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In this paper, an elastoplastic analysis model of thin-walled circular tubes under the combined action of axial force and torque is
discussed. Based on the vonMises yield criterion and the assumption of isotropic linear hardening, the methods of stress path and
strain path loading are analyzed to study the effect of combined tensile-torsional loading path on thin-walled circular tubes. A
finite element model is used to analyze the loading path effect on thin-walled circular tubes. A series of tensile and torsional tests
are also carried out on 304 stainless steel thin-walled circular tubes using a universal testing machine. In addition, the consistency
of the selected material with the von Mises yield criterion, the assumption of isotropic linear hardening, and other classical
elastoplastic mechanics are verified. 2e theoretical calculation results, the numerical analysis results, and the experimental test
results are analyzed and compared.2e “primary effect” influenced by the stress path and the “recency effect” affected by the strain
path are proved, and their application prospects are discussed. 2e influence of tensile-torsional loading path on the final stress
and strain states of thin-walled circular tubes after entering the plastic deformation stage is concretely demonstrated, facilitating
the understanding of the principles of the aforementioned two effects. 2e investigation for a general principle concerning the
effect of loading history on the mechanical behavior of engineering materials, based on the classical plastic mechanics, has an
important theoretical significance. It is of great theoretical importance for advancements in plastic yield theory and the es-
tablishment of more accurate loading conditions suitable for specific materials in engineering practice.

1. Introduction

2in-walled circular tube is a basic space structure, which
has a wide range of applications and research interest. So far,
a variety of studies have been conducted on the mechanical
behavior of metallic tubes in the plastic regime. 2e theory
and testing techniques for the stress and strain of a thin-
walled circular tube under pure axial tension or torsion are
mature, while the experimental research on the corre-
sponding mechanical properties of the thin-walled circular
tube showed great differences due to the complexity of the
loading combined deformation. Shu et al. [1] studied the
mutual interaction law of tensile stress-strain and torsional
stress-strain on a V150 drill (Supplementary Materials
(Available here)) tube under combined tensile-torsional
loading conditions. It was found that designing the tensile-

torsional loading capacity of the V150 drill tube based on the
von Mises strength criterion was conservative, while de-
signing it on the basis of the tensile-torsional elliptical
strength criterion could give full play to the mechanical
properties of drill tubes. Aida et al. [2] investigated the
combined resonance of thin-walled members subjected to
periodic torque and force. Wang et al. [3] carried out tensile-
torsional fatigue tests and finite element theoretical calcu-
lations on No. 45 steel thin-walled circular tube specimens
containing holes, analyzed their fatigue characteristics, and
predicted service life. Chaves et al. [4] carried out tensile,
torsional, and tensile-torsional tests on 304 stainless steel
thin-walled circular tube specimens with perforations and
investigated fatigue limit and crack propagation direction.
2ey found that crack initiation points were all located near
the maximum stress point of surface around the hole.
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Bodaghi et al. [5] proposed a macroscopic phenomeno-
logical model for shape memory alloys.2ey showed that the
results obtained for uniaxial tensile and biaxial combined
tensile-torsional nonproportional tests using the proposed
model were in good agreement with corresponding exper-
iments. Hu et al. [6] combined the tensile-torsional ex-
periments of pretension and pretorsion deformations and
studied the grain-scale yield characteristics of polycrystalline
Cu and the influences of different loading paths and yield
point definitions on the subsequent material yield surface.
Zhang et al. [7] developed a new image-based single-camera
tensile-torsional strain measurement method. 2e results
obtained by this method were compared with those of DIC
(digital image correlation) through experiments, which
proved the reliability of this method.

As for the problem of combined tensile-torsional loads
on thin-walled circular tubes, the existing literature mainly
investigated themechanical behavior [1, 2, 8–12], fatigue and
cracks [3, 4, 13–15], shape memory alloys [5, 16], micro-
structure [6, 17], loading path control [18], strain mea-
surement method [7], composite phase change wave [19],
buckling analysis [20], and other aspects of engineering
materials by numerical methods and experimental tests.
However, most related research studies are individualized
cases for specific materials, and only a few studies focus on
the influence of different loading paths on the mechanical
behavior of engineering materials in general.

Chen et al. [21] developed analytical solutions for plastic
strain under three stress paths (tension followed by torsion,
proportional loading, and torsion followed by tension) when
the stress endpoint was (σs, σs/

�
3

√
). Xu et al. [22] derived

analytical solutions for stress results under three strain paths
(tension followed by torsion, proportional loading, and
torsion followed by tension) when the strain endpoint was
(σs/E, tσs/

�
3

√
G). 2ese two classical cases illustrated that

stress paths greatly affected plastic strain and strain paths
played an important role in the resultant stress results;
however, the influence rule of loading history was not
established.

