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Abstract—The state of stress in locked-coil rope elements is subjected to finite element simulation under joint
tension and torsion. The axial forces and torques in the cross sections of the layers are found to be redistrib-
uted when a rope turns under an external torque, which leads to a decrease in the safety factor of the rope, a
violation of the compatibility of the axial and radial displacements of the layers, and a violation of the struc-
tural integrity of the rope in the form of breaks in the outer layer wires.
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INTRODUCTION

Multilayer locked-coil single spiral twist ropes are
designed for the operation of a number of mechanisms
of modern lifting and transport equipment. Locked-
coil ropes are known to be used as the body of a pump-
ing rod, which transmits the longitudinal force during
reciprocating motion and the rotational motion from a
surface drive to a deep-well pump during oil produc-
tion from wells [1, 2]. The operability of ropes is
largely determined by the stress and strain distribution
in their elements (wires, layers), which depends on the
technological parameters of manufacturing and the
operating conditions of a rope.

The development of methods for an analysis of the
state of stress (SOS) in multilayer wire structures is a
challenging and practically significant problem. How-
ever, the number of works devoted to an experimental
determination of the stresses in the elements of steel
ropes on loading is scarce [3, 4], which is explained by
the difficulty of access to the internal elements of the
rope. An effective tool in solving the problem of ensur-
ing the operability of multilayer ropes, which is not
inferior in reliability to experimental and mathemati-
cal methods, is computer simulation of the SOS in
ropes under loading [5–7].

The purpose of this work is to simulate the SOS in
the locked-coil rope elements during axial tension and
torsion, which imitate the transmission of the longitu-
dinal force and rotational motion from a surface drive
to a deep-well pump by a rope rod, in order to increase
the reliability of predicting the static strength and reli-
ability of the rope during operation.

FORMULATION OF THE PROBLEM
The SOS in the elements of a locked-coil rope

during axial tension and torsion was studied by the
finite element method using the licensed
SIMULIA/Abaqus software package, which allowed
us to obtain results at the necessary accuracy and per-
formance [8]. The rope to be simulated consists of a
1 + 7 + 7/7 + 14 core made of round profile wires,
next layer 4 of round wires, subsurface layer 5 of alter-
nating round and H-profile wires, and outer layer 6 of
Z-profile wires (Fig. 1a).

The single twist 1 + 7 + 7/7 + 14 core is made of
round profile wires with axes in the form of helical
lines, which are twisted in several layers around a cen-
tral straight wire of diameter d = 1.65 mm (see Fig. 1).
Layer 1 consists of 7 wires of the same diameter (d =
1.23 mm), layer 2 consists of alternating 7 wires of one
diameter (d = 1.18 mm) and 7 wires of another diam-
eter (d = 0.9 mm), and layer 3 consists of 14 wires of
the same diameter (d = 1.5 mm). The cross sectional
area of the core is 48.3 mm2.

The core is twisted in one technological operation
according to the linear touch principle: at the same
layer twisting step (t = 80 mm), the wires of the layer
lying above are placed in the recesses formed by the
wires of the lower layer; the contact of the wire layers
occurs along lines. The subsequent layers of the rope
are twisted in separate technological operations
according to the point touch principle with an alter-
nating direction of twisting. Layer 4 consists of 16
round profile wires (d = 1.9 mm, t = 145 mm), layer 5
consists of alternating 14 round wires (d = 1.87 mm,
t = 130 mm) and 14 H-profile wires (h = 1.9 mm), and
layer 6 consists of 29 Z-profile wires (h = 2.0 mm, t =
1196
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Fig. 1. Finite element simulation of a locked-coil rope and its elements: (a) cross section of the rope (part of the outer layer is
conditionally removed), (b, c, d) Z-profile, H-profile and round-profile cross sections, respectively; (1) core (round wires);
(2) layer 4 (round wires); (3) layer 5 (alternating round- and H-profile wires); and (4) layer 6 (Z-profile wires).
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Fig. 2. Stress–strain curves of (1) H- and Z-profile and
(2) round-profile wires.
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150 mm). In cross twisting, the wire layers contact at
points. The cross sectional areas are 45.44 mm2 for
layer 4, 72.64 mm2 for layer 5, and 104.05 mm2 for
layer 6.

