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The shear pin structure is widely used in aeronautics and astronautics structures to deal with emergency structure separation
problems. The shear pin design has a strict restriction on the precise failure load and definite failure mode. Previous research
has conducted shear fracture tests and simulations of solid shear pins while there is a lack of detailed research on the shear
fracture of hollow shear pins with large diameters. In this research, a 3-dimensional finite element model was built based on
the actual shear pin installed on the aircraft engine pylon and the model was validated by the experiment. The influences of
the inner diameter of hollow shear pins on the shear fracture process were investigated by conducting finite element
simulations. The structural deformation, energy dissipation in the fracture process, and failure load of shear pins were
evaluated. It is found that as the inner diameter increases, the failure mode of shear pins changed and would result in
difficulties on the structure separation. To solve this problem, a new configuration of hollow shear pin was proposed for the
purpose of obtaining both desired failure load and failure mode. The new configuration was verified by the fracture simulation
and it is found that the new configuration is effective and can be used to improve the shear fracture performance.

1. Introduction

The shear pin is a mechanical sacrificial component like an
electric fuse designed to break itself when it arises the
mechanical overload to prevent the severe damage of the
global structure [1]. The shear pin structures can be applied
to the crashworthy design realization that is widely used in
aeronautics and astronautics structures to deal with emer-
gency structure separation problems. During the emergency
landing of aircraft, the engine pylon is easy to puncture or
tear the fuel tank, resulting in fuel leakage, catastrophic fire,
and even explosion. The pylon emergency breaking-away
techniques through controlling fracture sequence of shear
pins can be effective ways to protect passengers from fire
and explosions caused by wing tank damage [2, 3]. The shear
pins are also used in landing gear to collapse in a controlled
manner so that the landing gear does not penetrate the cabin
and cause secondary hazards when faced with urgent situa-
tions [4–6]. The shear pin of wind turbine generators is gen-

erally designed in such a way that it should fail when the
mechanical overloads come up so as to protect the highly
expensive units, namely, the gearbox and the generator [1].
Another case is the rocket’s shear pin used in caging and
protection mechanism of missile launchers, whose main
function is locking the missile in launching shoe when
launch force is smaller than release force and then cut off
quickly to relieve the constraint when launching force
reaches release force [7]. Similar structure separation mech-
anisms are also found in spacecraft such as satellites [8].

From the safety and design point of view, the most
important factor of shear pins is the reproducibility and
the repetitiveness of failure load and failure mode. More-
over, in case of multiple failures, the sequence of failures
shall be assured. Therefore, the shear pin design has a strict
restriction on the precise fracture load and definite failure
mode. Too large failure load will make the shear pin unable
to break as required and cause separation failure while too
small failure load will result in the loss of safety factors.
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The failure mode of shear pins should be simple and clear to
ensure that the structure can be separated without getting
stuck.

Previous researchers performed experimental and
numerical investigations to quantify the failure load and
fracture process of shear pin structures. Peng [9] conducted
shear fracture tests of shear pins and established a bilinear
model. Relevant research suggests that ultimate deformation
and equivalent stiffness of the equivalent linear model are
approximately proportional to the diameter of the shear
pin, and load capability is approximately proportional to
the square of the diameter of the shear pin [10]. Sankar
et al. investigated the failure mechanism by both visual and
scanning electron microscope (SEM) inspection on the frac-
tured surface and optimized the neck diameter of shear pin
for the safe operation [1]. Antoni [11] studied the contact
nonlinearities of shear pin structures through an analytical
contact model and finite element analysis. The failure
behaviours and fracture performance of similar double-
shear structures were studied [12]. The mechanical analy-
sis of the connecting structures of shear pins was also

carried out through theoretical analysis and numerical
simulation [13, 14].

Most of the shear fracture tests and simulations of shear
pins mentioned above mainly focused on the solid pins or
pins with small diameters. For the shear pins with large
diameters installed in large component such as aircraft
engine pylon, solid configuration design will make the fail-
ure load too high and hard to fracture, causing difficulties
in the structure separation process. Therefore, the shear pins
with large diameters adopt hollow structural configuration
to reduce failure load [2]. The failure load and failure mode
of hollow shear pin are more complicated than the solid pin
and are greatly affected by the inner diameters. Dong [15]
conducted shear fracture tests and numerical simulations
on shear pins of specific configurations that installed in the
engine pylon. There is still a lack of detailed research on
the shear fracture of hollow shear pins.

