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In this work, the topology optimization of a mortar base plate is analysed under impact loading conditions. Usually, in this case,
only ordinary topology optimization under volume constraints is considered. However, to reduce the quality of the mortar base
plate and facilitate engineering applications, the topological optimization problem of the continuum of the base plate under the
engineering and quality constraint is considered. A finite element model has been established and verified by testing for themortar
base plate. ,e variable density method was used to obtain the topological optimization results of the base plate based on the force
transmission path, and then the structure was reconstructed.,emass of the optimization model of the base plate is 12.78% lower
than that of the original model. In comparison with the original base plate before optimization, the results show that themaximum
deformation and stress of the base plate decreased by 16.85% and 35.52%, respectively. Also, the firing stability of the mortar meets
requirements, which not only meet the design requirement but also provide a reference for the performance improvement and
structural optimization design of the base plate.

1. Introduction

,e mortar is a curved-fire gun with the base plate bearing
the recoil force, which is an important composition of the
ground suppression firepower due to its features of ballistic
bending, simple structure, light weight, user-friendly op-
eration, and rapid firing response. A base plate, as an im-
portant composition of the mortar, is equivalent to a special
counter-recoil device with soil as its working medium [1].
,e launch load of a mortar is a strong shock load, Figure 1
shows the pressure curve at the bottom of the barrel bore by
the base plate, and the action time is 6.3ms with the
maximum load being 112MPa. ,erefore, the mass of the
base plate is heavy for guaranteeing the firing stability. What
is worse, the base plate could be damaged easily after several
times of firing. Achieving the lightweight design of the base
plate and improving its strength and firing stability are
problems to be solved urgently.

Structural topology optimization mainly includes ana-
lytical and numerical methods. Shao [2] studied the appli-
cation of structural optimization technology in the light
weight of the artillery structure through the analysis and

calculation of the multiobjective optimization model of the
gun rear frame. Dunning and Kim [3] deduced the sensi-
tivity under uncertain load through the analysis of precise
formulas and applied the level set topology optimization
method to study the influence of variance in robust com-
pliance optimization. Jang et al. [4] proposed a dynamic
response topology optimization method using equivalent
static loads, which generates the same displacement field as
the dynamic load in each time step and then uses the static
topology optimization results in dynamic analysis. Gomez
and Spencer [5] and Lee and Park [6] studied the structural
dynamic topology optimization under equivalent static
loads. Zhao et al. [7] studied the structural topological
optimization with dynamic fatigue constraints subject
to dynamic random loads. Chun et al. [8] studied system-
reliability-based design and topology optimization of
structures under constraints on first-passage probability.
Pydimarry et al. [9] studied the topological design of
structures under dynamic periodic loads. James [10] and Luo
et al. [11] studied the structural topology optimization under
multiple working conditions and multiple objectives.
Considering the discretized zero-one continuum topology
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optimization problem, Anitescu et al. [12] proposed a
material interpolation model based on a certain rational
function and found the optimal distribution of two linearly
elastic materials such that compliance is minimized.

As a crucial optimization method in structural design,
topology design has been extensively used in a variety of
domains. Noh and Yoon [13] studied the topology optimi-
zation of piezoelectric energy harvesting devices considering
static and harmonic dynamic loads. Yan et al. [14] studied the
topology optimization of damping layers in shell structures
subject to impact loads for minimum residual vibration. Dong
Shin et al. [15] used the topology optimization in the light-
weight design of vehicle mounted voltage converter. Amory
Martin and Gregory [16] studied the structural topology op-
timization of tall buildings for dynamic seismic excitation using
modal decomposition. Lakshmi Srinivas and Arshad [17]
studied the topology optimization of industrial manipulator-
link considering dynamic loading. Ghasemi et al. [18] present a
design methodology based on a combination of isogeometric
analysis (IGA), level set, and point-wise density mapping
techniques for topology optimization of piezoelectric/flexo-
electric materials.

However, there are still few related studies. Ma [19] and
Wang [20] studied the finite element analysis method and
the structural optimization design method by placing the
mortar base plate on different ground surfaces with the
application of the nonlinear finite element theory and the
structural optimization design theory. Zhang et al. [21]
completed the improved design of the topology optimization
of the mortar base plate through establishing a finite element
model based on the OptiStruct software platform in line with
the stress condition of the mortar base plate. In the design of
the base plate structure, Sayir et al. [22] used multiple
outwardly extending metal ribs to uniformly transfer the
cyclic impact load from the anchor to the entire base plate
structure.

