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Abstract 

To reveal the tension-torsion coupling effect of the anchor cable, the three-dimension computational 

model was built. The mechanical performances of the anchor cable under tension-torsion coupling 

were studied by the analytical analysis and simulation verification on the model, and the coupling 

coefficient of the tension-torsion was proposed to define the percentage of the tensile force used for 

untwisting. The axial stress, shear stress and plastic development of the cross-section of the anchor 

cable were analysed also. Results show that the influence of the torsion of the anchor cable on the 

tensile force cannot be ignored. The tension-torsion coupling coefficient and the torque both increase 

with the increase of the diameter and the lay angle of the anchor cable. The maximum equivalent 

stress of the cross-section of the pulling anchor cable appears in the contact area of the inner and outer 

wires, and is larger under the free rotation than that under the restricted rotation condition. With the 

increase of the lay angle, the elastic modulus and the bearing capacity of the anchor cable decrease. 

The obtained conclusions can provide a reference for the similar practice of the anchor cable. 
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1. INTRODUCTION 

The anchor cable is a kind of steel strand which is composed of several high-strength steel 

wires around the central straight steel wire. Because of the high bearing capacity, active 

support, good toughness and other characteristics, the anchor cable has been widely used in a 

large number of slope, tunnel and mining engineering practices in the world [1, 2]. 

      Although there are lots of research on the mechanical properties of the steel strands [3-5]. 

But most scholars focus on the mechanical properties of the anchor cable under the restricted 

rotation condition. In practical engineering, due to the influence of the spiral structure and 

anchorage interface, the anchor cable will produce a torque perpendicular to the section when 

it is pulled. This torque will make the strands of the anchor cable rotate reversely, thus 

reducing the axial force of the anchor cable. There are few reported studies on the tensile 

mechanical properties of the anchor cable under the free rotation condition, and the relevant 

mechanism of the tension-torsion coupled effects is not clear. 

      Therefore, it is of important theoretical significance and practical value to study the 

mechanical performance and the tension-torsion coupling characteristics of the steel strand 

under the conditions of free and restricted rotation, which can be used for the failure 

prediction, structural design optimization of the anchor cable. 

2. STATE OF THE ART 

Since the structure of the single strand wire rope is similar to the steel strand, the 

corresponding research results can be used for the reference. Kang et al. found that the 

displacement in the elastic range of the steel strand was very small and which tended to 
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increase with the increase of the diameter of the steel strand [6]. Xing et al. analysed the 

influence of different strain rates on the mechanical properties of the prestressed steel strand 

[7]. Utting and Jones carried out the tensile tests on the fixed and free-load ends of the single 

strand wire ropes with different lay angles [8]. 

      The analytical method has gradually developed for the accuracy and low cost. Hruska 

proposed a simple analytical model for predicting the tensile properties of the single strand 

wire rope, but he ignored the bending and torsional stiffness of the single wire [9]. 

Considering the torsional stiffness of the steel wire, McConnell and Zemke pointed out that 

the tension and torsion of the steel wire were coupled with each other based on the Hruska 

model [10]. Based on Love’s curved bar theory, Machida and Durelli studied the influence of 

the bending and torsional stiffness of the single steel wire on the stiffness matrix of the whole 

rope [11]. Costello put forward a nonlinear analytical model to predict the mechanical 

properties of the single strand wire rope [12]. Kumar and Cochran linearized Costello’s 

equation and they derived the linearization and closed expression of the axial stiffness 

coefficient [13]. Argatov established an analytical model of the steel wire rope by simplifying 

the contact between the central and the spiral steel wire [14]. Foti and Martinelli established 

an elastic-plastic analytical model of the single strand wire rope under tension and torsion, but 

they ignored the Poisson’s ratio effect [15]. 

      The finite element method can not only reflect the geometric and stress conditions of the 

steel strand, but also consider many nonlinear factors that are difficult to be considered by the 

analytical method. Ghoreishi et al. evaluated the effectiveness and limitations of various 

linear static analysis models of the steel strand under the tensile load [16]. Yu et al. studied 

the mechanical properties and stress state among the strands under the transverse load [17]. 

Chen et al. analysed the contact stress of the simple round rope strand and the spiral triangle 

strand under the axial tension and torsion under the restricted rotation [18]. There do still exist 

the following problems: the research on anchor cables is mainly pure tensile mechanical 

properties, and its torsional properties are ignored. The tensile and torsional coupling effects 

are not explained from the perspective of microscopic stress. In addition, due to the 

differences in materials and structures of the steel wire ropes and strands, there is few reports 

on systematic optimization of the tensile properties of the steel strands under the free and 

restricted rotations. 

