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Stress loading effect research of plastic damage materials
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Abstract: This study mainly analyzes the stress loading effect of current plastic damaged materials and
investigates the stress changes during plastic material damage. The stress structure of the material is analyzed
using D-SAP software and the finite element analysis. A new analysis system for plastic damage materials
is established. The new system can analyze the damage stress and rigidity magnitude of plastic materials.
These studies confirm that new system software can to some extent complete the analysis of stress loading
effects on plastic damaged materials. The simulation curve of the software is basically consistent with
the experimental values. When compared with traditional software for testing, the new software shows
significantly better performance in simulating stress situations and accuracy compared to traditional analysis
and simulation software. D-SAP and Digimat software show different deviations during testing. D-SAP has
the smallest stress variation, while Digimat strain and stress testing has a larger deviation. In the stiffness
test, the deviation between the two software is between 2.04% and 5.3%. In multi-axis pressure testing,
D-SAP is consistent with the test values. Therefore, the software used in this study has a better effect on
analyzing the stress loading effect of the material, and the deviation between the tested stress and stiffness is
smaller. This provides a new direction for stress analysis of materials.
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1. Introduction

Accurate Stress Analysis (SA) of plastic damaged materials is essential in modern
engineering and materials science [1]. SA not only helps to understand the behavior of
materials under different conditions, but is also crucial for designing more reliable and durable
structural components [2]. With the rapid development of computing technology, various
simulation methods of computers have become important tools for studying material stress [3].
Fine Element Analysis (FEA), as a commonly used computer analysis method, has been widely
applied in stress and strain analysis of various materials. D-SAP, as an advanced analytical
tool, has shown excellent performance in simulating complex material behavior, especially
in material stress response under multi axial pressure conditions [4]. But at the same time
D-SAP software in the analysis of plastic materials in the analysis of the material stress analysis
is more complex can not be an accurate model of the individual material nodes, followed
by the software’s parametric analysis of the less efficient to build the model is less efficient.
Therefore, the study hopes to achieve the modeling and analysis of the material structure by
building a material parametric analysis model using D-SAP software. Based on this, this study
combines D-SAP with traditional FEA to build a more comprehensive analysis and simulation
software to analyze the stress changes of plastic damage materials under different loading
conditions. To improve the SA effect, the stress changes and rigid section parameters of the
material are analyzed in this software. Using the stiffness matrix in the software, the stress
changes in the model are calculated to ensure that the structural characteristics and parameter
changes of plastic materials can be analyzed correctly. At the same time, the introduction of
finite elements enhances the accuracy of the software’s testing of materials and improves the
effectiveness of stress testing. Through the plastic damage material stress analysis, can enhance
the understanding of the current plastic material analysis, the weak part of the strengthening, so
as to enhance the understanding of the degree of material, at the same time on the construction
of the collapse of the material failure and other issues to play a better role in guiding. This
study consists of four parts in total. Firstly, it is an overview of domestic and international
research. Secondly, the software system is built. Next, the testing effectiveness of this software
is analyzed. Finally, there is a summary of this article.

2. Related works

The use of materials and damage analysis in engineering analysis are important steps in
current construction projects. Many experts and scholars have analyzed the stress and plastic
damage of materials in this direction. Zhou et al. used a combination of numerical simulation
and experimental analysis to study the thermal stress distribution of PCM glass units. The new
method could analyze the heat transfer performance and thermal stress distribution of PCM
glass units with a thickness between 3 and 11 millimeters. These results indicated that the
addition of PCM improved the thermal performance of glass units. Among these five testing
facilities, the glass unit surface with a PCM layer thickness of 7 millimeters showed the smallest
thermal strain change [5]. Aurichio et al. proposed an optimization scheme based on phase
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field method to solve the structural topology optimization problem in 3D printing process.
This method considered factors such as stress constraints and multiple materials or scales.
These results indicated that this method had high sensitivity to parameters. Finally, the feasible
workflow from numerical solutions to 3D printing objects was analyzed, and the final structure
of these results was completed using melt deposition modeling of 3D printers [6]. Kumar et al.
established a three-dimensional finite element model of implanted pelvic bone using CT data.
They investigated the effects of interface cracks and implant materials on mixed mode stress
intensity factors, as well as predicting interface failure of bone cement acetabular cups. And
a two-dimensional crack model was developed and solved using the element free Galerkin
method. These results indicated that the stress intensity factor in the front was higher and might
be more prone to failure. Compared with the interface of bone cement, the stress intensity
factor of ceramic ceramic material combination was lower [7]. Oyeniran et al. conducted
a numerical analysis using the FEA tool ABAQUS software to investigate the effect of residual
stress on fatigue damage of single piles in offshore wind turbines. Three single-pile models
with the same size were developed in ABAQUS, and characteristic loads were applied to all
models. These results indicated that the maximum impact of tensile residual stress on fatigue
damage of single piles was 0.05%, while the impact of compressive residual stress on fatigue
life of single piles was 0.06%. The influence of residual stress on stress accumulation in the
critical welding zone could be ignored [8].

