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On calculation of stress-strain state of steel closed ropes in extension  
and twisting
Part 2. Influence of torsion on the stress-strain state of closed rope
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Comparative analysis of the results of determination of stress-strain state in a closed lifting rope during extension 

and twisting was conducted via analytical calculation according to the linear static equations and computer-aided 

finite element modeling. Computer modeling allows to establish the features of variation of internal axial forces and 

torques in the layers that are laid with different directions. It makes possible to predict workability of a closed lifting 

rope during operation.

The most intensive redistribution of internal forces and torques in the internal and subsurface layers during rope 

turns under the effect of external torque was found out in comparison with extension. Decrease of the torque and 

axial force values to zero in the deposited external layer during its untwisting testifies about switching this layer off 

the operation and possibility of rope lamination in the case of external pressure absence. Internal compression of 

subsurface layer from the side of external rope layer, in its turn, decreases possibility of stability loss (opening) of this 

layer during its twisting.

Deviation from the common rule for variation features of relative elongation � during joint extension and twisting 

was shown during modeling. So, external untwisting torque tries to extend the rope (increase of �), while twisting 

torque tries to compress it (decrease of �), what is connected with influence of gap values between the rope elements 

(wires and layers) on distribution of the contact stresses between them during twisting.

Key words: closed lifting rope, finite element modeling, stress-strain state, wire, rope layer, extension, twisting, 

force, torque, deformation.
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Introduction

The approaches to determination of the stress-strain state 

(SSS) of ropes elements for providing their reliable and safe 

operation have been discussed in the work [1] and considered 

in the publications [2-7]. Essential role of computer-aided 

modeling on the base of the methods of finite element mod-

eling (FEM) in rising SSS evaluation precision for ropes was 

noted; it used different software products [7-11]. It was men-

tioned that limited number of works in this area for closed 

ropes were presented.

Practically closed lifting rope often operates in the condi-

tions of joint extension and torsion [12-15]. The generalized 

static equations during analytical rope SSS determination in 

the conditions of joint extension and torsion were presented 

in the work [1] as it had been suggested by M. F. Glushko [3]:

P = A · ��+C · ��
M = C · ��+B · ���������������������������������������������������������������������(1)

where Р – axial force; М – torque; � and � – relative elon-

gation and torsion deformations; А, В and С – generalized 

stiffness coefficients.

Solutions of the equations (1) relating to deformations  

� and � can be displayed as [3]      

��=��    · P �      · M� �
B C

;                                                                  (2)

��=���    · P +     · M� �
C A

                                                                  (3)

where � = A�· B ��C2.

Torsion initiates variation of stress state in rope elements, 

what has the effect on its operating reliability [8, 16, 17]. 

Based on the [3] data, singular torque causes larger stresses 

in rope in comparison with singular axial force. Influence of 

torsion on stress state in rope elements can be evaluated via 

analysis of relationships between normal stresses �р and axial 

extension in cross section of spiral laid wire [3]

�р = E�s = E(��cos2� + �r sin� cos�) = �р + �р ,           (4)

where Е – elasticity modulus of wires materials; �s – relative 

elongation of spiral laid wire; r and � – wire radius and laying 

angle, respectively.

For the equation (4), the relationship between nor-

mal stress components and extension ��
р = E�cos2�� as 

well as between normal stress components and torsion 
**�ð   = E�r sin� cos��can be presented as

*�ð

**�ð
= a1 · r · tg� > 1                                                                  (5)

The analysis displays that the relationship (5) in  

connection with the standard values for spiral ropes  

* **
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a1 = �/� = 2.0-3.7 mm-1 [3], for laying angle � = 15-20º and 

for rope diameter from 20 to 50 mm is executed in accord-

ance with the GOST 10506-76. It confirms exceeding of the 

normal stress component during rope torsion in comparison 

with extension ( **�ð  > *�ð ). Computer-aided modeling of SSS 

variation allows to predict the influence of gaps and contact 

stresses values between rope elements on saving the rope 

structural integrity during operation.

Examination of the stress-strain state of rope elements 

during axial extension and torsion was conducted via the 

finite elements method using licensed software pack-

age SIMULIA/Abaqus. The rope consists of core 1 with 

1+7+7/7+14 construction from wires with round cross sec-

tion, consequent layer 4 from the same wires, sub-surface 

layer 5 from alternating wires with round and H-shape cross 

sections and external layer 6 with wires having Z- shape 

cross sections [1] (Fig. 1). The core is laying in three layers 

around the central straight wire during one technological 

operation, based on the principle of linear touching (LT) of 

wires layers. Laying of the consequent rope layers was con-

ducted via separate technological operations via the point 

touching (PT) principle, with alternating laying direction 

for laying of wires layers. Squares of rope layers cross section 

make: 45.44 mm2 for the layer 4, 72.64 mm2 for the layer 5,  

104.05 mm2 for the layer 6 [1, 8].