      Taking three kinds of diameter anchor cables commonly used in mine engineering as the 

samples, through theoretical analysis and numerical simulation, the tensile performances and 

the coupling characteristics of the anchor cables were studied under the free rotation and 

restricted rotations. The remainder of this study is organized as follows: Section 3 introduces 

the mechanical and numerical modelling process of the anchor cable under the restricted and 

free rotations. Section 4 analyses and discusses the tensile performance and the tension-

torsion coupling effects of the anchor cable. Section 5 summarizes the conclusions drawn 

from this study. 

3. METHODOLOGY 

3.1  Mechanical analysis of anchor cable 

The structure of the steel strand is shown in Fig. 1 a. The structural parameters of the steel 

strand mainly include the lay length, lay angle and helix radius. The lay length is the length of 

the steel strand corresponding to the outer wire rotating one circle around the inner wire. The 

lay angle is the angle between the tangent of the outer wire and the inner wire. The helix angle 

and the lay angle are complementary to each other. The helix radius is equal to the sum of the 

inner and outer wire radius. When the steel strand is under tension, it will produce a torque, 

which will cause the anchor cable to rotate reversely if it is not restrained. 
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Figure 1: Mechanical modelling of steel strand: a) Structural of steel strand; b) Central line expansion 

of spiral steel wire; c) Forces and moments of spiral steel wire. 

      Select one lay length optionally, and unfold the outer wire around the inner wire is shown 

in Fig. 1 b. In the initial state, the structural parameters meet the following relationship: 

2π tanP r   (1) 

where, P is the lay length; α is the helix angle; r is the helix radius; θ is the angle of rotation 

around the centre wire when the outer wire is twisted, when the spiral steel wire is twisted for 

one circle, θ = 2π, which is a lay length. The twist shape of the spiral steel wire will change 

under the axial load of the steel strand. After deformation, the axial strain and the rotation 

angle of the unit length of the steel strand can be expressed as [12]: 
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where, ε is the steel strand axial strain; ε0 is the inner wire axial strain, obviously ε= ε0; ε1 is 

the outer wire axial strain; P, α, r are the lay length, helix angle and helix radius of the 

steel strand after deformation, respectively. θZ is the rotation angle of the unit length of the 

steel strand. Assuming that the inner and outer wire radius are equal to R, Poisson’s ratio is ν, 

and ignoring the contact deformation among the steel wires, the spiral radius after loading 

changes to: 

 0 1 0 1(1- 1-r R R r R        ） （ ）  (4) 

      Based on the theory of Love’s curved bar, the forces and moments diagram of the spiral 

steel wire is shown in Fig. 1 c, where T and H are the axial force and torque of the steel wire 

on the tangent t direction, respectively; N’ and G’ are the shear force and bending moment on 

the subnormal b direction, respectively; X and G are the unit line contact force and the 

bending moment in the normal n direction, respectively. The corresponding calculation 

formulas can be found in [12]. 

      According to the section projection relationship, the axial tension and torque acting on the 

steel strand are: 

 2

0 6 sin cosF R E T N       (5) 

 0 6 sin cos cosM M H G Tr Nrsin         (6) 
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where, M0 is the torque of the inner wire, 
 
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 and it is zero without rotation, E is 

the elastic modulus of the steel wire. 

      Eqs. (5) and (6) can be converted into: 
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where, k11, k22, k12 and k21 are the tensile and torsional stiffness, tensile-torsional stiffness and 

torsional-tensile stiffness of the steel strand, respectively. Kumar and Cochran have linearized 

Costello’s model to obtain the corresponding four stiffness component expressions [13]. 

Therefore, the stiffness component of the steel wire can be calculated by programming and 

substitute it into the following formulas to analysis the tensile mechanical properties of the 

steel strand. 

      When the steel strand is under the restricted rotation, according to θz = 0, 
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      When the steel strand is under the free rotation, according to M = 0, 
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3.2  Numerical analysis of anchor cable 

Computational model and calculation parameters: The three-dimension model of the steel 

strand is established by ABAQUS [19, 20]. The length of the model is taken as a lay length, 

and the structural parameters of three different diameter steel strands are listed in Table I 

based on the actual measurement. 

Table I: Structural parameters of steel strand. 

