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This study explores the process of shell fracture
in a locally cultivated walnut vari-ety in a recipro-
cating millstone setup that implements combined
compression, shear, and torsion loading. The task
addressed is to enable cracking across the entire
shell surface while maintaining kernel integrity,
which determines the yield of marketable produce.

In the first stage, shell fracture forces were
experimentally determined under local-ized load-
ing from a natural cleft and a whole shell, fol-
lowed by statistical processing using a two-pa-
rameter Weibull distribution. It was found that
fracture from the cleft side occurs at lower loads
than from the whole shell side, confirming the
anisotropy of the shell’s mechanical properties.

In the second stage, the effect of roughness
pitches of 10, 13, and 16 mm on the fracture force
was studied. Experiments have shown that at
a 10 mm pitch, fracture oc-curs with the low-
est force; increasing the pitch to 13 and 16 mm
increases the fracture force due to a decrease in
local stress concentration.

A comparison of the two experimental stag-
es revealed that the geometry of the working sur-
faces determines the conditions for fracture with-
out changing the general pattern: when loading
from a natural cleft, lower forces are required.
For a fracture probability of at least 0.95 for any
nut orientation, a load of approximately 350 N
is re-quired. Additionally, the strength charac-
teristics of the kernel were determined using an
ST-2 structure analyzer; the average fracture force
under direct loading is approximate-ly 1200 grams
(~ 120 N).

The results provide a mechanically sound
basis for selecting the parameters of the working
parts of a nut cracking machine and a safe range
of operating loads
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tribution, strength, walnut shelling machine
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1. Introduction

Walnut processing is a technologically complex operation in
the food industry; it requires breaking the shell while maximiz-
ing kernel integrity. The yield of intact kernels when separating
the broken shell from the kernel directly impacts the economic
efficiency of processing and the quality of the finished product.
Kernel damage leads to a decrease in market value, while in-
complete shell cracking reduces equipment productivity.

The walnut is a composite system consisting of a rigid, thin-
walled shell, and a kernel, which is soft compared to the shell.

The shell is characterized by an anisotropic structure
and the presence of a natural seam line, which results in
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directional sensitivity to load. Shell fracture is brittle and is
accompanied by a significant spread in ultimate forces due to
the natural heterogeneity of the material.

In most industrial nutcracker designs, loading parameters
are selected empirically without considering the probabilistic na-
ture of shell strength. This approach does not provide an optimal
balance between shell fracture and kernel integrity. Meanwhile,
brittle materials are characterized by a statistical strength distri-
bution, which can be described by the Weibull law. This approach
allows one to move from estimating the average force to deter-
mining the load that ensures failure with a given probability.

An additional challenge is the need to limit the stress
transfer to the kernel, which, under direct loading, fails at




significantly lower forces. Consequently, the cracking pro-
cess requires a mechanically justified selection of the work-
ing load range, taking into account the probability of shell
failure and the kernel strength.

In this regard, the development and experimental study
of a mechanical-statistical approach to substantiating the
process of walnut shell failure in a reciprocating millstone
setup are relevant tasks.

2. Literature review and problem statement

In [1], the fracture patterns of walnut shells are ana-
lyzed using a theoretical model of a thin-walled sphere.
It was found that the spherical approximation adequately
describes the geometry of the object, with localized force
exposure causing a gradient stress distribution and material
failure occurring predominantly along its longitudinal grain.
However, several aspects remained beyond the scope of the
study: in particular, the influence of anisotropy and natural
heterogeneity of the shell, as well as the stochastic variability
of ultimate loads. These limitations stem from the determin-
istic approach to assessing mechanical properties and the
insufficient amount of empirical data, which complicates the
practical implementation of the model for verifying operating
conditions.

The authors of [2] conducted a comprehensive analysis of
the strength characteristics of “Wen 185” walnuts under var-
ious compression kinematics. It has been proven that the use
of flat, conical, or spherical indenters leads to the formation
of fundamentally different stress fields and variations in the
breaking force, while maintaining the same fruit orientation.
Numerical modeling using the finite element method con-
firmed that spherical contact is the most effective in terms
of minimizing kernel damage. However, issues related to
varietal specificity, shell thickness variation, and the correla-
tion between moisture content and breaking energy intensity
require further investigation.

Study [3] aimed to experimentally evaluate the mechan-
ical behavior of walnuts under uniaxial loading, taking into
account morphometric parameters and load vectors. It was
found that the critical force and work of fracture correlate
with shell thickness and fruit size, with the minimum frac-
ture resistance recorded under longitudinal compression.
The determining influence of the loading pattern on the yield
of the whole product was revealed. Unresolved issues include
the lack of a volumetric analysis of the stress-strain state and
a statistical interpretation of strength, as current conclusions
are based on averaged regression models.

Paper [4] examines how moisture level, strain rate, and
contact conditions determine the mechanical response of
walnuts. It was experimentally confirmed that varying these
factors significantly modifies shell rigidity, energy consump-
tion, and kernel yield. It was demonstrated that optimizing
raw material parameters and process kinematics enables
achieving better technological results. However, the lack
of a mathematically formalized probabilistic description of
strength and the limited applicability of the data to other va-
rieties and sizes indicate the need for further research.

The authors of [5] examine ways to improve the indus-
trial walnut cracking process to increase the yield of whole
kernels. It is shown that controlling humidity and speed,
combined with proper positioning of the walnut, significantly
outperforms traditional empirical methods. Quantitative re-

lationships between process parameters and the physical and
mechanical properties of fracture are presented. The main
drawback of this work is the lack of computational modeling
of the stress state of the shell and the absence of consideration
of the probabilistic nature of the distribution of the material’s
strength properties.