The characteristics and dimensions of the rope ele-
ments used in the simulation are similar to those con-
sidered in [9]. When modeling all rope elements, we
used cells of the C3D8R type, i.e., continuum three-
dimensional eight-node reduced-integration ele-
ments. The cell length along the axis of the wires of all
profiles was 1.5 mm, and the cell size in the cross sec-
tion was 0.1 mm for the H-profile wires, 0.2 mm for
the Z-profile ones, and 0.26–0.3 mm for the round-
profile ones. The choice of the cell size was deter-
mined by the degree of curvature of individual profile
elements. The spiral elements of the rope were formed
by extrusion with a turn at a given step of the cross sec-
tion of the wires, which led to a spiral twisting of a
finite element mesh. The finite element mesh at the
end of the wires is shown in Figs. 1b–1d.

The length of the simulated rope sample is l0 =
130 mm, the elastic modulus of the wire material is
E = 2 × 105 MPa, and the friction coefficient is μ = 0.1.
The material of the rope wires was isotropic with strain
resistance σs increasing with local plastic deformation,
according to the curves shown in Fig. 2. As the wire
material, we used steels of two groups of rated strength
used for the manufacture of round and shaped-profile
wires (1570 and 1370 MPa, respectively), with the fol-
lowing initial yield strengths: σs0 = 1120 MPa for the
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
shaped profile (curve 1) and σs0 = 1280 MPa for the
round profile (curve 2).

The SOS characteristics of the elements of the spi-
ral rope during tension and torsion were determined
for two loading versions. According to the simulation
version 1, the ends of the rope sample were fixed in
devices to exclude their rotation at stage 1 and were
tensioned at a rate of 4 mm/s to the axial force P ≈ 120 kN
(taking into account the load capacity of 80 kN and the
mass of a 1500-m-long rope). At stage 2, the rope sam-
ple was subjected to torsion by external torque M in the
direction leading to the unwinding of the outer layer of
the Z-profile wires.
 10
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Fig. 3. Time dependence of the relative elongation of a rope sample for the simulation of loading for version (a) 1 and (b) 2.
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According to simulation version 2, at stage 1, the

sample was again tensioned without changing the
loading conditions used in simulation version 1; at
stage 2, the rope sample was twisted by external torque
M in the direction opposite version 1, which led to the
twisting of the outer layer of the Z-profile wires.

The unwinding (twisting) of the rope sample at
stage 2 was carried out at a rate of 36 deg/s for 0.55 s
(rotation angle is ϕ ≈ 20°) while maintaining external
load P reached at stage 1. The direction of external
torque M in the direction of twisting the outer layer of
the rope sample was taken to be positive. At the same
time, the loading scheme at stage 1 (pure tension: θ =
0, ε ≠ 0) was a model of longitudinal force transmis-
sion; at stage 2 (torsion under load: θ ≠ 0, ε ≠ 0), the
rotational motion from a surface drive to a deep-well
pump was simulated [10].

To determine the loads and moments received by
the rope layers during tension and subsequent torsion,
the ends of the wire layers at the rear end of the simu-
lated rope were firmly connected to the end surface of
the movable hard disk of the equipment before ten-
sion; at the front end, they were connected to the
coaxially arranged fixed rigid inner disk (1 + 7 + 7/7 +
14 core) and the rings (layers 4–6) [9]. The rope sam-
ple was deformed during tension by the axial motion of
the movable hard disk, and the subsequent torsion was
performed by the rotation of the movable hard disk at
the achieved axial load (with the possibility of axial
motion during rotation). The internal forces and
moments in each layer were determined by the time-
varying reactions at the supports on the fixed inner
disk and the rings on the front end fixed at each simu-
lation step.