2rough rigorous mathematical derivation, Gao et al.
derived the “primary effect” (i.e., for the same stress end-
point, the strain results satisfied: εA

z > εB
z > εC

z , cA
θz < cB

θz < cC
θz

under different stress paths) affected by the stress path and
“recency effect” (i.e., for the same strain endpoint, the stress
results satisfied: σA

z < σB
z < σC

z , τ
A
θz > τ

B
θz > τ

C
θz under different

strain paths) influenced by strain path, and pointed out the
relevance and unity of the “primary effect” and “recency
effect” [23]. However, the laws of “primary effect” and
“recency effect” of the loading path are only based on
theoretical derivations and proofs and their validity in actual
engineering materials needs to be verified. 2erefore, it is
necessary to obtain strain/stress results under different
stress/strain loading paths by the finite element method and
experiments, providing numerical and experimental basis
for “primary effect” and “recency effect”.

2e thin-walled circular tube analysis model presented
in this article (as shown in Figure 1) is not for a specific
material, not for a certain size of tube, but represents the
generalized thin-walled tube analysis model. It is verified

that the developed thin-walled circular tube model is con-
sistent with the von Mises yield criterion, the assumption of
isotropic linear hardening, and other classical elastoplastic
mechanics theories through a series of tensile and torsional
tests. Based on this model, the influence of the loading path
on the final stress/strain state of the thin-walled circular tube
model is analyzed. 2e loading method for the loading path
of thin-walled circular tubes is also analyzed. 2e results of
stress path tensile-torsional loading tests on 304 stainless
steel thin-walled tubes and finite element analyses are given.
2e results obtained from theoretical calculations, finite
element analyses, and experimental tests are compared and
analyzed to verify that the loading path is affected by the
“primary effect” and “recency effect”. 2e thin-walled tube
analysis model in classical plastic mechanics is closely linked
with the well-known “primary effect” and “recency effect” in
social psychology, and it has played a very good role in the
teaching practice of “elastoplastic mechanics”. 2is attempt
to simplify complex issues can help students quickly judge
the correctness of the results of the problems on the stress/
strain path and deepen the understanding of the impact of
the loading path on plastic deformation. In addition, it has
practical significance for establishing more accurate loading
conditions suitable for specific materials in engineering
practice and presents good application prospects. 2e
conclusions drawn in this paper have strong universality,
which has a good promotion effect on the development of
plastic mechanics.

2. Materials and Methods

Regarding the theoretical analysis model presented in the
literature [23], an analysis model of a thin-walled circular
tube subjected to axial (Z-axis refers to the direction along
tube’s axis) tension and torque was established, which
conformed to the von Mises yield criterion and the as-
sumption of isotropic linear hardening.

2.1. Sample Preparation. 304 stainless steel (0Cr18Ni9) thin-
walled circular tubes were chosen as specimens with actual
sizes of D0 � 29.9 mm, d0 � 25.4 mm, and S0 � 195.4 mm2.

According to ISO6892-1 Metallic materials—Tensile
testing [24], the original gauge length of the specimen was
determined as follows:

L0 � 5.65
��
S0


� 79.0mm,

Chosen L0 � 80mm.
(1)

Z

N

T

T

N

Z

Figure 1:2in-walled circular tube analysis model (From reference
[23]).

2 Advances in Civil Engineering



2en, the parallel length of the circular tube specimen
was determined as follows:

Lc ≥L0 +
D0

2
  � 95mm,

chosen Lc � 95mm.

(2)

2e clamping length (Lh) was determined to be 60mm,
according to the size of the fixture in the testing machine.

2e total length (Lt) of the specimen was determined by
Lc and Lh using the following equation:

Lt � Lc + 2Lh � 215mm. (3)

Q235 circular steel was adopted as the plug with a
measured diameter of 25mm. 2e length of the plug Lb was
determined as follows:

Lb � Lh +
D0

4
  � 67.5mm,

chosen Lb � 68mm.

(4)

In order to avoid the residual stresses caused by welding,
the metal adhesive was used to bond the circular tube with
the plug.

2e standard specimen of 304 stainless steel thin-wall
circular tube, made according to the above size require-
ments, is shown in Figure 2.

