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Abstract: Wire rope is a complex structure made by twisting wires of various sizes in the longitudinal
direction. It is used to support or move engineering structures and is subject to various tensions.
Dynamic properties are important parameters to evaluate the resistance to bending deformation and
vibration reduction of various structures. They are affected by the magnitude of tension. In this
study, an experimental method for measuring the frequency-dependent characteristics of wire rope
under tension is proposed. The study analyzed flexural wave propagation employing a vibration
transfer function. Experimental results showed that the transfer function of wire rope under tension
is affected by tension and bending stiffness. The Newton—-Raphson method was employed to
numerically measure wavenumbers of the wire rope. The bending stiffness and loss factor were
determined from the wavenumbers. Changes in the bending stiffness and loss factor as the tension
increased were explained by the dynamic behavior of the structure under tension. As the tension
increased, the bending stiffness increased, and the loss factor decreased. Hysteresis analysis indicated
that the energy dissipation of wire rope is greater than that of a steel beam due to the friction between
the wires. Statistical analysis confirmed a significant correlation between dynamic characteristics and
tension in wire rope.

Keywords: wire rope; dynamic characteristics; tension; transfer function method

1. Introduction

A wire rope is a structure made by twisting several strands around a core. Each strand
is composed of twisted steel wires. Wire ropes with high strength and flexibility are widely
used in various industrial sites such as construction, shipbuilding, and manufacturing
plants [1]. In particular, wire ropes are mainly used to move and support structures such as
large suspension bridges, elevators, cranes, and cable cars [2]. Exposed to external shocks
in their operational environment, wire ropes are susceptible to bending and vibration. Miti-
gating bending and vibration is crucial for maintaining the structural integrity of wire ropes
and their connected structures. Bending stiffness and loss factor are important dynamic
properties for evaluating resistance to bending and vibration damping. Because wire rope
is subjected to various tensions, it is necessary to investigate its dynamic properties for
various tensions.

It is important to investigate the change in bending stiffness when a wire rope is bent
or stretched. This change results from friction and relative movement among the wires.
The bending stiffness changed with the slip between the wires [3]. When there was no
slippage between the wires, they were glued and moved together. The wire rope behaved
like a rigid beam, and it had the maximum bending stiffness. Additionally, the friction
property of the wire rope was reduced due to no slippage between the wires [4]. The static
friction between the wires was overcome, and the bending stiffness began to decrease as
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the wires slid. It had the lowest bending stiffness when all wires slid completely. When the
wire rope transitioned from a loose state to a solid state, its moment of inertia increased [5].
The maximum bending stiffness appeared at high tension and low curvature [6]. The high
tension made the wire rope more like a rigid beam, and the wires were glued together
rather than sliding. As the tension was applied to the wire rope, a normal force was
generated between the wires [7]. The sliding friction along the contact line between
the wires was proportional to the normal force. Friction serves as an effective vibration
damping mechanism, transforming kinetic energy into thermal energy. The friction due
to relative motion between wires causes large damping. Scanning electron microscope
micrographs were used to analyze individual wire wear in steel wire rope [8]. Frictional
wear of the core wire was large, and the friction dissipated a large amount of energy. Most
of the energy dissipation in the wire rope was caused by friction between the wires [9]. The
damping was much greater in a wire rope, where friction could occur, than in a single wire.
The steel wire rope degradation mechanisms and damage detection methods highlight the
importance of understanding frictional interactions and wear in wire ropes [10].

Several studies have been developed to measure the vibration damping of wire ropes
and their associated structures. The damping of a cable-stayed bridge model was measured
using damped harmonic vibration caused by excitation with a hand-held shaker. The
damping value for the main mode was calculated from the attenuation curves based on
exponential curve fitting in the time domain [11]. The damping ratio of the stay cable
was calculated through vibration modal analysis, and the vibration was measured using
a video camera and a laser Doppler vibrometer [12]. The bending stiffness and vibration
damping of the wire rope were investigated according to the applied static tension [13].
The damping ratio of each mode was calculated through modal parameter analysis in
the frequency domain, and the damping ratio decreased as the tension increased. The
bending stiffness and material damping were estimated based on the maximum a posteriori
estimator with a frequency response function [14]. The effective bending stiffness of the
cable was calculated based on the simply supported beam theory [15]. The lateral impact
performance of wire ropes was studied to understand the wire ropes’ dynamic behavior
under various conditions, including tension and side impacts [16].