The change in the equivalent Mises stresses σequiv in

the cells of the finite element mesh was determined in
the cross sections of the rope elements in the direction
from the outer layer to the core. The sample size for
RUS
determining the average value of σequiv in the layer ele-

ment was n = 7–13 depending on the element size
(Figs. 1b–1d). The scatter of the values of σequiv in the

cross section of the layer wires was estimated as confi-
dence interval width Δσequiv for the average value

according to the formula

where t(P,k) is Student’s test, P = 0.95 is the given
confidence probability, k = n – 1 is the number of
degrees of freedom, and S is the standard deviation of
the sample values.

RESULTS AND DISCUSSION

Figure 3 shows the deformation curve of the rope
sample during the gradual motion of the movable disk.
For both versions at stage 1 (pure tension), the sample
is elongated axially to a strain ε ≈ 0.6%. For simulation
version 1 at the initial segment of stage 2 (rope
unwinding), the relative elongation of the sample
retains its value until the angle of rotation of the mov-
able disk ϕ = 5°–6°, and it decreases to ε ≈ 0.5% by the
end of the stage (see Fig. 3a). For version 2 at stage 2
(rope twisting), the relative strain decreases initially,
reaches a minimum (ε ≈ 0.5%) by the middle of the
stage, and then increases (see Fig. 3b).

When analyzing the SOS of the sample for the
accepted versions of external loading, we studied the
distribution and magnitude of internal axial forces P
and torques Mtor in the rope elements (Fig. 4, Table 1).

On simulating the pure tension at stage 1, the char-
acter of rope sample deformation at the beginning of
loading and in the elastic elongation segment (see
Figs. 4a, 4c; curves 5) is consistent with the data in
[11]. The residual structural elongation of the sample

Δσ = ±equiv

( , )
,

t P k S
n
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Fig. 4. Axial force and torque distributions in the rope and its layers during tension and torsion according to version (a, b) 1 and
(c, d) 2: (1) core, (2) layer 4, (3) layer 5, (4) layer 6, ad (5) rope.
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associated with the running-in of the twisted wires at
the corresponding decrease in the layer diameter is
0.24% of the length, which corresponds to the values
recommended in [11]. The set tensile force P ≈ 120 kN
is within the elastic zone. The modulus of elasticity of
the simulated rope, which is determined between two
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
fixed loads, is 1.4 × 105 MPa, which agrees with the

data for locked-coil ropes [12].

At stage 1, the axial force distribution in the rope

layers is nonuniform (see Figs. 4a, 4c), which is

explained by the difference in the geometric parame-
 10
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Table 1. Distribution of internal axial forces P, torques Mtor, and equivalent stresses σequiv in the cross sections of the rope
elements at the accepted external loading parameters

In parentheses, wire profile. Equivalent stresses σequiv and safety factor K in the core are given for layer 3.

Parameters Core (round) Layer 4 (round)
Layer 5 

(round/H profile)
Layer 6 (Z profile)

Versions 1 and 2, stage 1 (ε ≠ 0, θ = 0)

P, N 33740 32206 15324 36510

Mtor, N m –17.1 35.3 –59.5 109.7

σequiv, MPa 687 ± 71.3 785 ± 25.7 342 ± 69.4/364 ± 24.0 392 ± 48.0

K 2.28 2.0 4.6/3.76 3.5

Version 1, stage 2 (ε ≠ 0, θ ≠ 0)

P, Н 40869 2840 73307 905

Mtor, N m –27.7 –4.6 –212.6 –7.5

σequiv, MPa 1030 ± 96.2 280 ± 73.2 1240 ± 54.7/1108 ± 54.0 201 ± 66.7

K 1.52 5.6 1.27/1.24 6.8

Version 2, stage 2 (ε ≠ 0, θ ≠ 0)

P, Н 22127 51296 –51486 95918

Mtor, N m –4.0 65.4 138.1 373.8

σequiv, MPa 353 ± 119.4 1270 ± 66.9 731 ± 246.0/731 ± 131.6 1155 ± 19.0

K 4.45 1.24 2.15/1.87 1.18
ters (dimensions, shape, density of wire twisting) and
in the mechanical properties of the screw elements.
The lower tensile forces in layer 5 (curve 3), which has
the highest residual structural elongation, are related
to a delay in the formation of support surfaces to resist
the circular compressive loads between the layer wires
due to a significant initial total circumferential gap
between them [9].