Another problem should be considered is that the pin
structures with large inner diameters tend to generate large
plastic deformations in the fracture process, which is similar
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Figure 1: Geometry parameters of the shear pin and its connecting lugs.

Table 1: Material properties.

Materials Mass density Materials Mass density

15-5PH stainless steel 7:78E − 9 195000 0.28

TC4 4:51E − 9 110000 0.34

Table 2: Johnson–Cook model parameters for 15-5PH.
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Figure 2: Characteristic stress-strain behaviour of the 15-5PH
stainless steel.
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with the fracture process of the tube structures [16–18]. The
large plastic deformation of shear pins may cause difficulties
in structural separation process. Boeing has presented some
structural configurations for hollow shear pins to improve
shear fracture performance, but it has not been sufficiently
verified.

In this research, the shear fracture process and failure
mode of hollow shear pin were studied. With reference to
the shear pin structure installed on the aircraft engine pylon,
a 3-dimensional finite element model was build based on the
geometry parameters, structural configuration, and materials
of the actual shear pin of engine pylon. The fracture process
of the shear pin was simulated using the finite element
model, and the results were validated by the experiment.
The influence of inner diameter on the shear pin was inves-
tigated by conducting fracture simulations of shear pins with
different inner diameters. The structural deformation and
stress distribution during the fracture process, failure load,
and energy dissipation were evaluated. To solve the problem
that the shear pins with large inner diameters would gener-
ate large plastic deformation and cause separation difficul-
ties, a new inner-varying configuration of hollow shear pin
was proposed. The new configuration provides a solution
for changing the failure mode of shear pin without changing
the external shape of shear pins. The fracture simulations of
the new configuration were examined, and the influence of
the geometry parameters on the failure mode, failure load,
and energy dissipation was studied.

2. Materials and Methods

2.1. Geometry and Structure. The shear pin structure studied
in this research refers to the shear pin installed on the civil
aircraft engine pylon whose function is to break away air-
craft engine and to prevent fuel tank damage and fire in
the aircraft emergency landing [2, 3]. The shear pin can be
thought of as a hollow cylinder with two end caps. The shear
pin is fixed by a single lug and a double lug. The geometry
parameters of the shear pin are based on the actual shear

pin structure of engine pylon [3]. The external diameter of
the actual shear pin ranges from 40mm to 56mm. In this
research, the external diameter was set as 50 and the inner
diameter ranged from 16 to 32mm which was selected to
study the influence of change of inner diameters on the shear
fracture of shear pins. The total length of the shear pin was
110mm, and the thickness of each end cap was 10mm.
The thickness of the lugs and the intervals between lugs were
determined with reference to the actual shear pin configura-
tion of engine pylon [3, 15]. The geometry parameters of the
shear pin and its connecting lugs are shown in Figure 1.

The fracture simulation method of shear pins was
through striking an impact mass against the single lug of
the double shear structure, as shown in Figure 1. The double
lug bottom was fixed to the ground to provide support force.
The impact velocity needs to comply with the loading veloc-
ity in the actual engineering application and working condi-
tions. The shear pin of the engine pylon of civil aircraft is
designed to fracture in emergency landing conditions of air-
crafts. Therefore, the impact velocity of emergency landing
conditions was used in the fracture simulations. Based on
the actual aircraft crash events, airworthiness regulations,
and previous aircraft structure impact crash experiments,
the impact velocity was set as 10m/s [2].

