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This work aims to achieve the 6000t compression-shear test machine frame design with the lightweight. The force condition of the
compression-shear test machine frame under limited working conditions is first analyzed, and the static analysis of the com-
pression-shear test machine frame is performed using ABAQUS. Then, taking the volume of the frame of the compression-shear
testing machine as the constraint condition, the topology optimization of the compression-shear testing machine frame is
performed using the variable density method of topology optimization, and the model is reconstructed accordingly. Finally, not
only the static characteristics of the frame before and after optimization but also the modal characteristics of the frame before and
after optimization and the dynamic characteristics after sudden unloading are compared and analyzed. The results show that the
weight of the frame decreases by 14.5% after optimization, and the maximum static stress of the frame is still less than the yield
strength of the material; the maximum displacement is still less than the allowable maximum displacement, which meets the
requirements of static strength and stiffness. The natural frequency of each mode is much greater than the working frequency,
which meets the requirements of dynamic stiffness. After sudden unloading, the maximum dynamic stress of beams, columns, and
base of the frame are less than the yield strength of materials, which meets the requirements of dynamic strength.

1. Introduction

The mechanical properties of bridge rubber bearings have a
great influence on the life and safety of bridges, highways,
and other engineering facilities [1, 2], so compression-shear
test machines are usually used to test their mechanical
properties before engineering application. In recent years,
the load on bridge bearings is gradually increasing, so the
tonnage of compression-shear test machine is also in-
creasing, and its frame weight is also greatly increasing. The
conservative design of the compression-shear test machine
frame based on experience may result in a great waste of
materials. Thus, it is necessary to perform the topology
optimization of the compression-shear test machine frame
using finite element software, so as to reduce the weight as
much as possible on the premise of ensuring the mechanical
properties [3-5].

Domestic and foreign scholars performed topology
optimization and mechanical analysis on different types of
test machines using finite element software, so as to achieve
the test machines with the lightweight. Wang et al. [6]
performed static and modal analysis of the electrohydraulic
servo test machine column using Hyper Mesh software and
performed the topology optimization based on the analysis
results. The results showed that the optimized column still
met the requirements of static strength and dynamic stiff-
ness, and the weight reduced by 6.58%. Xue et al. [7] per-
formed the static analysis on the connecting rod of hydraulic
fatigue test machine under two ultimate forces of tension
and compression using ANSYS, and they performed the
topology optimization of the connecting rod accordingly.
The results showed that the optimized connecting rod
weight reduced by 8.2% and still met the requirements of
static strength. Feng and Luo [8] performed the static and


mailto:ymli64@zzu.edu.cn
mailto:hezhanshu@zzu.edu.cn
https://orcid.org/0000-0002-9325-6261
https://orcid.org/0000-0003-4970-9638
https://orcid.org/0000-0002-9989-5566
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6954576