Moreover, there are still some shortcomings in these
studies. First, they did not conduct a confirmatory test on the
established model. Second, in the optimization model used
in topology optimization, most of the constraints considered
are volume constraints. For the lightweight design of the
base plate, quality constraints should be considered; as an
engineering application component, the base plate must also
be combined with engineering constraints; therefore, con-
sidering the quality constraints, engineering constraints, and
topological issues of continuum optimization at the same
time is the key to solving the optimization problem of base
plates. Finally, for the performance analysis of the optimized
rear base panel, there are very few studies that compre-
hensively consider the quality, stiffness, strength, and
shooting stability. ,erefore, this manuscript will combine
relevant researches to focus on the above deficiencies and
carry out the topology optimization research of the mortar
base plate.

2. Topological Design of a Mortar Base Plate

,e topological design process of the mortar base plate is
shown in Figure 2.

2.1.Modeling. Focusing on a trapezoidal pyramid base plate
at the caliber of 120mm, themain plate is comprised of three
trapezoidal thin plates distributing symmetrically at 120° via
welding. ,ere is a cone-shaped basin in the middle of the
main plate, while there is strengthened flanging around the
main plate. A stationary joint is welded at the center of the
cone-shaped basin; and there are three sets of large and small
studs inside the base plate. ,e external part of the stud
connected with the wrapped rib; and the spade is linked at
the bottom of the wrapped rib and the stationary joint. ,e
whole base plate is made of TC4 titanium alloy with a mass
of 66.5 Kg. ,e structure of the reinforcing plate of the base
plate is presented in Figure 3.

Finite element models of the original structure of the
base plate and the exposure to soil have been established
with the use of hypermesh. Partial views apart from the main
base plate and the cone-shaped basin and the internal rib
plate are presented in Figure 4. According to the structural
characteristics of the base plate, a hybrid grid element based
on quadrilateral grid elements is used, and the parts are
connected by common nodes. When the flow field trend is
basically correct, the grid is gradually refined, and the results
of multiple calculations are compared; and a grid model with
good convergence, fast calculation speed, and relatively
accurate grid is obtained, as shown in Table 1. In the
established model, the total number of elements in the finite
element model of the base plate is 23650, and the total
number of nodes is 22367. ,e material parameters of the
base plate and soil are shown in Tables 2 and 3, respectively.

,e interaction relationship between the tail ball and the
mortar is simulated through surface-to-surface contact, and
the elevation angle changes of the mortar are simulated by
adjusting the angle of the tail ball. ,e impact load is applied
to the breech end face, as shown in Figure 5.

,e contact surface between the base plate and the soil is
set as a fixed constraint upon importing the established finite
element model into calculation.,en, the stress condition of
the base plate is presented in Figure 6 with the addition of
the launching load in the stationary joint center.,e stress of
the base plate is mainly distributed around the stationary
joint and at the intersection of the main plate and the cone-
shaped basin. ,ey are, respectively, at A and B in Figure 6.
What is more, the base plate is easily deformed or damaged
in these two areas due to the significant stress concentration
in these areas, thus affecting the strength and stability of the
whole structure. ,erefore, it is of great necessity to improve
the stress distribution and the stress concentration of the
base plate through optimizing the design method.

2.2. Model Verification and Analysis. n impact mechanical
performance test system for the mortar base plate is de-
veloped to verify the correctness of the model, which
simulates the launching of load with the electromagnet to
control the drop-hammer impact. ,e system consists of a
test bench, medium-hard soil samples, a base plate, test
sensor, and data acquisition system. Test schematic diagram
and the test are shown in Figures 7 and 8. Two points with
the maximum stress of the base plate or point A around the
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Figure 1: Bore bottom pressure curve.
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Figure 2: Topology design process of a mortar base plate.
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Figure 3: Structure of base plate. (a) Front side. (b) Back side.
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stationary joint and point B at the intersection of the main
plate and the cone-shaped basin in Figure 3 are selected as
measuring points.