The results of simulation modeling of shell fracture using
a combined finite and discrete element method (FDEM) and
cohesive models are described in [6]. It is established that
the configuration and number of contact zones determine
the localization of internal forces and the dynamics of crack
formation. The advantage of distributed multi-point loading
for ensuring controlled shell destruction is demonstrated.
Limitations of this approach include the high computational
complexity of the algorithms, a simplified representation of
the material properties, and the lack of a statistical analysis
of strength variability.

The results of the development and refinement of an
extrusion mechanism for processing nuts using central
compositional planning are reported in [7]. It is revealed
that the inclination angle and rotational speed of the rollers
are key factors determining the cleaning efficiency (SCR up
t0 97.24 %) and kernel integrity (WKR up to 92.03 %). The
optimal operating parameters were determined: an angle
0f 0.47° at 108 rpm. High efficiency of the device for fruits
with thin shells is noted. Further development of the topic
requires improvement of sorting systems and integration into
the model of probabilistic destruction criteria taking into ac-
count the random location of the nut in the chamber.

The aim of study [8] was to analyze the walnut response to
impact for the design of crushing equipment. It was shown that
moisture content and the impulse application vector (along
different axes) radically alter the energy consumption of the
process and the degree of kernel damage. It was found that lon-
gitudinal impact, despite its high energy consumption, is the
gentlest on the kernel. The use of high-speed video recording
made it possible to record the stages of crack initiation and de-
velopment. Unresolved issues include the lack of a connection
between fracture mechanics and shell microstructure and a
lack of probabilistic data on strength dispersion.

The authors of paper [9] investigated a methodology for
non-destructive quality testing of nuts using X-rays and a
modified Faster R-CNN architecture. The integration of FPN,
ROI Align, and Softer NMS structures significantly improved
defect recognition performance (mAP increased by 5.86 %).
The system demonstrated high accuracy in identifying emp-
ty and shriveled nuts (over 91 %). However, the influence of
the orientation of the object in the image, the limited sam-
ple (only thin-skinned varieties), and the lack of correlation
between the inspection results and the subsequent fracture
mechanics require further research.

Study [10] considers the development of an automated
classification algorithm for peeled kernels based on deep
learning and physicochemical markers. It was found that
the colorimetric lightness index L* serves as an indicator of
the degree of lipid oxidation. The constructed ResNet152V2-
SA-SE model demonstrated an accuracy of 92.2 %, thereby
outperforming standard architectures. Despite its success,
the method is limited to analyzing already extracted kernels,
does not take into account the mechanical causes of defects
during the cracking process, and does not link quality param-
eters to the loads applied to the shell.

Despite the advances in the design of nutcracker mecha-
nisms and in the studies on fracture mechanics, our review



of the scientific literature reveals a number of critical gaps.
Firstly, most studies are based on the analysis of determin-
istic characteristics (average values of deformation work and
critical forces), while the stochastic nature of the strength of
the shell as a brittle natural material remains poorly under-
stood [1-4]. Secondly, current research is often disjointed:
theoretical modeling of the stress state of the shell is rarely in-
tegrated with practical engineering solutions within a single
calculation algorithm [1, 2, 6, 7]. Thirdly, the potential of the
Weibull distribution, which is the standard in the mechanics
of brittle media, is practically not used to describe the proba-
bilistic nature of walnut fruit destruction.

The construction of a comprehensive mechanical-statis-
tical model remains poorly understood. Such a model should
combine approximation of the walnut by a thin-walled sphere,
calculation of stress fields under various contact patterns (in-
cluding multipoint loading), and probabilistic interpretation of
strength properties using Weibull’s law.

Implementation of this approach could en-
able a transition from empirical selection of
equipment parameters to scientifically based

- to determine the strength characteristics of walnut ker-
nels under mechanical loading;

-to mechanically interpret the walnut shell fracture
process;

- to establish a safe load range that ensures walnut shell
fracture while maintaining kernel integrity.

4. The study materials and methods

4.1. The object and hypothesis of the study

The object of our study is the process of breaking the
shells of a locally cultivated walnut variety in a reciprocating
millstone milling system, which implements combined com-
pression, shear, and torsion loading.

The walnut shelling and breaking system is shown
in Fig. 1.

from the sorting mactine
8

design of working elements that ensure effec-
tive shell fracture while maximizing kernel
preservation.

The above suggests the merits of conducting a
study to identify patterns of walnut shell fracture
under combined loading in a system with a recip-
rocating millstone. Our study takes into account
the influence of the geometry of the working
surfaces, the orientation of the walnut, and the

probabilistic distribution of its strength properties.

This study is necessary to devise a me-
chanical-statistical approach that combines ex-
perimental determination of fracture forces,
analysis of the shell stress state, and strength in-
terpretation based on a two-parameter Weibull
distribution. This will enable a transition from
the empirical selection of nutcracker param-
eters to a scientifically based design of their
working elements.

Fig. 1. Machine for breaking up and cleaning walnuts from shells: 1 — body;
2 — upper movable millstone of the first section; 3 — lower stationary
millstone of the first section; 4 — upper movable millstone of the second

section; 5 — lower stationary millstone of the second section; 6 — central
shaft for driving the rotary and reciprocating motion of the movable

3. The aim and objectives of the study

The objective of our study is to provide a
mechanistic and probabilistic justification for
the walnut fracture process in a reciprocat-
ing millstone system based on experimental
determination of the fracture force and the
use of the Weibull distribution to estimate the
probability of crack formation. This will allow us to de-
termine the calculated range of contact loads that ensure
guaranteed shell fracture with minimal damage to the
kernel, and to justify the design parameters of the installa-
tion’s working area.