Axial tensile force P causes the elongation of the
rope, which is accompanied by the unwinding of the
spirally twisted layers, while internal torques Mtor

appear in the cross sections of the layers. According to
Figs. 4b and 4d and Table 1, torques Mtor increase in

absolute value with the tensile force at stage 1. At the
same time, the values of Mtor are negative for layer 5

(curve 3) and the core (curve 1) and are positive for
layers 4 and 6 (curves 2 and 4), which is due to the
opposite direction of layer winding. If the resulting
torque is zero, the rope is balanced.

By the beginning of stage 2, the rope sample is in
equilibrium under an external load P ≈ 120 kN. When
the rope turns under the action of an external torque
M, internal forces P and torques Mtor are redistributed

in the rope layers according to the law of additional
stresses. Under the accepted conditions of fixing the
ends of the layer wires with different directions of
twisting to unmovable disks, the rope layers that tend
to strongly change their dimensions axially during tor-
sion transfer tensile forces to the layers that tend to
weakly change their axial dimensions less, and vice
versa.
RUS
In version 1 at stage 2, under the action of external
torque M, the outer layer of the rope made of Z-profile
wires is unwound. In this case, the wires of layer 5 and
the core are compacted as a result of twisting and tend
to decrease the axial layer length. Decreasing the
length of the rope sample and maintaining the unifor-
mity of the layer strain are prevented by unwinding
layers 4 and 6. As a result, additional tensile stresses
appear in layer 5 and the core, which leads to an
increase in internal forces P and torques Mtor in abso-

lute value (see Figs. 4a, 4b; curves 1, 3). In layers 4 and
6, compressive stresses appear and cause a decrease in
internal forces P and torques Mtor in these layers (see

Figs. 4a, 4b; curves 2, 4). The negative value of torque
Mtor in layer 6 indicates the unwinding of this layer,

which is confirmed by the results in [10] and indicates
a possible separation of the rope and a multiple
increase in the outer layer diameter.

In version 2 at stage 2, the rope is twisted under the
action of external torque M. In this case, layers 4 and 6
are compacted and shorten as a result of twisting, which
is prevented by unwinding layer 5 and the core. As a
result, additional tensile stresses appear in layers 4 and 6,
which leads to an increase in internal forces P (see
Fig. 4c; curves 2, 4), and compressive stresses appear
in layer 5 and the core and decrease internal forces P
in these layers (see Fig. 4c; curves 1, 3). When the
force in the core layers increases slightly, the internal
force in layer 5 becomes compressive with an increase
in the external moment and increases in absolute
value. In general, when the rope sample is twisted,
internal forces P and torques Mtor in layers 4–6
SIAN METALLURGY (METALLY)  Vol. 2021  No. 10
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Fig. 5. (a) Appearance of the rope sample after operation and (b) fracture surface of the Z-profile wire. The arrows in (a) indicate
the gaps between the wires formed during the operation of the rope; arrows 1, 2, and 3 in (b) indicate the zones of nucleation,
stable crack growth, and rupture, respectively.

(a) (b)

1

2

3

increase with the twisting angle (see Figs. 4c, 4d;
curves 2–4).

To predict the static strength and reliability of the
rope during operation, it is necessary to take into
account the stress distribution in the cross section of
the rope elements. By the end of stage 1, the equivalent
stress σequiv distribution along the cross section of the

rope is found to be nonuniform: the average of stresses
in the central-layer wires of the rope increase (see
Table 1). Layer 5 is less loaded. A comparison of the
confidence interval width Δσequiv demonstrates that

the scatter of the equivalent stresses relative to the
average stress in the sample is minimal in layer 4.

The application of external torque M at an achieved
load P ≈ 120 kN leads to stress σequiv redistribution in

the rope elements at stage 2. For both versions, a non-
uniform distribution of σequiv stresses over the cross

section of the wire is characteristic of the untwisted
layers, as indicated by the large confidence interval
width σequiv for the average stresses (see Table 1). The

stresses σequiv in the cross sections of the wires of the

twisted layers are distributed more uniformly. For the
outer layer of the Z-profile wires, the confidence
interval width Δσequiv is minimal; i.e., the scatter of the

equivalent stresses is insignificant.

