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,is study mainly conducts the research on the discontinuous contact elastic properties of wire rope based on WR-CVT. ,e
geometry model and finite element model of continuous contact and discontinuous contact of 2/3 lay pitch wire rope are
established. And the contact stress distribution of the steel wire is analyzed through 5 sections and 5 contact points. ,e results
show that on the C-C plane, the contact stress of the discontinuous contact model is 229.4 MPa higher than that of the continuous
contact, but this difference is not obvious on the D-D plane.,e contact stress nephogram is elliptical, but in the noncontact area,
the shape of the contact trace shows a distinct noncomplete ellipse, and the contact trace is distributed along the spiral trajectory of
the steel wire. Point 4 due to the reduction in contact area, compared with continuous contact, discontinuous contact shows a
higher stress value. ,e geometric dimensions of the wear scars of continuous contact and discontinuous contact indicate that
regardless of the length of the wear scar or the width of the wear scar, the geometric characteristics of steel wire wear mark in
discontinuous contact are larger than that in continuous contact, so the discontinuous contact aggravates the surface wear of wire.
,is research lays a theoretical foundation for the discontinuous contact wear and fatigue of WR-CVT wire rope and
other components.

1. Introduction

Steel wire rope is widely used in mine lifting, elevator,
ropeway, and other industries due to its excellent tensile,
torsion, and bending resistance. Its flexible characteristics
are designed and applied to the wire rope continuously
variable transmission (WR-CVT) [1]. ,e traditional wire
rope is mostly used in cable car, mine hoisting, and other
occasions.,ewire rope is in contact with the pulley, and the
pulley is continuous. ,e WR-CVT researched in this study
is applied in the field of passenger car transmission. ,e
pulley formed by multiple metal blocks is discontinuous in
structure, as shown in Figure 1.

Metal belt continuously variable transmission (MB-
CVT) is widely used in passenger cars as an ideal vehicle
transmission device, and our team scholars proposed WR-
CVT. Because WR-CVT is evolved fromMB-CVT, WR-CVT
is mainly used in passenger car transmission. Figure 2(a)

shows the MB-CVT, Figure 2(b) shows the WR-CVT,
Figure 3(a) shows the MB-CVT steel belt, and Figure 3(b)
shows WR-CVT steel belt.

,e wear of the steel wire rope is an important factor
restricting the service life and reliability of the steel wire rope
because the mechanical properties of the material have a
decisive effect on the use of the steel wire rope. Chen et al.
[2, 3] analyzed the bending mechanical properties of tri-
angular and circular steel wire strands based on the struc-
tural characteristics of the strands, the elasticity of the steel
wire material, and the frictional contact between the steel
wires and other factors. ,e finite element models of two
kinds of steel wire strands were established, and the bending
mechanical properties of two kinds of steel wire strands with
the same twist angle and total steel wire sectional area were
analyzed. Zhang et al. [4] conducted a study on the wear
failure behavior of wire rope subjected to variable loads
under bending and found that the outer steel wire rope and
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the contact steel wire rope were important areas of serious
wear and then carried out dynamic simulation and mea-
surement of partial angle wear. Wu et al. [5] derived the
space vector expression of the centerline of the secondary
helix wire in the bending state and established a three-

dimensional model of the 12-6× 7IWRC wire rope bending
state and compared the difference of the equivalent stress
change amplitude between the right ordinary lay and right
lang lay wire ropes under the bending state. Li et al. [6] took
1 + 6 steel wire rope as the research object based on the finite

(a) (b)

Figure 1: Application of continuous and discontinuous contact of wire rope with pulley and metal block. (a) Continuous contact between
wire rope and hoist pulley. (b) Discontinuous contact between wire rope and multiple metal blocks for CVT.
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Figure 2: (a, b) MB-CVT and WR-CVT.
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Figure 3: (a, b) MB-CVT steel belt and WR-CVT steel belt.
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element simulation analysis that obtained the change rule of
the tension of each wire in the strand with the ratio of the
contact arc length of the wire rope head sheave to the rope
lay pitch. In 2012, Cruzado et al. [7] conducted finite element
modeling and experimental verification of 90° cross cylinder
wear steel wire based on FE code, studied the area, depth,
and volume of wire wear scar from the reduction of sim-
ulation time and accurate calculation of wear scar, and found
that the error could be controlled within 10%. Two years
later, the author [8] conducted simulation predictions with
cross-angle for 15°, 45°, and 60° wire wear scar, and simu-
lation wear scar size was basically consistent with the ex-
perimental results. Páczelt and Beleznai [9] developed a
finite element program that considers factors such as
nonlinear contact, Poisson effect, friction, and wear. ,is
program can perform small displacement and deformation
analysis of the wire rope under a variety of loads including
tension, torsion, and bending.