2.2. Material and Damage Model. The materials of the shear
pin and the connecting lugs are 15-5PH stainless steel and
titanium alloy Ti6-Al4-V, respectively, according to the
actual shear pin structure of the engine pylon. Both 15-
5PH and Ti6-Al4-V have isotropic elastic properties defined
in Table 1. A Johnson–Cook stress model has been used to
model the plastic properties. The Johnson–Cook model is
expressed as follows:

σ = A + Bεnð Þ 1 + C ln _ε∗ð Þ 1 − T∗mð Þ, ð1Þ

where σ is flow stress in MPa, ε is the true strain, _ε∗ is the
dimensionless strain rate, A (MPa) is the yield strength, B
(MPa) is the hardening modulus, C is the strain rate

Figure 3: Mesh of the shear pin and its connecting lugs.
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sensitivity coefficient, n is the hardening coefficient, and m is
the thermal softening coefficient. The Johnson–Cook model
describes the dynamic characteristics of strain rate harden-
ing, strain hardening, and thermal softening of metal mate-
rials. The Johnson–Cook model parameters are presented
in Table 2. The model parameters are obtained by the spec-
imen impact tests [19, 20]. Considering the requirements of
test loading rate, the impact tests are mainly tensile tests, but
the Johnson–Cook model has also been used in shear simu-
lations and achieved good results.

The shear pins experience large deformation and dam-
age in the fracture process. In order to accurately simulate
the fracture process of the pin structure, it is necessary to
establish a reasonable and effective damage model. Figure 2
illustrates the characteristic stress-strain behaviour of the
15-5PH stainless steel undergoing damage. The stress-
strain diagram shows a clear division of stages. The initial

stage of material deformation is linear elastic deformation
(section O-A), and then, with the strengthening of strain,
the material enters the plastic yield stage (section A-B). After
exceeding point B, the bearing capacity of the material
decreases significantly until fracture (B-C section). Point B
indicates the beginning of material damage, also known as
the standard of damage beginning. Beyond this point, the
stress-strain curve is determined by the progress of stiffness
weakening in the local deformation region.

Based on the stress-strain behaviour of the 15-5PH, the
ABAQUS ductile damage model was used to simulate the
damage evolution. The damage model includes the softening
of the yield stress and degradation of the elasticity as shown
in Figure 2. The equivalent plastic strain ε0 was set as 0.1
according to the specimen tensile experiments [15], which
indicates the beginning of the material damage. The material
failure is caused by the complete loss of material bearing
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Figure 4: Comparison of simulation results and test results.
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capacity. The displacement damage evolution was used to
define the material failure. Elements deforming past dis-
placement limit are removed from the simulations, resulting
in gap openings in the structures, which can be considered
to behave similarly to the cracks developing in the shear
pins. The displacement limit can be obtained by the product
of the meshing characteristic length and equivalent failure
strain. The equivalent failure strain can refer to the specimen
tensile experiments and material elongations. The elonga-
tion of 15-5PH stainless steel varies from 12% to 25%
according to different heat treatment methods and forming
methods [15, 21, 22]. In this research, the displacement limit
was set according to the references and the model validation.

2.3. Finite Element Model. A full-scale 3-dimensional finite
element model of the shear pin structure was developed
using the explicit, nonlinear 3D finite element code. The
accumulation errors of finite element simulations generally
result from too many assumptions and approximations
made based on oversimplified finite element models. There-
fore, the geometry of the model must confirm the actual
model, and the discretization process must reflect the origi-
nal structural behaviours through proper element formula-
tions. The hexahedral solid elements were used to model
the shear pin and supporting lugs. The mesh density of the
shear pin and the lug was 1mm and 3mm, respectively,
and the finite element model was discretized as 624458
nodes and 987720 elements, as shown in Figure 3. The solid
elements employed a reduced-integration scheme in calcu-
lating element stiffness to enhance solution efficiency.

Considering the contact that may occur during fracture
process of the shear pin structure, all shear pin nodes were
defined a node to surface with the lugs to ensure the effective
contact between shear pin and lugs. A self-contact of the
shear pin was defined to calculate the internal contact of
the shear pin after pin fracture. The friction coefficients in
the contact interfaces were assumed 0.2, and a “hard-
contact” algorithm was adopted. The final model was per-
formed with the explicit solver ABAQUS/Explicit.

2.4. Model Validation. The finite element model built in this
research was validated by the shear fracture test of shear pins
using the same materials and structural configuration [15,
23]. The diameters of the shear pin of the simulation are
slightly different from those of the tests, but the ratio of
the inner diameter to the external diameter was kept consis-
tent. Moreover, the intervals between lugs are important fac-
tors to the shear fracture process, which was set the same as
that of the tests.