Fig. 1.  Distribution of torques and axial forces in role layers at joint extension and torsion, for untwisting (а, b) and twisting (c, d) of 
the external layer for wires having Z-shape cross sections:  1 – core; 2 – layer 4; 3 - layer 5; 4 – layer 6.
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The results of SSS modeling of rope elements during pure 

extension and pure torsion allowed to determine generalized 

stiffness coefficients А, В and С, as well as the values of linear 

� and angular � deformation at preset values of axial force  

Р and torque М [1].

To provide modeling of transfer of longitudinal force and 

rotating motion (these conditions are typical for operation 

of the surface drive for a well pump [12, 13]), torsion of the 

rope sample by external torque М was conducted owing to 

turn of a movable stiff disc with velocity 36 �/s, with constant 

axial extension force Р =120 kN and with possibility of disc 

axial displacement during turns (��� 0, ��� 0). The torque 

which is directed to twisting of the external layer of a rope 

sample, was accepted to be positive. Wire edges of rope layers 

were strictly connected with the edge surface of a movable 

stiff disc in auxiliary equipment at the rear end, while at the 

front end they were connected with coaxially located station-

ary stiff disc, which was connected with the core and rings.  

The rings, in their turn, were connected with the rope layers 

[1]. All these connections provide equal edge displacements 

for all wires of rope fragment. 

Results and discussion

To examine the effect of torsion on rope SSS, the values 

distribution curves of internal torques and forces in each 

layer, which have been conducted were analyzed on the base 

of their modeling (Fig. 1).

Before the beginning of torsion (relative torsion angle  

� = 0), the rope sample was under action of the axial exten-

sion force Р   120 kN and the resulting torque Мt = 68.4 N·m 

[8], which was formed at axial extension. The rope layers 

are in the extended state. At the same time the torques Мt  

are positive in the layers 6 and 4 (they coincide with direction 

of layers laying) and negative in the layer 5 and in the core 

(opposite direction of layers laying) (Fig. 1, a, c). 

When the rope is turning (the external layer of wires is 

subjected to untwisting or twisting turns) under the effect of 

external torque М, redistribution of the values of internal 

forces Р and torques Мt in the rope layers occurs according 

the law of additional stresses. Based on the accepted condi-

tions of fixing of layers with different laying directions on the 

wires edges of stiff discs and rings, the rope layers are striving 

to larger variation of dimensions at torsion in axial direction 

and transfer the extending forces to the layers, which are 

striving to smaller variation of their axial dimensions, and 

vice versa [8]. 

When the torque М  is negative (untwisting of the rope 

external layer), laying directions of the layer 5 and core layers 

coincide with direction of external torque М, while  wires 

of the layer 5 and core are compacted and are striving to 

reducing of axial length of the layers. Untwisting layers 4 and 

6 prevent decreasing of the rope sample length. As a result, 

additional extending stresses appear in the layer 5 and in the 

core; it leads to increase of internal axial forces Р (curves 

3 and 1 on the Fig. 1, b). At the same time, compressing 

stresses appear in the layers 4 and 6; they promote reducing 

of internal forces P in these layers (curves 2 and 4 on the  

Fig. 1, b). It is shown that axial force decreases practically 

to zero in the external layer, at the angle � = 0,6-0,8 rad/m;  

deposited layer does not take up the axial load and is exclud-

ed from operation, what promotes rope lamination without 

any external pressure. Longitudinal stiffness of the rope is 

determined in this case only by other layers.

When the torque М is positive (twisting of the rope ex-

ternal layer), the picture is changing principally: the layers 

4 and 6 are compacted under the effect of external torque 

M and are striving to length diminishing; as a result, the ex-

tending forces P in these layers elevate (curves 4 and 2 on 

the Fig. 1, d). The layer 5 and core layers are untwisting, 

the extending forces decrease (curves 3 and 1 on the Fig. 1, d).  

Axial forces in wires become compressing in the layer 5,  

at the angle ��  0,4 rad/m; so the layer saves its stability only 

due to its subjecting to external compression from the side 

of external layer. 