Hirane et al. [10] discussed the stratified finite element
formula for the static and free vibration analysis of func-
tionally graded interlayers by using the C0 high-order
stratified finite element model. ,e numerical results of the
model are compared with the analytical solutions in the
literature and the prediction results of other advanced finite
element models. ,e results show that the FGM sandwich
plate finite element model performs better in accuracy and
convergence rate. Alimirzaei et al. [11] adopted the modified
strain gradient theory and carried out nonlinear analysis on
the static force, buckling, and vibration of the viscoelastic
microcomposites reinforced by BN nanotubes with different
distributions with geometric defects by the finite element
method. ,e effects of initial geometric imperfections and
different boundary conditions on the nonlinear static be-
havior are discussed. ,e results show that with the increase
of geometric defect parameters, the stiffness of the micro-
composite beam increases, and the dimensionless nonlinear
frequency of the microstructure decreases gradually. Vaghefi
[12] performed a three-dimensional thermoelastic-plastic
bending analysis on a functionally graded (FG) sandwich
panel with a functionally graded (FG) panel and an FG/
homogeneous core under the combined thermomechanical
load. ,e deflection, temperature, and stress of FG sandwich
plate were numerically analyzed with consideration of dif-
ferent material gradient, thickness ratio, and boundary
conditions. ,e numerical results are in good agreement
with those of 2D, quasi-3D, and 3D shear deformation
theories. Liu et al. [13] used the scale boundary finite element
method (SBFEM) to analyze the free vibration and transient
dynamic behavior of functionally graded material (FGM)
sandwich plates. ,e results show that the dynamic response
obtained by this method converges quickly and is in good
agreement with the existing solutions, which indicates that
this method has high accuracy and efficiency in the dynamic
analysis of functionally graded material sandwich plates.

Scholars mostly study the mechanical analysis of wire
rope in continuous state, but there are few studies on the
condition of discontinuous contact. In the process of con-
tacting with discontinuous metal block, the wire rope ring
used in WR-CVT will produce the stress concentration

phenomenon caused by edge contact, which has a great
influence on the stress of steel wire (as shown in Figures 1(b)
and 4). And it will also aggravate the wear degree of steel
wire surface, reduce the bearing capacity of steel wire rope,
and directly affect the reliability and service life of WR-CVT
steel wire rope. So the research on the elastic characteristics
of steel rope under continuous and discontinuous contact
conditions in this study lays a theoretical foundation for
exploring the load-bearing performance of steel rope, im-
proving the mechanical properties of WR-CVT wire rope
and predicting the wear law of steel rope.

2. GeometricModelandFiniteElementModelof
Steel Wire Rope

2.1. 3D Geometric Model and Plane Definition. As shown in
Figure 5, in the Cartesian coordinate system (O: x, y, z), there
is a curvef(λ) � (x(λ), y(λ), z(λ)), where λ is a function
independent variable. Suppose there is a moving point Q on
the curve. ,e normal vector, the subnormal vector, and the
tangent vector at the Q point are L, M, and N, respectively.
,e local coordinate system l, m, n composed of the unit
vectors l-m-n corresponding to these three orthogonal
vectors is called the Frenet–Serret frame. ,e literature [14]
uses the Frenet–Serret frame theory to derive the straight
line and arc center line equations of the no-joint wire rope.
,e calculation formulas are as follows:

L �
f(€λ)

‖f(€λ)‖
,

m � n × l,

n �
f(€λ)

‖f(€λ)‖
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

Refer to reference [15] for detailed modeling equations
of wire rope in this study. ,e geometric model of
6× 7 + IWS right-hand ordinary lay wire rope is completed
in the Cartesian coordinate system, and a discontinuous
contact model of 2/3 lay length is formed by combining with
the metal block. ,e specific modeling parameters are given
in Table 1. Figure 6 is the nomenclature of steel wire in each
section. Figure 7 is a metal block model, and Figure 8 is a 2/
3lay length wire rope and metal block assembly model.