To achieve this goal, the following objectives were set:

- to experimentally determine the fracture force of wal-
nut shells under various loading orientations with an indent-
er with a contact pad diameter of 10 mm;

- to determine the influence of the roughness pitch of the
working surfaces on the fracture force of the shell from the
crack side and the intact shell, perform statistical processing
of the results, approximate the strength using the Weibull
law, and compare the data from the two stages;

millstones; 7 — servo drive providing rotary and reciprocating motion of the
movable millstones; 8 — receiving pipe for sorted walnuts;

9 — sorted (calibrated) nut; 10 — through hole in upper movable millstone;
11 — groove with a curved trajectory; 12 — through hole in the movable
millstone of the second section; 13 — groove with a curved trajectory;

14 — hopper for collecting the cleaned kernel; 15 — cyclone for separating

the shell from the air flow; 16 — suction fan; 17 — walnut shell collection bin

The proposed installation of the original [11] design operates
as follows (Fig. 1, 2). Sorted nuts from the sorting machine are
fed by means of receiving pipe 8 to the through hole of upper
movable millstone 10 and enter the working zone formed be-
tween upper movable 2 and lower fixed 3 millstones of the first
section (Fig. 3, pos. 2, 3). The working zone of the installation
forms a tubular space with a nominal diameter of 34 mm.
Grooves 17 mm deep are made on the mating surfaces of the mill-
stones. Additionally, roughness elements 1 mm high are placed
on the working surfaces, creating local stress concentrators.

The upper movable millstone can rotate to a maximum of
120 degrees and then return to its original position. When a
nut enters the working zone, the upper movable millstone of
the first section rotates and translates at a predetermined an-



gle. During this movement, the nut is simultaneously subjected
to compression between the rough surfaces, torsion, and shear.

o

Fig. 2. Photograph of the unit for crushing and cleaning walnuts from
shells: @ — side view; b — front view: 1 — body; 2 — upper movable
millstone of the first section; 3 — fixed millstone of the first section;

4 — movable millstone of the second section; 5 — fixed millstone of
the second section; 6 — rotary shaft; 7 — unit drive; 8 — cyclone for
separating shells from the air flow; 9 — confuser for sucking hot shells
from the hole of the lower millstone of the second section;

10 — suction fan and frequency converter for regulating the speed of the
fan electric motor shaft; 11 — hopper for hot shells;

12 — hopper for collecting cleaned walnut kernels; 13 — bar for attaching
fixed millstones of the first and second sections

Fig. 3. Movable and fixed millstones of the first and second sections:
a — millstones of the first section: 1 — groove of the movable upper millstone of
the first section; 2 — upper movable millstone; 3 — lower fixed millstone of the
first section; 4 — groove of the fixed lower millstone of the first section;

This breaks the nutshell into small particles. The nut, with
its hot shell, passes through a through hole in the lower mill-

stone of the first section into the second section.
In the second section, the walnuts with their hot
shells are also subjected to rotation, while the hot
shell particles are simultaneously sucked out of the
hole in the lower millstone of the second section by
a suction fan through a diffuser and cyclone.

To extract the hot walnut shell particles, holes
are made along a groove in the lower millstone of
the second section (Fig. 3, b, item 3). The openings
are connected through a diffuser, a cyclone, and a
suction fan. To prevent damage to the kernels during
rotation, the surfaces of the grooves of the upper and
lower millstones in the second section are lined with
a smooth, elastic material (not shown in the figures).
The separated kernels fall into kernel collection
bin 14, and the hot shells are sucked into a cyclone
to separate them from the airflow and fall into shell
particle collection bin 17. The proposed design en-
sures high-quality deshelling of walnuts.

The principal hypothesis assumes that walnut
shell failure in the system under consideration is
brittle and probabilistic in nature and can be de-
scribed by a two-parameter Weibull distribution.
Rational design parameters for the installation
should be determined based on a statistically jus-
tified minimum contact load.

It is assumed that:

—-walnut shells exhibit strength anisotropy
depending on the loading stress;

- failure initiates in areas of maximum
principal stress concentration;

- the probability of failure under a given
load is determined by the strength distribu-
tion of the material;

- a rational installation operating mode
should ensure a contact load above the
characteristic value for the majority of nuts

7 in the batch.
The following assumptions were adopt-

3 ed in the mechanical interpretation of the

walnut shell fracture process:
6 - the shell is considered a thin-walled
biological membrane with quasi-spherical
geometry;

- fracture is brittle without significant
plastic deformation;

- loading in the working channel is rep-
resented as a combination of compression,
shear, and torsion;

- contact between the nut and the work-
ing surfaces is realized through local stress
concentrators.

The following simplifications were
accepted in constructing the mechanical
model of the shell fracture process:

- variations in shell thickness within a

5 — roughness in the grooves of the upper millstone; 6 — roughness in the
grooves of the lower millstone; b — millstones of the second section:

1 — groove of the lower millstone of the second section; 2 — groove of the
upper millstone of the second section; 3 — hole for suction of walnut shells;
4 — upper movable millstone of the second section; 5 — lower fixed millstone
of the second section; 6 — through hole of the upper millstone of the second
section; 7 — through hole for the walnut kernel to come out

single nut are not taken into account;

- the influence of structural micro-
defects is considered statistically using
Weibull distributions;

- dynamic effects of high-speed loading
are not considered (quasi-static testing mode);



- the interaction of the kernel and shell is modeled using
the ultimate shell fracture force.