Dong [15] conducted the fracture test of the shear pin
with the inner diameter of 16.95mm and the inner diame-
ter/external diameter ratio of 0.38, as shown in Figure 4(a).
The pin structure was subjected to shear load and cut into
three pieces. The fracture surface is relatively flat and per-
pendicular to the pin axis. Li et al. [23] studied the shear
strength of shear pin with the inner diameter of 12.4mm
and the inner diameter/external diameter ratio of 0.56, as
shown in Figure 4(b). It can be seen through the broken
pieces that the shear pin generated obvious plastic deforma-
tion and the fracture surface is inclined.

It should be mentioned that the fracture tests were car-
ried out under static loading, the effect of loading rate is
not included, and the load-deformation response is difficult
to collate with the impact-loading simulations. For mental
materials, the load resistance generally increases with the
increasing loading rate. To verify the effects of the loading
rate on the fracture process of the shear pins and the effec-
tiveness of the Johnson–Cook models, the shear fracture of
pin structures with different loading rates was carried out.
In the dynamic fracture simulations, the loading rate was
determined through changing the impact velocity of the
impact mass. The impact velocities of 6m/s, 8m/s, 10m/s,
and 12m/s were selected, and the simulation results are
shown in Figure 5. The structural deformations and failure
modes of shear pins are basically consistent, which demon-
strates that the loading rate has little influence on the failure
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Figure 5: Final failure modes of shear pins of different loading
rates.
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Figure 6: Contact force between shear pins and its connecting lugs.
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Figure 7: Continued.
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Figure 7: Continued.
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Figure 7: Continued.
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mode of the shear pin. Therefore, the model validation of
this research is effective. The time-history curves of the con-
tact force between shear pins and its connecting lugs were
illustrated as shown in Figure 6. It can be seen that the peak
value of the contact force increases as the impact velocity
increases. The variation tendency and incremental quantity
are within expectations.

The model validation was meant to verify the failure
mode change trend of pin structures with different inner/ex-
ternal diameter ratios, but not to generate the precisely same
impact-loading responses. The comparison of the shear test

results and the simulation results shows that the final failure
mode of the shear pin with different inner/external diameter
ratio can be predicted using the finite element model. There-
fore, the model built in this research is used for further
application.

3. Shear Fracture of Pins of Different
Inner Diameters

The fracture process of shear pins with different inner diam-
eters was simulated using the finite element model built in
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(d) Inner diameter of 28mm

Figure 7: Fracture process of shear pins with different inner diameters.
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this research. The external diameter of the pin is 50mm and
the inner diameters of 16mm, 18mm, 20mm, 22mm,
24mm, 26mm, 28mm, 30mm, and 32mm were selected
to carry out simulations.

3.1. Structural Deformations. The structural deformations
and stress distribution of the shear pin with different inner
diameters are shown in Figure 7. The shear pins generate a
clear failure mode and a complicated failure mode caused
by the change of inner diameters.

When the inner diameter is less than or equal to 24mm,
the failure mode is clear and the fracture process has a short
duration, as shown in Figures 7(a) and 7(b). Starting at the
moment the shear pin was subjected to the impact load,
the stress concentration occurred at pin surface. Then, the
pin structure accumulated plastic strain and the stress con-
centration part of the pin structure firstly reached the limit
of plastic strain and initiated damage accompanied with
cracks. The crack extended downward along the cross
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section of the pin structure. Meanwhile, the region where the
lower part of pin structure intersects the double lugs also
reached the limit of plastic deformation, and cracks
extended upward. Finally, the crack on the upper and lower
parts of the pin structure intersected, and the shear pin was
completely broken into three sections.

When the inner diameter is more than or equal to
26mm, the failure mode is more complicated and the dura-
tion of the fracture process is long. As shown in Figures 7(c)
and 7(d), due to the decrease of the overall stiffness caused
by the increase of the inner diameter, the pin structure had
generated large deformations before the damage begins.
The large deformation of the pin structure resulted in the
change of crack propagation direction. When the crack orig-
inating from the upper part of the pin structure extended to
the middle part of the shear pin, it began to expand along the
inclined direction, then converged, and finally separated the
upper part of the shear pin from the lower part. At this
point, the pin structure had been broken into two pieces,
while the lower part of the pin was still connected. Followed
by the internal contact between the upper part and the lower
part of the shear pin, the impact load was transmitted to the

lower part and it finally resulted in the complete fracture of
the pin structure.