2.2. Classical )eory Conformity Verification. 2e analytic
model of thin-walled circular tubes subjected to axial tension
and torque in the literature [23] conforms to the von Mises
yield criterion and assumptions of isotropic linear hardening
and other classical elastoplastic mechanics. To verify the
consistency of the selected 304 stainless steel thin-walled cir-
cular tubes with the classical theory, a Sansi UTM5305 uni-
versal testing machine (Shenzhen Suns Test Equipment Co.
Ltd., Shenzhen, Guangdong, China) was used to perform two
sets of confirmatory tests on the standard specimens, namely
“tensile” and “load-unload-load” tests, as shown in Figure 3.
2e nominal tensile stress-strain curve of the standard spec-
imenwas obtained according to the tensile test of the specimen,
and the modified stress-strain curve is obtained according to
the principle of constant volume and uniform deformation, as
shown in Figure 4(a). In addition, the stress-strain curve of the
whole process was also obtained according to the “load-unload-
load” test, as shown in Figure 4(b). 2e MTS809 tensile-tor-
sional testing system (MTS Systems Inc, Eden Prairie, Min-
nesota, USA), as shown in Figure 5, was used to conduct
torsion tests on the standard specimen, and the shear stress-
rotation curves were obtained, as shown in Figure 6.

It can be seen from Figures 4(a) and 6 that the tensile and
torsional stress/strain curves of 304 stainless steel thin-walled
circular tubes are linear in the elastic stage. Linear character-
istics are also obvious in the strengthening stage, which is in
accordance with the classical “bilinear isotropic hardening”
theory. From Figures 4(b) and 6, it can be seen that the three
elastic straight sections (first loading elastic section, unloading
elastic section, and second loading elastic section) are

essentially parallel indicating that plastic deformation does not
affect the intrinsic elastic modulus of the material. 2e elastic
deformation part of the second loading becomes longer and the
subsequent yielding starts from the unloading point, indicating
that yield strength is improved.2is indicates that 304 stainless
steel thin-walled circular tubes are consistent with the theories
of classical elastoplastic mechanics, which can be used to
reasonably analyze the loading path effect of thin-walled tubes.

2.3. Measurement and Calibration ofMechanical Parameters.
Based on the tensile and torsional tests of standard speci-
mens, the elastic modulus and yield stress of the material
were obtained as follows:

E � 210GPa,

σs � 353MPa,

τs � 204MPa.

(5)

Ultimate strength σu was calculated to be 1073MPa
based on the principle of constant volume and uniform
deformation. However, the necking deformation of the
specimen was uneven during the stretching process. 2e
necking phenomenon was smaller near the clamping end
and larger near the middle, as shown in Figure 7(a). In
addition, the cross-sectional area of the specimen was
measured at different locations after testing, showing a linear
reduction trend moving from edge towards center, as shown
in Figure 7(b). 2e cross-sectional area at the fracture was
calculated to be 112.2mm2 (the lower limit of the 95%
confidence interval was 105.0mm2, and the upper limit of
the 95% confidence interval was 119.4mm2) through linear
fitting. Combined with the maximum tensile force of 127 kN
obtained by the testing machine, the true ultimate strength
(σu) was calculated to be 1134MPa (the lower limit of the
95% confidence interval was 1066MPa, and the upper limit
of the 95% confidence interval was 1212MPa).

Due to the limited range of extension measurement, the
second inflection point in Figure 4(a) corresponds to ex-
tensometer removal. 2e part of the strengthening stage
before the second inflection point truly reflects the plastic
modulus (h) of the material in the strengthening stage,
which was determined to be 1.77GPa.

2e aforementioned mechanical parameters provided
basic data for the subsequent tensile-torsional tests and finite
element analysis using ANSYS.

2.4. Loading Paths

2.4.1. Stress Paths. Chen et al. [21] gave the analytical so-
lution of plastic strain under three stress paths (as shown in
Figure 8(a)) when the stress end point is (σs, σs/

�
3

√
). Gao

et al. [23] proved that the “primary effect” is not only valid
for (σs, σs/

�
3

√
) but for the entire stress space outside the

initial yield surface (including areas I, II, III, and IV).
2rough experiments and numerical methods, this paper
proves the universality of “primary effect” in the entire
plastic stress space. 2e three loading paths to (σs, σs/

�
3

√
)

are as follows:
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(1) Stress path A : first, normal stress is increased along
axial direction to σz � σs. 2en, it is kept constant,
while the shear stress is increased to τθz � σs/

�
3

√
.

(2) Stress path B: stress is increased to σz � σs and τθz �

σs/
�
3

√
with a proportion of σz: τθz

� 1: 1/
�
3

√
.

