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Walnut shell breaking is an important aspect of post-harvest processing. However,
shell-breaking results differ significantly from ideal uniaxial compression results. In
this paper, the effect of multipoint loading on the walnut shell-breaking
mechanism by combining FDEM with cohesive elements was investigated. The
model for walnuts was created usingmicro-X-ray CT scans and experimental data.
Simulation parameters describing mechanical properties were calibrated through
modeling the uniaxial compression experiment. The loading point locations were
quantitatively described in terms of top and azimuthal angles. The results show
that the crack ex-tension rate increases with the number of loading points and the
singularity value, and the maximum value of the four-point loading speed is about
450m/s. The number of cracks is only related to the number of loading points and
is not related to the location of the loading point. In addition, three loading
methods are proposed, and the fastest crack propagation rate is achieved when
the azimuthal angle of four-point loading is 0, 150, 180, and 330, respectively.
These findings may serve as a theoretical foundation for studying shell crushing.
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1 Introduction

Walnuts are one of the four major nuts globally, and the internal kernel is rich in
nutrients (Sütyemez et al., 2021). From 2010 to 2019, there was a noticeable rise in walnut
production, with an increase of approximately 1.17 million tons. The walnut processing
industry was under stricter requirements to cope with the increased production of walnuts.
During primary processing, walnuts require size grading, shell cracking, and shell-kernel
separation. Among these processing procedures, the quality of shell cracking is key in
achieving deep product processing. Unfortunately, unexpected phenomena like uncracked
shells and broken kernels frequently occur. It disobeys the walnut cracking objective where
the shell’s fragmentation degree is maximized and the integrity of the kernel is ensured as
much as possible. To do this, numerous scholars have developed innovative methods for
walnut cracking. For example, the pretreatment of external shells (Syed et al., 2016; Zhao
et al., 2021) and the development of new walnut cracking devices have been used (Lim et al.,
2016; Kacal and Koyuncu, 2017; Zhang et al., 2018; Carlos Gianpaul et al., 2020). It is worth
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acknowledging that the above methods can somewhat improve the
probability of shell crushing and kernel integrity. The technical
requirements for further improvement of pretreatment methods and
walnut shell-breaking devices are based on the visible crushing
results of walnut shells. To fundamentally solve the theoretical
difficulties of walnut shell breaking, it is necessary to start by
elucidating the fracture mechanism of walnuts, as Han et al.
(2020) and Zheng and Tannant (2018). have done in the field of
rocks. Among the studies on fracture mechanism, the study on crack
extension characteristics is its key step.

So far, studies on cracking are still a much-needed challenge. As
in previous studies (Liu and Sancaktar, 2018; Zhou et al., 2019;
Xianjie et al., 2020; Wu et al., 2022), they investigated the effect of
various factors, including the aggregation of fillers, geometry of
defects and loading rate, on crack extension at the macroscopic level.
They used techniques such as high-speed cameras to analyze this
process. However, macroscopic crushing is caused by changes in
mechanical properties at the microscopic level, which cannot be
obtained experimentally, i.e., theoretical and methodological logical
limitations limit the above study, so they did not further investigate
the crack extension characteristics at the microscopic level.