Within consideration of some of the influencing factors
during the drop weight experiment, the attenuation coef-
ficient K1 is introduced into the impact load calculation
formula (1) to obtain

(a) (b) (c)

Figure 4: Original structure of base plate. (a) Finite element model of plate and soil contact. (b) Partial view. (c) Internal ribs.

Table 1: Comparison of calculation results of sparse and dense models.

Model Number of grids Maximum stress (MPa) Maximum displacement (mm) Relative time (s)
1 9983 239.8 3.23 2060
2 18551 286.9 3.98 2345
3 23650 333.3 4.303 2576
4 34280 339.5 4.301 3960

Table 2: Material parameters of titanium alloy.

Grade Density (t·mm−3) Elastic modulus (MPa) Poisson’s ratio
TC4 4.51× 10−9 1.0×105 0.34

Table 3: Material parameters of soil.

Elastic modulus E/MPa Poisson’s ratio μ Density ρ/(t·mm-3) Friction angle β/° Yield stress ratio K Expansion angle ψ/°

100 0.29 2×10−9 28 0.911 10

Load
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Base plate

Figure 5: Applying load.
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Figure 6: Stress situation of base plate.
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Figure 7: Test schematic diagram.
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Ft � mvK1, (1)

where F is the average force; t is the impact time; m is the
falling weight; v is the impact velocity of the falling weight;
K1 is the attenuation coefficient, which is 0.7 in this test.

It is known that the falling weight is 300 kg. In the test,
the falling weight is raised to the specified height. According
to the law of conservation of energy, formula (2) can be
obtained:

mgh �
1
2
mv21, (2)

where g is 9.8m/s2. ,e impact velocity v1 of the falling
weight is calculated by formula (2).

Within consideration of the air resistance during the fall,
the calculation formula of the attenuation coefficient K2,
which is 0.9 in this test, is given as follows:

v � K2v1. (3)

According to the test design, the impact test of the
mortar base plate was completed. ,e impact was applied at
an interval of 3 cm from the distance between the electro-
magnet and the loading platform. ,e maximum load force
measured by the force sensor was 50300N, and the duration
of action was 50ms. After conversion, the impact load is
100.12MPa, which is close to the theoretical value.

By comparing test results with the simulation results
under the same working condition, the strain comparison of
the two measuring points is shown in Figure 9.

As can be seen from Figure 9, the position and di-
mension of the maximum simulation value and experi-
mental value curve are basically consistent with similar
change trends. Meanwhile, the correctness of the established
simulation model can be verified initially, providing a
simulation approach for structural design and optimization
of the base plate.

2.3. Optimization Process and Results. In this research, the
dynamic topology optimization problem of continuum
structure of mortar plate under engineering constraints is
studied. ,e topology optimization of the continuum
structure adopts the finite element method to discretize the
optimized design area structure to form a limited number of
units, and each unit corresponds to a design variable. ,e
design variables and stiffness of the finite element are
processed and calculated based on the finite element method
for the original structure [23].

,e commonly used material interpolation models in
topology optimization include SIMP (solid isotropic ma-
terial with penalization) material interpolation model and
RAMP (Rational Approximation of Material Properties)
material interpolation model [24]. ,e introduction of
continuous variables through the SIMP material interpo-
lation method can solve the discontinuous problem of
discrete variables in topology optimization. ,e SIMP three-
dimensional material interpolation formula used in this
research is

Ee xe(  � Emin + x
p
e Eo − Emin( , xe ∈ [0, 1], (4)

where xe represents unit design variables (i.e., relative
density); p represents penalty index; Ee represents the ele-
ment elastic modulus corresponding to the element design
variable xe (the element elastic modulus after interpolation
and update); Eo represents the modulus of elasticity of the
original material; Emin represents hollow material elastic
modulus, generally 0.001 times of Eo.

,e optimized mathematical model designed in this
paper can be described as

Findx � x1, x2, . . . , xn( 
T
,

MinC(x) � F
T
U,

S.t.