The fracture process of the shear pin contains highly
nonlinear structural damage and finite element simulation
might have deviations; the changing trend of the failure
modes is considered to be existed. In addition, the intervals
between the lugs and shear pins have considerable contribu-
tions for the plastic deformations of the shear pins according
to the simulations. Large intervals make the shear pins more
prone to generate severe deformations in the fracture pro-
cess. The above two kinds of failure modes greatly affect
the structure separation process of shear pins. For the clear
failure mode, the shear pin broke into three pieces quickly.
In this case, the separation process can be completed
smoothly without getting stuck. For the complicated failure
mode, the fracture process is long lasting and involves inter-
nal contact of the pin structure, which would result in the
difficulties in the structure separation process.

3.2. Energy Dissipation and Failure Load. A major issue in
evaluation of impact behaviours of shear pins is energy dis-
sipation. In the fracture process of shear pins, the initial
kinetic energy and potential energy convert to internal
energy and friction dissipation energy. The internal energy
includes strain energy, plastic dissipation energy, and dam-
age dissipation energy. The plastic dissipation energy con-
tributes to over 90% of the internal energy while the
damage dissipation energy accounts for less than 1% of the
internal energy. The friction energy is caused by the contact
between components and the self-contact of shear pins; it
accounts for nearly 10% of the total energy dissipation.

Two energy conversion curves representing the fracture
process of the two different failure modes are shown in
Figure 8. The internal energy curve of the fracture process
of the clear failure mode is smoother compared with that
of the complicated failure mode. This is mainly because
the fracture process of the complicated failure mode includes
staged fracture and self-contact.
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The total energy dissipated by shear pins with different
inner diameters is demonstrated in Figure 9. As the inner
diameter increases, the dissipated energy of shear pin in
the fracture process decreases gradually. When the inner
diameter increases to 26mm, the failure mode of shear pin
was converted from the clear failure mode to the compli-
cated failure mode and the dissipated energy of the shear
pin increases due to the large plastic deformation. After that,
the dissipated energy of shear pin continues to decrease with
the increase of inner diameter.

The failure load of the shear pin is used to determine the
fracture load in the design of structure separation and is one
of the most important parameters of the shear pin. Reason-
able and accurate failure load is the key factor for accurate
separation of structures. The fracture process of shear pin
is a dynamic, time-varying, and nonlinear process. In this
research, the contact force curve between the shear pin and
its connecting lugs was extracted and the peak value was
taken as the failure load. The failure load of shear pins with
different inner diameters was compared as shown in
Figure 10. It can be seen from the figure that the failure load
of shear pins decreases as the inner diameter increases
despite the change of failure modes.

4. Shear Fracture of Pins of Inner-
Varying Configurations

4.1. Geometry and Parameters of the Inner-Varying
Configuration. It has been illustrated in Section 3 that the

failure load of the shear pin decreases as the inner diameter
increases. Therefore, if the required separation load of the
separation structure is small, the inner diameter should be
promoted to reduce the failure load. However, as the inner
diameter increases further, the failure mode of the shear
pin changed and then large deformation and self-contact
occurred in the fracture process, which would result in diffi-
culties in the structural separation process. That is to say, it
is difficult for the shear pin of the original configuration to
have a clear failure mode while keeping low failure load.
Another method to achieve both clear failure mode and
low failure load is changing the external diameter of the
shear pin and the intervals between the lugs. However, the
external diameter and intervals of the lugs are related to
the overall strength and stiffness of the connection structure
and they are difficult to change. Therefore, a new configura-
tion of shear pin without changing the external diameter was
presented to improve the shear fracture performance as
shown in Figure 11.

The new configuration of the shear pin has an inner
diameter that decreases gradually from the middle to the
two ends. The average inner diameter of shear pin of the
new configuration was selected to be 28mm to compare with
the original shear pin whose inner diameter is 28mm. The
sum of the maximum inner diameter and minimum inner
diameter equals to twice the average inner diameter. The
value of maximum and minimum inner diameter will affect
the internal shape of the shear pin, further changing the
shear strength and failure mode in the fracture process.