Fortunately, combining finite and discrete element methods
(FDEM) with a cohesive zone fracture model has been extensively
applied in particle fragmentation for a considerable period. For
example, Zhang et al. (2020). reconstructed the microstructures of
metallic composites using digital imaging techniques and microscale
cohesive elements and confirmed the effectiveness of cohesive
elements in predicting the process of crack initiation and extension
by compressing graphite particles. Kumar Verma et al. (2022)
proposed a combined numerical and experimental approach to
study crack generation and extension in brittle rocks. Han et al.
(2020) explored the shear behavior of rock-like materials containing
cracks based on the FEM-CZM approach. The results showed that the
shearing process is divided into four stages. The mechanical
properties, shear deformation, crack initiation, extension, and
merging depend on the shape of the crack pores. Li et al. (2017)
proposed a new pore pressure cohesive element for simulating the
hydraulically induced crack propagation and agreed well with the
experimental results. To summarize, combining FDEM with the
cohesive element makes it possible to simulate the crack opening
and merging process during crack propagation. This approach can
handle more complex scenarios like crack bifurcation and deflection,
greatly enhancing numerical simulations’ precision and dependability.
Cohesive elements are commonly utilized to model crack extension
mechanisms in diverse solid particle materials, including composite
materials, metallic materials, and rocks (Gálvez et al., 2002; Ma, 2014;
Ma et al., 2018; Rabczuk et al., 2008). However, shell particles, which
are different from solid particles, significantly differ in structural
composition and mechanical properties. Therefore, studying shell
particles, is of great practical and engineering significance, especially
for the study of walnut shells. The conclusions obtained not only help
reveal themechanism of crack propagation during walnut shelling but
also help elucidate how to increase the shelling efficiency of walnuts by
improving structural parameters and optimizing operational
parameters.

It is essential to determine the mechanical and deformation
characteristics of agricultural products. To accomplish this,
uniaxial compression tests are regarded as one of the most

critical testing techniques (Tamás et al., 2015; Celik et al.,
2017; Kacal and Koyuncu, 2017; Gao et al., 2021; Yu et al.,
2023). However, the number of contacts in the actual
machining process is different from the ideal uniaxial
compression case for both solid and shell materials. For
example, Fang et al. (2022) investigated the effect of multi-
contact loading on the fracture criterion and crushing mode of
individual particles, as well as the relationship between particle
crushing strength and loading distribution, and showed that the
logarithm of the mean principal stress has a linear correlation
with the number of coordination. Todisco Todisco et al. (2017)
studied how the number of coordination affects particle fracture
and found that factors such as particle morphology and material
also significantly impact particle strength. However, how cracks
affect material fragmentation in multi-point loading is still
unclear. Meanwhile, according to the study of thin shell
theory, four-point loading was found to favor the fracture of
granular materials, but the intrinsic cause is still not elucidated.
Therefore, the use of FDEM combined with cohesive elements
and multi-point loading is important to gain insight into the
crack formation and fracture of walnut shells.

This study examines the crack extension mechanism of walnut
shells using the FDEM combined with cohesive. The process of the
walnut model from 3D reconstruction to meshing is described in
Section 2.1, while Section 2.2 briefly introduces the constitutive
model adopted in this study. The microscopic parameters were
calibrated in Section 2.3, and the mesh sensitivity and loading rate
sensitivity were analyzed. Amethod for quantitatively describing the
location of loading points is presented in Section 2.4. Section 3.1
analyses how the number and location of loading points affect the
crack extension rate, while Section 3.2 verifies the relationship
between the number of loading points and the number of cracks,
from the perspective of energy dissipation. Finally, Section 4
provides the main conclusions of this work.

2 Materials and methods

2.1 Model building

Taking the Wen-185 walnuts as an example, the breakage
mechanisms of cereal grains are initially explored. In practice,
cereal grains like walnut and jacaranda, are generally non-axis-
symmetrical particles due toW ≠D, as shown in Figure 1A. To build
the walnut model, the dimensions (length L, widthW, and thickness
D) of 2000 randomly selected walnuts were measured using vernier
calipers. The equivalent diameter Dp was calculated using the
following equation (Tscheuschner and Mohsenin, 1987):

Dp � L
W + T( )2

4
[ ]1/3

(1)

It is interesting to note that the walnut particles’ equivalent
diameter distribution aligns well with the normal distribution, with
an average diameter of 35.81 mm, as depicted in Figure 1B. The
thickness of the shell for 2000 walnut sutures, St, and face, Ot, was
also measured, as illustrated in Figure 2. The sutures’ thickness was
measured at two points. The face’s thickness was measured at three
points, and the average value was taken, and the results are presented
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in Figures 3A, B. The sutures’ average thickness was 1.34 mm, and
the average thickness of the face was 1.11 mm.