Chen et al. used the coupled stress elasticity method to study the “anti-plane shear cracks”
at the interface of bonded heterogeneous elastic media with initial stress. The new method
proved the deviation of the coupled stress tensor and derives the governing equation of the
relevant boundary conditions. And it used the feature function expansion method to determine
the singularity index. These results indicated that the inherent characteristic length, coupled
stress material constant, and initial stress had a significant impact on crack tearing displacement,
coupled stress intensity factor, and energy release rate [9]. Siqueira et al. proposed a new
constitutive model based on fluidity to study the rheological properties of thixotropic yield
stress materials in cylindrical Couette fluids. The new model coupled the motion equation
with the additional equation of material fluidity evolution, and fluidity was used as a structural
parameter without the need to introduce phenomenon functions or additional parameters.
These results indicated that the fracture and stacking process of microstructure, as well as the
position of the yield surface in flow, depended on the applied stress and the characteristics of
these two materials. In addition, steady-state flow was solely determined by the applied stress
and did not depend on the initial structural state of the material [10]. Chen et al. proposed
a new local stress-strain estimation method to investigate the low cycle fatigue characteristics
of cold drawn steel under strain controlled uniaxial fatigue loading. The experimental results
indicated that, except for the initial period of cyclic hardening, cyclic softening phenomenon
could be observed throughout the entire fatigue life. And the new method was more accurate
than traditional methods, and the maximum relative error between predicting fatigue life and
experimental fatigue life was less than 6% [11]. Li et al. proposed a new fatigue crack growth
model to address the fatigue of crack like defects in engineering structures under variable
amplitude loading conditions. The new model was based on the energy principle during crack
growth and included an equivalent factor N that was independent of the material. It theoretically
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explained the effect of stress ratio on the FCG rate of metal materials. These results indicated
that the new model provided a more accurate relationship between stress ratios and FCG rates
of various metal materials. This provided an effective strategy for predicting the fatigue life of
cracked components under variable amplitude loading [12].

In summary, in current research, some software and theoretical models are mainly used to
analyze and detect the SA of materials. Therefore, this study analyzes and simulates the stress
of plastic damage materials and builds a new model combining D-SAP and finite element to
analyze and study the stress and rigidity of materials. Through different analysis methods of the
two models, judgment and effect analysis are made from different stress situations of materials.
This further enhances the SA effect of the current model on materials. The analytical accuracy
and applicability of traditional methods are limited by simplified models that cannot accurately
predict material conditions under complex loads or geometries. In contrast, the new modeling
approach combining D-SAP and finite elements provides a deeper understanding of the material
failure process by taking into account the interaction of material damage and plastic flow, and
is suitable for analyzing the behavior of high-performance materials under extreme conditions.

3. Effect research of plastic damage materials based on
D-SAP and finite element unit

This chapter mainly analyzes and studies D-SAP and finite element theory and builds a new
system material analysis model. By analyzing the different parameters of materials, the current
research system model is improved. Finally, a material testing system platform is built on the
basis of this model.

3.1. D-SAP and finite element analysis module construction

D-SAP programs generally encode the current object using C++ encoding. It mainly
analyzes the language and attribute characteristics of the research objects, so the demand for
standardization is relatively high. FEA is a computational tool used to predict how an object
reacts to external factors such as force, heat, vibration, pressure, etc. [13]. It simulates the
physical behavior of an object by dividing a complex entity or system into multiple small,
simple, and interconnected units. Therefore, adding finite element units to D-SAP can achieve
performance analysis of current material parameters and other properties. Fig. 1 shows the
overall structure of the analysis model.