In many studies, the wire rope was modeled as an Euler beam under tension. The
vibration response of a tensioned Euler beam was theoretically solved under various
boundary conditions [17]. The Euler beam-based distributed transfer function method has
been developed to model the vibrational response of wire rope and cable structures [18].
The model included shear effect, tension, and hysteresis damping of helical strands. The
tensioned cable was modeled as a Euler beam, and the axial force, bending stiffness,
and rotational stiffness were investigated using its natural frequencies and modes [19].
The first few natural frequencies were used to investigate the axial force and bending
stiffness in the cable model [20]. The transfer function method has been used to investigate
dynamic characteristics for various structures. The dynamic properties of the complex
structure beams were measured based on the transfer function method. To analyze the
vibrations of sandwich beams of different core materials and a polymer beam, flexural
wave propagations were analyzed using the Timoshenko beam theory and Euler beam
theory [21]. In a recent study, a detailed mechanical analysis of a wire rope under tension
was performed, and the experimental results were verified using a finite element model [22].

Structures are subjected to various tensions over time, and their bending deformation
and vibration damping are important factors for safety and lifespan. In this study, the
dynamic characteristics of the wire rope under tension were measured using the transfer
function method. The flexural wave propagation was analyzed based on the Euler beam
theory. A wire rope and steel beam were used in experiment. A universal testing machine
applied a static load to the specimen, and a vibrating shaker excited random vibrations. The
vibration response was measured using two accelerometers. The steel beam was used to
measure the translational and rotational stiffness of the boundary conditions and compare
the dynamic characteristics of the wire rope. The frequency-dependent bending stiffness
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and loss factor were measured with increasing tension. For the wire rope, the bending
stiffness increased and the loss factor decreased as the tension increased. A regression model
was employed to determine the correlation between tension and dynamic characteristics.
Statistical validation was conducted to confirm the performance and significance of the
regression model. The regression model can be used for predicting dynamic behavior for
arbitrary tensions.

2. Wire Rope Flexural Vibration Modeling

The flexural vibration of a wire rope under tension is analyzed based on the Euler
beam model. The dynamic characteristics of the wire rope under tension are measured
through flexural vibration. Figure 1 shows a spring-supported Euler beam model under
tension. The ends are supported by the translational spring kr and the rotational spring
kgr. The static tension T is applied to the beam of length L. Force F is applied at a distance
Ls from the left clamp end to excite the beam. The equation of motion for the Euler beam
under tension is given as follows:

otw ?w 2w

ot Loz T Mgz =0 @

where w is transverse displacement, D is bending stiffness, and M}, is mass per unit length.
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Figure 1. Spring-supported Euler beam model under tension.

When a force is applied to the middle of the beam, the beam function satisfying
Equation (1) is given as follows:

W(x) = { zg;g; gfggxf;jé,
1 (x) = Aqsin Mx 4+ Ajcos Mx + AgeNx + A4e_N", (2)
Wy (x) = A5sin2\71<x — Lf) + AécosM(x - Lf) + AyeNG=Lp) | Age=NGx-Ly)
@3) - {¢E+ (EZ + 132)1/1 1/2, 3)
f=T/2D =Th /2Myw, b= (Mbwz/f))l/z, D =D(1 +in), )

where A;-Ag are complex amplitude coefficients, M and N are wavenumbers
(M =M, —iM;, N = N, —iN;), w is angular frequency, Dis complex bending stiffness, n
is loss factor, and H is the Heaviside step function.
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To obtain a general solution for the wave equation satisfying Equation (2), it is neces-
sary to solve for the unknown coefficients. Eight boundary conditions are used to determine
the coefficients as follows:

APW(0) _ 1 9wy(0)
D 8922 = kr alx ’
D63?;§0) = —kr1(0),

W1 (L) = w2(Ly),
a’dll(Lf) awz(Lf)

ox ox 5)
A 0 wl(Lf) A azwz(Lf)
D 0x2 =D oxz
Da ZU1(Lf) + T8w1(Lf)) + Tangﬁf)) Da wa2(3Lf) F/
X
A 9ty (L
DERE = k5,
3U

?S ) - deJZ(L)/

The eight equations are rearranged, and the unknown complex amplitude coeffi-
cients are solved via symbolic calculation. The transfer function for the tensioned beam
displacement is used to measure the wavenumbers, and it is expressed as follows:

W(x2)
W(x1)’

Ae'? = 6)
where A and ¢ are the amplitude and phase of the measured transfer function, and x; and
X, are the vibration measurement locations.

The unknown frequency parameter b = b, — ib; is calculated using the transfer function
method as follows:

A(xy) 9 -1 ,
|:br:| B |:br:| B Re ué(bXZ)/ %Lbj?) Re{zf)(xz) — z,f)(xl)/\elfp} (7)
bi iy Lbi];  |Im w(h 2) 3”3(;:2) Im{@(x7) — D (x1)Ae?} |’

By calculating the unknown frequency parameter b, the wavenumbers M and N
are determined. In addition, the bending stiffness and loss factor with frequency are

determined as follows:
D = Myw?/b?, (8)

3. Experimental Setup for Wire Rope Vibration Measurement under Tension

The widely used 19 x 7 construction wire rope was selected to investigate the vibration
dynamic characteristics under tension. The wire rope was composed of steel, and it had a
diameter of 8 mm, a length of 200 mm, a cross section of 29.70 mm?, a mass per length of
0.27 kg/m, and an elastic modulus of 200 GPa. Figure 2 shows the structure of the wire
rope used in the experiment. The wire rope had 19 strands, and each strand consisted of
7 wires. To investigate the effect of tension on the vibration of the wire rope, a static load
was applied to the wire rope using a universal testing machine (RB301 UNITECH-M, R&B
Co., Ltd., Daejeon, Republic of Korea). In order to compare with the wire rope structure, the
dynamic characteristics of the steel beam were additionally investigated. The steel beam
had a width of 30 mm, a thickness of 3 mm, a length of 200 mm, and an elastic modulus
of 200 GPa. Figure 3 shows the experimental setup for the vibration measurement of the
steel beam and wire rope under tensile test. They were supported by both jigs and excited
by a small vibration shaker. The vibration was measured by the two accelerometers. For
the steel beam, the vibration shaker and the accelerometers were attached at 2.4, 5.0, and
6.8 cm from the end, respectively. Tensions of 1, 2, 3, 4, and 5 kN were applied to the steel
beam and wire rope. A Fourier transform analyzer (3560-B-030, B&K Inc., Brodhagen, ON,
Canada) was used to measure the vibration transfer function with the tensions.
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Figure 2. Structure of the wire rope used in the experiment. The wire rope had 19 strands, and one
strand consisted of seven wires.

@ (b)

Figure 3. Experimental setup for the vibration measurement of (a) the steel beam and (b) the
wire rope under a tensile test. They were supported by both jigs and excited by a small vibration
shaker. The vibration shaker and the accelerometers were attached at 2.4, 5.0, and 6.8 cm from the
end, respectively.

4. Experimental Results and Analysis
4.1. Wire Rope Wavenumber Analysis under Tension

Flexural vibration measurements were conducted to investigate the dynamic charac-
teristics of the steel beam and wire rope under tension. A transfer function was obtained
from the flexural vibrations measured by the accelerometers. Figure 4 shows the measured
and predicted transfer functions of the steel beam without tension in the frequency range of
400-2000 Hz. The transfer functions were used to calculate the translational and rotational
spring stiffness of the joint between the specimen and the jig. They were 4.5 MN/m and
4.2 kNm/rad. Figure 5 shows the measured and predicted transfer functions of the wire
rope under tensions in the frequency range of 200-2000 Hz. The measured and predicted
transfer functions exhibited similarity for the wire rope without tension. As the tension
increased from 0 to 1 kN, the predicted transfer function from the Euler beam model shifted
to the right due to the effect of the applied tension. However, the measured transfer func-
tion with a tension of 1 kN shifted further to the right than the predicted transfer function.
This indicated that the dynamic properties of wire rope were more sensitive to tensions
compared to the steel beam. The difference between the predicted and measured transfer
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functions was attributed to the change in bending stiffness. The vibration transfer function
of the specimens under tension was affected by tension and bending stiffness factors.