Figure 4 depicts the process of constructing the FDEMmodel for
walnuts. Firstly, the median size was chosen based on the walnut size
distribution obtained in the previous section. Next, a 3D model was
obtained through the reconstruction of walnuts using 3D scanning.
Thirdly, Hyper Works commercial software was used to mesh the
walnut model and restore its original morphology as much as
possible. Finally, cohesive elements were added along the solid
element boundary using the Abaqus plug-in.

2.2 Constitutive model used in the
simulation sample preparation

The finite-discrete element method (FDEM), created byMunjiza
and other (Munjiza et al., 1995), is a numerical simulation technique

that allows for dynamic simulations of multiple interacting bodies.
The simulation can start with a single intact domain or a collection
of intact bodies. As the simulation progresses, these bodies can
deform elastically, translate, rotate, interact, and fracture, producing
new discrete bodies. The FDEM approach combines finite element
method (FEM) techniques to evaluate the deformation and assess
the failure criterion for fracturing, along with discrete element
method (DEM) concepts to detect new contacts and manage the
translation, rotation, and interaction of discrete bodies (Tatone and
Grasselli, 2015). This combined technique allows for the simulation
of complex mechanical systems like rock, soil, and geomechanics,
where continuous and discontinuous deformations and fracture
processes occur.

Various types of traction separation methods can be used to
simulate the damage behavior of different materials. One example
applied a bilinear softening law to model the behavior of quasi-
brittle materials like concrete. On the other hand, an exponential

FIGURE 1
(A) Triaxial dimensional measurement points of walnuts in the experiment. (B) Equivalent diameter distribution of walnuts.

FIGURE 2
Walnut suture and face shell thickness measurement points.
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softening law can be used to simulate the behavior of ductile
materials such as metals. The length of the cohesive zone or
fracture process zone can be determined experimentally or
numerically. In the case of brittle materials, the fracture process
zone’s length is relatively short and can be assumed to be directly
proportional to the crack size. The fracture process zone can be
extended for ductile materials and may depend on various factors
such as material properties and loading conditions. Before damage
initiation, the traction-displacement relationship is assumed to be
linear and expressed in terms of a constitutive matrix.

t �
tn
ts1
ts2

⎧⎪⎨⎪⎩
⎫⎪⎬⎪⎭ �

kn
ks1

ks2

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ δn
δs1
δs2

⎧⎪⎨⎪⎩
⎫⎪⎬⎪⎭ � Kd (2)

When damage begins, the traction-displacement relationship
becomes nonlinear and can be explained using a cohesive zone
model. This model assumes that the fracture process area is an

internal interface that links the two sides of the crack, and a traction-
separation law can define the mechanical actions of this zone. The
traction-separation law depicts the correlation between the traction and
the relative displacement of the fracture surfaces inside the process area.

Fractures are characterized by zero-thickness cohesive interface
elements (CIEs) inserted during the model-building stage using
Abaqus user-defined subroutine along inter-element boundaries.
The traction-displacement relationship adheres to the linear
elasticity law before damage occurs. As soon as the cohesive zone
begins to bear the load, the element stiffness decreases, and the
material’s load-bearing capacity is reduced when the CIEs meet the
fracture criterion. Finally, the interface element fails, and new cracks
form. According to this theory, when the tensile strength of a
material is exceeded at the tip of an opening (Mode I) crack, a
zone characterized by non-linear behavior, known as the fracture
process zone (FPZ), begins to form (Labuz et al., 1985). When
dealing with brittle geomaterials, the FPZ is characterized by

FIGURE 3
(A) Distribution of suture shell thickness of walnuts, (B) Walnut face shell thickness distribution.

FIGURE 4
Walnut FDEM establishment process.

Frontiers in Materials frontiersin.org04

Han et al. 10.3389/fmats.2023.1293683

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1293683


interlocking and micro-cracking. Despite damage, it can distribute
load across fracture walls. The crack elements may yield and break
under different conditions, such as Mode I (opening mode), Mode II
(sliding mode), or mixed Mode I-II, depending on the local stress
and relative displacement of the crack walls (Tatone and Grasselli,
2015).