In Fig. 1, the overall analysis structure of the studied model includes four modules: D-SAP
framework, interface module, core algorithm analysis, and material unit. The program interface
module is mainly responsible for receiving information parameters of this program. The core
algorithm module mainly uses some algorithm models and finite element elements to analyze
parameters. The material unit module is mainly used for in-depth analysis and research of
materials that need to be analyzed. Finally, the analysis and simulation of building structures
and materials are completed through the combination of four modules.



www.czasopisma.pan.pl P N www.journals.pan.pl

{

STRESS LOADING EFFECT RESEARCH OF PLASTIC DAMAGE MATERIALS . ..

103

Module Framework Window procedure

T T T e =
| Constraint module Lo\ad ﬂodule
B Ry ©

|Rec0rdingUnit moj:dltlle %ﬁnalysis module
| module ——

Sg)lving
module

- System o'dules
Node module

MéterialsC::) %gﬂ

Modules  Section module

Algorithm module Material unit

Fig. 1. D-SAP software program analysis model structure

3.2. Stress analysis of plastic damage materials based
on D-SAP program and finite element unit

In general engineering, due to the large size and complex shape of the structural units
encountered, it is necessary to convert the unit structure of lotus picking during the solving
process. Therefore, an equal parameter conversion method is used, such as the parameter

coordinate unit conversion formula in Eq. (3.1) [14].

X Ly

_ Ly

(3. yi=r o
Z L,

In Eq. (3.1), L; represents the volume coordinates of the material unit at position 1, L,
represents the volume coordinates of the material unit at position 2, L3 represents the volume
coordinates of the material unit at position 3, and L4 represents the volume coordinates of
the material unit at position 4. Taking tetrahedral materials as an example, interpolating the

coordinates yields Eq. (3.2).
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In Eq. (3.2), m represents the number of unit nodes. x; represents the horizontal coordinates
of the node, y; represents the vertical coordinates of the node, and z; represents the vertical
coordinates of the node. Ntf represents the size of the coordinate interpolation function for
the node [15]. Interpolation functions can analyze materials in different states and shapes at
present. Simultaneously using stiffness matrices can achieve generalized format analysis of
material problems. Fig. 2 is a schematic diagram of the stiffness matrix process.

Unit position and Node location Obtain the shape
displacement mode determination function

Obtain stiffness Calculate coordinate Calculate function
matrix conversion matrix
Fig. 2. Rigidity matrix process

In Fig. 2, when confirming the element stiffness of the material, first determine the
unit position and displacement mode, need to determine the unit position information and
displacement mode, using finite element to calculate the node position of the material, through
the interpolation function to obtain the shape function. Secondly, calculate the node position
and shape function, when the displacement of the unit is clearer, the more accurate material
parameter information is obtained, and then solve the coordinate information parameters,
through the function to solve the total coordinate information parameters to get the matrix
H. And then carry out the coordinate conversion and derivation, because the coordinates
of the function belong to the interpolation coordinates, so through the derivation of the
total coordinates can be completed to transform the coordinates of the matrix. After that,
the potential energy is solved and the stiffness matrix expression is obtained by solving the
potential energy to get the expression of the stiffness matrix, and finally the unit stiffness matrix
is solved by integrating, and the unit stiffness matrix is obtained by choosing the appropriate
value of the stiffness matrix to be integrated and solved. The stiffness matrix is mainly used
to solve the problems of two-dimensional line surface coordinates of current materials. For
the three-dimensional damage degree and SA of damaged materials, it is necessary to build
a model in Eq. (3.3).

(3.3) o =(1=w)T, + (1 + we)Te
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In Eq. (3.3), 0, represents the effective tensor for bearing tensile stress, o represents the
effective tensor for bearing compressive stress, o~ represents the stress tensor, w; represents the
damage variable for pressure, and w. represents the damage variable for tension. The effective
stress tensor can be obtained from Eq. (3.4) [16].

3.4 o=D;:(t-1p)

In Eq. (3.4), o is the magnitude of effective stress. D, represents the elastic stiffness
matrix. 7 represents the total strain magnitude value, and 7, represents the plastic strain
magnitude value, respectively. The plasticity expression of damaged materials can be expressed
as a function in Eq. (3.5).