4. 2. Determining the shell strength and the proba-
bilistic nature of failure under local loading

To determine the strength characteristics of walnut shells,
tests were conducted under local indenter loading in two ori-
entations: from the natural cleft side and from the intact shell
side. Walnuts of a locally cultivated variety (Almaty variant)
were used for all tests. The tests had a moisture content of 12 %,
a shell thickness of approximately 2 mm, a loading rate
of 1 mmy/s, and an indenter contact area diameter of 10 mm.

Tests were conducted with a nut moisture content of
12 % and a loading rate of 1 mm/s. For each roughness pitch,
15 tests were performed under loading from the natural cleft
side and 15 tests under loading from the intact shell side. A
two-parameter Weibull distribution was used to statistically
process the results and assess the variability of the strength
properties of walnut shells grown in the Republic of Kazakh-
stan (Almaty Region). This method is preferred for analyzing
the brittle fracture of biomaterials as it takes into account
the stochastic nature of defects in the shell structure. The
fracture probability (P) under an applied force (F) was deter-
mined using formula (1)

F m
P =1—-exp|—-| — s 1
¥ p (Fo) @

where m is the Weibull modulus (shape parameter) character-
izing the homogeneity of the specimens’ strength properties.
The higher the m value, the smaller the data scatter and the
higher the predictability of failure;

F, is the characteristic force (scale parameter) corre-
sponding to the force at which the probability of failure
is 63.2%.

To linearize the data and find the parameters m and F, a
double logarithmic equation was used, after which a plot was
constructed in [n(F) and In(-In(1 - P)) coordinates). The pa-
rameters m and F, were determined using the least-squares
method. The linearized form is written as follows (2)

ln[—ln(l—Pf)]:mlnF—mlnFo. @)

The obtained parameters were used to determine the load
that ensures a fracture probability of at least 0.95. Fig. 4, 5
show a device for determining the maximum fracture force
of a walnut with and without a cleft.

Fig. 4. Determining the maximum breaking force of a walnut
with a cleft on a special device

Fig. 5. Determining the maximum breaking force in Newtons
of a walnut without a cleft using a special device

The special devices shown in Fig. 4, 5 provide a loading rate
of 1 mm/s and an indenter contact area diameter of 10 mm.

4.3. Determining the influence of roughness pitch
of working surfaces on the shell breaking force

To assess the effect of working surface geometry on shell
breakage, additional experiments were conducted between
surface roughness with protruding element pitches of 10, 13,
and 16 mm. Thirty experiments were conducted for each
roughness level, with and without a cleft. A total of 90 ex-
periments were conducted. The force determination device
is shown in Fig. 6.

Fig. 6. A device for determining the breaking force between
rough surfaces with a pitch of protruding elements of 10, 13,
16 mm from the side of a natural crack

Fig. 7. Device for determining the breaking force between
rough surfaces with a pitch of protruding elements
of 10, 13, 16 mm from the side of a solid shell



Special devices were manufactured to replicate the work-
ing surface (grooves) of the upper movable and lower fixed
millstones of the first section. Each pair of surfaces was
roughened with protruding elements spaced at 10, 13, and
16 mm, respectively.

4. 4. Determining the strength characteristics of
walnut kernels

The strength properties of walnut kernels were deter-
mined using an ST-2 structure meter (Fig. 8) (manufactured
in Russian Federation). Tests were conducted at a nut mois-
ture content of approximately 12%.

Fig. 8. Structure meter ST2 for determining the crushing
force of walnut kernels

To describe the experimental data, a second-order qua-
dratic regression model (3) was used

F=b,+bx+b,y+b,x"+b,xy+b,y’. (©)

A second-order quadratic regression model relates kernel
fracture force to deformation and moisture content.

5. Results and discussion of the experimental study to
determine the breaking force of walnut shells

5.1. Determining the breaking force of the shell
and the probabilistic nature of failure under local
loading

Table 1 gives the results of determining the maximum
shell fracture force under loading from a natural cleft.

Table 2 gives the results of determining the maximum
force of shell destruction under loading from the side of the
whole shell.

Analysis of the data given in Tables 1, 2 revealed a signif-
icant difference in shell strength depending on the loading

orientation. When loading from the natural cleft, the average
failure force was approximately 255 N, while when loading
from the intact shell, it was approximately 354 N. This indi-
cates pronounced anisotropy in the mechanical properties of
the shell and the presence of a zone of reduced strength along
the natural seam line.

Table 1

Results of tests on walnut under loading from a natural cleft
No. e, mm Force F, N

1 31.5 244

2 33 233

3 31 237

4 31.5 286

5 32 245

6 31 269

7 30.5 258

8 29.5 288

9 30 289

10 33 262

11 31 254

12 31 279

13 31.5 243

14 31.5 240

15 32.5 204

16 31.5 272

17 30.5 240

18 32.5 249

19 30.5 254

20 31.5 256

Table 2

Results of tests on walnuts under loading from the whole shell
No. e, mm Force F, N

1 31.5 370

2 32 365

3 30.5 361

4 31 342

5 30 320

6 33 386

7 32.5 359

8 31 365

9 31.5 344

10 31 382

11 32.5 338

12 32 317

13 32 352

14 34 354

15 31.5 386

16 31.5 305

17 32 368

18 31.5 368

19 31.5 345

20 30.5 344

A two-parameter Weibull distribution was used to statis-
tically interpret the scatter of results. Fig. 9 shows the shell
strength distribution density, and Fig. 10 depicts the shell
failure probability curves.
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Processing the results using the two-parameter Weibull
distribution method allowed us to determine the following

parameters:

— Weibull modulus m =13.72 for
loading from the cleft side;

— Weibull modulus m =19.63 for
loading from the solid shell side;

— Characteristic loads: Fy = 264.6 N,
Fy = 363.3 N, respectively.