The cohesive crack model requires the maximum traction f and
the critical fracture energy Gc, each for fracture mode I and II. The
typical linear softening curves for tn ~ δn and ts ~ δs are illustrated in
Figures 5A, B, respectively, with tS �

�������
t2s1 + t2s2

√
δs �

�������
δ2s1 + δ2s2

√
. To

accurately assess when cohesive elements experience stiffness
degradation under extrusion loading, it is necessary to establish a
reliable damage criterion. In these situations, cohesive elements can
yield or break due to excessive tension, shearing, or both. However,
Fang (Fang et al., 2022) and Jin (Jin et al., 2017) research show that the
crushing strength determined by single particle uniaxial compression
tests is suitable for low coordination numbers. Therefore, we adopted
the Maxs damage criterion, as shown in Eq 3 in this study.

max
tn
t0n
,
ts1
t0s1
,
ts2
t0s2

{ } � 1 (3)

Note that the sign convention in engineering mechanics is
adopted with tensile stress as positive (Ma, 2018).

2.3 Parameter calibration

To conduct uniaxial compression experiments on thewalnutmodel, it
was simulated using Abaqus. The compression involved rigid plates for
loading and fixing, which moved at a speed of 0.02mm/s during
parameter calibration. The cohesive zone models (CZM) utilized
micro-strength parameters to control particle crushing strength, which
showed a positive correlation. Additionally, an increase in the micro-
effective modulus increased the slope of the force-displacement curve.

Walnuts were subjected to a uniaxial compression test using a
non-metallic universal material testing machine (WD-D3, Shanghai

Jotec Instruments Co., Ltd., Figure 6A, where the inset shows the
fracture results of real walnuts). The loading rate was set to 2 mm/
min. The walnut samples were sourced from the Aksu region of
Xinjiang. The moisture content of the walnut shells was ascertained
using an Electric heating blast drying oven (model GZX-9140 MBE,
produced by Shanghai BoxunMedical Biological Co., Figure 6B). The
average moisture content of the walnut shells in the test group
was 7.87%.

Based on the previous understanding, the force-displacement
curve obtained through simulation matches well with the
experimental curve displayed in Figure 6C. It is important to
note that the model accurately depicts the actual situation of the
walnut shell, resulting in a convex angle and fluctuations in the
curves shown in the Figure 6C. Table 1 lists the input parameters
used to represent the walnut model. To prevent any relative sliding
between the model and the rigid wall, a contact friction coefficient of
0.3 is set. Abaqus explicit module was used for numerical
simulations, with mass scaling disabled to prevent changes in
material density and related impacts on momentum and energy.
The velocities used in the simulations were those calibrated in
Section 2.3.2, with each rigidly loaded plate moving
simultaneously toward the center of the particle.

2.3.1 Mesh sensitivity
When using the standard cohesive zone model, it is crucial to

consider the effect of the mesh size. The elements must be
smaller than the FPZ length to achieve reliable results. If
fewer elements are used to discretize the FPZ, the stress
gradient before fracture and fracture energy may not be
accurately depicted. According to Guo [32] and Turon [33],
the FPZ length lFPZ can be estimated using the following general
equation:

lupperFPZ � 3EGc

4f2
t

(4)

llowerFPZ � 3πEGc

32f2
t

(5)

FIGURE 5
Cohesive element traction separation model.
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Where E is the material Young’s modulus, Gc is the critical
energy release rate, and ft is the maximum interfacial strength.
Using the material properties given in Table 1, the theoretical
estimations of the max and min values of lFPZ are given as
llowerFPZ ≈ 2.9mm and lupperFPZ ≈ 7.4mm.

Table 2; Figure 6D show the results of testing ten different
meshes of varying sizes at a velocity of 0.02 mm/s. The simulations
were conducted for Single Axis Compression using 20 Intel Xeon
2.4 GHz processors and 128 GB DDR4 3000 MHz RAM. The
duration of computational time is also mentioned in Table 2. We
infer from Figure 6D that themeshH-M4 achieves convergence with
an average element size of around 0.95 mm and consists of
32142 nodes and 12192 elements in the finite element mesh.