modal analysis on the movable end fixture and transmission
spindle of concrete temperature-stress test machine using
ANSYS and performed the topology optimization of the two
parts. The results showed that the weight of the optimized
movable end fixture and transmission spindle reduced by
14.8% and 21.6%, respectively. Du and Olhoff [9] performed
the problems of topology optimization with respect to
eigenfrequencies of free vibrations of structures. The results
showed that the method developed enabled us, in a cost-
efficient manner, to move structural resonance frequencies
far away from external excitation frequencies and thereby
avoid high vibration and noise levels. Kazakis et al. [10]
performed a novel topology optimization-aided structural
design methodology where topology optimization is inte-
grated with an interpretation step. The proposed method-
ology was based on a fully automated design procedure. Di
Trapani et al. [11] proposed an optimization framework
aimed at the minimization of seismic retrofitting-related
costs by an optimal placement (topological optimization)
and amount of steel-jacketing reinforcement. The results
showed that the approach tested on simple frame structure
was valid, which can effectively reduce reinforced concrete
building retrofitting and downtime costs controlling safety
levels above a specified value. Sotiropoulos et al. [12] pro-
posed a general method for addressing the topic of con-
ceptual design by means of topology optimization and
provided the capability to design structural systems that
cannot be obtained through ordinary approaches. The
proposed method was successfully applied to 2D and 3D
problems. Di Trapani et al. [13] proposed that a new specific
optimization framework addressing the minimization of
seismic retrofitting-related costs to be developed and pre-
sented. A new genetic algorithm routine is defined by de-
veloping modified genetic operators capable of addressing
retrofitting optimization both for reinforced concrete
structures with ductility-critical and shear-critical reinforced
concrete columns, including additional shear demand due to
infill-frame interaction. The results showed that the pro-
posed approach was sufficiently general and robust to handle
structural configuration having significantly different
structural deficiencies. Rosso et al. [14] proposed a new
nonpenalty-based constraint handling approach for particle
swarm optimization, adopting a supervised classification
machine learning method, the support vector machine. The
results showed that the new approach represented a valid
alternative to solve constrained optimization problems even
in structural optimization field. Cucuzza et al. [15] discussed
about optimal shape solution for a non-prismatic planar
beam. The proposed model was based on the standard
Timoshenko kinematics hypothesis (i.e., planar cross section
remains planar in consequence of a deformation, but it was
able to rotate with respect to the beam center line). The
results showed that the study found a critical threshold in
terms of emptying function, beyond which, it is not possible
to neglect the arch effect and the curvature of the actual axis
for every different case study described in this work.
Besides the test machine, domestic and foreign scholars
had performed topology optimization and mechanical
analysis on other large machines, and a lightweight is realized.
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Wang et al. [16] proposed a new topography optimization
method called “windowed progressive structure optimization
algorithm” and established the tie rod-compression rod
model reflecting the working mechanism of the structure. The
results showed that the topological optimal solution obtained
by the windowed progressive structure optimization algo-
rithm can better represent the internal stress state of the
structure; by the optimization method, the opening ratio of
I-beam structure is increased by 5.5 times compared with the
experimental design, the ultimate load is increased by 1.2
times, but the amount of steel reduced by 30%. Kong et al. [17]
proposed the combination of topology and topography
methods to simulate weight optimization of coil spring lower
seat design. The results showed that the induction of topo-
graphical beads on the component had resulted in the
strengthening of the lower seat design with minimum ac-
quired material while reducing the mass by 36.5%. Li et al.
[18] proposed the mathematical model of the lightweight
optimization design and established the geometric model of
the initial design of the front upright. The results showed that
the structural optimization of a front upright resulted in the
weight reduction of the upright by 60.4%. Deng and Sun [19]
proposed the topology optimization based on gradient
threshold, the design variables were considered to be sizing,
which were plate’s thickness and rib’s section area, and the
fully stressed design (FSD) criterion were adopted as opti-
mization strategy to obtain the optimal solution. Numerical
results of several examples expressed that on the condition of
the equal structural stiffness, the proposed method could
reduce the structural weight from 5% to 20% compared with
the traditional approach based on engineering experience.
Zhang et al. [20] performed the variable density topology
optimization method to calculate the stress distribution of the
trimaran bulkhead structure under different working con-
ditions. The results showed that the optimization could re-
duce 50% of the structure weight in the optimization area of
the bulkhead and realize the lightweight design of the non-
watertight bulkhead structure, under the premise of ensuring
safety of the structure. Resmy and Rajasekaran [21] proposed
the topology optimization of 3D concrete dapped beams
using a bidirectional evolutionary structural optimization
method within the environment of ABAQUS finite element
software. The results showed that objective history was dif-
ferent for all the load cases, although lateral load case took
more iteration steps to converge. Final topology like truss
pattern had arrived after a reasonable number of iteration,
which could be utilized for the appropriate generation of the
strut and tie modeling. Wang et al. [22] performed the to-
pology optimization to the civil aircraft structure, so as to
reduce the weight. The results showed that the topology
optimization structure achieved a weight reduction of 25%
and a structural stiffness increasing of 75.7% compared with
the traditional structure. Xie et al. [23] performed the
lightweight design to the hydraulic valve block based on the
multiobjective topology optimization method. The results
showed that when compared with the original model, after
optimization the maximum stress of the final design corre-
sponds to 542.9 MPa, which satisfied the material strength
requirement, and the weight decreased by 68.9%.
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However, most of the topology optimization machines
in the above literatures are small in tonnage, and do not
reach the kiloton level. The compression-shear test ma-
chine studied in this article reaches 6000t, which sustains
great stress. The frame weight is also very large, so it is
necessary to perform the topology optimization to achieve
lightweight. In addition, most of the above literatures only
perform the static and modal analysis to verify whether the
static strength, static stiffness, and dynamic stiffness meet
the requirements, but those are not enough for the test
machine. The sudden fracture of the specimen (i.e., the test
machine after sudden unloading) will have a great impact
on the frame, and the dynamic stress at a certain time may
be greater than the static stress under static loading.
Moreover, the compression-shear test machine studied in
this article sustains both horizontal and vertical loads, and
the dynamic stress after sudden unloading is more com-
plex, so it is very necessary to analyze the dynamic char-
acteristics after sudden unloading and verify that whether
the dynamic strength meets the requirements. However,
there are few literatures related studies, only Chu et al. [24]
analyzed the dynamic characteristics of small tonnage
tension-compression test machines after sudden unloading
only in the tensile working condition (only sustaining
vertical load). It has not been found that the dynamic
characteristics of the testing machine with large tonnage
and simultaneous loading in multiple directions have not
been analyzed after sudden unloading. This study aimed to
achieve the 6000t compression-shear test machine frame
design with lightweight. The force condition of the com-
pression-shear test machine frame under limited working
condition is analyzed, and the static analysis of the com-
pression-shear test machine frame is performed using
ABAQUS. Then, taking the volume of the frame of the
compression-shear testing machine as the constraint
condition, the topology optimization of the compression-
shear testing machine frame is performed using the vari-
able density method of topology optimization, and the
model is reconstructed accordingly. Finally, not only the
static characteristics of the frame before and after opti-
mization but also the modal characteristics of the frame
before and after optimization and the dynamic charac-
teristics after sudden unloading are compared and
analyzed.