(3) Stress path C : first, shear stress is increased to
τθz � σs/

�
3

√
. 2en, it is kept constant, while normal

stress is increased to σz � σs.

2.4.2. Strain Paths. Xu et al. [22] gave the analytical solution
of stress under three strain paths (as shown in Figure 8(b))
when the strain end point is (σs/E, tσs/

�
3

√
G). Gao et al. [23]

proved that the “recency effect” is not only valid for
(σs/E, tσs/

�
3

√
G) but for the entire strain space outside the

initial yield surface (including areas I, II, III, and IV).
2rough numerical methods, this paper proves the uni-
versality of “recency effect” in the entire plastic strain space.
2e three loading paths to (σs/E, tσs/

�
3

√
G) are as follows:

Tensile test

Before loading During loading A�er loading

Before loading During loading A�er loading

Load-unload-load test

Figure 3: “Tensile” and “load-unload-load” tests.

215 mm
95 mm

60 mm 68 mm

Figure 2: Standard specimen size and structure of a 304 stainless steel thin-wall circular tube.

4 Advances in Civil Engineering



(1) Strain path A : first, normal strain is increased along
axial direction to εz � σs/E. 2en, it is kept constant,
while shear strain is increased to cθz

� σs/
�
3

√
G.

(2) Strain path B: strain is increased to εz � σs/E and
cθz � σs/

�
3

√
G with a proportion of

εz: cθz
� 1: 2(1 + μ)/

�
3

√
.

(3) Strain path C : first, shear strain is increased to
cθz � σs/

�
3

√
G. 2en, it is kept constant while normal

strain is increased to εz � σs/E.

3. Results and Analysis

ANSYS 19.2 Workbench was used for finite element analysis
(FEA) of the model under different loading paths. 2e
MTS809 tensile-torsional combined material testing system
was used to measure the strain results of the standard
specimens under different stress loading paths. Ultimately,

the theoretical, FEA, and experimental test results were
compared and analyzed.

3.1. Results of FEA

3.1.1. FEA Model Setup. 2e mechanical parameters of
stainless steel in the material database were modified as
follows:

E � 210GPa,

σs � 353MPa,

h � 1.77GPa,

μ � 0.4999.

(6)

Figure 5: Torsion test performed on a standard specimen.
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2e stress-strain curve conforms to the bilinear isotropic
hardening model using these parameters. Shell elements were
used to build the model geometry based on the dimensions of
the 304 stainless steel thin-walled circular tube standard
specimen. Slicing was performed to divide the circular tube at
the middle section, and an operation of Form new part was
performed to the two sections of the circular tube. A cylindrical
coordinate system, based on the global coordinate system, was
established for analysis. 2e specimen was meshed using a
uniform element size of 2.5mm (see Figure 9 for mesh sen-
sitivity analysis). 2e elements in the middle section were
selected for detailed analysis and labeled as “Selection 1,” as
shown in Figure 10(c). With reference to the cylindrical co-
ordinate system, one end on the specimen was constrained inY
and Z directions, while the other end was subjected to loading
in terms of either force or displacement, for stress path loading
or strain path loading, respectively (see Figures 11 and 12).

Furthermore, following parameters were modified for the
solver, while default settings were used for the rest:

Number of steps� 8
Step end time settings are shown in Figures 11 and 12
Auto time stepping�Off
Define by� Substeps
Number of substeps� 10
Solver type�Direct
Large deflection�On

Next, the stress and strain values of the labeled elements
(Selection 1) were calculated according to the Saint-Venant
principle. 2e strain results of the stress path loading are
shown in Table 1, while the stress results of the strain path
loading are shown in Table 2. 2e analysis process and
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Figure 7: 2e morphology (a) and change curves (b) for the cross-sectional area of the standard specimen after the fracture. Note. R-square
of the fitted straight line is 0.94761.
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rendering effect diagrams of tension and torsion are shown
in Figures 10(a) and 10(b), respectively.

3.1.2. Mesh Sensitivity Analysis. For mesh sensitivity anal-
ysis, a calculation case was setup for the model. Same di-
mensions, geometry, boundary conditions, and computer
were used for each iteration of this process to ensure
consistency and reliability. 2e calculation result considers
the maximum and minimum stress values of the selected
elements on the middle section of the specimen. 2e stress
calculation results and the calculation time taken by the
computer are shown in Figure 9.2e results were considered
converged at a mesh size of 2.5mm meeting accuracy

requirement with high calculation efficiency (the aspect ratio
of the mesh element was closed to 1, that is, the element is
close to a regular hexahedron).

