

o

g 7
= 8.4 8 66
il ” 5
5 8.12 o 871 —* 8cm
= 7.96 2N 8-8A LN a5
= 8 ) =/ /7.99
2 7.48°,
O 75 / 7.31 10cm
g 7 ——12cm
>
g 6.5
£
> LN LKL,

¥ 2.5 2.6 2.7 2.8 2.9 3

Wooden stick diameter/cm

(Picture2.14)
As can be seen from the graph, the experimentally measured minimum
immersion‘depth has a positive correlation with the diameter of the wooden stick,

which is consistent with the theory.

3.3.3 Pile Height of granular material

As the pile height ofgranular material increases, the gravity of the system
increases, theoretically leading to an increase in the minimum immersion depth.
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After altering the values of multiple sets of irrelevant variables, the relationship
between the minimum immersion depth and the pile height of granular material was
measured for multiple sets.

Taking granular material with a diameter of 2mm, a straight plastic cup with an
inner diameter of 4.67cm, and a wooden stick with a diameter of 2.75mm as examples,
the minimum immersion depth required to lift the system under different pile heights

of granular material was measured as follows:

Diameter of granular material:4mm ,Container
inner diameter:4.67cm,Wooder stick
diameter:2.9mm

[N
=

10.5

Yy =0.753x + 6.817
R?=0.9366

L,
et
o
ot

depth/cm

o o O
N oo ino o

Minimum immersion

pileWeights/cm

(Picture2.15)
As can be seenfrom the chart, the experimentally measured minimum immersion
depth shows a positive correlationwith the pile height of granular material, which is

consistent-with the theory.
3.3.4 Diameter of Granular Material

Thesmaller the diameter of granular material, the greater the packing density
and average density of the granular material, resulting in greater friction and
theoretically requiring a smaller minimum immersion depth.

After altering the values of multiple sets of irrelevant variables, the relationship
between the minimum immersion depth and the diameter of granular material was

measured for multiple sets.
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Taking a straight plastic cup with an inner diameter of 4.67cm and a wooden
stick with a diameter of 2.9mm as examples, the minimum immersion depth required
to lift the system with different diameters of granular material under various pile

heights was measured as follows:

Wooden stick diameter:2.9mm Container
diameter:4. 67cm

11
i 105 y=0.753x + 1.546 N
] 8 10 R2=0.9366 Y : 0.655x+ 2.14
5 ' F}Z =0.9091
= 4 - s
e = 9.5 N D).
GE) () 9 T
2 X 85 =—8— 2mm
- =T
= 5 .
s & 3mm
= D 75
=
g 7
= 4mm
a
R 6.5
E 6 T ) | N g
7 8 9 10 1 12 13

Pire heights/cm

(Picture2.16)

As can be seen from the chart; there is a positive correlation between the
minimum immersion depth and the diameter of granular material, which is consistent

with the theory.

3.4 Summary.of This Chapter

This chapter experimentally demonstrates the relationship between various
variables.and friction. Firstly, we transformed the magnitude of friction into the
minimum immersion depth by leveraging the positive correlation between friction and
other easilymeasurable data. Subsequently, we employed the controlled variable
method to investigate the influence of four independent variables—the inner diameter
of the container, the diameter of the wooden stick, the pile height of granular
materials, and the diameter of granular materials—on friction. The experimental
results show that the friction between the immersed object and granular materials

exhibits an approximately quadratic function relationship with the inner diameter of
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the container, and there exists an optimal inner diameter that maximizes friction.
Additionally, friction is positively correlated with the radius of the immersed object's
bottom surface and the pile height of granular materials, while it is negatively

correlated with the diameter of granular materials.
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Chapter 4: Summary and Future
Prospects

4.1 Summary

Through theoretical and experimental analyses, we have elucidated the
underlying causes of the "Granular Kettlebell" phenomenon, which arises from-the
interplay of friction between the immersed object and the granular materials, friction
among the granular materials themselves, and friction between the granular materials
and the container walls, leading to a stable equilibrium state. Notably, the most
significant factor is the friction between the granularmaterials and the immersed
object, which balances against the total gravitational force of the/granular materials
and the container, enabling the system to be lifted:

Further delving into the magnitude of this friction force, we derived an
expression using the Janssen model and the granular/cellular model. In experiments,
we represented the magnitude ‘of this friction foree by the minimum immersion depth
required to lift the system: By corroberating theoretical and experimental results, we
reached the following:conclusions:

1.The friction force exhibits an approximate functional relationship with various
parameters:

L
2 411k

2.The friction force between the immersed object and the granular materials
follows a‘quadratic function with respect to the inner diameter of the container, with
an optimal container diameter maximizing the friction force. This optimal diameter is

given by:
Do =2k
where g is the coefficient of kinetic frictioan between the granular materials

and the immersed object, and k is the stress redirection coefficient.
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3.The friction force positively correlates with the radius of the base of the
immersed object.

4.The friction force negatively correlates with the diameter of the granular
materials.

5.As the height of the granular material accumulation increases, the required

immersion depth also increases.

4.2 Future Prospects

In our exploration of the causes and influencing factors of the"'Granular
Kettlebell" phenomenon, numerous simplifications-were made in'the physical models.
Firstly, the Janssen model, a continuous medium model, was adopted, whereas
granular materials inherently constitute a discrete system of numerous particles.
Consequently, the results derived from the.model exhibit slight deviations from reality,
and the theoretically approximated relationships still have errors and limitations.
Secondly, the packing of frosted glass beads in actual experiments does not always
achieve the densest packing; leading to deviations in the calculated angles.
Furthermore, due to the tandomness-in the packing of granular materials,
experimental data;even after multiple measurements, still exhibits deviations.

To address these issues, in subsequent research, we will incorporate the analysis
of force chains withingranular materials into our theoretical studies and integrate
others' investigations.into the randomness of granular packing to refine our theoretical
models. Additionally, in experiments, we will utilize a broader range of equipment to
enrich our data and determine the proportional coefficients between the friction force
andvarious physical quantities based on theoretical calculations.

However, to bring our research closer to practical applications, we must also
explore the "Granular Kettlebell" effect in elliptical-shaped particles, and the

immersed objects should not be limited to straight sticks.
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