2. Topology Optimization of Variable Density
Method (Solid Isotropic Microstructures with
Penalization, SIMP)

2.1. Establishing an Optimization Model. Topological opti-
mization aims to achieve the optimal material distribution of
the structure by iterative calculation in a given optimization
region, combined with boundary conditions. In the process
of topology optimization, element density is usually selected
as the design variable, and its mathematical model is
expressed as follows:

3
X = [Xl,XZ,X_?,; ce >xn]T)
F(X) — min (or max),
hj(x):O, j=1,2,3,...,k (1)
G (x)<0, i=123,...,m,
X=>0,

where, X is the design variable, F(X) is the objective
function, 4; (x), and G (x) should meet the constraints in the
process of topology optimization (i.e., h; and G; are the
response constraints, such as stress level and displacement).
In this article, the variable density topology optimization
method is used to optimize the frame of the compression-
shear test machine. The cell density of each cell in the op-
timization model is taken as a design variable, and the value
is continuously between 0 and 1. In the optimization pro-
cess, the area where the unit density is close to 1 is reserved,
and the area where the unit density is close to 0 is deleted, so
as to achieve the optimal material distribution of the
compression-shear test machine frame [25].

2.2. Design Sensitivity. Before quantitative design decisions
can be made, there must be a design sensitivity analysis.
Sensitivity derivative information is a kind of evaluation of
structural response due to a design variable or parameter
changes of the rate of change. Structure sensitivity study is
the current structural mechanics and one of the main re-
search directions in the field of structural engineering.
Sensitivity analysis can obtain the variation relationship
between the structural response and design variables of the
compression-shear testing machine frame, which can sig-
nificantly improve the optimization efficiency. The direct
method adopted in this article is suitable for optimization
problems with many constraints and few design variables
[26].

The approximate display model is established by solving
the sensitivity, and the small step is used for iterative so-
lution. This iteration is completed when the error of the
target value of two consecutive iterations is less than the
given convergence tolerance (the default value is 0.005).