Strand 

diameter (mm) 

Internal wire 

diameter (mm) 

Outside wire 

diameter (mm) 

Lay angle 

(°) 

The length of 

model (mm) 

9.5 3.26 3.12 7.63 150 

12.7 4.34 4.18 7.63 200 

15.2 5.20 5.00 8.70 210 

 

      The 8-node reduced integral facade element C3D8R is used to mesh the steel strand by the 

method of scanning. To accurately show the stress distribution of the section, especially the 

contact area, the mesh size should be fine enough, but too small element size will increase the 

computer burden. After the grid convergence analysis, the radial and axial direction of the 

single steel wire are taken as 17 and 140 units to balance the calculation accuracy and 

efficiency, respectively. The mesh division of the model is shown in Fig. 2. 

      The material parameters of steel strand are measured according to the tensile test of steel 

wire. It should be noted that the plastic parameters in ABAQUS require the true stress-strain 

of the input material, so the nominal stress-strain curve measured in the experiment needs to 

be transformed. The constitutive parameters after transformation are shown in Table II. 

      Boundary conditions and loading methods: The contact between the adjacent wires is 

calculated by the general contact adaptive contact algorithm. The normal direction of the 

contact surface is hard contact, the tangential contact is calculated by the penalty function 

method, and the friction coefficient is 0.1. The freedom degrees of the nodes on the end faces 
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of each wire at both ends of the anchor cable are coupled with the reference points 

respectively by means of motion coupling. The fixed end constrains all degrees of freedom; 

the loading end only opens the axial displacement degrees of freedom under the restricted 

rotation and opens the axial displacement and rotation degrees of freedom under the free 

rotation. Due to the strong nonlinearity of the steel strand, the static algorithm is difficult to 

converge, so the ABAQUS/Explicit simulation quasi-static method is used to simulate the 

mechanical characteristics of the anchor cable. By displacement loading, the tensile distance 

is 6.2 % of the model length. 

     
a)  b) 

Figure 2: Computational model and its meshes of cable-bolts: a) Computational model; b) Cross-

section of the model. 

Table II: Material parameters of steel strand. 

Elastic 

modulus (GPa) 

Poisson’s 

ratio 

Density 

(t/m3) 

Yield strength 

(MPa) 

Tensile 

strength (MPa) 
Plastic train 

210 0.30 7.85 1810 2020 0.05 

4. RESULTS AND DISCUSSION 

4.1  Mechanical performances of pulling anchor cable 

The comparison between the simulation and the analytical results under the conditions of 

restricted and free rotation of three kinds of diameter anchor cables are shown in Fig. 3. It can 

be seen from Fig. 3, the simulation results are in good agreement with the analytical results in 

the elastic stage, which verifies the accuracy of the mechanical model. In addition, the elastic 

modulus of the anchor cable decreases and the trend of the plastic phase is slower under the 

condition of free rotation. While the tensile force in the plastic phase increases faster than that 

under the restricted rotation. The tension and torque of the anchor cable are linear in the 

elastic stage under the restricted rotation, and the torque increases with the increase of the 

anchor cable diameter. 

      To evaluate the influence degree of the torsion on the tensile force of the anchor cable, 

according to the functional principle, it can be known that under the free rotation, part of the 

work done by the tensile force is used to untwist ignoring the friction and other factors. The 

work induced by the rotation of the anchor cable is equivalent to that of the reverse rotation 

force ΔF in the tensile displacement. Therefore, the coupling coefficient of the tension and 

torsion is proposed to define the percentage of the tensile force used for the untwisting of the 

anchor cable. 
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where,   is the tension-torsion coupling coefficient; ΔF is the reverse rotation force, kN; F is 

the tensile force, kN; W1 is the work done under the restricted condition, W2 is the work done 

under the free rotation condition, which can be obtained by integrating the axial force-

deformation curve, J; S is the strain of the anchor cable. 

  
a)   b) 

 
c) 

Figure 3: Axial force-strain and torque-axial force curves under different conditions: a) Under 

restricted rotation; b) Under free rotation; c) Under restricted rotation. 
 

      According to Figs. 3 a and 3 b, the coupling coefficients of the tension-torsion of three 

kinds of diameter anchor cables are 10 %, 12 % and 14 %, respectively. It can be seen that the 

influence of the torsion of the anchor cable on the tensile force cannot be ignored, and the 

coupling coefficients of the tension and torsion increase with the increase of the anchor cable 

diameter. 