The obtained values confirm the
brittle nature of shell fracture and its
pronounced anisotropy. The higher
fracture force values for loading from
the solid shell side are explained by a
more uniform stress distribution and
the absence of an initial zone of weak-
ness characteristic of a natural cleft
line.

The calculation showed that to en-

450

5. 2. Influence of the roughness pitch of
working surfaces on the shell breaking force

To assess the influence of working surface ge-
ometry on shell breakage, additional experiments
were conducted between roughness surfaces with
protruding element pitches of 10, 13, and 16 mm.
Unlike indenter tests, this stage of the study more
closely simulates nut contact with working surfac-
es typical of a real nut cracking machine.

Summary results for shell breaking force
determination are given in Table 3.

As can be seen from Table 3, the roughness
pitch has a significant impact on the shell frac-
ture force. The lowest fracture force values are
observed at a pitch of 10 mm, whereas as the
distance between protruding elements increas-
esto 13 and 16 mm, the fracture force increases.
When loading from the crack side, the average
fracture force was 234.1 N at a pitch of 10 mm,
323.1 N at a pitch of 13 mm, and 331.6 N at a
pitch of 16 mm. When loading from the sol-
id shell side, the corresponding values were
283.1N, 369.7 N, and 380.4 N.

To statistically interpret the scatter of results
from the second stage of the experiment, an analy-
sis of the shell strength distribution was performed
using a two-parameter Weibull distribution. The
distribution parameters are given in Table 4.

Fig. 11 shows the shell strength distribution
density curves, and Fig. 12 depicts the probability
fracture curves for different roughness steps of the
working surfaces and two loading orientations.

An analysis of the curves in Fig. 11, 12 reveals
that decreasing the roughness pitch shifts the
distributions toward lower fracture forces. This
means that at a pitch of 10 mm, shell fracture
occurs at lower applied forces compared to pitches
of 13 and 16 mm. As the distance between pro-
truding elements increases, the probability curves

shift toward higher forces, indicating an increase in the force
required to fracture the shell.

Table 3
The influence of roughness pitch on the breaking force of walnut shells
Roughness Load Number Averag.e Standard . .
. . - of destructive o Minimum N |Maximum N
pitch, mm | orientation . deviation, N
experiments | force, N
10 with cleft 15 234.1 13.6 206 249
10 without cleft 15 283.1 12.2 263 302
13 with cleft 15 323.1 11.8 309 342
13 without cleft 15 396.7 9.8 356 392
16 with cleft 15 331.6 8.3 313 345
16 without cleft 15 380.4 12.5 360 398
Table 4

Weibull distribution parameters for the second stage of the experiment

sure a probability of at least 0.95 for

any nut orientation, a contact load of

approximately 350 N is required. This

value can be considered the lower

limit of the load required to fracture

the shell in the working zone of the

installation.

Roughness pitch, mm | Load orientation |Weibull module (m)| Characteristic power (Fy), N
10 with cleft 23.63 240.1
10 without cleft 26.60 288.9
13 with cleft 29.56 328.9
13 without cleft 35.43 374.7
16 with cleft 44.89 335.6
16 without cleft 37.02 386.3




Density distribution of shell strength for the second experiment (Weibull)
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Fig. 12. Probability curves of walnut shell failure for different roughness steps of working surfaces and two loading
orientations (Weibull distribution)

In all studied loading series, the fracture forces from
the natural cleft side were lower than those from the in-
tact shell side. This result is consistent with the results
of the first stage of the study and confirms the presence
of pronounced anisotropy in the mechanical properties of
walnut shells.

This pattern can be explained by changes in the density of
local stress concentrators in the contact zone. With a smaller
roughness pitch, the number of active contact points between
the nut and the working surfaces increases, leading to in-
creased localized stress and facilitating crack initiation. With
a larger roughness pitch, the contact localization decreases



and the stress is distributed more evenly, thereby increasing
the force required to break the shell.

An analysis of the curves in Fig. 11, 12 reveals that de-
creasing the roughness pitch shifts the distributions toward
lower fracture forces. This means that at a pitch of 10 mm,
shell fracture occurs at lower applied forces compared to
pitches of 13 and 16 mm. As the distance between protrud-
ing elements increases, the probability curves shift toward
higher forces, indicating an increase in the force required to
fracture the shell.

In all studied series, when loading from the natural cleft,
the fracture forces were lower than when loading from the in-
tact shell. This result is consistent with the results of the first
stage of the study and confirms the presence of pronounced
anisotropy in the mechanical properties of walnuts.

This pattern can be explained by changes in local stress
concentrators in the contact zone. With a smaller roughness
pitch, the number of active contact points between the nut
and the working surfaces increases, leading to increased lo-
cal stress and facilitating crack initiation. With an increased
roughness pitch, the contact localization decreases and the
stress is distributed more evenly, thereby increasing the force
required to break the shell. The results obtained in the first
stage characterize the basic strength of walnut shells under
localized loading and allow us to evaluate the influence of
nut orientation on the magnitude of the breaking force. It
was found that when loading from the natural cleft, shell
failure occurs with lower forces compared to loading from
the intact shell. This indicates pronounced anisotropy in the
mechanical properties of the shell and the presence of a zone
of reduced strength along the natural seam.

The second stage of our study focused on the influence of
the geometry of the working surfaces, specifically roughness
pitches of 10, 13, and 16 mm, on the shell breakage force.
Unlike indenter testing, this stage more closely simulates the
contact of the nut with rough surfaces, closely resembling the
conditions found in the working zone of a nutcracker.

