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ARTICLE INFO ABSTRACT

Keywords: Wire rope vibration isolators (WRI) are used to protect
Wire rope vibration isolator particularly sensitive and high technology products from severe
Vibration isolation dynamic loads such as shock and vibration. WRI is widely used
Damping ratio in many industries, especially in the defense and space industry.

In this study, the effect of rope material used in WRIs on
vibration characteristics was experimentally investigated. WRIs
were fabricated using nuflex, stainless steel and galvanized steel
ropes as the main material component of the rope. Design and
fabrication of 3 identical WRI models each with a rope diameter
of 3 mm, namely Nufleks (NWRI), stainless (SWRI) and
galvanized steel rope vibration isolator (GWRI), were
performed. The produced WRI models were subjected to
tensile-compression tests under different speed and pre-load
conditions and then, force-displacement responses were
obtained. In addition, dynamic vibration tests of WRI models
were performed using the shaker system and accelerometers. As
aresult of the studies, it was observed that the rope material used
in the WRIs significantly affected the vibration characteristics.
When the quasi-static test results are examined, it is clearly
understood that GWRI exhibits a more rigid characteristic
compared to other models. At the same time, when the damping
ratios obtained from hysteretic cycles are compared, it is clearly
seen SWRI has the highest damping ratio. When the dynamic
tests performed by shaker are examined, it is clearly seen that
the isolator with the best vibration isolation characteristics is
SWRI.

1. Introduction

Vibration isolators are widely used to protect sensitive machinery equipment, electronic devices,
military tools and equipment from harmful shock and vibration effects. Vibration isolators can
come in a variety of designs, forms and features. Over the past years, various equipment has been
designed to isolate the structure from unwanted vibration energy and to reduce vibration. Unlike
conventional steel spring and elastic wedges, one of these types of vibration isolators are steel
rope vibration isolators (WRI). WRI is widely used in industrial applications due to their high
performance in shock isolation and vibration isolation. The most common use of WRIs is to
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minimize the vibration and shock effects that occur during the transportation of military
equipment. Protection of sensitive electronic equipment from environmental shock effects and
vibration effects caused by earthquakes is a separate application area. At the same time, it is the
most appropriate and economical method to protect from the harmful effects of vibration in
systems exposed to such shock and vibration effects. WRIs consist of holders and ropes made of
different materials. The final WRI is then obtained by fixing the ropes between two holders that
are parallel to each other. A relative movement occurs during active operation between the
bundles of wires forming the rope. Due to this relative motion, the WRIs exhibit a non-linear
characteristic due to the friction that occurs between each wire. WRIs are widely used due to
their high damping performance and affordable cost (Balaji, Moussa, et al., 2015; Balaji,
Rahman, et al., 2015). Damping occurs with the effect of friction between the ropes and at the
same time creates an energy dissipation in the system depending on the damping. Thus, some
studies have been carried out on the use of ropes in vibration isolations due to their mechanical
characteristics (Rashidi & Ziaei-Rad, 2017; Spizzuoco et al., 2016; Vaiana et al., 2017). Due to
this complex structure, its dynamic behavior cannot be adequately analyzed. They have benefits
such as low cost, resistance to thermal effects, high fatigue strength and resistance to shock
effects, in addition to the mechanical damping characteristics of WRIs in three main directions.
Alexandri et al. studied the effectiveness of WRIs for seismic protection in electronic devices. In
their experimental studies, they found that the WRI is suitable for seismic vibrations (Alessandri
et al., 2015). In order to predict the vibration response of WRIs and to use isolators more
effectively, it is very important to accurately define the dynamic characteristics of WRIs under
both static and dynamic loads. Tinker and Cutchins created a quasi-experimental model with
variable cloumb friction and non-linear stiffness to model the dynamic characteristics of the
helical wire-rope isolator. In their studies, they observed that energy dissipation increased due to
the damping effect with increasing excitation amplitude for all frequency values (Tinker &
Cutchins, 1992). While a modified Bouc-Wen model is used to explain asymmetric hysteresis
curves in the vertical position, the general Bouc-Wen model was used in their study to explain
the symmetrical hysteresis loops of the isolators in the case of horizontal loading (Bouc, 1971;
Wen, 1976). As a result, it has been obtained from the study that the hysteresis damping of WRI
decreases with the increase of the shaker excitation amplitude. However, the results were
obtained by applying the limited displacement amount in horizontal and vertical directions to the
WRI. Ko and Ni developed an experimental model to describe the hysteresis power of WRI (Ko
et al., 1992). In their experimental study, it was observed that the force and displacement
hysteresis cycles of WRI are independent of frequency but dependent on amplitude. Gerges
developed a quasi-analytical model to describe the force displacement curve for a wire rope under
tensile compressive loading, in which all model parameters are verified by the spring
characteristics and dimensions (Gerges, 2008). Leenen and et al. have studied the non-linear
hysteresis characteristics of a WRI under static harmonic cycle load (Leenen, 2002). In their
work, a modified Bouc-Wen model was used to describe the force displacement hysteresis loops
of the WRI. Schwanen and et al. studied a modified Bouc-Wen model to describe the hysteresis
behavior of a WRI under quasi-static cycle load (Zhao et al., 2013). However, as a result of the
studies, the dynamic behavior of WRI could not be predicted exactly. For large displacement
amplitudes, acceptable results were obtained as a result of theoretical frequency sweep
simulation. Paolacci and Giannini conducted studies on helical WRI for seismic protection in
high voltage electrical equipment (Paolacci & Giannini, 2008). The efficiency of the isolation
system is defined by simulating the seismic response of a 420 KV switch using a regulated Bouc-
Wen model. Zhou and et al. studied an artificial neural network-based hybrid modeling technique
to model the hysteresis behavior of a helical WRI (Chungui et al., 2009). Dynamic tests were
carried out at two different amplitudes and frequencies. Experimentally obtained data were then
used to develop a hybrid model for any system. However, the method requires more experimental
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data to predict the dynamic behavior of the isolator at frequencies and amplitudes other than
experimental studies. In their study, a closed shape approach is applied to the isolation system
and then the response curves are obtained. Rashidi and Ziaei-Rad examined the dynamic
characteristics of WRI. The experiments were carried out using both quasi static and dynamic
tests. A modified Bouc-Wen model was then used to predict the dynamic behavior of the WRI.
Using the experimentally obtained data, an artificial neural network model was created and used
to predict experimental situations not used in network training. It has been revealed that the
results obtained from the artificial neural network can well predict the hysteresis behavior of
WRI. Finally, Foss examined a new technique to determine the damping characteristics of a
helical WRI from force displacement hysteresis loops of the isolator applied quasi-static load
cycle instead of directly measuring the dynamic behavior of the isolator (Foss, 2006). In the
literature research, hysteresis behavior of WRI exposed to quasi-static cycle load has been widely
examined. However, there are more than one parameter that affects these hysteresis behaviors of
isolators. Many parameters such as rope material used in the isolator, rope geometry, rope
diameter, rope winding number and direction affect the isolator to exhibit a non-linear behavior
in its dynamic characteristics. In this study, the effect of the rope material used in the isolator on
the characteristics of the isolator is examined. For experimental studies, three different WRIs in
identical sizes with different rope materials, namely galvanized, nuflex and stainless, were
produced. Hysteresis curves of WRIs were obtained with experimental studies at different
displacements under quasi-static cycle load. After quasi-static tests, dynamic tests of WRI ‘were
carried out by an electrodynamic shaker system. As a result of dynamic tests, damping
characteristics of each WRI have been obtained.