The results of modeling show that wires in the layers are 

compacted and are striving to decrease of the layer axial 

length, when laying direction coincides with layer torsion 

direction, and on the contrary, if directions of wire laying and 

torsion are opposite, the layers are laminated and are striving 

to increase the layer axial length. In the case of rope torsion 

under effect of external torque M, redistribution of internal 

forces Р and torques Мt occurs with maximal intensity in the 

external and sub-surface layers (curves 3 and 4 on the Fig. 1).

The value of relative elongation � = 0.323 %, which is 

initial for the stage of complex loading and was obtained 

in simulation of rope extension [1], can decrease or in-

crease until end of this stage depending on the torque sign.  

Fig. 2. Variation of relative elongation � of the rope sample for 
joint extension and torsion:  - modeling;  
- - - -  -  analytical calculation; curves 1 and  
2 – untwisting of the rope external layer, curves 1’  
and 2’ – twisting of the rope external layer
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In general case, for standard conditions, untwisting torque 

tries to extend rope (this is � increase), while twisting torque 

tries to compress it (this is � decrease). It is confirmed by 

the results of analytical calculation of relative elongation � 

according to the equation (2), for rope untwisting (curve 2) 

and for rope twisting (curve 2’) (Fig. 2). These results are 

obtained for preset values of force P, torque M and stiffness 

coefficients A, B and C got from the work [1]. The initial 

value of relative deformation � is equal to 0.323 % for linear 

mode of its variation; it increases up to 0.506 % for rope 

sample untwisting and decreases to 0.162 % for its twisting.

However, the results of modeling testify about deviation 

of variation mode of relative elongation � from the standard 

one (curves 1 and 1’ on the Fig. 2). It is connected with load 

redistribution between rope layers due to non-compliance 

of their transversal motions [18] and especially appears 

in rope torsion with opposite direction of layers laying.  

It is confirmed by Moses distribution of equivalent stresses 

�eq in cross sections of rope elements during torsion [8].  

To provide coordinated narrowing of layers, it is  

necessary to lay them with definite circular gaps between 

the wires [3, 19, 20].

When the external layer is untwisting, standard increase 

of rope axial length up to the value � = 0.375 % (curve 1 on 

the Fig. 2) at the initial period occurs due to untwisting of 

the layer 6. The vales of the torque Мt and axial force Р in 

the external layer decrease down to zero (curves 4 on the  

Fig. 1, a and b) for the relative torsion angle � = 0.6-0.8 

rad/m. Average values of stresses �eq in wires cross sections 

of external and sub-surface layers make �eq   100 MPa and  

�eq  �800 MPa, respectively (Fig. 3, a). Intensive compaction 

of the layer 5 during twisting (curve 3 on the Fig. 1, a) causes 

decrease of the rope relative elongation in general down to 

� = 0.263 % (curve 1 on the Fig. 2). Average stress values in 

wires cross sections of the layer 5 achieve �eq   1,100 MPa 

for slight increase of stresses in wires cross section of the 

deposited (with gap forming) external layer (Fig 3, b).

When the external layer is twisting, the rope twisting lay-

ers 4 and 6 (Fig 3, c and d) are the most loaded. Standard 

decrease of rope relative deformation to the middle of stage 

to the value � = 0.24 % (curve 1' on the Fig. 2) occurs main-

ly due to compaction of wires in the layer 6. The values of 

torque and axial force in the layer 6 achieve maximal values 

and become constant (curves 4 on the Fig. 1, c and d) for the 

relative torsion angle � = 1.5 rad/m. Equivalent stresses in 

the wires cross sections of the external layer are distributed 

in uniform mode and constitute �eq = 1,120 MPa (Fig. 3, c).  

The untwisting layer 5, providing contact pressure on the 

external layer owing to absence of radial gap between the 

rope layers 5 and 6 prevent compacting of this layer [19]. 

The contact stresses from the side of the layer 5 make  

�eq   700 MPa (Fig. 3, c). Increase of the torque in the layer 

5 (curve 3 on the Fig. 1, c), for the angle � > 1.5 rad/m and 

for constant values of M in other layers, promotes uncoiling 

of wires in this layer and increase of relative deformation in 

the rope sample to the end of the twisting stage up to the 

value � = 0.323 % (curve 1' on the Fig. 2). As soon as the 

relative torsion angle increases, stresses in wires cross sec-

tion of the layer 6 and on the contact between the layers 5 

and 6 enlarge and make �eq = 1,200-1,300 MPa (Fig. 3, d) at  

� = 2.68 rad/m. It exceeds the value of initial yield strength 

�so =1,120 MPa for the wires with shaped section [8], which 

is preset for modeling, and leads to development of plastic 

deformation.