A comparison of the results from the two stages shows
that they complement each other rather than duplicate each
other. The first stage of the study addresses the question of
the intrinsic strength of the shell and allows for a quantitative
assessment of its probabilistic characteristics under localized
loading. The second stage determines how the geometry of
the working surfaces influences shell breakage under condi-
tions similar to those of a real machine.

At the same time, the general pattern established in the
first stage remains consistent across all series: shell breakage
from a natural cleft requires less force than shell breakage
from a solid shell. This means that the shell anisotropy is
maintained both under local loading by indenters and in
contact with rough working surfaces.

The results of the second stage showed that the roughness
pitch influences the magnitude of the fracture force. The
lowest forces were obtained with a pitch of 10 mm, indicat-
ing more efficient crack initiation due to the high density of
localized stress concentrators. As the pitch increases to 13
and 16 mm, the fracture force increases, due to a decrease in
stress localization in the contact zone.

It should be noted that the tests between rough surfaces,
despite their closeness to the actual structure, still primarily
implement a compression mode. In a real nut cracking ma-
chine, the nut is subjected not only to compression but also
to the combined effects of shear and torsion due to the recip-
rocating motion of the upper millstone and the interaction of

the shell with protruding roughness elements. Therefore, the
second stage of our study should be considered an interme-
diate level of modeling, linking the basic shell strength test
with the actual operating conditions of the machine.

Thus, a combined analysis of the two stages of the study
allows us to draw the following conclusions. The first stage
determines the probabilistic and mechanical characteristics
of the shell as a brittle, anisotropic shell. The second stage
demonstrates how the geometry of the working surfaces influ-
ences the magnitude of the load required to fracture this shell.
Combined, these results lay a mechanically sound basis for
selecting parameters for the working surfaces of a nutcracker.

5.3. Mechanical interpretation of the process of
shell destruction

Analysis of the results from the two stages of the study
reveals that walnut shell fracture is determined not only by
the absolute magnitude of the applied force but also by the
nature of the stress state formed in the contact zone. Under
localized loading by indenters, normal compressive stresses
predominate in the shell, whereas contact with rough surfaces
additionally generates localized shear stresses associated with
uneven contact and load redistribution across the nut surface.

In the designed nut-cracking machine, this effect should
be even more pronounced since the nut in the working chan-
nel is subjected not only to compression but also to shear and
torsion due to the reciprocating motion of the upper mill-
stone. Thus, the actual shell fracture process occurs under
complex combined loading conditions.

In the first approximation, the normal contact deforma-
tion ¢ is determined by the geometry of the working channel
and can be estimated by expression (4)

5=d,-D,, @

where d.q is the equivalent nut diameter;

D,y is the effective diameter of the working channel.

If there are protruding elements of height h, on the upper
and lower millstones, the effective channel diameter is deter-
mined as follows (5)

D, =D, ~2hp, )

where Dy is the nominal diameter of the tubular space.
As a first approximation, the normal compressive force is
determined by the following relationship (6)

F =k0, ©)

where k, is the reduced stiffness of the “nut-contact-working
surfaces” system.

The tangential force arising from the interaction of the shell
with the protruding roughness can be estimated as follows (7)

F,=uF,, @
where u is the effective friction coefficient in the contact zone.

When the nut rotates, a torque (8) is generated in the
working channel

M=Fpr,, ®

where . is the effective radius of application of the shear
force.



Thus, normal and shear stresses arise simultaneously in the
shell. To qualitatively describe the failure conditions, the equiv-
alent stress according to the von Mises criterion (9) can be used

0, =Vo’ +37°, ©
where o is the normal compressive stress,

r is the shear and torsional stress.

Shell failure occurs when the equivalent stress reaches a
critical value (10)

o 20.. 10)

Given the fragile nature of the shell, the moment of fail-
ure is probabilistic. A two-parameter Weibull model (11) was
used to describe it

F m
P =1-exp —[FJ , amn

0

where Pyis the fracture probability,

F, is the characteristic fracture force, and m is the Weibull
modulus.

The previously obtained values of the parameters m and
F, allow us to relate the mechanical loading model to the
probability of shell fracture. In this case, increasing the nor-
mal force F,, the shear force F,, and the torque M leads to
an increase in the equivalent stress and, consequently, to an
increase in the probability of shell fracture.

The experimental results obtained are consistent with
this concept. As the roughness pitch decreases to 10 mm, the
density of local contact points and the concentration of shear
stresses increase, leading to a decrease in the shell fracture
force. As the surface pitch increases to 13 and 16 mm, the

localization of contact decreases, which is accompanied by
an increase in the fracture force.

Thus, the process of walnut cracking in the designed set-
up can be interpreted as the fracture of a brittle anisotropic
shell under the combined action of compression, shear, and
torsion. The experimentally obtained values of the crushing
force and the parameters of the Weibull distribution form the
basis for the working elements of the nut-cracking machine.

5. 4. Strength characteristics of walnut kernels

The results of testing walnut kernels on the ST-2 struc-
ture meter showed that their strength characteristics depend
significantly on deformation and moisture content. A sec-
ond-order quadratic regression model was used to describe
the experimental data. For the studied variant, the following
equation (12) was derived

F =4,137,704,512 - 2,626.9045x —7,955.0652y +
+34.9617x7 +450.4758xy +7.7666 y*, 12)

where F is the core breaking force, g;

x is the strain, mm;

y is the core moisture content, %.

Based on this equation, a response surface was construct-
ed that reflects the combined effect of strain and moisture
content on the kernel breaking force (Fig. 13).