Figure 9 shows the three-dimensional model of con-
tinuous contact and discontinuous contact between the steel
wire rope and the friction pulley. Define the following five
sections: turn the initial A-A section clockwise by 3.27° to get
the B-B section, rotate A-A section by 3.88° to get C-C
section, the D-D section is in the middle of the second metal
block geometry, and E-E cross-section is on the right cross-
section of the second metal block.

2.2. Continuous Contact and Discontinuous Contact Finite
Element Model of 2/3 Lay Pitch. Figure 10 shows the 2/3 lay
length continuous contact and discontinuous contact finite
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element model. 3D mesh is done in Hypermesh software;
then, import it into ABAQUS to assign attributes for finite
element conditions, using hexahedron C3D8R grid, elastic
modulus E� 2.06×1011 Pa, and Poisson’s ratio μ� 0.3 [16].
Shear modulus is G� 8.53×1010 Pa. ,e yield limit is
σs � 1.54×109 Pa. And steel wire material is nonalloy carbon

steel. Coefficient of friction between metal block and wire
rope is 0.2, and the axial tension is 300N.

In the analysis, the metal block/rope groove is fixed, the
steel wire rope has been fixed at one end, and the con-
centrated axial load is applied at the other end. ,e point of
action is RP-2, and the freedom of the rope groove is
equivalent to the freedom of the reference point RP-1, as
shown in Figure 10(c).

3. Stress-Strain Analysis of Continuous Contact
andDiscontinuousContact SteelWirewith 2/
3 Lay Length

Figure 11 shows the Von Mises stress distribution law of the
steel wire on the D-D cross-section during continuous
contact and discontinuous contact. It can be seen from the
figure that, whether it is consecutive contact or inconsec-
utive contact, the Von Mises stress of the core strand wire is
less than that of the side strand wire. ,e maximum Von
Mises stress in both contact states occurs on the OW4-4 steel
wire in contact with the metal block/rope groove. In this
section, the Von Mises stress is 967.9MPa during con-
tinuous contact, and the value is 977.4MPa for discon-
tinuous contact. ,e Von Mises stress in noncontinuous
contact is 0.97% higher than that in continuous contact.
,erefore, under the same conditions, the difference in Von
Mises stress on the D-D cross-section of the two models is
small.

Figure 12 shows the contact stress nephogram of con-
tinuous and discontinuous contact metal block/rope groove
surface. ,e larger value of the contact stress of the con-
secutive rope groove is located on the B-B and C-C sections,
and the maximum contact stress value is 319.8MPa. ,e
larger value of the discontinuous rope groove contact stress
is located on the B′-B′ and C′-C′ sections, and the maximum
contact stress value is 549.2MPa. Contact stress concen-
tration occurs at the edge of the discontinuous metal block,
and the contact stress is 229.4MPa higher than that of the
continuous model. ,e contact between the surface of the
steel wire rope and the friction pulley shows an elliptical high
stress distribution [17], which is distributed along the di-
rection of the steel wire spiral trajectory.

Figure 13 shows the continuous and discontinuous
contact stress distribution of the steel wire rope, and five
contact points are determined, respectively. ,e maximum
stress of the wire rope in contact with the continuous groove
is 418.4MPa on the C-C section and that of the wire rope in
contact with the discontinuous metal block is 525.5MPa on
the C′-C′ section. ,e contact stress in the discontinuous
contact is 107.1MPa higher than that in the continuous
contact, with a difference of 20.38%. ,e discontinuous 1, 2
point contact stress nephogram is larger than the continuous
1, 2 point contact stress nephogram. ,e discontinuous
contact stress values of 1, 2, and 4 are 376.167MPa,
337.443MPa, and 471.775MPa. Continuous 1, 2, and 4
contact stress values are 346.852MPa, 264MPa, and
301.209MPa. Among them, points 3 and 4 in Figure 13(a)
are the contact points of the steel wire rope and the

Figure 4: WR-CVT assembly.
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Figure 5: Frenet–Serret frame.

Table 1: Parameters of right-hand ordinary lay 6× 7 + IWS.