The design sensitivity is the partial derivative of the
response optimization variable (X is the design variables,
such as cell density):

KU = P, (2)

where K is the stiffness matrix, U is the element displacement
vector, and P is the element load vector.
Partial derivatives of the design variable X on both sides
of the equation can be obtained as follows:
oK oUu oP
—U+K=—==—. 3
0X 0X 0X )
Then, partial derivative of the displacement vector U can
be obtained as follows:
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The design response is generally a displacement (i.e., U)
function:

g=Q'U, (5)

where g is the constraint function and Q is the adjoint load
vector.
Partial derivatives of the design variable X on both sides
of the equation can be obtained as follows:
dg Q" +OU
99 92 ;¥ (6)
ax~ax U ax
For topology optimization, the adjoint variable method
is usually used to calculate sensitivity. The adjoint variable E
is introduced to satisfy the following equations:

KE=Q,
39 _oQ' (3P 0X 7
0X 0X 0X ox )

2.3. Optimization Criterion. In the optimization process, in
order to make the stress distribution of the structure more
uniform, the maximum stress is within the specified stress
limit, and the material weight or volume is the smallest; a
topological optimization method considering stress and
stress sensitivity distribution information is established by
fitting the criteria of gradient descent method and traditional
progressive structural optimization method. Generally,
stress uniformity is maintained by deleting small stress el-
ements and adding high stress artificial material elements.
Secondly, when adding or deleting elements, in order to
make the stress variation of other elements caused by the
addition or deletion of this element as small as possible, the
element with small absolute value of stress sensitivity should
be selected for addition or deletion [27].

Therefore, the optimization method criterion can be
described as follows: select the element of n; with the
smallest absolute value of the stress sensitivity number to
delete the region of the small stress (the number of elements
(i.e., n,) in this region); select a certain number of n, ele-
ments with the smallest absolute value of stress sensitivity
number to increase the region of the higher stress (the
number of elements (i.e., ;) in this region) until the stress
limit is reached. Where, n;=min (RS;, N,, n,), n,=min
(RS4 N, ny), structure retained material unit number is N,
v is the optimization iterations, RS, is the unit removed rate
based on the stress sensitivity (that is, the current number of
structural units multiplied by the unit deletion rate is the
number of deleted units, which is generally set to 0.01), and
RS, is the element addition rate based on the stress sensi-
tivity (that is, the current number of structural units mul-
tiplied by the addition rate is the number of added units,
which is generally set to 0.01).
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3. Static Topology Optimization of 6000t
Compression-Shear Test Machine Frame

3.1. Force Analysis of 6000t Compression-Shear Test Machine
Frame. Figure 1 shows the structure drawing and technical
drawing of 6000t compression-shear test machine, which
mainly includes the upper beam, column, base, workbench,
vertical loading system, and horizontal loading system. The
upper beam, column, and base are installed together to form
the compression-shear test machine frame, the workbench is
placed on the base, the vertical loading system is installed on
the upper beam, and the horizontal loading system is in-
stalled on the oil cylinder seat of the base. In the test, if the
specimen is firstly placed on the workbench, then the vertical
cylinder in the vertical loading system moves up and down,
and the vertical load is applied to compress the specimen,
then the transverse cylinder in the transverse loading system
moves left and right, and the transverse loading system is
applied to the specimen for shearing. The maximum vertical
load, the maximum lateral load, and the maximum hori-
zontal displacement of the 6000t compression-shear test
machine are 60 MN, 9 MN, and 800 mm, respectively.

Next, the force output from the vertical cylinder and the
transverse cylinder are loaded to the corresponding position,
and the stress of the specimen in the compression-shear
process is analyzed, as shown in Figure 2. Because the
friction between the bottom and the base of the workbench is
small, it is ignored. According to the principle of static
balance, the structure is subjected to two pairs of loads (i.e.
the transverse load and the vertical load).