3.1.3. FEA Results of Stress Path. 2e stress path loading was
simulated using ANSYS 19.2 based on stress paths A, B, and
C (shown in Figure 11).2e average values of σz (SZ) and τθz

(SYZ) of Selection 1 were calculated based on the cylindrical
coordinate system, the stress paths of which are shown in
Figures 13(a)–13(c). 2e stress paths of σz and τθz obtained
according to the loading scheme shown in Figure 11 meet

Selection1

0.000
7.500

15.000

22.500

30.000 (mm)

X

Z

Y

(c)

Figure 10: FEA process (a), rendering effect diagram of tension and torsion (b), and the elements of Selection 1 (c).
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the requirement of Figure 8(a). 2e average values of εe
z

(EPELZ), εp
z (EPPLZ), εz (EPTOZ), ce

θz (EPELYZ), c
p

θz

(EPPLYZ), and cθz (EPTOYZ) of Selection 1 were calcu-
lated, as shown in Table 1. 2e calculation results in Table 1
were based on μ � 0.5 [21], while the true Poisson’s ratio of
304 stainless steel is about 0.3. 2erefore, the loading values
were adjusted according to the above stress path analysis
process, and the strain results corresponding to Poisson’s
ratio of 0.3 were added to Table 1.

3.1.4. FEA Results of Strain Path. ANSYS 19.2 was used to
simulate the effects of different strain loading paths of A, B, and
C, and the loading values were shown in Figure 12.2e average
values of εz (EPTOZ) and cθz (EPTOYZ) of Selection 1 were
calculated based on the cylindrical coordinate system, and
strain paths were shown in Figures 14(a)–14(c). 2e strain
paths of εz and cθz obtained according to loading schemes,
which are shown in Figure 13, meet the requirement of
Figure 8(b). 2e average values of σz (SZ) and τθz (SYZ) of
Selection 1 were calculated, as summarized in Table 2. 2e
calculation results given in Table 2 were obtained for μ � 0.5
[22], while the true Poisson’s ratio of 304 stainless steel is about
0.3. 2erefore, the loading values were adjusted according to
the above strain path analysis process, and the stress results
corresponding to Poisson’s ratio of 0.3 were added to Table 2.

3.2. Experimental Results

3.2.1. Procedure

(1) Specimen installation
2e MTS809 tensile-torsional combined material
test system was used for testing. 2is machine had a
large loading speed range, force measurement range,
and high accuracy and sensitivity for the measure-
ment and control of loading, deformation, and
displacement. 2e main technical parameters are
axial force (±250 kN), torque (±2200Nm), axial
dynamic (152.4mm), and steering dynamic (±45°).

2e specimens were divided into three groups, with 3
valid specimens in each group. 2e specimens were
labeled as Stress Path A/B/C-1/2/3.

(2) Loading duration
2e axial loading time of stress path A was 150 s,
followed by a torsional loading time of 150 s. It took
300 s for simultaneous axial and torsional loading for
stress path B. 2e torsional loading time of stress
path C was 150 s, followed by an axial loading time of
150 s.

(3) Tensile and torsional loading
According to the stress path loadings shown in
Figure 11, the specimen was subjected to a tensile-
torsional test and mechanical outputs such as dis-
placement, rotation angle, tension, and torque were
collected. 2e pictures of the specimens after the
three stress paths being loaded are shown in
Figure 15.

(4) Analysis and processing
Raw data were extracted, and Origin data processing
software was used to analyze the test results.

3.2.2. Results of Stress Path Loading Tests. 2e stress-time
curves of stress paths A, B and C are shown in
Figure 16(a), 16(b), and 16(c). It can be observed that the
stress path meets the requirements of Figure 8(a).
2erefore, the strain results under this loading path can be
used to analyze the “primary effect” affected by the stress
path. Figures 17(a) and 17(b) depict the curves of normal
strain and shear strain of the stress paths A, B, and C over
time. 2e strains at the end of the loading are summarized
in Table 3.

In Figures 16 and 17, irregular “warpage” and “saltation”
phenomena can be seen in themiddle section of the stress/strain
curve with time.2is is due to the fact that thematerial begins to
enter a yield state at this point. 2e device’s sensor was too slow
to give feedback on the sudden decrease in thematerial modulus
due to the sudden decrease in the ability of the material to resist
deformation (i.e., the plastic modulus is much smaller than the
elastic modulus), and hence, the “warpage” and “saltation”
phenomena occurred in the stress/strain curve.

3.3. Comparative Analysis of )eoretical, Finite Element
Analysis, and Experimental Test Results. 2e theoretical
calculation results under different stress/strain loading paths
were obtained from the literature [21, 22] and are shown in
Table 4.