Considering the balance between computational cost and
simulation accuracy, we have chosen H-M4 for subsequent
experiments.

2.3.2 Loading rate sensitivity
The loading velocity of 0.02 mm/s used in the calibration was

determined according to the experience of previous studies.
However, verifying that this velocity is appropriate for this model
is necessary. Therefore, various loading velocities ranging from
10 mm/s to 200 mm/s were tested in this study, as shown in
Figure 6E. Clearly, the displacement-force curve shows
considerable oscillations when v>40 mm/s, which represents the
strong dynamic effects of the loading process. Therefore, the loading

FIGURE 6
(A) Non-metallic universal material testing machine. (B) Electric heating blast drying oven. (C) Comparison with the simulated result and the
experimental data. The inset displays the test model. (D) Mesh sensitivity analysis. (E) Load rate sensitivity analysis. (F) Three-point loading schematic.
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velocity of 40 mm/s can be considered quasi-static compression,
which is acceptable. This velocity is used in the following multi-
contact loading simulations.

2.4 Quantification of load point locations

The singular value decomposition (SVD) of matrices is
commonly used in principal component analysis (PCA)
(Richards and Jolliffe, 1988). This process aims to convert a
correlated random vector into an uncorrelated one through
orthogonal transformation. This transformation can be visualized
as changing the original coordinate system into a new orthogonal
one, reducing the dimensions of a multidimensional variable
approach while preserving critical data. This article utilizes
singular value decomposition to derive simplified indicators of
the loading points of particles, providing a quantitative
description of the locations of the loads affecting them.

In Figure 6F, the force is produced by adjusting the load of the
rigid plate on the particle at every contact site. The force matrix A for

this contact state can be derived from the particle’s equilibrium
equation.

F1 sin θ1 cosφ1 + F2 sin θ2 cosφ2 + F3 sin θ3 cosφ3 � 0
F1 sin θ1 sinφ1 + F2 sin θ2 sinφ2 + F3 sin θ3 sinφ3 � 0
F1 cos θ1 + F2 cos θ2 + F3 cos θ3 � 0

⎧⎪⎨⎪⎩ (6)

A �
sin θ1 cosφ1 sin θ2 cosφ2 sin θ3 cosφ3

sin θ1 sinφ1 sin θ2 sinφ2 sin θ3 sinφ3

cos θ1 cos θ2 cos θ3

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ (7)

In the spherical coordinate system, the angles θi and φi represent
the top and azimuth angles of the contact force. By decomposing the
singular values of the matrix, we can obtain the singular values of the
quantized load point positions p. Using the geometric interpretation
of SVD, p1, p2, and p3 denote the degree of deformation of the
matrix acting on the same particle about the three axes respectively.
�p signifies the average level of singular values. We define the
I � [(p1 − �p)2 + (p2 − �p)2 + (p3 − �p)2]1/2 to indicate the degree
of a bias state of the singular value. When the amount of
singularity bias state is small, it means that the “contribution” of
the characteristic dimensions of the particles in the three directions
in this constrained mode is equal, which implies more significant
anisotropic properties. Conversely, when the amount of singular
value bias state is larger, it indicates that the load distribution is more
concentrated. The singularity value and its correlation amount
simplify the expression of particles at different numbers of
loading points, making it easier to process and analyze
experimental data.

Multiple factors, such as the location of the loading point, the
contact force, and the number of loading points, can influence the
crushing strength of particle. To account for these variables,
115 loading methods were created by adjusting a rigid plate’s
top and azimuth angles in a coordinate system with four loading
points. These same parameters and methods were utilized for
numerical simulations of particle crushing under various
loading scenarios.

A crucial point to consider is that if the loading point applies
force on the suture plane, it results in a specific type of crack.
Therefore, it is essential to exclude the scenario where the loading

TABLE 1 Input parameters used in uniaxial compression simulations.