4.2  Equivalent stress analysis of anchor cable 

It is adopted the equivalent stress to analyse the comprehensive stress state of the anchor 

cable. Due to the stress distributions of the three kinds of the diameters are similar, the 15.2 

mm cable was regarded as the example to analyse the tension-torsion coupling characteristics. 

When the strain in the elastic phase is 0.64 %, the section equivalent stress distribution of the 

anchor cable under the conditions of restricted and free rotations are shown in Fig. 4. 
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a)  b) 

Figure 4: Equivalent stress of 15.2 mm diameter anchor cable under two conditions (MPa):  

a) Restricted rotation; b) Free rotation. 

      As seen from Fig. 4, in the case of the restricted rotation, the equivalent stress at the place 

where the internal and external steel wires contact is larger, followed by the central steel wire 

and the outer steel wire of the anchor cable is the smallest. Due to the existence of the contact 

pressure, the local stress concentration occurs in the inner and outer contact areas, but it has 

little effect on the overall distribution. The stress distribution of the central steel wire is 

relatively uniform, and the outer steel wire decreases in layers from the inside to the outside 

of the anchor cable. Under the condition of the free rotation, it is also the place where the 

internal and external steel wires contact of the anchor cable is the largest, due to the influence 

of the torsion, there is a certain range of the stress concentration in the contact areas of the 

internal and external wires. Starting from the contact area, the central steel wire decreases 

from the outside to the inside in a concentric circle form, but the outer steel wire decreases 

from the inside to the outside in a half moon form, showing obvious delamination. 

      It can be seen from Fig. 5, there is no obvious difference among these anchor cables under 

the same boundary conditions. The equivalent stress is greater in the free rotation case than in 

the restricted rotation case, which indicates that the torsion intensifies the stress concentration 

of the anchor cable. The anchor cable is easy to yield under the torsion stress, and the torsion 

stress is an unfavourable loading mode. The order of the equivalent stress of three kinds of the 

diameters in different conditions is 9.5 mm < 12.7 mm < 15.2 mm, it shows that with the 

increase of the diameter, the stress concentration degree of the anchor cable increases, but the 

increase is not obvious. 

 

Figure 5: The maximum equivalent stress-strain curves of different cable diameters. 

4.3  Tension-torsion coupling effects of anchor cable 

Axial stress: When the strain is 0.64 %, the axial stress of the cross-section of the anchor 

cable under the conditions of the restricted and free rotations is shown in Fig. 6. It can be seen 
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from Fig. 8, the axial stress distribution of the anchor cable is relatively uniform without 

rotation, and the place where the inner and outer wires contact is smaller, because the place is 

not only pulled but also squeezed. Among these wires, the axial stress of the inner wire is the 

largest, and the outer wire decreases gradually from the inside to the outside, with a little 

change. Under the condition of the free rotation, the axial stress distribution is extremely 

uneven. The axial stress of the inner wire is larger, which of the outer wire is gradually 

reduced from the inside to the outside, the layering phenomenon is obvious. 

    
a)  b) 

Figure 6: The cross-section axial stresses under two conditions: a) Restricted rotation; b) Free rotation. 

      As can be seen from Fig. 7, the mean value of the axial stress of the cross-section under 

free rotation is smaller than that under the restricted rotation, therefore, the provided tensile 

force under the same elongation is smaller, and the elastic modulus is reduced. On the other 

hand, the elastic modulus of the steel strand will be reduced because part of the external work 

done by the axial load is used to untwist in the case of free rotation. 

 

Figure 7: The axial stress distribution curves of anchor cable. 

Shear stress: As can be seen from Fig. 8, the shear stress of the inner wire under the 

restricted rotation condition is positive (untwisting direction) and approximately zero, 

indicating that it does not twist. The shear stress of the outer steel wire is negative (tight 

rotation direction), because it is restrained by the counter torque. In the case of the free 

rotation, the cross-section shear stress distribution is in a petal form, and the value of the 

contact area of the inner and outer wires is close and the direction is opposite, which indicates 

that the inner wire is also twisted by the shear effect of the outer wire, and the internal and 

external torque cancel each other. The central wire decreases in concentric circles from the 

outside to the inside, and the shear stress in the external wire gradually changes from negative 

to positive, and there is a critical layer in the middle of the anchor cable. 
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a)  b) 

Figure 8: The cross-section shear stress under two conditions: a) Restricted rotation; b) Free rotation. 

      The shear stress values at different positions from the centre of the anchor cable are 

extracted as shown in Fig. 9. It can be found from Fig. 9 that the shear stress is distributed 

uniformly under the restricted rotation, and the shear stress fluctuates greatly under the free 

rotation condition. 