M2≤M1,

S2≤ S1,

F � KU,

0 <xmin < xi < 1, (i � 1, 2, . . . , n),

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(5)

where xi is a design variable with the continuous value taken
from [xmin, 1] (0 represents the deletion of the unit, and 1
represents the retention of the unit); n is the number of
optimized design variables. ,e other structure of the base
plate except the spade, large stud, and small stud is used as a
design space in this research, and the element density in the
design space is used as the design variable; K is the total
stiffness matrix of the structure;U is the displacement vector
of the structure; F is the structural force vector; M1 is the
initial mass before structural optimization; and M2 is the
mass after structural optimization; S1 is the maximum stress
before topology optimization; and S2 is the maximum stress
after topology optimization.

,e topological optimization of the finite element model
of the base plate is solved. ,e optimized result of the base
plate can be obtained, and it converged after 43 iterations, as
shown in Figure 10. It can be seen from the figure that the
stationary joint receiving the force transmitted directly from
the gun breech’s ball is the first load-bearing area; and the
spherical surface of the stationary joint transferring the force
to the whole base plate with the force transmitted to the
cone-shaped basin being transmitted to the main plate along
with the path of three studs intersecting with the cone-
shaped basin is the second load-bearing area. ,e area
transmitting the force to the large stud and transmitting
externally to the small perpendicularly intersected stud via
the wrapped rib through the large stud is the third load-
bearing area. ,e area transmitting the force to the spade at
the bottom and then to the soil is the fourth load-bearing
area; and the remaining transparent areas are out of main
load-bearing areas.

2.4. Optimal Design of the Plate Structure. Materials on the
force transmission path are guarantees of the bearing ca-
pacity of the base plate, all of which must be reserved in the
optimized design. Materials of other parts with small stress
can be appropriately removed. ,e CAE model upon
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topology optimization is imported into the CAD software
for redesigning the structure of the base plate based on the
CAD/CAE interface technology.,e geometric model of the
redesigned base plate is presented in Figure 11.

Gridding is conducted on the established geometric
model of the base plate by setting the material property as
titanium alloy to complete the finite element modeling of the
base plate. ,e finite element model of the rear sill is op-
timized. Partial views apart from the main base plate and the
cone-shaped basin of the finite element model of the op-
timized base plate and the internal rib plate are presented in
Figure 12. Ribs are continuously contacted to ensure a
complete force transmission path. ,e mass of the base plate
model upon topology optimization is changed from 66.5 kg
to 58 kg, by comparison with the original model.,emass of
the optimization model of the base plate is 12.78% lower
than that of the original model.

3. Results and Discussion

3.1. Modal Comparison of the Base Plate. Modal analysis is
performed on the original model and the optimization
model. As the free modal calculation is set, the first-order
modal result is shown in Figure 13. ,e first-order modal
frequency of the original model is 369.83Hz with the modal
deformation of 1.217mm. ,e first-order modal frequency
of the optimization model of the base plate is 379.90Hz
with the modal deformation of 1.222mm. ,e first-order
modal frequency of the optimization model of the base
plate is merely increased by 2.72% in comparison with the
original one. Because the frequencies useful for engineering
design are mainly concentrated in the low-order parts, the
first 5 order frequency comparisons are added. ,e com-
parison values are shown in Table 4. No significant change
can be witnessed from the vibration characteristics upon
optimization.

3.2. Strength Comparison of the Base Plate. ,e firing
working condition is at the direction angle of 0° and at the
elevation angle of 75°. ,e original model and the optimi-
zation model of the base plate are simulated separately for
calculation in the firing simulation.

,e stress cloud diagram and the displacement cloud
diagram of the original model of the front and back sides of
the original model and the optimization model of the base
plate are presented in Figures 14 and 15, respectively. As can
be seen from the figures, the maximum stresses of the
optimization model and the original model are 214.9MPa
and 333.3MPa, respectively. ,e maximum stress of the
optimization model is decreased by 35.52% compared with
the original model. Meanwhile, no significant stress con-
centration can be observed on the surface of the optimi-
zation model.

,e maximum deformations of the optimization model
and the original model are 3.578mm and 4.303mm, re-
spectively. ,e maximum displacement of the optimization
model is decreased by 16.85% compared with the original
model, indicating that the deformation of the optimization

model is smaller than that of the original model with
strength higher than that of the original model. ,erefore,
the structural performance of the original model is en-
hanced. ,e large deformation of the optimization model is
distributed merely on one side near the stationary joint,
which is related to the set working conditions upon analysis.
As the deformations on both sides have the same order of
magnitude with a small difference, they are within the design
tolerance range.