(1) The vertical load satisfies the following equation:

P=N,+N,, (8)

where P is the force exerted by the vertical cylinder
on the specimen and N; and N, are the forces exerted
by the base on the specimen. P, N;, and N, reach
static equilibrium to compress the specimen. For the
frame, P will also produce reaction force on the
upper beam of the frame, and N, and N, will also
produce reaction force on the base of the frame. P,
N;, and N, will also achieve static balance in the
vertical direction of the frame.

(2) The transverse load satisfies the following equation:

F, =F, 9)

where F; is the force exerted by the transverse cyl-
inder on the specimen, and F, is the force exerted by
the column on the specimen. F; and F, reach static
balance to shear the specimen. For the frame, F; will
also produce a reaction force on the oil cylinder seat
on the frame base, and F, will also produce a reaction
force on the column. F; and F, will also achieve static
balance in the horizontal direction of the frame.

We assume that the movement distance of the work-
bench is x, and the distance between the center line of the
pressure action of the horizontal cylinder and the reaction
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FIGURE 1: Structure drawing and technical drawing of 6000t compression-shear test machine. (a) Overall layout of 6000t compression-shear
test machine. (b) Technical drawing of 6000t compression-shear test machine. (1) Base; (2) column; (3) hydraulic cylinder; (4) upper beam;

(5) upper platen; (6) specimen; (7) cylinder; (8) double shear plates.

force of the moving crossbeam is H. Half of the distance of
the rolling slider under the workbench is L. Then, the
equation can be obtained from the moment balance:

N,(L-x) =N, (L+x)+F,H. (10)

N; and N, can be solved by combining the above
equations:

N, - [P(L-x)- FZH]’

o0 (11)

[P(L+x)+ F,H|
N, = .
2L

When P reaches the maximum vertical load of 60 MN, F,
reaches the maximum lateral load of 9 MN, and x reaches the
maximum horizontal displacement 800 mm of the work-
bench. At this moment, the compression-shear test machine
frame is under the ultimate working condition. These pa-
rameters can be substituted in equations (11) and (12); it can

be obtained that N; =7.24 MN, N, =52.76 MN.

(12)

3.2. Topology Optimization of 6000t Compression-Shear Test
Machine Frame. Based on the force analysis under the above
ultimate working conditions, the static analysis of the
compression-shear test machine frame is performed using
ABAQUS. Before the analysis, it is necessary to simplify the

3D model of the frame properly. Firstly, the cylinder in the
system is simplified, and the force output from the cylinder
is loaded to the corresponding position; then, the bolted
connection between the two parts is deleted, and the node
coupling method is used to calculated. Then, the hole fea-
tures such as technological hole, locating hole, threaded
hole, and tiny chamfer and fillet are deleted. Finally, the
simplified 3D model of compression-shear test machine
frame is obtained, and then, the simplified 3D model is
imported into the ABAQUS. The frame material is Q345, its
density is 7850 kg/m’, young’s modulus is 206 GPa, Pois-
son’s ratio is 0.3, and yield strength is 345 MPa. As shown in
Figure 3, the load is applied, and boundary constraints are
set. The longitudinal force is applied to the bottom surface of
the upper beam, with the magnitude of 60 MN and the
direction along the z-axis. The reaction force is applied to the
base with the magnitude of 60 MN, and the direction is
negative along the z axis. Because the base is fixed on the
ground, the base boundary is set to be completely fixed.
Finally, the hexahedral element is used to mesh the model,
and the static analysis begins.

Figure 4 shows the stress and displacement cloud diagram
of the optimized front compression-shear test frame under
ultimate working conditions. The maximum static stress of the
compression-shear test machine frame before optimization is
204 MPa, which is at the contact position between the upper
beam and the column, and the stress is less than the material
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FiGure 3: Simplified load and boundary constraints of the compression-shear test machine frame.

yield strength. The maximum displacement is 2.437 mm, which
is at the upper edge of the upper beam where the upper beam is
at the contact with the hydraulic cylinder, and the overall
displacement is small. Although the compression-shear test
machine frame meets the requirements of static strength and
stiffness, there are a lot of low-force or zero-force elements on
the vertical column and upper beam; there is still a large space
for topological optimization.

