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Devices that have a motor and a crusher arm mec-
hanism are called a crusher and crusher systems. 

They use these parts to apply a compressive force and 
break down objects. Due to surface-to-surface in 
a limited location or surface-to-point contact, high 
stresses occur in the crusher arm which can cause 
fracture. Also these stresses cause deformations in 
the arm and they must remain within certain limits. 
The crusher arm is structurally in the beam profile 
and bending is the most dominant condition that 
happens during crushing. In the literature, there are 
different application trials for the solution of bending 
beam problem. Reinforced recycled concrete beams 
[1] were analyzed under bending which showed lo-
wer compressive strength and modulus of elasticity
than normal concrete. A function was expressed
between the compressive strength of recycled conc-
rete and Young's modulus. Wang [2] theoretically cal-
culated the appropriate suspended roof length for a
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roof. Optimum placement distances of roof hanging 
slots were determined by considering the weight of 
the beam. The most suitable cell profile against im-
pact [3] was investigated in different cell structures 
formed in square tubes. A bending moment occur-
red due to the inclined plane having different angles 
used in impact. The energy absorption of a steel plate 
system [4] was investigated using the finite element 
method and it was found that most of the absorbed 
energy was bending energy.  In a study transverse ice 
breaking under crushing and bending conditions, re-
sults of force/moment [5] were given. The crush res-
ponse of two nested rectangular pipes under lateral 
compression [6-8] was investigated. Crushing load 
varied according to the area occupied by the plastic 
zone, tube thickness and yield stress of the material. 
Zhang et al. [9] investigated rectangular tubing which 
was fabricated by bending of aluminum sheets under 
axial crushing. The overlapping plates used in the 

A B S T R A C T

Crushers are utilized to break down or crush various components in industrial applica-
tions are subjected to high stresses. The crushing process is carried out by a crusher 

arm located on the crusher itself. The shape and length of the crusher arm influence the 
deformation on the arm and the efficiency of crushing process. During the crushing pro-
cess, stress concentrations occur at the contact regions and especially at the connection 
location of the crusher arm and the drive shaft. This study examined the connection of 
the crusher arm at various positions on the shaft and explored variations in stress. Finite 
element analysis was used in the analyses. The used material is standard steel that behaved 
elastically. The stresses changed in a way that was not proportional to the movement of 
the tangential crusher arm towards the center of the shaft. The d=8 mm and d=24 mm 
locations are the most suitable places to move the crusher arm rather than the tangential 
position (d=40 mm). The highest stresses occurred at the corners where the shaft and 
crusher arm connected and formed a stress concentration. The friction effects on the con-
tact surface were also examined and the increased friction coefficient slightly reduced the 
stress values of the crusher system, but increased the stresses on the crushed object. Only 
maximum stress levels that are observed at the surface of the beam are mainly considered. 
The results regarding the crusher arm are discussed in detail.
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vating the rotation speed of the rotor. A general used mo-
del for crushing process has not been developed, Mish-
chuk et al. [26] investigated for five different crushing 
machines by considering destruction energy of materials. 
They detected that many tries into the mathematical mo-
deling of material fracture have faced considerable chal-
lenges. The review of literature highlighted a deficiency 
in relevant research concerning a beam constructed on 
the drive shaft.

In this study, the position of the crusher arm on the 
shaft body and the surface friction coefficient were exami-
ned, stress and deformations were given. The study may 
contribute to the same or beam-shaft connection studies in 
the literature.

MATERIAL AND METHODS

The crusher system consists of a crusher arm and the 
part to be crushed and are shown in Fig. 1. The arm that 
crushes the material is made of beam is connected to a 
hollow shaft. The inner part of the shaft is defined as the 
cylindrical boundary condition that allows only rotatio-
nal. The boundary condition defined for the rotation of 
the shaft around a fixed axis is also used in similar studi-
es in the literature [27]. A torque of 1000 Nm is applied to 
the shaft in a clockwise direction. The piece to be broken 
has a circular geometry and is mounted in contact with 
the crusher arm. The bottom surface of the circular pi-
ece is fixed. The fixing location is sufficiently far from 
the contact location. Contact surfaces were defined as 
friction surfaces and the friction coefficient was deter-
mined as 0.3. The position of crusher arm is defined as 
d is shown in Fig. 1. It is the distance between the outer 
surface of the crusher arm and the center of the shaft. 
Different d values have been investigated in the study.