In order to comprehensively measure the strength of the
base plate before and after optimization, this paper also
compares the three working conditions of 0°/85°, 60°/75°, and
60°/85° and synthesizes the finite element values of the four
working conditions. ,e results are compared as shown in
Table 5.

In the four working conditions, the change rate of the
maximum stress after optimization is about 35%, and the
change rate of maximum displacement is about 12%–20%.
,e maximum stress after optimization is significantly re-
duced, the maximum displacement is also greatly reduced,
and the optimization effect is obvious. Regarding the phe-
nomenon that the stress of the optimized back base plate is
concentrated on the side of the socket, it is because the
design area of the optimized structure is transmitted
according to the force transmission path, so the maximum
stress received is greatly improved. However, under a huge
impact load, the force on the base plate cannot be released at
the socket, and the place where the maximum stress occurs is
the area where the contact surface of the breech ball is larger,
and it is related to the elevation angle. It is reasonable that
the optimized base plate has stress concentration on the side
of the socket.

3.3. Firing Stability of the Mortar. ,e movement of the
mortar during firing is roughly composed of accelerated
recoil, decelerated recoil, and counter-recoil. ,e recoil
stability of the fired ball out of the muzzle refers to the
limited displacement of the axial movement of the base plate.
,e recoil stability at the counter-recoil stage refers to the
limitation of the bounce and the reliability of the base plate
after the recoil is in place. A kinetic model of a light mortar
containing a mortar and its support frame is shown in
Figure 16.

,e direction of the axis of the bore of the mortar is set
as the Z-axis direction. A local coordinate system is
established with the projection surface of the muzzle as the
X-Y plane in accordance with the right-hand spiral rule.
,e upper and lower limits of the displacement δ of the base
plate in the X-axis direction and the Z-axis direction are
shown in Figure 17. By analysing the figure, in the X-axis
direction, the displacement amplitude of the optimization
model in the recoil phase is slightly smaller than that of the
original model, while the displacement amplitude of the
optimization model of the counter-recoil phase is basically
consistent with that of the original model. In the Z-axis
direction, the displacement amplitude of the optimization
model in the recoil phase is basically consistent with that of
the original model, while the displacement amplitude of the
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optimization model of the counter-recoil phase is slightly
smaller than that of the original model. All in all, high
stability can be witnessed in the optimization model.

Moreover, the possible rotation of the gun body during
mortar firing as another important factor affecting the
firing stability of the mortar, in general, is measured by the
displacement and the disturbance of the gun muzzle. ,e
time for the shell acting in the bore of the mortar is 6.3ms
when the mortar is fired.,erefore, we mainly focus on the
relevant parameter values at this moment. ,e displace-
ment curve and the angular displacement curve of the gun
muzzle of the original model and the optimization model
of the base plate are presented in Figure 18. To be specific,

U1 represents the vertical displacement of the muzzle, θx

represents the vertical angular displacement of the muzzle, U1
and θx present the vertical disturbance level of the muzzle,U2
represents the horizontal displacement of the muzzle, θy

represents the horizontal angular displacement of the muzzle,
and U2 and θy present the horizontal disturbance level of the
muzzle.

As can be seen from Figure 18(a), the vertical displacement
curve U1 of the muzzle center of the optimization model and
the original model of the base plate is increased gradually, and
the vertical displacement of the optimization model is de-
creased by 24.65% in comparison with the original model. As
can be seen from Figure 18(b), the horizontal displacement

(a) (b)

Figure 12: Finite element model of optimized base plate. (a) Partial view. (b) Internal ribs.
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Figure 13: First-order modal comparison. (a) Original model. (b) Optimized model.

Table 4: Comparison of the first 5 modal values of the base plate before and after optimization.

Modal order 1st order 2nd order 3rd order 4th order 5th order
Value of the original model (Hz) 369.83 369.90 477.39 687.78 689.47
Value of the optimized model (Hz) 379.90 379.92 513.41 714.19 717.25
Rate of change 2.72% 2.71% 7.55% 3.84% 4.03%
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Figure 14: Stress nephogram of the original model and the optimized model. (a) Original model. (b) Optimized model.
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Figure 15: Displacement nephogram of the original model and the optimized model. (a) Original model. (b) Optimized model.
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Table 5: Comparison of finite element numerical results of base plate before and after optimization.