Therefore, the 3D model of the compression-shear test
machine frame is imported into the ABAQUS again, and the
tetrahedral element grid is used to mesh the model. Then, the
topology optimization is performed based on the static analysis
results, as shown in Figure 4. The topology task is established in
the optimization module, and the base of the compression-
shear test machine frame is selected as the frozen area (i.e., the
base is not optimized); the strain energy and volume design
response are created, the objective function is strain energy, and
then, the volume constraint was created to remove 30% of the
material for calculation. The final result of topology optimi-
zation is shown in Figure 5.

According to the results of topology optimization, more
materials are removed from the outer side of the column and
the four corners of the upper beam, and most of them are
irregular shapes. Considering the processing feasibility and

assembly difficulty, the size and shape of the compression-
shear test machine frame after topology optimization are
slightly adjusted using SolidWorks, and then, the model is
reconstructed. As shown in Figure 6, the weight of the
compression-shear test machine frame reduces by
72239.1 kg after optimization and reconstructed.

Static analysis is performed on the optimized and
reconstructed frame of the compression-shear test machine,
as shown in Figure 7. The maximum static stress of the frame
is 235 MPa at the contact position between the upper beam
and the column, and the stress is still less than the yield
strength of the material. The maximum displacement of the
frame is 3.089 mm, which also is at the upper edge where the
upper beam is in contact with the hydraulic cylinder, and the
overall displacement is still small.

By comparison, the maximum static stress and maxi-
mum displacement of the optimized compression-shear test
machine frame are slightly larger than those before opti-
mization (Table 1); they are still less than the yield strength
and the maximum allowable displacement of the material,
respectively, and the weight reduced by 14.5%. Therefore,
the topology optimization scheme achieves the lightweight
of the compression-shear test machine frame on the premise
of satisfying the static strength and stiffness.
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FIGURE 4: Stress and displacement cloud diagram of the compression-shear test machine frame under the ultimate working condition before
optimization. (a) Stress cloud diagram. (b) Displacement cloud diagram.

F1GURE 5: Final result of topology optimization.

FIGURE 6: Optimized and reconstructed of compression-shear test machine frame.
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FIGURE 7: Stress and displacement cloud diagram of the optimized compression-shear test machine frame under the ultimate working
conditions. (a) Stress cloud diagram. (b) Displacement cloud diagram.

4. Dynamic Characteristics of 6000t
Compression-Shear Test Machine Frame

The following is the analysis and comparison of the modal
characteristics of the compression-shear test machine frame
and the dynamic characteristics after sudden unloading
before and after topology optimization.

4.1. Modal Characteristics of the Frame. The 3D model of the
original and optimized compression-shear test machine frame
is imported into the ABAQUS, the analysis step type is selected
as the frequency analysis step in linear perturbation, and the
second-order tetrahedral element (C3D10) type is used for
meshing, and then, modal analysis begins. Because the influ-
ence of low-order vibration mode on the structure is greater

than that of higher-order vibration mode, this study only
obtains the first four natural frequencies and vibration modes
of the compression-shear test machine frame.

Figure 8 shows the modal analysis results of the com-
pression-shear test machine frame before optimization; the
first-order modal natural frequency is 24.384 Hz, which is
mainly represented by the swing of the upper crossbeam in the
X-Y plane. The second-order modal natural frequency is
24.626 Hz, which is mainly represented by the torsion of the
upper beam and column in the X-Y plane. The third-order
mode natural frequency is 34.189 Hz, which is mainly repre-
sented by the torsion of the upper beam and column in the X-Y
plane. The fourth-order mode natural frequency is 90.815 Hz,
which is mainly represented by the vibration of the upper
beamalong the Z axis and the torsion of the column in the X-Y
plane.
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TaBLE 1: Comparison before and after optimization-shear test machine frame.