(3.5 Ip (05 kp) = F(T, qn1, qn2)

In Eq. (3.5), kp, represents the magnitude of plastic hardening. g, represents the hardening
function size of the material surface, and g, represents the hardening function size of the size,
respectively. The flow rule at this time is represented by Eq. (3.6) [17].

_ —-0g P —
(3.6) Sp= lﬁ(m Kp)
In Eq. (3.6), 5, represents the rate of change in plastic strain rate. 1 is the liquidity factor.
gp represents the potential energy function. The tension effect on the loading and unloading of
the model is represented by Eq. (3.7).

Jar = €(0) = kp

(.7
w; = 8di(Kar, Kdr1, Kdr2)

In Eq. (3.7), f4: represents the size of the loading function. g,(c") means stress changes
with the same effect. x4;. k4:1 and k42 all represent the historical variable size of material
damage. The pressure effect at this time is represented by Eq. (3.8).

Jac = ac€c(07) = Kdc

(3.8)
We = gdc(ch, Kdcl, chZ)

In Eq. (3.8), a. represents the change in stress state under pressure, while the other
parameters undergo the same changes as mentioned above. The yield function in plasticity is
represented by Eq. (3.9) [18].

_ _ - 1 3V3 J
(3.9) oy=—, p=+2h, 6= -arccos 22 B
2
In Eq. (3.9), 0, is the strain force change of the effective material volume. p represents the
coordinate size of the second position of the material column. 8 represents the size of the Lode
angle. I represents the first tensor of stress, J, represents the second invariant of stress, and J3
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represents the third invariant of stress. The variable variation of the yield function can control
the shape and size of the material, and the hardening rule is represented by Eq. (3.10).

qno + (1 - qho)(K;; - 3/<127 +3kp) — H,,(K;’, - SK% +2kp), Kkp <1

(3.10)  gni(xp) = { 1 Ky > 1

In Eq. (3.10), H,, represents the slope. g, represents the shape hardening function, and
the other parameters are the same as above. The size hardening function is represented by
Eq. (3.11).

_ 1, Ky <1
311 2 = { 1+ Hy(kp = 1), &y <1

The parameters in Eq. (3.11) are the same as above. Under normal circumstances, one-
dimensional plastic damage can be expressed by Eq. (3.12) as the relationship between strain
and stress changes.

(3.12) oc=(1-w)o=(1-wkEE-¢p)

In Eq. (3.12), w means the change in the degree of damage under tension and pressure. € is
the total strain force magnitude. &, represents the magnitude of plastic strain force. The damage
variable of materials can be solved through iterative algorithms, represented by Eq. (3.13) [19].

Kdcl + WKde2

(3.13) (1 — w)Ekgc — fr exp (— ) =0,e>0

Sfc
The parameters in Eq. (3.13) are the same as the above formulas. A new model vector has
been summarized through the analysis of material stress.

3.3. System model construction for plastic damage material analysis
based on D-SAP program and finite element unit

To ensure stable analysis of material damage in D-SAP, parameter calculations need to
be performed using the above equations, and the material parameters need to be converted
into formula code and input into the program. The main encoding of D-SAP is programmed
through C++. Therefore, the program utilizes the characteristics of C++ to perform damage
calculations on materials, such as unit algorithms in Fig. 3.

In Fig. 3, when conducting damage calculations in D-SAP, it is necessary to first calculate
the equivalent strain size of the material, and then calculate the equivalent tensile strain force
and equivalent compressive strain force of the material. The incremental strain force of material
plasticity was obtained through the damage function, and the ductility coefficient of the material
was calculated. Afterwards, it is determined whether the current tensile damage function is
greater than 0. If it is greater than 0, the historical tensile and compressive variables of the
material are calculated, and then the damage variable is calculated to determine the compressive
damage function. If it is less than 0, the compression damage function is judged directly. If
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Calculate the magnitude of
equivalent strain of materials

End

A

A Calculate historical variables
and loss function variables

Calculate equivalent tensile
under pressure

and compressive strain
forces under compression N

A

Calculate the incremental
strain force of material
plasticity

A

Calculate the ductility
coefficient of materials

Is the compressive damage function less than 0?