 

Figure 9: Shear stress distribution curves of anchor cable. 

      Elastoplastic state: As seen from Fig. 10, the points on the cross-section of the anchor 

cable reach the yield stress almost simultaneously under the restricted rotation condition, 

which makes the elastic-plastic transition stage on the tension-strain curve change sharply. 

 
a)  b)  c) 

Figure 10: Equivalent plastic strain evolution with different strains under restricted rotation: a) 0.93 %; 

b) 1.09 %; c) 1.27 %. 

      As can be seen from Fig. 11, in the case of the free rotation, the plastic flow starts from 

the highest point of the equivalent stress and gradually spreads on the steel wire cross-section 

of the anchor cable, resulting in a slow transition from the elastic stage to the plastic stage. 
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a)  b)  c) 

Figure 11: Equivalent plastic strain evolution with different strains under free rotation; a) 0.78 %;  

b) 0.93 %; c) 1.09 %. 

4.4  Lay angle effect on pulling steel strand 

The lay angle is an important geometric parameter of the anchor cable, which greatly affects 

on the mechanical properties of the anchor cable. According to China’s GB5224-2014 

specification, the lay length of 1860 MPa steel strands with a diameter of 15.24 mm should be 

12-16 times of the diameter, and the corresponding lay angle is 7.52 °-9.98 °, so three kinds of 

the finite element models of the steel strand with different lay angles of 6 °, 8 °, and 10 ° are 

established, respectively. Taking the lay length as the model length, and the material 

parameters are the same as listed in Table II. 

      As seen from Fig. 12 a, when the anchor cable is not rotating, the elastic modulus and 

bearing capacity decrease slightly with the increase of the twist angle. With the lay angle 

increasing, the helicity of the steel wire increases and the contact stress increases. As can be 

seen from Fig. 12 b, with the increase of the lay angle, the elastic modulus and bearing 

capacity of the steel strand are reduced under the free rotation. But the degree of decline is 

more obvious than that under the restricted rotation, indicating that the response to the change 

of the lay angle is more sensitive under the free rotation. 

  

a)  b) 

Figure12: Axial force-strain curves under different conditions: a) Under restricted rotation; b) Under 

free rotation. 

      As can be seen from Fig. 13, with increase of the lay angle, the torque of the steel strand 

also increases. According to Eq. (10), the tension-torsion coupling coefficients of the three lay 

angle cables can be obtained 6.1 %, 11.6 % and 19.3 %, respectively, which indicates the 

larger the twist angle is, the more serious the tensile force loss of the steel strand caused by 

the rotation. Therefore, the strength of the steel strand can be improved by reducing the lay 
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angle. However, if the twist angle is too small, it will lead to the increase of the elastic stress 

and the deterioration of the softness of the wire rope. 

 

Figure13: Torque-tension curve with different lay angles under restricted rotation. 

      Moreover, the default lay angle of the steel strand in the production process cannot be less 

than 7 °. When the twist angle is less than 7 °, the twisted steel wire does not undergo the 

plastic mapping, and the steel wire cannot maintain the spiral shape, which makes the 

stranded wire extremely easy to loose and the wire has a large elastic stress. Therefore, when 

choosing the lay angle of the steel strand, it is necessary to consider all kinds of factors, and 

then make a reasonable choice. 

5. CONCLUSIONS 

Taking three kinds of diameter anchor cables as samples, the mechanical properties and 

tension-torsion coupling effects of the anchor cables under free and restricted rotations were 

studied, and the main conclusions are as follows. 

      The coupling coefficient of the tension-torsion and the torque both increase with the 

increase of the diameter and lay angle of the anchor cable. The maximum equivalent stress 

appears in the contact area of the internal and external wires, and the equivalent stress is large 

when it is under the free rotation. The torsion aggravates the uneven degree of the stress of the 

outer wire, causing the decrease of the mean value of the axial stress of the section under the 

same strain. With the increase of the lay angle, the elastic modulus and the ultimate bearing 

capacity of the steel strand are decreasing. Choosing the lay angle of the steel strand is 

necessary to consider all kinds of factors and then make a reasonable choice. 

      The conclusions can provide a reference for the evaluation of the pulling anchor cable 

under the free and restricted rotations. However, the anchor cable not only bears the tensile 

and torsional loads, but also shear, bending, impact and other loads, so the mechanical 

properties of the anchor cable can be further studied under the complex loads. 
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