Finite element model of the crusher system was shown 
in Fig. 2 which was created to include uniform finite ele-
ment distribution. There are approximately 30,000 finite 
elements in each model. The aspect ratio of the elements is 
very close to 1 and high-quality element structure is formed. 
The model was created with the plane stress condition in 2D 
with unit thickness. Standard steel (E=200 GPa, υ=0.3) was 
chosen as the material.

tube increased the absorbed energy but caused uneven 
buckling. The clamped boundary condition solved that 
problem. Crushing behavior of CF/EP composites [10] 
were analyzed under quasi-static and dynamic conditi-
ons. In the quasi-static analysis, bending, an important 
factor of the damage mechanism, was found dominant. 
The average crushing force of multistage nested rec-
tangular tubes [11] was analyzed, and the use of more 
stages resulted in better crush performance and energy 
absorption. When the number of stages or cells used 
[12] was increased, the crash-resistance properties were
improved. Energy absorption and crushing performan-
ce of capped cylindrical tubes [13] were analyzed under
oblique impact which showed better energy absorption
performance than standard cylindrical tubes. The samp-
les containing concrete and timber in the steel column
tubes were tested for their stability under crushing [14].
The location of loading affected material loading capacity. 
An axial compression load [15] was applied to corrugated
tubes containing carbon fiber reinforced polymer (CFRP) 
and Kevlar fiber-reinforced polymer (KFRP) composites
and having conical angles of 350, 400, 450, 500 and 550.
Similar crushing behavior was observed between KFRP
and CFRP composites and 500 conical angle has the best
energy absorption behavior. The mechanical behavior of
the lattice cylindrical shells under compression [16] was
investigated and negative Poisson ratio was observed.
Energy absorption capacity was increased 20% between 4 
different trials. Transverse bending of thin-walled beams 
[17] was analyzed without considering various shapes/
dimensions and fixed boundary conditions. The used
three-point bending analysis results showed that loading
angle and position affect the deformation modes. In stu-
dies carried out on crushers that have a conical structu-
re rather than a beam structure, heat treatment [18] was
applied on a cone crusher surface to increase the resis-
tance to abrasion. Gyratory crusher torque analysis [19]
was analyzed with discrete element method and found
that large particles cause to decrease the crushing torque. 
Another study [20] analyzed the concave curve height,
curve radius, and shaft speed of a gyratory crusher to
optimize its geometrical parameters. Frequency [21] for
a vibratory crusher, rotor parameters [22] for a crusher-
shredder, hammers, and knives [23] on rotor for crushing 
were investigated. Rotor parameters and hammer sha-
pe were found to be the most important design criteria.
Discrete element method [24] was used to examine new
hammer designs for laboratory-scale jaw crusher and
new designs have been found less effective than existing
designs. Thus, time/money savings were achieved by not
producing industrial sized devices. Investigating single
and double rotor impact crushers through the discrete
element method [25] revealed that enhancing crushing
efficiency is achieved by employing double rotors and ele-

Figure 1. Geometrical model of crusher and cylinder and dimensions 
(in mm).
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A validation study was conducted to determine the so-
lution precision and accuracy of the finite element model. 
Since the bending behaviour is dominant, a cantilever beam 
problem has been investigated and its model is shown in Fig. 
3. One of the short sides of the cantilever beam is fixed and
a pure moment of 10 Nm is applied to the other free edge.
Cantilever beam has a length of 100 mm and height of 10
mm. The bending stress was [28] given in Eq. 1 for this va-
lidation case. The applied moment is represented as M, the
distance between the geometric center and the upper/lower 
surface is represented as c and the moment of inertia is rep-
resented as I for the rectangular section.

M c
I

σ ×
= (1)

The stresses in the crusher are given in the form of Von-
Mises stresses [28-29] in Eq. 2. The stresses on the right side 
of the equation are the principal stresses.

2 2
1 1 2 2VMσ σ σ σ σ= − + (2)

RESULTS AND DISCUSSION

The analytical solution of validation case is given in Eq. 3. 
and the result obtained for the finite element analysis is 
shown in Fig. 4. The calculated analytical result and the 
results obtained from the finite element analysis are con-
sistent with each other. The crusher system was modelled 
and examined using this element structure.

3

10Nm 0.005m 0.6MPa1 1 (0.01m)
12

M c
I

σ ⋅ ⋅
= = = ±

× ×
                   (3)

In Fig. 5, the maximum Von-Mises stresses in the 
crusher system with respect to crusher arm distance (d) are 

shown. At the farthest distance (d=40 mm) where the bre-
aker arm is tangential to the shaft, the stress value is 50,198 
MPa. Stress concentration occurs locally at the corner of the 
breaker arm and shaft connection. When the crusher arm 
was brought a little closer to the shaft center (from d=40 
mm to d=36 mm), the stress value decreased slightly. As the 
arm that breaks the material approached the center of the 
hollow shaft, the connection location where the shaft and 
the arm meet became less acute. Stress values increased by 
15% between d=36 mm and d=32 mm results. In this layout, 
the center of the cylindrical part and the center of the shaft 
are in approximately the same vertical position. The highest 
stress value is observed in the result with d=32 mm. The-
re is a sharp stress reduction observed at d=24 mm results. 
Sharp corners turned into two normal connection corners. 
The lowest stress value was obtained at d=8 mm and then 
at d=24 mm. Geometric nonlinearity is quite dominant in 
stress values.