Parameter Value

Bulk elements Mass density 1.25e-9

Young’s modulus 11600

Poisson’s ratio 0.29

Cohesive elements (surface) Nominal stress 7

Fracture energy 0.77

Elastic (traction) 636.36

Cohesive elements (sutures) Nominal stress 3.5

Fracture energy 0.38

Elastic (traction) 318.18

Contact law Friction Coeff 0.3

TABLE 2 Uniaxial compression mesh sensitivity analysis for walnut model.

Group
name

Average element
size (mm)

node
number

Element
number

Minimal discretization of
FPZ (2llowerFPZ /lelement)

Force Time
(hours)

H-M1 2.00 6236 3801 2.9 185.69 1

H-M2 1.50 16506 9560 3.86 265.6 3

H-M3 1.00 26455 10564 5.8 245.5 5

H-M4 0.95 32142 12192 6.11 236.6 8

H-M5 0.85 65319 35205 6.82 238.9 15

H-M6 0.72 156236 79963 8.05 237.6 25

H-M7 0.67 264963 143656 8.65 236.9 40

H-M8 0.61 465626 255648 9.50 237.8 50.6

H-M9 0.55 656563 336653 10.51 238.9 70.6

H-M10 0.29 1191468 586702 20 239.6 98.2

Frontiers in Materials frontiersin.org07

Han et al. 10.3389/fmats.2023.1293683

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1293683


point applies force on the suture plane while designing the location
of the loading point.

3 Results and analysis

In multi-point loading, the parameters closely observed are the
crack propagation rate and the number of cracks. The fracture
process of themodel at multi-point loading is shown in Figure 7. The
fragments are colored by the displacements from their initial
positions to provide a clearer picture of the fracture patterns.
The shell offers a typical elastic response when 0.010 s before,
and no visible crack is formed (Figures 7A, B). As shown in
Figures 7C, D, according to Carmona (Carmona et al., 2008)
et al., the first crack that reaches the model’s top is considered
the main crack.

To calculate the main crack propagation velocity, the number of
failed elements in each analysis step on the main crack path is
extracted and the expansion velocity within the current analysis step
is calculated. When the numerical simulation is finished, the average
value of the expansion velocity of all analysis steps is taken as the
main crack propagation velocity in the current loading mode. At the
same time, when the crack expands along two different directions at
the same starting point, it is recorded as single crack; when the crack
appears to bifurcate, it is recorded as two cracks; when the crack
produces penetration, it is recorded as two cracks.

3.1 Effect of multi-point loading on the crack
propagation rate

We compared the crack propagation rate for different loading
quantities and loading positions, and the results are shown in Figure 8A.
When coordination number (CN) remains constant, increasing I leads
to a rise in the crack propagation rate. Similarly, an increase in CN
augments the crack extension rate when I is constant. Kermode et al.
(2008) studied crack formation and extension and concluded that
loading brittle materials to their strength limit can cause material
failure. Additionally, stress concentration near the crack tip leads to
crack extension. For example, when CN = 4, Figure 9 depicts the slope
of the crack element stress growth curve. The green points on the graph
represent the maximum value of the corresponding crack stress growth
rate at the crack initiation point. The stress growth rate gradually
diminishes as the crack expands on both sides. During the microscopic
parameter calibration process (described in Section 2.3), the damage

failure stress for each cohesive element is maintained at the same value.
As a result, the stress growth rate of each element at a given crack
location progressively increases with the increase in the I. This suggests
that an increase in the stress growth rate causes the cohesive element to
reach the damage failure stress threshold first, increasing the crack
propagation rate as I rises.

In addition, it is essential to note that with a fixed perimeter on
the surface of the walnut model, the average distance between
loading points will decrease as more points are added. This can
be seen in Figure 9, where the yellow dots represent the locations of
the loading points. As the distance between points decreases, the
stress growth rate of each cohesive element along the crack path
increases, making it more likely to meet the failure criterion.
Therefore, increasing the number of loading points results in a
faster rate of crack propagation.