Parameter symbol Value Unit
Rope diameter 2 mm
Strand diameter 0.66 mm
Wire diameter 0.2 mm
Helix angle of wire rope 16.5 °

Helix angle of strand 11.1 °

Multiple of strand lay pitch 7
Multiple of wire lay pitch 10
Strand clearance 0.0222 mm
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Figure 6: 6× 7 + IWS wire name and number. (a) 6× 7 + IWS wire rope, four types of steel wire naming. (b) Wire number.

Figure 7: Metal block model.

Figure 8: 2/3 lay length wire rope and metal block assembly model.
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Figure 9: Sectional definition of the 3D model of continuous and discontinuous steel ring. (a) Sectional division of the continuous contact
model. (b) Sectional division of the discontinuous contact model.
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Figure 11: Von Mises stress of the continuous and discontinuous contact model of D-D cross-section. (a) Von Mises stress in the
continuous contact model. (b) Von Mises stress in the discontinuous contact model.
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Figure 12: Contact stress nephogram of continuous and discontinuous rope grooves. (a) Contact stress distribution of the continuous rope
groove contact model. (b) Contact stress distribution of the discontinuous rope groove contact model.
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Figure 10: Contact finite element model of continuous and discontinuous steel wire rope. (a) Continuous contact grid model with 2/3 lay
length. (b) Discontinuous contact grid model of 2/3 lay length. (c) Finite element mesh of the discontinuous contact model.
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continuous rope groove, and points 3 and 4 in Figure 13(b)
are the contact points of the steel wire rope and the edge of
the discontinuous rope groove. It can be seen from the figure
that the contact point of each wire rope is not on a certain
wire due to the wire rope structure. At the same time, due to
the reduction of the contact area during discontinuous
contact, the contact point has a higher contact stress value
than the continuous contact point. And the shape of the
contact scar shows an incomplete ellipse, which is also
shown in Figure 12.

Figure 14 shows the contact stress distribution on the
surface of core strand center wire and core strand side wire.
,e contact stress nephogram on the surface of the core
strand is elliptical. ,e core strand side wire is in contact
with the core strand center wire and the adjacent side strand

side wire; therefore, the contact stress nephogram of dif-
ferent sizes appears on the steel wire surface, and it shows
that each part of the wire is not uniformly subjected to
contact load, so the wear scar size of the steel wire will be
different during the wear process.

Figure 15 shows the continuous and discontinuous Von
Mises Stress and strain of steel wire rope. Under the con-
dition of friction, the VonMises Stress of steel wire increases
approximately linearly until plastic deformation occurs, the
effect of the rope groove makes the discontinuous model
yield first. Under the same axial strain condition, the radial
equivalent stress difference between the two finite element
models is not obvious in the linear stage, except the local
contact area of the above discontinuous rope groove. In this
model, the elastic property stage [18] is mainly considered,
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Figure 13: Comparison of contact stress on continuous and discontinuous wire rope. (a) Contact stress distribution on the continuous
model wire rope. (b) Contact stress distribution on the discontinuous model wire rope.
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Figure 14: Contact stress between core wire and side wire of wire rope.
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so the steel wire after plastic deformation is not studied in
depth.

Figure 16 shows the Von Mises Stress comparison be-
tween continuous and discontinuous steel wire rope sec-
tions. It can be seen from the figure that the discontinuous
model OW4-4 is 1642.6MPa, while the continuous one is
1635.93MPa. ,e commonality of the two cases is that the
stress of the core strand steel wire is at a medium level, and
both OW3-4 and OW4-4 have higher stresses, and OW4-4
in Figure 16(b) is slightly higher than Figure 16(a), which is
the difference brought by the two contact pulley grooves. It is
also shown in the figure that the core stress of each steel wire
is not the largest, and the Von Mises Stress increases in turn
along the radial radius direction of the steel wire. Since the
minimum stress of the discontinuous contact wire rope in
each section is larger than that of the continuous model, the
stress level of the wire rope near the groove contact area is

higher than that far away from the groove, which also shows
that the wire rope is more prone to wear fatigue failure in the
contact area.