» Calculate damage variables

v N

Y

_ | Calculate historical tension
% "| and compression variables

Is the tensile damage function greater than 07

Fig. 3. Material damage calculation process

the compression damage function is greater than 0, the historical variables and loss function
variables of compression are calculated. If it is less than 0, the process is terminated directly.

Most methods only analyze the process of strain, which is less considered for subsequent
updates and changes in damage values [20]. Therefore, a method for calculating Patix damage
parameters is added throughout the entire D-SAP. When the slope of the damage change curve
of plastic materials is small, the damage value of the material is reduced during unloading and
loading to alleviate the reduction of material stress and stiffness when the material undergoes
stiffness and stress direction changes. And the damage of the material is reduced according to
the magnitude of stress and stiffness to deal with the stress change and stiffness mismatch [21].

4. Stress loading effect analysis of plastic damaged materials
based on D-SAP and finite element analysis

To verify the importance and situation change analysis of the current D-SAP software in
material damage SA, polystyrene was selected as the research example material for analysis.
The parameter values of the selected material were E = 26 GPa, v = 0.2, f. = 35 MPa, and
f: = 3.5 MPa. The finite element in the model test is a four-node finite element. The model
consists of 100 four-node finite element elements with a total number of nodes of 400. In
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the four-node finite element, the displacement field is defined by the displacements at the
nodes defined by interpolating throughout the element using a shape function that includes
the displacements in the X and Y directions along the element boundaries. The stress field is
calculated from the derivatives of the displacement field as well as the intrinsic relationship of
the material. Fig. 4 is a schematic diagram of the compression and tension situations, actual
value represent data values obtained from actual stress compression experiments, and D-SAP
data values represent data values calculated by the D-SAP program software.

4r
i o— D-SAP
= 3t Actual value
a9
E L
g2y
7 | g N
o
'Y e
Lr °o o?\
0/0 &
0 / ° /||
0. 0.5

Stram (10*-3)

5t

Stress (MPa)
=)

o D-SAP

-25 F —— Actual value

s ) 5 0 1
Strain (10*-3)

(W)
Fig. 4. Stress variation of damaged materials under compression and tension: (a) The stress change of
materials affected by tensile force, (b) Stress changes in materials under pressure

In Fig. 4, in the material SA of the program, the test results of the software were basically
consistent with the actual results curve, and the stress and strain changes of the material
were within a specific range. The software calculation results for the material were consistent
with the actual results, indicating that determining the parameters of the material through the
program could better simulate the current damage situation of the material. The peak value
and strength were basically consistent under compression and tension. This also indicated that
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the program could remind of material damage and stiffness degradation. The curve changes
obtained from cyclic loading parameters were consistent with the actual results. To analyze the
stress loading analysis results of the current software on materials, the compression analysis
diagram in Fig. 5 was obtained by analyzing the compression conditions of different materials.

-k D-SAP

<1000 400MPa 4@ Test Value 3r
= -800 2
[aW) <
E &1
= -600 =
Z -400 gl
200 3l
0 3 A . . A . ;
40 30 20 -10 0 o 03 -02 -01 00 01 02 03
Strain (10*-3) Strain (10*-3)
(@) (b)

Fig. 5. Stress variation of materials under different compression and cyclic loading: (a) Stress variation
curve under high pressure, (b) Stress variation curve during cyclic loading

Fig. 5(a) shows the stress curve changes of the damaged material under different pressures,
with pressures of 400 MPa, 200 MPa, 100 MPa, and 50 MPa. The stress variation curves of
these four high pressures all varied from large to small. The maximum value of stress under
400 MPa pressure was —800 MPa, -600 MPa under 200 MPa, -390 MPa under 100 MPa, and
—170 MPa under 50 MPa. The strain force magnitude and experimental value curve of the
material under four different pressure intensities were basically consistent. In Fig. 5(b), after
calculation, there was no damage in the state of the material when the stress was between 0
and 1. When the stress exceeded this range, there were plastic changes and damage in the
material properties. It may be due to the increase in elastic range of the material in the 0—1
stress range. Through the cyclic pressurization of materials, software can be used to determine
the damage and SA of the materials. To test the effectiveness of the software, a displacement
comparison was conducted between the material cross-section test units of D-SAP software and
composite multi-scale modeling and simulation software (Digima), and Table 1 was obtained.