22 mm 20 mm
36 mm

34 mm

26 mm
30 mm

24 mm
32 mm

Figure 12: The new inner-varying configuration with different geometry parameters.
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Figure 13: Continued.
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Therefore, the maximum inner diameters of 30mm, 32mm,
34mm, and 36mm were chosen to perform the fracture sim-
ulation of shear pins of the new configuration, as shown in
Figure 12.

4.2. Structural Deformations. The structural deformations of
shear pins of the new configuration with different maximum
inner diameters are shown in Figure 13. For the shear pin
with maximum inner diameter of 30mm, the failure mode
and the fracture process of shear pin of the new configura-
tion are similar with the complicated failure mode. The
crack originating from the upper part of the pin structure
extended to the middle part and then began to expand along
the inclined direction, finally resulting in large deformations

and internal contact of the shear pin. For the shear pin with
maximum inner diameter of 32mm, 34mm, and 36mm, the
region where the lower part of pin structure intersects the
double lugs was reduced, which makes it easier for damage
and crack to generate in the fracture process. It can be seen
that the crack of the lower part of the shear pin occurred
when the crack of the upper part extended upward, and
then, the cracks intersected and the pin structure broke into
three pieces. In this case, the clear failure mode was
obtained.

Through the analysis and comparison of the structural
deformations of the shear pin of the new configuration with
different maximum inner diameters, it is found that the
value of the maximum inner diameter changes the strength
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Figure 13: Fracture process of shear pins with different inner diameters.
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distribution and affects the crack generation of the lower
part of the shear pin. The crack generation is the key factor
and has great influence on the failure mode of the fracture
process.

4.3. Energy Dissipation and Failure Load. The total energy
dissipation of the shear pin of the new configuration with
different maximum inner diameters was demonstrated and
compared with that of the original configuration, as shown
in Table 3. For the shear pin with maximum inner diameter
of 30mm, the shear pin dissipated almost as much energy as
the original configuration in the fracture process. This is
because the failure mode is similar, and it contained large
deformations. When the maximum inner diameter of the
shear pin of the new configuration is higher than 30mm,
the total dissipated energy of the shear pin in the fracture
process had an obvious decrease.

The failure load of the shear pin of the new configuration
with different maximum inner diameters is also shown in
Table 3. It is found that the increase of the maximum inner
diameter of the shear pin resulted in the increase of the shear
strength.

According to the discussion in Section 3, when the inner
diameter increases to 26mm, the failure load decreases to
1605 kN and the fracture of the shear pin was changed from
the clear failure mode to the complicated failure mode. In
other words, if the required failure load is equal or lower
than 1605 kN, the shear pin of the original configuration
would be unsuitable for the structural separation design that
needs clear failure mode in the fracture process.

The shear pin of the new configuration with maximum
inner diameter of 32mm and 34mm was 1572 kN and
1600 kN, respectively, which is lower than 1605 kN. But
these shear pins all generate clear failure mode in the frac-
ture. It means the shear pin of the new configuration is able
to satisfy both the low failure load requirement and the clear
failure mode in the fracture process.

5. Conclusion

This research mainly studies the fracture process of the hol-
low shear pin used in the separation structures through
explicit finite element simulations. The shear fracture of
shear pins with different inner diameters was simulated,
and the following conclusions were drawn.

As the inner diameter increases, the fracture process of
the shear pin changed from the clear failure mode to the
complicated failure mode. The energy dissipation in the
fracture process of the clear failure mode is generally lower
than that of the complicated failure load due to the large
plastic deformation in the fracture process. The failure load
decreases with the increase of the inner diameter and is
almost unaffected by the failure mode.

To solve the problem that the shear pin generates com-
plicated failure mode when the inner diameter is large and
the failure load is small, a new inner-varying configuration
of shear pin without changing external shape of the pin
structure was proposed. By simulating the shear fracture
process of the new configuration and comparing with that
of the original configuration, it is found that the new config-
uration is an effective design that can obtain both low failure
load and clear failure mode.
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