Table 1: FEA results of stress paths A, B, and C.

Path
Strain

εe
z (×10−3) εp

z (×10−2) εz (×10−2) ce
θz (×10−3) c

p

θz
(×10−1) cθz (×10−1)

µ� 0.5 µ� 0.3 µ� 0.5 µ� 0.3 µ� 0.5 µ� 0.3 µ� 0.5 µ� 0.3 µ� 0.5 µ� 0.3 µ� 0.5 µ� 0.3

Stress path A 1.6840 1.6852 7.2659 7.2614 7.4343 7.4300 2.9197 2.5279 0.9044 0.9006 0.9336 0.9259
Stress path B 1.6848 1.6831 6.4043 6.3725 6.5728 6.5409 2.9172 2.5280 1.2393 1.2394 1.2685 1.2646
Stress path C 1.6876 1.6857 4.9065 4.8930 5.0753 5.0615 2.8588 2.4775 1.3702 1.3644 1.3987 1.3891

Table 2: FEA results of strain paths A, B, and C.

Path
Stress

σz (MPa) τθz (MPa)
μ � 0.5 μ � 0.3 μ � 0.5 μ � 0.3

Strain path A 230.69 212.91 153.82 162.22
Strain path B 250.47 239.55 143.51 149.72
Strain path C 271.41 273.29 130.94 129.91
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Figure 13: σz and τθz of stress paths A (a), B (b), and C (c). Note.2e green and red lines represent the maximum and minimum values of
normal stress, respectively. 2e purple and blue lines represent the maximum and minimum values of shear stress, respectively.
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Figure 14: εz and cθz of strain paths A (a), B (b), and C (c). Note.2e green and red lines represent the maximum and minimum values of
normal stress, respectively. 2e purple and blue lines represent the maximum and minimum values of shear stress, respectively.
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Figure 15: Pictures of specimens after loading stress paths (a) A, (b) B, and (c) C.
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Figure 16: Stress-time curves of stress paths A (a), B (b), and C (c).
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(1) εe
z and ce

θz in Table 1 were analyzed, and it was found
that the elastic strain under different stress paths
were partially consistent, which reflects the path-
independent effect of elastic strain.

(2) εp
z and c

p

θz in Table 1 were analyzed, and it was found
that the plastic strain values under different stress
paths have a strict magnitude relationship, namely:
εpA

z > ε
pB
z > ε

pC
z and c

pA

θz < c
pB

θz < c
pC

θz , thus verifying
the results in the literature [23] that the stress path
has a “primary effect” on the plastic strain.

(3) εz and cθz in Tables 1 and 3 were analyzed, and it was
found that the total axial strain and the total tan-
gential strain under different stress paths also have a
strict relationship, namely: εA

z > εB
z > εC

z and
cA
θz < cB

θz < cC
θz. Combined with the “independent-

path effect of elastic strain” in (1), the “primary ef-
fect” of the stress path on the plastic strain [23] is
extended to the “primary effect” of the stress path on
the total strain.

(4) σz and τθz in Table 2 were analyzed, and it was found
that the stress values under different strain paths
have a strict relationship, namely: σA

z < σB
z < σC

z and
τA
θz > τ

B
θz > τ

C
θz, thus verifying the results in the

literature [23] that the strain path has a “recency
effect” on the stress result.

(5) σz (with relative differences of 0.8%, 0.3%, and 0.9%)
and τθz (with relative differences of 0.9%, 0.4%, and
0.9%) in Tables 2 and 4 were comparatively analyzed
when μ � 0.5.εp

z (with relative differences of 4.9%,
8.8%, and 12.8%) and c

p

θz (with relative differences of
18.0%, 18.4%, and 12.6%) in Tables 1 and 4 were
comparatively analyzed when μ � 0.5. It can be seen
that the relative difference was small, indicating that
the theoretical calculation results matched with the
finite element analysis results.
εz (with relative differences of 45.0%, 32.7%, and
23.3%) and cθz (with relative differences of 29.1%,
36.5%, and 41.1%) in Tables 1 and 3 were compar-
atively analyzed when μ � 0.3. It can be seen that the
relative difference was relatively large, which indi-
cates that a big gap existed between the experimental
results and the finite element analysis results. 2is is
because the plastic modulus and section stiffness of
the material showed a rapid attenuation state after
entering the plastic stage, which led to a sharp de-
cline in the ability to resist deformation, resulting in
a large amount of deformation. On the contrary, the
material was modeled having linear strengthening
(the plastic modulus is a fixed value) in the finite
element model, and hence, the amount of defor-
mation was small.