Proportion of weight reduction after

Maximum static stress (MPa) Maximum displacement (mm) Weight (kg) optimization (%)
(]

Before optimization 204 2.437 497228.55 145
After optimization 235 3.089 424989.45 )
U, Magnitude mm U, Magnitude mm
+1.002e+00 +1.003e+00
+9.185e-01 +9.194e-01
+8.350e-01 +8.358e-01
+7.515e-01 +7.523e-01
+6.680e-01 +6.687¢-01
5845601 +5.851e-01
+5.010¢-01 +5.015e-01
+4.175e-01 +4.179e-01
.175e-
3.3406-01 +3.343e-01
+3.340e-
+2.508e-01
+2.505e-01
+1.672e-01
+1.670e-01
+8.358e-02
+8.350e-02
+0.000e+00
+0.000e+00
ODB: 617 mmbian.odb Abaqus/Standard 6.14-4
ODB: 617 mmbian.odb Abaqus/Standard 6.14-4 Wed Jun 17 15:24:41 GMT+08:00
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FiGgure 8: Continued.
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FIGURE 8: Modal analysis results of compression-shear test machine frame before optimization. (a) First-order mode. (b) Second-order

mode. (¢) Third-order mode. (d) Fourth-order mode.

Figure 9 shows the modal analysis results of the com-
pression-shear test machine frame after optimization. The
first-order mode natural frequency is 19.486 Hz, which is
mainly represented by the swing of the upper beam in the
X-Y plane. The natural frequency of the second mode is
19.631 Hz, which is mainly represented by the torsion of the
upper beam and column along the Z axis. The third-order
mode natural frequency is 27.942Hz, which is mainly
represented by the torsion of the upper beam and column in
the X-Y plane. The natural frequency of the fourth-order
mode is 88.313 Hz, which is mainly represented by the vi-
bration of the upper beam along the Z axis and the torsion of
the column in the X-Y plane.

By comparison, the instability modes of each mode of the
original and optimized compression-shear test machine
frame are basically unchanged. The natural frequencies of
each mode after optimization are slightly smaller than those
before optimization (Table 2), the values are still relatively
large and much greater than the maximum working fre-
quency 0.05Hz, so no resonance will occur, and the frame
also has relatively large dynamic stiffness. Therefore, the
topology optimization scheme can reduce the weight of the
compression-shear test machine frame on the premise of
satisfying the dynamic stiffness.

4.2. Dynamic Characteristics after Sudden Unloading. The
dynamic characteristics of the compression-shear test ma-
chine frame after sudden unloading are analyzed using
ABAQUS with explicit dynamic analysis method, and the

loading process is shown in Figure 10. During 0~0.01 s, the
lateral force on the side of the column increases from 0 to
9 MN, and the lateral reaction force on the cylinder seat also
increases from 0 to 9 MN. The longitudinal force on the
bottom of the upper beam increases from 0 to 60 MN, and
the longitudinal reaction force on the base also increases
from 0 to 60 MN. At 0.02s, the load applied on the com-
pression-shear test machine frame is suddenly unloaded,
and all the acting forces instantly reduces to 0. During
0.015~0.02s, the load remains unchanged. During
0.025~0.07 s, it is a dynamic response process after sudden
unloading, and the dynamic characteristics of the com-
pression-shear test machine frame after sudden unloading
under ultimate working conditions are analyzed during this
period.

In the process of stress changing with time,
Figures 11-13 show the stress cloud diagram and curve of
the upper beam, column, and base after sudden unloading
during 0.02 s~0.07 s, respectively. Figure (a) and Figure (b)
are the maximum stress cloud diagram of dynamic stress on
Figure (c). Figure (c) is the stress curve of maximum dy-
namic stress on Figure (a) and Figure (b).

As shown in Figures 11(a) and 11(b), the maximum
dynamic stress of the original and optimized upper beam is
at the contact between the hydraulic cylinder and the upper
beam. As shown in Figure 11(c), due to the constraint of
dead weight and column, the stress of the upper beam before
and after sudden unloading will change greatly, and the
dynamic stress after sudden unloading is always less than the
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FIGURE 9: Modal analysis results of compression-shear test machine frame after optimization. (a) First-order mode. (b) Second-order mode.