1000 -
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Figure 4. Measured and predicted transfer functions without tension of the steel beam in the frequency
range of 400-2000 Hz. The transfer functions were used to calculate the translational and rotational
spring stiffness of the joint between the specimen and the jig.
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Figure 5. Measured and predicted transfer functions of the wire rope with tensions in the frequency
range of 200-2000 Hz.

Figure 6 shows the vibration transfer function of the steel beam and wire rope with
tensions. The transfer functions of the steel beam and wire rope were measured in the
frequency ranges of 400-2000 and 200-2000 Hz. As the tension increased, the transfer
function of the steel beam and wire rope shifted to the right. It was influenced by changes
in the tension and bending stiffness. The wavenumbers with frequency were measured
from the transfer function method. Figure 7 shows the measured wavenumbers of the
steel beam and wire rope under various tensions. There were two wavenumbers, M and
N, in the specimens due to tension. The harmonic wave’s wavenumber, M, held greater
significance compared to the non-harmonic wave’s wavenumber, N. The investigation
was focused on the harmonic wave’s wavenumber, M. As the frequency increased, the
values of the wavenumbers showed a tendency to increase. As the tension increased, the
values of the wavenumbers M, and M; showed a clear tendency to decrease. Flexural
wave speed c); was calculated by dividing angular frequency w by the wavenumber M,,
as represented by cp; = w/ M,. Figure 8 shows the measured flexural wave speed of the
steel beam and wire rope with tensions. The flexural wave speed was dependent on the
frequency. As the frequency increased, the values of the flexural wave speed showed a
tendency to increase. As tension increased, the flexural wave speed increased in both solid
beam and wire rope structures.
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Figure 6. Vibration transfer functions of (a) steel beam and (b) wire rope with tensions. As the tension
increased, the transfer function shifted to the right. It was influenced by changes in the tension and

bending stiffness.
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Figure 7. Measured complex wavenumbers of a (a,b) steel beam and (c,d) wire rope with tensions. As
the frequency increases, the values of the wavenumbers show a tendency to increase. As the tension
increases, the values of the wavenumbers M, and M; show a clear tendency to decrease.
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Figure 8. Measured flexural wave speed of a (a) steel beam and (b) wire rope with tensions. As the
frequency increases, the values of the flexural wave speed show a tendency to increase. As tension
increases, the flexural wave speed increases in both solid beam and wire rope structures.