The response surface analysis reveals that the depen-
dence of the fracture force on the factors studied is signifi-
cantly nonlinear. As moisture content increases, a decrease
in kernel strength is observed, which is explained by a de-
crease in the resistance of its internal structure to external
loading. The effect of deformation is also nonlinear: as defor-
mation increases, the force increases until a limiting state is
reached, at which point the kernel fractures.

3D Surface Plot of Force, g against Deformation, mm and Moisture on the kernel, %
Table.sta 10v*10c
force, g =41377.4512-2626.9045*x-7955.0652*y+34.9617*x*x+450.4758*x*y+7.7666*y*y
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Fig. 13. The response surface reflecting the combined effect of deformation and moisture on the kernel failure force



Our results (Fig. 13) show that, for a certain combination
of moisture content and deformation, there is a region of
minimum fracture force. This confirms the need to consider

the physical state of the kernel when selecting nut cracking
modes. Thus, the constructed regression model and the cor-
responding response surface enable us to estimate the limit-
ing conditions for kernel fracture and use them to develop a
safe operating range for the nut cracking machine.

5.5. Formation of a safe range of loads based on the
conditions of shell destruction and kernel preservation

The safe working load range was determined based on
the condition of ensuring shell fracture while maintaining
kernel integrity. It was found that walnut shell fracture oc-
curs under loads of approximately 255 N on the crack side
and approximately 354 N on the intact shell side. Weibull
analysis results indicate that fracture in any orientation re-
quires a load of approximately 350 N.

Kernel tests on the ST-2 structure meter showed that
fracture under direct loading occurs at an average force of
approximately 120 N. Since the kernel in a real machine
does not directly bear the full external load, a load transfer
coefficient n was introduced, relating the external force F), to
the force acting on the kernel: Fyepe; = 1 Fy, Where 1 < 1. The
safe working load range is then determined by relation (13)

F

F
ker nel,ave
< — T
shell — Fn < °

n
It follows that a rational operating mode of the installa-
tion should ensure the destruction of the shell due to the com-
bined action of compression, shear, and torsion with minimal
transfer of load to the kernel.

13)

6. Discussion of results based on the study to
determine the breaking force of walnut shells

Our results demonstrate that walnut shell fracture is
determined by two key factors: the anisotropy of the shell’s
mechanical properties and the geometry of the contacting
working surfaces. This is confirmed by the data from the
first stage of our study (Tables 1, 2), according to which the
average fracture force under loading from the natural cleft
is approximately 255 N, while under loading from the intact
shell, it is approximately 354 N. Consequently, the natural
cleft line is a zone of reduced strength, and the shell itself
exhibits pronounced structural anisotropy. The scatter of
experimental values and the shape of the probability curves
in Fig. 9, 10 further demonstrate that shell fracture is proba-
bilistic in nature, typical of other brittle biological shells.

The explanation for this result is related to the character-
istics of the stress state in the shell. Under localized indenter
loading, normal contact stress predominantly develops in the
material. Under loading from a natural cleft, fracture is initi-
ated at a lower force, as the natural joint acts as a weakened
zone and promotes earlier crack initiation. This is consistent
with the Weibull distribution parameters obtained in the first
stage (Fig. 9, 10): lower fracture resistance from the cleft side
is accompanied by greater sensitivity to localized defects in
the shell structure. Under loading from the solid shell, stress
is redistributed more uniformly, requiring a higher load to
reach the critical state.

The results of the second stage of our study show that the
roughness pitch of the working surfaces is a significant de-

sign parameter affecting the shell failure force. According to the
data in Table 3, the minimum failure force is observed at a pitch
of 10 mm; while increasing the pitch to 13 and 16 mm increases
the required load. This pattern is confirmed by the distributions
and probability curves in Fig. 11,12, where a decrease in the
roughness pitch is accompanied by a shift in the distributions
toward lower forces. Mechanically, this can be explained by the
fact that with a smaller pitch, the density of local contact points
increases and, accordingly, the number of stress concentrators
initiating crack development. With a larger roughness pitch,
contact becomes less localized, and the stresses are distributed
more evenly, requiring a higher external force.

It is particularly important that the pattern established in
the first stage is maintained in all series of the second stage:
fracture from the natural cleft occurs at lower forces than from
the solid shell. This indicates that the identified shell anisotropy
is maintained not only under localized indenter loading but also
during contact with rough working surfaces, that is, under con-
ditions closer to those encountered in a real nutcracker. In other
words, the first stage of our study characterizes the intrinsic
strength of the shell, while the second demonstrates how this
strength is realized in the nut-working surface system.

The proposed mechanical interpretation of the fracture
process allows us to relate the experimental results to the
operating conditions of the machine. While compression
predominates under indenter loading, interaction with rough
surfaces also generates shear stresses, and in a real machine,
a torque caused by the reciprocating motion of the upper
millstone. Consequently, actual shell fracture occurs under
the combined action of compression, shear, and torsion.
This is fundamentally important, as it explains why, in the
machine’s operating zone, fracture can be achieved not only
through increased normal force but also through more effi-
cient use of the shear components of the load.

A practically significant result of our work is the devel-
opment of a safe operating load range for shell fracture and
kernel integrity. The results of the first stage indicate that, for
any nut orientation, a load of approximately 350 N is required
to achieve a high probability of fracture. However, kernel
testing on the ST-2 structure meter showed that its strength
is significantly lower (Fig. 13). At first glance, this creates a
contradiction between the need to break the shell and the
requirement to maintain the integrity of the kernel. However,
this contradiction is resolved by the fact that in a real machine,
the kernel does not directly bear the full external force: part
of the load is expended on the deformation and destruction of
the shell, redistribution in the contact zone, and compensation
through shear interactions. Therefore, a safe operating mode
must ensure shell destruction not by simply increasing the
normal pressure but by a rational combination of compression,
shear, and torsion with minimal load transfer to the kernel.