The resulting values of torques and forces in the condi-

tions of joint extension and torsion, obtained via summariz-

ing of the values of internal torques and forces in the each 

layer presented on the Fig. 1, are shown on the Fig. 4 (curves 

1 and 1’). The boundary torque values, with constant axial 

force Р   120 kN, make:

Fig. 3. Distribution of equivalent stresses in rope cross section during untwisting (� = 0.8 rad/m (a) and � = 2.68 rad/m (b),  
and during twisting � = 1.5 rad/m (c) and � = 2.68 rad/m (d)) of the external layer
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- М = 68.4 N·m for � = 0;

- М = -252.4 N·m (during untwisting of the rope exter-

nal layer) and М = -573.3 N·m (during twisting of the rope 

external layer) for � = ±2,68 rad/m (Fig. 4, a).

Taking into account the general tendency of increase of 

the external torque M with elevation of the relative torsion 

angle �, the best rope anti-twisting parameters are observed 

during twisting of its external layer (curves 1 and 1’ on the 

Fig. 4, a). It is explained by difference between stiffness coef-

ficients and laying directions of rope elements.

Use of the static equations (1) allows to determine ana-

lytically the values of axial forces Р and torques М in a rope 

for the conditions of joint extension and torsion, applying 

the values of axial � and angular � motion of a movable stiff 

disc (which are coordinated by loading time) and the values 

of generalized coefficients А, В and С (curves 2 and 2' on 

the Fig. 4), which were obtained earlier during simulation.

The static equations (1) are valid for the rope, which is 

characterized by deformations � and � equal for all rope el-

ements. Comparative analysis of the curves on the Fig. 4,  

at the starting stages of loading, testifies mainly about simi-

larity of variation features for the values of torques М and 

axial forces Р for twisting the external layer to the relative 

angle � = 1.5 rad/m (curves 1' and 2' on the Fig. 4), as well 

as axial forces Р for untwisting the external layer to the rela-

tive angle � = 0.6-0.8 rad/m (curves 1 and 2 on the Fig. 4, 

b), during modeling with the results of analytical calculation 

via the static equations. Differences between the variation 

curves of the force parameters in the case of exceeding the 

above-mentioned torsion angles � is connected with the pre-

viously considered non-uniform mode of a contact load be-

tween the rope elements and exceeding of the yield strength  

values for wires material in some cases. The obtained results 

correspond with the experimentally confirmed results of 

computer-aided modeling for torsion of laid wire rope [9], 

where torque lowering with rising of torsion angle during the 

experiment is connected with non-elastic steel elongation.

Difference of the values of torque M during modeling 

and the results of analytical calculation for untwisting of the 

external layer (curves 1 and 2 on the Fig. 4, a) is explained 

by non-correspondence of the rope stiffness coefficients and 

calculated ones due to rope lamination [3]. Generalized 

stiffness coefficients for separated external layer of wires 

should be calculated in the same way as for screw springs 

(separated layer along the complete length is in free state and 

is not subjected to any contact load). 

Conclusions

1. The results of computer-aided modeling of rope ele-

ments in the conditions of joint extension and torsion testify 

on non-uniformity of dimensions and intensity of distribu-

tion of torques and axial forces in rope elements, at preset 

constant sample torsion velocity. When rope is turning under 

the effect of external torque M, redistribution of internal 

forces P and torques Мt occurs with maximal intensity in the 

external and sub-surface layers. Decrease of the torque and 

axial force down to zero in the deposited external layer dur-

ing its untwisting testifies on switching this layer off opera-

tion and possibility of rope lamination (in the case of absence 

of external pressure). At the same time, radial compression of 

the sub-surface layer from the side of the rope external layer 

during twisting decreases possibility of stability loss (lamina-

tion) of this layer.
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2. Correspondence between variation mode of force pa-

rameters during modeling via FEM and the results of analyti-

cal calculation using linear static equations at the initial stage 

of joint extension and torsion was established in general case, 

for standard conditions. It was shown that when the extend-

ing force is constant, untwisting torque this to elongate the 

rope (� increase), while twisting torque tries to compress it 

(��decrease). Deviation of variation mode of external force 

and torque with enlargement of the torsion angle is explained 

by forming of contact stresses between rope layers, what rises 

wear possibility of rope elements. Evaluation of the contact 

stresses between the rope elements, which were obtained 

during modeling, were compared with the values of wire 

material yield strength; it allows during designing to predict 

saving of rope structural integrity and possibility of stability 

loss (lamination) of this layer.
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