(6) 2e changes in strain for different values of Poisson’s
ratio in Table 1 were analyzed, and it was found that
the change of Poisson’s ratio value had no effect on
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Figure 17: εz-time (a) and cθz-time (b) curves of stress paths A, B, and C.

Table 3: Strain results of stress paths A, B, and C.

Strain
Path εz (mean) cθz (mean)

Stress path A 0.1352 0.1306
Stress path B 0.0972 0.1991
Stress path C 0.0660 0.2359
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the axial strain (εe
z, ε

p
z , εz) and the plastic part of the

shear strain (cp

θz) and had the greatest impact on the
elastic part of the shear strain (ce

θz). 2is is because
the change in Poisson’s ratio mainly affects the shear
modulus of the material. Poisson’s ratio of the
material in the elastic stage is constant, so different
shear modulus G (G � E/[2(1 + μ)]) values are ob-
tained at different μ values, which affects the elastic
part of the shear strain (ce

θz). Poisson’s ratio of the
material increases and tends to the limit value of 0.5
during the plastic deformation process when the
material enters the plastic stage [25, 26]. 2erefore,
Poisson’s ratio of the steel had little effect on the
plastic part of the shear strain (cp

θz), even when it was
given different initial values in the ANSYS material
database.

4. Discussion
4.1. Primary Effect and Recency Effect. For the same stress/
strain endpoint, analytical solutions under different stress/
strain paths were obtained by the theoretical derivation of
two classical cases [21, 22].2e results demonstrated that the
stress/strain path affected the final states of strain/stress of
the material. However, these two textbooks stop at the basic
judgment of “different.” As for how it is different, why it is
different, whether there is a certain rule in the difference,
etc., there is no answer.

Based on rigorous mathematical derivation and dis-
cussion in previous studies [23], Gao et al. proposed the
“primary effect” of the stress path and the “recency effect” of
the strain path and compared the discovered laws with the
classical theories in social psychology. Besides, they also
demonstrated the universality, relevance, and unity of
“primary effect” and “recency effect” in the entire stress/
strain domain.

2e same result can be obtained by using finite element
analysis software to adjust the endpoint of the stress/strain
path to any point in the plastic stress/strain domain, that is,
the preloaded stress dominates the final plastic strain under
different stress paths, while the postloaded strain dominates
the final stress result under different strain paths. Based on
the classical case [21], experimental analysis was conducted
on the stress path loading, which provided the test basis for
the “primary effect” of the stress path. During the “recency
effect” test, the displacement loading of the standard
specimen was 0.16mm in axial extension, and 1° in cir-
cumferential torsion angle, respectively. Due to the small
deformation, the deformation reached the same level as the
displacement of the testingmachine system. Hence, the error

caused by the displacement of the testing machine seriously
affected the control of the true displacement of the specimen,
resulting in unsatisfactory test results of “recency effect”.2e
accuracy of displacement control about “recency effect” is
the next research direction that needs improvement and
efforts.

2e “primary effect” of stress path and “recency effect” of
strain path are inevitable results of the plastic strengthening
of materials from the perspective of physical mechanism.
Rigorous derivation at the theoretical level [23], finite ele-
ment simulation, and the test of a representative case are
found to be sufficient to show that the “primary effect” and
“recency effect” are not based on the individual laws of
specific cases but are valid for the entire plastic stress/strain
domain and have a relatively strong universality.

4.2. Applications and Inspirations. Elastoplastic mechanics
has a high degree of abstraction and complexity. It is rec-
ognized as a hard-to-teach and hard-to-learn course for
teachers and students in the professional basic courses of
colleges and universities. 2e derivation process is mostly
obscure, and the core concepts are intertwined, especially in
plastic mechanics. Hence, higher requirements are put
forward for teachers in terms of teaching methods [27–30].
Based on the problem of the tensile-torsional loading path
effect of thin-walled circular tubes, finite element method
and experimental verification of the two effects of loading
path are carried out, and the effect of loading path on the
final stress and strain states of the material after entering
plastic deformation stage is visualized. Adhering to the
teaching philosophy of “taking one step more and going
deeper” [31], we make the principles of the two effects more
deeply rooted in the hearts of people, help students to es-
tablish an effective knowledge framework, and deepen the
understanding of the effects of plastic deformation. 2e in-
depth analysis of the two effects is of great benefit for
teachers teaching the relevant chapters of plastic mechanics,
provides guidance for students to quickly judge and solve
problems, adds vitality to classroom, and achieves good
teaching effects.