Working condition (direction angle/elevation angle)
Maximum stress/MPa Maximum displacement/mm

Original Optimized Change rate Original Optimized Change rate (%)
0°/75° 333.3 214.9 35.52 4.303 3.578 16.85
0°/85° 316.3 203.8 35.57 4.163 3.555 14.6
60°/75° 325.1 212.7 34.57 4.30 3.765 12.44
60°/85° 317.8 206.2 35.12 4.191 3.378 19.4

zx y

Figure 16: Dynamic model of mortar full gun.
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Figure 17: Continued.
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Figure 17:,e comparison between the upper and lower limits of the displacement of the base plate before and after the optimization in the
x-direction and z-direction in the recoil phase and the counter-recoil phase. (a),e upper and lower limits of the displacement in the X-axis
direction during the recoil phase. (b) ,e upper and lower limits of the displacement in the Z-axis direction during the recoil phase. (c) ,e
upper and lower limits of the displacement in the X-axis direction during the counter-recoil phase. (d) ,e upper and lower limits of the
displacement in the Z-axis direction during the counter-recoil phase.
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curve U2 of the muzzle center of the optimization model and
the original model of the base plate is basically consistent with a
slight fluctuation at some moments, and the overall trend
is increasing. More importantly, the horizontal dis-
placement of the optimization model is decreased by
37.37% at the muzzle. As can be seen from Figure 18(c),
the elevation displacement curve θx of the muzzle of the
optimization model and the original model of the base
plate is fluctuating up and down as a whole, with a similar
change law. As can be seen from Figure 18(d), the hor-
izontal angular displacement θy goes up first and then
goes down and goes up again. ,e optimization model is
closer to zero in comparison with the original model
when the fired ball is at the muzzle whether it is vertical
angular displacement θx or the horizontal angular dis-
placement θy. ,e disturbance embodied in the optimi-
zation model and that in the original model with a smaller
disturbing quantity are similar and more approaching to
0 at the muzzle.

In order to compare the muzzle disturbance of the
mortar, the numerical comparison of the horizontal and
vertical displacements and angular displacements at the time
when the gun ejects the muzzle under the 4 working con-
ditions is shown in Figure 19.

As illustrated, the displacement in the recoil phase, the
displacement in the counter-recoil phase, the vertical and
horizontal displacement, and angular displacement of the
muzzle before and after the optimization are similar
overall, and the stability of the optimized base plate can be
guaranteed. To sum up, the stiffness, the strength, and the
stability of the base plate that is optimized in structural
design based on topology optimization conform to the
design requirements. Meanwhile, the structural perfor-
mance of the optimized base plate has been enhanced
remarkably in comparison to the original base plate,
achieving the objective of design.

4. Conclusions

In this study, the topology optimization problem of the
continuum of a base plate under the constraints of quality
and engineering was proposed. ,e modeling method
used for the mortar base plate was proven to be accurate
and feasible through test verifications. Herein, topology
optimization was performed on the structure of a mortar
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Figure 18: Muzzle winding level of the original model and the optimized model. (a) Muzzle vertical displacement curve (U1). (b) Muzzle
horizontal displacement curve (U2). (c) Muzzle vertical angular displacement (θx). (d) Muzzle horizontal angular displacement (θy).
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base plate using the force transmission path based on the
stress analysis of the base plate. ,e CAE model obtained
from the topology optimization was imported into CAD
to reconstruct the design and significantly improve design
efficiency. ,e base plate optimization model could satisfy
structural stiffness and strength, firing stability, and
lightweight design. Compared to the original model, the
maximum deformation and stress of the base plate were
decreased by 16.85% and 35.52%, respectively. More
importantly, the mass of the optimized base plate was
decreased by 12.78%. ,us, this research provides a ref-
erence for the performance improvement and structural
optimization design of the base plate. At present, the
optimization research on the base plate is only in the
simulation design stage, and the outline size and quality of
the large-caliber mortar base plate are relatively large.
How to conduct related impact tests and engineering
performance evaluation requires further research.
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