4. Characteristic Analysis of Continuous and
Discontinuous Contact Wear Scar of Steel
Wire Rope

4.1. Continuous and Discontinuous Contact Test Bench for
Steel Wire Rope. As shown in Figure 17, the steel wire rope
continuous contact and discontinuous contact test bench is
composed of motor, load loader, continuous pulley, and
discontinuous pulley, and it also includes two steel wire
ropes, tensioning device, and other auxiliary devices. ,e
driving wheels of continuous and discontinuous pulleys are
coaxial and driven by motor. And the driven wheels of
continuous and discontinuous pulleys are coaxial, and they
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Figure 16: VonMises Stress of each section of continuous and discontinuous rope. (a) VonMises Stress of continuous rope section. (b) Von
Mises Stress of discontinuous rope section.
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Figure 17: Continuous contact and discontinuous contact test bench for steel wire rope.
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are coaxial with the load loader. ,e wear experiment of the
two models of wire rope under the same torque and speed
driven by the motor and the start and end of the cycle time
are equally controlled.

4.2.Morphological Analysis ofWear and Scar on the Surface of
Continuous and Discontinuous Contact Steel Wire Rope.
After the experiment, the NiKon-MA200 metallographic
microscope was used to observe the characteristics of the

wear scar, and 4 samples of continuous and discontinuous
contact steel wire surface wear marks were selected for
comparison as shown in Figure 18.,e length and width and
average value of continuous and discontinuous wire wear
scar are given in Table 2. ,e length of the discontinuous
contact wear scar is larger than that of the continuous
contact, and its value is 38 μm, exceeding 10.87%. ,e width
of discontinuous contact wear scar is larger than that of
continuous contact, and the value is 24.9 μm, more than

79.52 μm
89.98 μm

97.78 μm

318.00 μm

334.52 μm

100.76 μm

383.11 μm

362.18 μm
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100 μm 100 μm
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(a)
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Figure 18: Comparison of surface wear scars of continuous and discontinuous steel wire. (a) Wear scar on the worn surface of steel wire
rope in continuous contact. (b) Wear scar on the worn surface of steel wire rope in discontinuous contact.
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27%. No matter the length or width of the wear scar, the
geometric characteristics of the steel wire wear scar in
discontinuous contact are greater than that in continuous
contact. ,erefore, the discontinuous contact aggravates the
surface wear of the steel wire, which may lead to the early
fracture or fatigue of the discontinuous contact steel wire.

5. Conclusions

In this study, the discontinuous contact elastic character-
istics of the wire rope based on WR-CVT are studied.
,rough the establishment of the geometric model and the
finite element model of continuous contact and discontin-
uous contact of 2/3 lay length, five sections and five contact
points are divided, and then, the contact stress distribution
of steel wire is analyzed. ,e conclusions are as follows:

(1) ,e maximum stress of wire rope on C-C section is
418.4MPa, the maximum stress of wire rope on C′-C′
section is 525.5MPa, and the contact stress in dis-
continuous contact is 107.1MPa higher than that in
continuous contact, with a difference of 20.38%. ,e
contact stress nephogram shows an elliptical shape, but
in noncontact area, the contact trace presents an in-
complete ellipse. ,e contact trace is distributed along
the direction of wire spiral trajectory. ,e maximum
stress of the wire rope on theD-D section is 967.9MPa,
and the maximum stress of the wire rope on the D′-D′
section is 977.4MPa, with a difference of 0.97%.

(2) Due to the small contact area, the contact stress of
point 4 on the discontinuous contact wire rope was
471.775MPa, which was 170.566MPa larger than that
of 301.209MPa in continuous contact, with a dif-
ference of 36.15%.,e above two points all indicate
that the discontinuous contact condition of the wire
rope is worse than the continuous contact condition.

(3) ,e wear length and width of discontinuous contact
steel wire surface are 10.87% and 27% higher than
that of continuous contact steel wire surface. ,e
geometric dimensions of the wear scars of contin-
uous contact and discontinuous contact indicate
that, regardless of the length or width of the wear
scar, the geometric characteristics of the steel wire
wear scar in discontinuous contact are greater than
in continuous contact, so discontinuous contact
aggravates the surface wear of steel wire.
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modeling of fretting wear scars in the thin steel wires: Ap-
plication in crossed cylinder arrangements,” Wear, vol. 318,
no. 1-2, pp. 98–105, 2014.
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