Combination of tension and torsion deformations is
rather common in engineering. 2e shaft connected to the
propeller on a helicopter and the drill tube in an oil drilling
project are all subjected to combined tensile and torsional
loads. 2e specimen in this paper was a 304 stainless steel
thin-walled tube, which is a rather common engineering
material. 304 stainless steel is widely used in nuclear power
plant tubes, household goods, auto parts, medical appli-
ances, and ship parts because of its high toughness, easy

Table 4: 2e theoretical calculation results under different stress/strain loading paths.

Strain Stress

Path εp
z (x10−2)
µ� 0.5

c
p

θz
(x10−1)

µ� 0.5 Path σz (MPa)
µ� 0.5

τθz (MPa)
µ� 0.5

Stress path A (σs/h)(ln2/2) 6.9119 (σs/h)(
�
3

√
(1 − π/4)) 0.7413 Strain path A σs/ch1 228.76 (σs)/(

�
3

√
th1) 155.22

Stress path B (σs/h)(1 − 1/
�
2

√
) 5.8413 (σs/h)(

�
3

√
(1 − 1/

�
2

√
)) 1.0117 Strain path B σs/

�
2

√
249.61 σs/

�
6

√
144.11

Stress path C (σs/h)(1 − π/4) 4.2799 (σs/h)(
�
3

√
ln2/2) 1.1972 Strain path C σsth1 268.84 (σs)/(

����
3ch1

√
) 132.08
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processing, good welding performance, and strong corro-
sion resistance [32]. 2rough a series of tensile and torsion
tests, it was verified that the material was highly consistent
with the classical elastoplastic mechanics theories. 2is in-
dicates that the laws of “primary effect” and “recency effect”
established based on classical elastoplastic mechanics the-
ories such as the vonMises yield criterion and assumption of
isotropic linear hardening are not idealized individual
theories but universal laws with good application prospects
that can be extended to actual engineering materials.
However, further research is needed on whether this law can
be extended to more general situations, such as nonlinear
follow-up hardening materials, complex loading paths, and
complex working conditions that bear tensile, bending, and
torsion loads.

5. Conclusions

Based on classical elastoplastic mechanics theory, finite el-
ement analysis and experimental verification of the effect of
loading path in the tension and torsion problems of thin-
walled circular tubes were carried out in this study. 2e
similarities and differences of the results obtained from
theoretical calculations, finite element analyses, and ex-
perimental tests were analyzed. In addition, the application
of the two universal laws was investigated. 2e following
main conclusions were made:

(1) For the same endpoint of stress, strain results showed
the following relationships for different stress paths
(A: tension followed by torsion, B: proportional
loading, and C: torsion followed by tension):
εA

z > εB
z > εC

z , cA
θz < cB

θz < cC
θz. 2is showed that the

effect of stress paths on strain results was consistent
with the “primary effect.”

(2) For the same endpoint of strain, stress results showed
the following relationships for different strain paths
(A: tension followed by torsion, B: proportional
loading, and C: torsion followed by tension):
σA

z < σB
z < σC

z , τA
θz > τ

B
θz > τ

C
θz. 2is showed that the

effect of strain paths on stress results conformed to
the “recency effect.”

(3) In this paper, two common concepts of psychology
were used to vividly summarize the complex
mathematical derivation and profound mechanics
principles. It not only stimulates the attention of
students in teaching process but also helps students
understand the loading path effect in plastic me-
chanics, which has a good effect on teaching.
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Supplementary Materials

With the development of oil drilling technology, land and
deep-sea oil and gas resources have successively entered the
exploration and development stage, which also puts forward
higher requirements for the strength of drill pipes [33, 34].
At present, the highest strength of the API series drill pipe is
the S135 grade drill pipe, but as the drilling depth increases,
it can no longer meet the drilling requirements of some
ultra-deep wells. In addition to producing and supplying in
accordance with API Spec 5D, domestic and foreign oil well
drill pipe manufacturers have also developed high-perfor-
mance non-API grade drill pipes to meet the special needs of
users. 2erefore, drilling tool manufacturers have succes-
sively developed V-150 high-strength drill pipes, which have
been widely used [35]. Compared with API S135 drill pipes,
the strength of V-150 high-strength drill pipes can be in-
creased by at least 103MPa, which not only increases the
drilling depth but also increases the water hole size ap-
propriately, which can increase drilling discharge, reduce
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circulating pressure consumption, and increase drilling ef-
ficiency by more than 50%. 2is is of great significance for
ultra-deep well drilling and ocean exploration [36, 37].
(Supplementary Materials)
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