Considering the stress contours in Fig. 6, the highest 
stresses occurred at the corners where the crusher arm and 
the shaft are connected, and on the upper and lower surfa-
ces of the crusher arm. The stress contour values are labeled 
as H++, H+, H, L and L- from highest to lowest. The highest 
stress (H++) locations occur at the connection corners in all 
cases. When the crusher arm is approaching to the centre 
of shaft (from d=40 mm to d=32 mm), H+ stress location 
vanishes at the upper surface of the crusher arm. H+ loca-
tion at the below surface of the crusher arm concentrates 
in a smaller area. Therefore, the stress value at d=32 mm 
is higher than the other cases. H+ contours appear at the 
upper surface of the crusher arm in d=24 mm results that 
causes to decrease the stresses at the lower surface. At the 
d=2 mm result, two H++ stress locations are observed. This 
stress distribution is similar the stress distribution of a can-
tilever beam under bending.

The stresses occurring on the upper surface of the 
crusher arm are shown in Fig. 7. Stress concentration have 
occurred at the x=0 m location, where the crusher arm con-
nects with the shaft. In the results of d=40 mm, stress values 

Figure 2. Finite element model of crusher and cylinder.

Figure 3. Finite element model of a cantilever beam.

Figure 4. Bending stress of cantilever beam (in MPa).

Figure 5. Crusher arm distance (d) and stresses in the system (MPa).
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are not high at x=0 m. This is caused by the fact that the 
crusher arm of the d=40 mm model is completely tangential 
to the shaft outer surface. There is no formation of a prot-
rusion at the x=0 m. As a result of the decrease in the d dis-
tance of the crusher arm, the crusher arm approach towards 
the center of the shaft created a protrusion on the connec-
tion location between the shaft and the upper surface of the 
crusher arm. A stress concentration occurs at x=0 m with 
the effect of protrusion. The highest stresses after x=0 m 
range from 18 to 19 MPa. The stress value decreased as the 
d value decreased.

In Fig. 8, the effect of friction coefficient (fc) is shown 
for the d=24 mm crusher arm model. The results are taken 
from upper surface of the crusher arm. It has been observed 
that increasing friction coefficient reduces stresses. A mag-
nified view is also added at the protrusion location.  Incre-
asing the fc from 0.05 to 0.3 decreased the stresses by 2.6%. 
The stress distribution does not change much as different 
fc values. The effect of fc on the vertical deflection results 
are shown in Fig. 9 for the d=24 mm model. The highest 
deflection occurred in the middle of the crusher arm. Def-
lection results are reduced when the friction coefficient (fc) 
increases.

The stress and support reactions are shown in Table 1 
at different coefficients of friction for the d=24 mm model. 
The reaction forces (fx, fy) that occur where the crushed 
part is fixed are shown. Same magnitudes of these reaction 
forces occur at the cylindrical boundary conditions of the 
shaft, but opposite direction. The reaction moment acts to 
prevent the rotation of the object that is being crushed. As 
the friction coefficient increased, the horizontal force and 
the stress values on the cylinder increased, and this had a 
positive effect on the crushing situation. The stress in the 
crusher decreased with increasing friction coefficient.

Figure 6. Von-Mises stress (in MPa) contours for d=40, 32, 24 and 2 
mm.

Figure 7. Von-Mises stresses on the upper surface of the crusher arm 
at different d distance.

Figure 8. Effect of fc on Von-Mises stresses of d=24 mm model at upper 
surface.

Figure 9. Vertical deflection results on the lower surface of the crusher 
arm for the d=24 mm model.
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CONCLUSION

This study examined how the location of the arm and the 
coefficient of friction on the surface affected a system 
that crushes materials. Finite element method was used, 
and stresses, deflection and reaction forces formed under 
the effect of constant moment were given. In the results 
obtained;

• Due to the moment applied to the breaker, mainly 
bending stress has occurred in the breaker arm.

• Sharp corners at the connection locations of the
crusher arm and shaft has the highest stress locations.

• The absence of sharp corner on the upper surface 
of the crusher arm caused the least stress formation at the 
upper surface (in d=40 mm case)

• Moving the tangentially crusher arm (d=40 mm)
towards the d=8 mm and d=24 mm locations reduces the 
stresses.

• Increasing the friction coefficient increases the
horizontal reaction force and the stress in the crushed part 
while decreases the total stress value of the crusher system 
and vertical deflection of the crusher arm.
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