As shown in Table 1, when analyzing the testing effect of the software, it is found that
compared with the real testing results, the material testing results of D-SAP software are
significantly better than that of Digimat software, with the smallest deviation value of its system
being 0, and the relative deviation value of Digimat software being 0.17%, which indicates that
the software is basically able to perfectly replicate and simulate the information parameters
of the material when conducting the testing. For all the nodes in Cell 1 and Cell 2, the relative
deviation values of D-SAP range from 0% to a maximum of 0.04%, while the relative deviation
values of Digimat are in a wider range of 0.016% to 7.5%. This indicates that D-SAP has better
stability and accuracy in the simulation process than Digimat software.The relative deviation
values of Digimat software are significantly higher than that of D-SAP in nodes 3 and 4 of cell 1.
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Table 1. Displacement changes of section test units for two software

s | v
. Node Actual .. eviatio relative
Unit No. Digimat (m) D-SAP (m) value of . L.
number | value (m) deviation
ABAQUS | %)
(%) valu Q
1 ~3.00-10~4| =3.0051 - 10~% | —=3.0000- 10~*|  0.170 0.000
| 2 -3.00-10~4| =3.0005 - 10~4 | =3.0001 - 10~*|  0.016 0.003
3 -3.50-1074| =3.76540 - 104 | =3.5001 - 10~*|  7.500 0.000
4 ~3.50-1074|-3.72560 - 1074 | -3.5012- 1074 |  6.400 0.034
1 ~3.00-1074 | —3.00540 - 1074 | —=3.0002 - 10~*|  0.180 0.006
) 2 -3.00- 1074 | =3.00870 - 1074 | =3.0003 - 10~*|  0.290 0.009
3 ~3.50-10~4| -3.68900 - 1074 | —3.5004 - 10~*|  5.400 0.012
4 ~3.50-1074| =3.54800 - 10~* | =3.5014 - 10~ 1.600 0.040

This indicates that Digimat has greater limitations in simulating complex materials. To compare
the testing and simulation effects of different software on the stress and strain of materials,
the above software was combined with the research software for stress-strain testing. Fig. 6
shows the comparison results when selecting 200 MPa and 100 MPa for the applied pressure.

= Digimat -4 D-SAP

-800 @ Actual value -800 -® Actual value
;“?—600 i 200MPa E P 200MPa
= 2
% -a00} %,E « 100MPa -k % -a00} 100MPa
7 »n

-200F -200F

0 1 1 1 1 1 1 Il ] 0 1 1 1 1 1 1 1 Il

-40 -30 -20 -10 O 10 20 30 40 -40 -30 -20 -10 O 10 20 30 40
Strain (10*-3) Strain (10*-3)
(@) (b)

Fig. 6. Comparative testing and analysis of stress and strain between two types of software: (a) Digimat,
(b) D-SAP

In Fig. 6, in the stress and strain comparison tests of the two software, the test results of
Digimat were slightly lower than the actual test results. Therefore, when using Digit for stress
testing of materials, the results of material performance parameters obtained were poor. When
conducting stress testing on D-SAP, its stress variation curve was basically the same as the
actual test curve. Therefore, D-SAP performs well in testing the stress of materials and could
basically fully simulate the stress situation of materials.
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5. Conclusions

This study mainly focuses on the analysis of the damage stress effect of plastic materials.
D-SAP and finite element unit are used to analyze the damage stiffness and stress changes of
plastic materials, and an analysis system based on D-SAP is built. Then, the stress test results
of the software are analyzed to test the simulation effect of the current software. The research
results indicate that when comparing the performance of D-SAP and Digit in material SA
testing, D-SAP performs better in simulating material damage, stress changes, and stiffness
degradation. Its test results are close to reality, especially in terms of stress deviation from test
values. And D-SAP can achieve a minimum stress change of 0% and a maximum deviation of
1.5% during testing. In multi-axis pressure testing, D-SAP is basically consistent with the test
values. Therefore, D-SAP can better simulate the testing of material performance parameters in
stress testing of materials. And it can better test, simulate and analyze plastic damaged materials.
Although some achievements have been made in this study, there are still some shortcomings.
For example, more plastic materials should be selected for analysis when testing materials, and
more parameter conditions should be considered for analysis in software testing and analysis.
Therefore, more materials and conditions will be selected for analysis and testing in the future.
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