(c) Third-order mode. (d) Fourth-order mode.

static stress before unloading. At 0.039s, the maximum
dynamic stress of the upper beam before optimization is
108.1 MPa. After optimization, the maximum dynamic stress
of the upper beam is 140 MPa at 0.047s. Although the
maximum dynamic stress of the optimized upper beam is

slightly larger than that before optimization, it is far less than
the yield strength of Q345 steel.

As shown in Figures 12(a) and 12(b), the maximum
dynamic stress of the column before and after optimization
is at the contact position between the column and the upper
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TaBLE 2: Comparison of natural frequency of compression-shear test machine frame before and after optimization.

Order number (n) Natural frequency before optimization (Hz) Natural frequency after optimization (Hz)
1 24.384 19.486
2 24.626 19.631
3 34.189 27.942
4 90.815 88.313
F

0.01 0.02 0.07

FIGURE 10: Loading process diagram.
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+3.500e+01
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+9.008e+00 +0.000e+00
+0.000e-+00

Ficure 11: Continued.
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FIGURE 11: After sudden unloading, the stress cloud diagram and curve of the upper beam before and after optimization. (a) Stress cloud

diagram of upper beam before optimization. (b) Stress cloud diagram of upper beam after optimization. (c) Stress curve of upper beam
before and after optimization.
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Figure 12: Continued.
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FIGURE 12: After sudden unloading, the stress cloud diagram and curve of the front and rear columns before and after optimization.

(a) Stress cloud diagram of column before optimization. (b) Stress cloud diagram of column after optimization. (c) Stress curve of column
before and after optimization.
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FIGURE 13: Stress cloud diagram and curve of the front and rear base of the frame after sudden unloading before and after optimization.

(a) Stress cloud diagram of the base before optimization. (b) Stress cloud diagram of the base after optimization. (c) Stress curve of the base
before and after optimization.
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beam. As shown in Figure 12(c), due to the impact of the
beam, the stress of the column after the sudden unloading
before and after the optimization will also change greatly.
Especially, the dynamic stress of the column before opti-
mization is even greater than the static stress before
unloading, whereas after sudden unloading, the dynamic
stress of column after optimization is always less than the
static stress before unloading. At 0.066s, the maximum
dynamic stress of the column before optimization is
140.4 MPa. After optimization, the maximum dynamic
stress of the column base is 191.3 MPa at 0.046 s. Although
the maximum dynamic stress of the lightweight column after
optimization is greater than that before optimization, it is
still far less than the yield strength of Q345 steel.

As shown in Figures 13(a) and 13(b), the maximum
dynamic stress of the base is at the cylinder seats before and
after optimization. The stress of the base also changes greatly
after sudden unloading before and after optimization, and
the changing range of the base stress is smaller than that of
the upper beam and column as shown in Figure 13(c).

The dynamic stress of the base after sudden unloading
before and after optimization is greater than the static stress
before unloading. At 0.022s, the maximum dynamic stress
of the base before optimization is 97.1 MPa. After optimi-
zation, the maximum dynamic stress of the base is
106.6 MPa at 0.0475 s, which is only slightly larger than that
before optimization and far less than the yield strength of
Q345 steel.

5. Conclusion

(1) After topology optimization and model recon-
structed, the weight of the compression-shear test
machine frame reduces by 14.5% compared with that
before optimization. The lightweight of the frame is
achieved.

(2) After optimization, the maximum static stress of the
compression-shear machine frame is still less than
the material yield strength, and the maximum dis-
placement is still less than the allowable maximum
displacement. The maximum static stress and the
maximum displacement meet the requirements of
static strength and static stiffness.

(3) After optimization, each mode natural frequency of
the compression-shear test machine frame is large,
which is far greater than the working frequency.
Therefore, the frame will not produce resonance and
meet the requirements of dynamic stiffness.

(4) After the machine frame suddenly unloaded, the
maximum dynamic stress of the upper beam, col-
umn, and base are less than the yield strength of the
material after the optimization, which meet the re-
quirement of dynamic strength.
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