The variation of crack extension rate with the number and
location of loading points can also be analyzed by the transfer of
stresses. The loading process of the loading point on the walnut shell
surface was simulated using Abaqus. As depicted in Figure 10A,
when the loading point makes contact with the shell surface, stress
propagates in a circular wave, aligning with the continuous
application of force. Additionally, Figure 10B reveals that when
the loading persists until 0.0025 s, the stress waves from the two
loading points begin to intersect. Subsequently, Figures 10C, D
demonstrate that with an increase in loading time, when the
stress value on either side of the stress wave interaction region
surpasses half of the applied stress value at the loading point, the
stress wave intensity within the interaction region reaches its peak.
At this juncture, the power exceeds the peak stress from single-point
loading, indicating that the interaction between the two stress waves
generates a more substantial stress wave. The stress wave velocity
can be calculated from the equation C � ���

E/ρ
√

, where E is the
Young’s modulus of the material and ρ is the density of the
material. Figures 10C–F shows the stress waves generated by the
model with different loading point distances simultaneously, and the
stress wave velocity is constant when the material does not change.
Therefore, taking the black point on the horizontal line in the figure
as an example, the stress will increase at eachmoment as the distance
between the loading points decreases. The result is that the element’s
stress growth rate increases as the distance between the loading
points reduces. The failure threshold of each cohesive element is the
same, which will lead to the failure of the element with a significant
stress growth rate first, and the stress growth rate of each element on
the horizontal line increases as the distance between the loading
points decreases. Therefore, the distance between the loading points

FIGURE 7
Fracture process of the model under multi-point loading.
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decreases, and the crack propagation rate accelerates, a phenomenon
as shown in the results in Figure 8A.

3.2 Effect of multi-point loading on the
number of cracks

Earlier, we covered the alterations in the crack propagation rate.
Now, let’s delve into the changes in crack quantity. After experimenting,
we derived the crack quantity and graphed it against the I value and the
number of loading points depicted in Figures 11A, B. From Figure 11,
we can deduce that the placement of loading points does not influence
the crack quantity and is solely connected to the CN.

According to Luo et al. (2015) it was found that cracks start to
form when the energy satisfies the crack initiation criterion. And

when the energy produces a sudden change that is when a new crack
is created. To investigate the relationship between the CN and crack
quantity, we extracted the energy-time relationships for four sets of
experiments, respectively. The Kinetic energy EKE, Energy
dissipated by damage EDMD, Work of the external forces EW,
Frictional dissipated energy EFD, Internal energy EI. As shown in
Figure 12, the graph of EDMD with time for different loading point
locations for the three-point loading case. It can be very clearly
observed that the curve of EDMD fluctuates the same number of
times, i.e., independent of the location of the loading point. At the
same time, we can find from Figure 12B that the back course of the
stress growth curve of the adjacent elements with the crack initiation
element should be shown in the dashed line. Still, when the crack
initiation point elements reach the stress threshold, the stress growth
rate of the adjacent element will show a sharp rising phase until the
failure is generated after the stress threshold is satisfied. This
phenomenon is same as the one that produces an intense rising
phase in the energy change curve shown in Figure 12A. When the
number of elements that fracture instantaneously increases sharply,
the dissipated energy resulting from the damage also rises sharply.

A randomly selected group of experiments in each group of the
number of loading points is plotted with the energy schematic as
shown in Figure 12 It can be found that the damage dissipation
energy, internal energy, and kinetic energy of each group of
experiments will appear to fluctuate at the same time for
different times, which is caused by one new crack propagation.
The number of fluctuations gradually increases as the CN increases,
i.e., the number of cracks increases with the CN. Please note that
while Figure 12C only shows one change, it does not necessarily
mean that there is only one crack in the current experiment. Upon
examining the model in Figure 13A, it becomes apparent that three
cracks are present and have begun to expand simultaneously.

The internal energy of a particle increases when new cracks are
formed, but it eventually reaches a limit and does not continue to
grow indefinitely. When the EKE of the particle abruptly changes, it
becomes destabilized and eventually breaks, causing a gradual

FIGURE 8
(A) Relationship between the crack expansion rate and the amount of I for different numbers of loading points, (B) Relationship between crack
expansion rate and the number of loading points.