4.2. Wire Rope Dynamic Characteristics Analysis under Tension

The dynamic characteristics of the steel beam and wire rope were analyzed with
tensions. The wavenumbers were used to measure the dynamic characteristics, including
bending stiffness and loss factor. Figure 9 shows the measured dynamic characteristics of
the steel beam and wire rope with tensions. The bending stiffness and loss factor of the
wire rope showed relatively large changes as the tension increased compared to the steel
beam. The moment of inertia was important because the bending stiffness was determined
by an elastic modulus and the moment of inertia. The steel beam, being in a solid state,
exhibited minimal changes in the moment of inertia as the tension increased. The bending
stiffness of the wire rope showed a relatively greater change as the tension increased than
that of the steel beam. On the other hand, as the applied tension on the wire rope increased,
it transitioned from a loose state to a solid state, resulting in a significant increase in the
moment of inertia. The loss factor of the steel beam remained relatively unaffected by the
increase in tension, whereas the loss factor of the wire rope showed a noticeable decreasing
trend. As the tension increased, the wire rope transitioned from a loose state to a solid
state, and the adhesion between wires and strands increased. The relative displacement
between the wires and strands was reduced due to the strong adhesion, which reduced
slippage between them. As sliding did not occur, the friction of the wire rope was reduced.
Because friction was associated with energy dissipation, a decrease in friction led to reduced
vibration damping. Unlike the wire rope structure, the steel beam structure had a weaker
relationship between tension and friction. Therefore, the tendency of vibration damping
with increasing tension did not appear clearly. Figure 10 shows the hysteresis curves of the
steel beam and wire rope. The area of the hysteresis curve expresses the energy dissipated
by internal friction. A large area of the hysteresis curve indicates a large vibration damping
and loss factor. The measured hysteresis curve areas of the steel beam and wire rope were
0.11 and 0.24 MPa, and the area of the wire rope was larger than that of the steel beam. This
indicated that the wire rope had a higher vibration damping and loss factor than the steel
beam. This supported that the wire rope, being in a relatively loose state compared to the
steel beam, exhibited greater energy dissipation due to friction. Figure 11 shows the average
dynamic characteristic values of the steel beam and wire rope with tensions. A regression
model was created to estimate the bending stiffness and loss factor with tensions. In the
model, R? was used to measure the correlation between the independent and dependent
variables, and the p-value was determined to evaluate the statistical significance. To ensure
statistical significance of the model, the p-value must be lower than 0.05 [23]. In the steel
beam, the R? and p-value were 0.643 and 0.055 for the bending stiffness, and they were
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Bending stiffness (Nm’)

Bending stiffness (Nmz)

0.012 and 0.837 for the loss factor. Therefore, the bending stiffness and loss factor of the steel
beam structure did not have a clear correlation with tensile force. As shown in Figure 4,
regardless of the change in dynamic characteristics, the transfer function shifted to the
right due to the increase in tensile force. In the wire rope, the R? and p-value were 0.995
and 9.75 x 107° for the bending stiffness, and they were 0.990 and 3.66 x 10~° for the
loss factor. Therefore, the dynamic characteristics of the wire rope structure had a clear
correlation with tensile force. The bending stiffness of the wire rope increased from 2.20 to
5.49 Nm?. The loss factor of the wire rope decreased from 0.062 to 0.038. Furthermore, the
regression model developed for the wire rope facilitates predictions of bending stiffness
and loss factor dependent on tension.
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Figure 9. Measured dynamic characteristics of the steel beam and wire rope with tensions (kN);
(a) bending stiffness and (b) loss factor of the steel beam. (c) Bending stiffness and (d) loss factor of

the wire rope.
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Figure 10. Hysteresis curves of the steel beam and wire rope. The area of the hysteresis curve

expresses the energy dissipated by internal friction.
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Figure 11. Average dynamic characteristic values of the steel beam and wire rope with tensions;
(a) average bending stiffness and (b) loss factor of the steel beam. (c) Average bending stiffness and
(d) loss factor of the wire rope. In the steel beam, the R? and p-value were 0.643 and 0.055 for the
bending stiffness, and they were 0.012 and 0.837 for the loss factor. In the wire rope, the R? and
p-value were 0.995 and 9.75 x 10~ for the bending stiffness, and they were 0.990 and 3.66 X 105>

for the loss factor.
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5. Conclusions

In this study, an experimental methodology for measuring frequency-dependent
characteristics of a wire rope structure under static tension was proposed. The transfer
function method was employed to numerically measure the wavenumbers of the steel
beam and wire rope. As the tension increased, the harmonic wave’s wavenumber showed
a clear tendency to decrease in the frequency domain. The bending stiffness and loss factor
were obtained from the wavenumbers. The bending stiffness and the loss factor of the
beam structure were not statistically correlated with tension. In the wire rope, the bending
stiffness increased and the loss factor decreased as the tension increased. The hysteresis
analysis showed that the wire rope exhibited higher energy dissipation compared to the
steel beam due to friction between wires. Additionally, the performance and significance of
the regression model for the wire rope were statistically verified. The proposed method
can be applied to measure the dynamic characteristics of diverse structures under various
tensions and to predict dynamic behavior for arbitrary tensions.
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