As follows from a comparison of the stresses σequiv

for stages 1 and 2, the torsion of the rope causes an
increase in the equivalent stresses in the twisted layers
as compared to tension, which should affect the reli-
ability of the rope during operation.

According to standards, the minimum safety factor
of a rope is the ratio of the breaking force of the rope
to the permissible load. The fact that the true SOS in
the rope elements is unknown is compensated by high
values of the safety factor, which are K = 4.0–6.0
depending on the operating conditions for lifting
mechanisms [13]. In this paper, the safety factor of the
rope layers was determined as the ratio of the permis-
sible stresses in accordance with the rated group of a
RUSSIAN METALLURGY (METALLY)  Vol. 2021  No.
wire to the average equivalent stresses σequiv over the

cross section of the wire. For stage 2 of version 2, the
values of coefficient K for twisted layers 6 and 4 are
1.18 and 1.24, respectively (see Table 1), which is on
average 2.5–3.0 times lower than those for the rope
when the safety margin is calculated using the highest
tensile load. For the outer layer, we have K = 1.2–1.3
at rope rotation angles ϕ = 10°–12°, which is
explained by the distribution of axial force P and
torque Mtor in the layer (see Figs. 4c, 4d; curve 4).

Low values of the safety factor increase the proba-
bility of breaking the wires of the outer layer of a
locked-coil rope during operation. The causes of a
breakage can be associated with the following factors:
the surface defects formed during the manufacture of
Z-profile wires by rolling [4, 14], the influence of an
external aggressive environment accelerating fatigue
failure [15–19], and the experimentally detected non-
uniformity of the stress distribution in the Z-profile
wires [20]. The possibility of breaks is confirmed by
the results of studying the violation of the structural
integrity of a locked-coil rope [9, 10] after operation as
a pump rod body in the wells of OOO LUKOIL-
PERM [2]. The nature of the breakage of the Z-profile
wires in the outer layer of the rope is shown in Fig. 5.
Note that the outer surface of the rope was subjected to
external corrosion during operation and to the dis-
placement of individual Z-profile wires during alter-
nating loading of the rope with the formation of inter-
wire gaps (shown by the arrows in Fig. 5a). The failure
of the Z-profile wire began from the lower shelf (zone 1)
and ended on the upper shelf (zone 3). The focus of
crack formation in zone 1 indicates that the local
stresses exceeding the yield strength of the metal
appeared at this point in the cross section of the wire.
High equivalent stresses, along with possible surface
defects and a nonuniform external stress distribution
in the rope elements, led to the destruction of the
Z-profile wires of the outer layer of the rope.
 10
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CONCLUSIONS

(1) According to the results of finite element simu-
lation of the SOS in the elements of a locked-coil rope
under axial tension and torsion, the distribution of
internal axial forces P and torques Mtor in the rope ele-

ments under pure tension is nonuniform. The subse-
quent turns of the rope under the action of an addi-
tional applied external torque M lead to an increase in
the nonuniformity of the force P and torque Mtor dis-

tribution in magnitude and sign in the rope elements.
The maximum axial forces and torques appear in the
twisted layers, which increases the SOS in them. Here,
conditions are created for the implementation of axial
and radial displacements different in layers, which can
cause a violation of the structural integrity of the rope.

(2) An external torque causes equivalent stresses
σequiv in the rope, which are higher as compared to the

stage of axial tensile effects. This fact is reflected on the
result of the rope safety margin estimation: the safety fac-
tor of the outer layer in twisting is 2.5–3.0 times lower
than that recommended by standards and is K = 1.2–
1.3 at rope rotation angles ϕ = 10°–12°.

(3) Finite element simulation of the SOS in the ele-
ments of multilayer spiral ropes during joint tension
and torsion allowed us to determine the true SOS of
the rope elements at the stage of designing, to optimize
the design and technological parameters of twisting to
increase the safety factor of the wires, and to ensure
the durability and reliability of ropes during operation.
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