FIGURE 9
Relationship between stress value growth rate and crack length.
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decrease in internal energy. Figures 12E, F show a sharp contrast
between the internal energy and the EKE of the particle with
Figure 12D. However, as seen in Figures 12E, F, as the number
of loading points increases, the internal energy and failure damage
energy are also growing in contrast, the EKE of the particle remains
at zero. This means that under the current loading conditions, the
walnut particles still do not show fracture failure. Although
continued loading can cause fracture failure of the particles, this
also consumes more energy as well.

In Figure 13, we can observe the fracture cases for each of the
four loading forms depicted in Figure 12. Cracks are generated
during the extrusion of walnuts, and the distance between the
fracture surfaces on both sides of the cracks increases with the
compression. As walnut is an elastic-plastic material, the distance

between the bilateral fracture surfaces is reversible for a certain time
after the start of loading, meaning that it will return to zero when the
loading is canceled. During this time, the walnut shell belongs to the
elastic material. However, after a certain moment when the stress
exceeds the elastic strength of the walnut, the resulting crack
becomes irreversible, and the walnut shell belongs to the plastic
material. The transition from elastic to plastic drastically changes the
energy of the walnut shell, represented by the kinetic energy diagram
in Figure 12. The dramatic change marks the node of the transition
from elastic to plastic walnut shell. We should also pay attention to
frictional dissipation energy and external work. Although the
external force work increases with the number of loading points,
the friction loss also increases due to the increase in the number of
loading points.

FIGURE 10
Stress transfer process.

FIGURE 11
(A) Relationship between the number of cracks and I, (B) Relationship between the number of cracks and the number of loading points.
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Breaking a walnut shell quickly and efficiently is crucial in the
process. This paper defines the ease of breaking the shell by the
time sequence of kinetic energy fluctuation nodes’ appearance
and the rate of shell breaking by crack propagation. When kinetic
energy fluctuation nodes appear earlier, less energy is consumed
overall, making it relatively easy to break the shell. The 3-point
and 4-point loading effects are better than the 5-point and 6-
point loading effects, as they show different values of external

work and energy dissipation. Additionally, the walnut model
under 4-point loading not only breaks the shell easily but also
does it quickly due to its more significant average crack
propagation rate compared to the 3-point loading. Therefore,
this study concludes that using the 4-point loading effect is the
best method to break the walnut shell.

The above analysis led to schematic diagrams outlining various
loading methods for 4-point loading, as depicted in Figure 13E,

FIGURE 12
(A, B) The growth process of damage dissipation energy. (C–F), Energy variation with time for four typical loading patterns. The inset in each figure
shows the change of its kinetic energy with time.
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illustrating the loading schematic for the shell breakage most
susceptible to damage, with all loading points found on a single
plane. Figures 13F, G depict loading points that can form multiple
planes. However, observations of surface cracks on particles indicate
that these loading points have minimal contribution to particle
fragmentation, which is consistent with the research of Fang (Fang
et al., 2022).

4 Conclusion

In this work, the effect of multipoint loading on the crack
extension rate and the number of cracks is analyzed using an
innovative approach of FDEM combined with cohesive cells. The
main conclusions can be summarized as follows:

(1) The number and location of loading points significantly affect
the crack propagation rate. The intensity of the stress wave
generated by the loading point decreases step by step from the
center outward, and when the loading point gradually moves
toward a fixed element (i.e., the distance between loading
points decreases), the stress growth rate of the element will
increase progressively, and the failure threshold of each
element is the same, which leads to an increase in the crack
propagation speed.

(2) The number of cracks increases linearly with the number of
loading points. The analysis of the energy variation at different
loading quantities shows that each sudden change in damage
dissipation energy represents the generation of a new crack.
However, there is no specific correlation between the number of
cracks and the location of the loading points.

FIGURE 13
(A–D) Schematic diagram of cracks in four typical loading modes. Three typical loading situations (E) model A, (F) model B, (G) model C.
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