Compared to other studies on the strength of nutshells
and similar biological shells, the proposed approach has sev-
eral distinctive features.

First, the study combines local strength tests, tests be-
tween model rough surfaces, and a mechanical loading
scheme similar to a real machine.

Second, along with average values of destructive forces,
a probabilistic analysis based on a two-parameter Weibull
distribution is used, allowing for the natural variation in the
properties of biological material to be taken into account.

Third, shell strength is considered in conjunction with ker-
nel strength, thereby framing the problem of shell failure not in
isolation but within the context of the technological requirement



for the preservation of the target product. This distinguishes
our work from those studies in which the analysis is limited to
determining the shell failure force without regard to the param-
eters of the working element and the risk of kernel damage [1-6].

However, the study results have certain limitations. They
were obtained for nuts of a single local variety at a moisture
content of approximately 12%, a shell thickness of approximate-
ly 2 mm, a specific range of equivalent diameters, and a loading
rate of 1 mm/m. Consequently, the established fracture force
values, Weibull parameters, and safe load range are primarily
valid for the specified range of input conditions. Furthermore,
the second-stage tests, although close to the actual contact
pattern, still primarily implement quasi-static compression be-
tween rough surfaces and do not fully reproduce the kinematics
of a reciprocating millstone. Therefore, the obtained relation-
ships should be considered a mechanically valid, but not yet
definitive, complete model of the actual cracking process.

The study’s disadvantages, which are not consistent with
its limitations, deserve special mention. These include the
relatively limited sample size in individual series, the lack of
direct visualization of crack initiation and development, and
the lack of direct measurement of the proportion of external
load transferred to the kernel in the machine’s working
channel. Furthermore, our study did not take into account
variability in local shell thickness, possible asymmetry of the
nut’s internal cavity, and variations in kernel shape. These
limitations can be addressed in the future by expanding the
experimental base, using high-speed video recording, finite
element modeling, and instrumental monitoring of contact
forces directly in the machine’s operating zone.

Further studies should be linked to a transition from model
testing to experiments on a full-scale nut-cracking machine. A
promising approach is to explore the influence of the amplitude
and frequency of the reciprocating motion, the shape and height
of roughness, the relative speed of the working elements, and
the moisture content of the nut on the probability of shell frac-
ture and the degree of kernel damage. Mathematical and exper-
imental difficulties may arise in describing the transient contact
interaction of a brittle anisotropic shell, the high sensitivity of
the biomaterial to changes in humidity, and the natural variabil-
ity of the geometric and strength properties of nuts.

Therefore, our study results demonstrate that walnut shell
fracture should be considered as a probabilistic process of
brittle fracture of an anisotropic shell under combined loading
conditions. Minimizing the roughness pitch to 10 mm reduces
the required fracture force by increasing local stress concen-
tration, and taking into account the strength characteristics of
the kernel allows for the substantiation of a safe operating load
range. The combined data obtained provides a mechanically
and technologically sound basis for selecting parameters of the
working elements for a nut cracking machine.

7. Conclusions

1. We have found that walnut shell strength depends
significantly on the loading orientation. Under localized
loading from the natural cleft, the average failure force was
approximately 225 N, while under loading from the intact
shell, it was approximately 354 N. This confirms the pro-
nounced anisotropy of the shell’s mechanical properties and
the presence of a zone of reduced strength along the natural
seam (on the cleft side). It was shown that shell failure is
probabilistic and is correctly described by a two-parameter

Weibull distribution. For loading from the crack side, the ob-
tained parameters were m = 13.75 and F,, = 264.6 N, while for
loading from the solid shell side, m = 19.63 and F, = 363.3 N.
A probabilistic analysis revealed that a contact load of ap-
proximately 350 N is required to ensure a fracture probability
of at least 0.95 for any nut orientation.

2. A significant influence of the roughness pitch of the
working surfaces on the shell fracture force has been estab-
lished and experimentally proven. The lowest fracture force val-
ues were obtained with a pitch of 10 mm, whereas with increas-
ing pitch to 13 and 16 mm, the required force increased. This is
explained by an increased density of local stress concentrators
with a smaller distance between protruding elements and, con-
sequently, easier crack initiation in the shell. It is shown that the
results of the two stages of our study do not duplicate each other
but rather complement each other. The first stage allowed us to
determine the basic probabilistic and mechanical characteristics
of the shell as a brittle anisotropic shell, while the second stage
made it possible to establish the influence of the geometry of
rough working surfaces on fracture behavior under conditions
similar to those of a real machine.

3. A mechanical interpretation of the shell fracture process
in the designed setup has been proposed as the fracture of a
brittle shell under combined compression, shear, and torsion.
It is shown that, unlike indenter tests or tests between rough
surfaces under static compression, a more complex stress state
is formed in the real working zone of a nut cracking machine,
increasing the efficiency of crack initiation and propagation.

4. It has been established that the strength characteristics
of walnut kernels are significantly dependent on moisture
content and deformation and are described by a second-order
quadratic regression model. Analysis of the response surfac-
es revealed a nonlinear change in the fracture force of the
kernel and the presence of a region of minimum strength for
a certain combination of deformation and moisture content.

5. A safe operating load range was compiled based on
the conditions for shell destruction and kernel integrity. It
was shown that a rational operating mode for the installation
should ensure shell destruction under external loads of ap-
proximately 350 N.
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