2. Materials and Methods
2.1. Types of WRI

Galvanized, stainless and nuflex rope materials were preferred for the production of WRI.
These types of materials, which are widely used in the industrial areas, are preferred in various
applications according to their properties. The material called galvanized is preferred especially
for equipment operating in corrosive environments. Galvanized coating process is carried out
using the hot dip method with a steel-based material. The resistance of the new material
obtained in corrosive environments is increased. However, as a result of the coating process
applied, capillary cracks occur in the coating depending on the texture structure of the material,
and this situation negatively affects the fatigue strength of the material. Nufleks is a steel-based
material. Nuflex ropes are the types of ropes that have a large number of bundles and the
diameter of the wires forming the bundles is very small. Due to the large number of bundles,
when they are subjected to loading compared to conventional ropes, their relative rotation on
their axes is restricted. At the same time, since the diameters of the wires forming the bundles
are very small, they tend to bend easily and show high elasticity. Finally, 316 stainless steel
was preferred for stainless material, which is a material with high corrosion resistance. For
these three materials used in the study, elemental analysis was carried out using Hitachi X-
MET8000 Optimum device. The results obtained for galvanized, stainless and nuflex materials
as a result of elemental analysis are presented in Table 1.

Each of the ropes supplied has a rope diameter of 3 mm. WRI models are 60 mm high and 43
mm wide, and all models have identical geometric dimensions. For experimental studies, 3
different WRI models were designed and produced: stainless (SWRI), nuflex (NWRI), and
galvanized (GWRI).
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Table 1.
Elemental analysis results for WRI rope materials
SWRI NWRI GWRI

Cr 16.88+0.149 0.14+0.014 0.14+0.014
Ni 10.27+0.129 - -

Mn 10.27+0.129 0.52+0.027 0.49+0.030
Mo 10.27+0.129 - -

Si 10.27+0.129 1.57+0.068 1.60+0.078
Cu 10.27+0.129 0.04+0.008 0.04+0.008
Co 10.27+0.129 0.10+0.008 0.10+0.008
P 10.27+0.129 0.25+0.023 0.25+0.023

Fe - 96.89+0.27 97.194+0.30
Zn - 0.21+0.015 0.21+0.015
S - 0.21+0.011 0.21+0.011
A\ - 0.03+0.010 0.03+0.010

2.2. Fabrication of Models of SWRI, NWRI and GWRI

The production of 3 different SWRI, NWRI and GWRI models, all of which are identical in
geometric dimensions, was carried out at the Sakarya University Mechanical Engineering
Vibration Laboratory. Steel ropes prepared in equal lengths were fixed in the middle between
two plates. Later, the ends of the idle ropes were twisted in 'S' shape and assembled between
the other two plates on the opposite side. Finally, the final WRIs were obtained. The production
stage and the final model produced are shown in Figure 1.

Figure 1. Assembly of WRI

2.3. Quasi-Static Tests

The quasi-static tests of all WRI models were carried out using the Instron brand test device at
the Sakarya University Metallurgy and Materials Engineering Mechanical Stress Laboratory.
Load-displacement tests were carried out at 3 different speeds, 10 mm/min, 50 mm/min and
100 mm/min for each model. Tensile and compression forces were applied to each WRI model
from the accepted static equilibrium point by giving a certain preload Figure 2. Quasi-static
hysteresis loops of each WRI model were obtained. Linear spring coefficients and damping
ratios of each WRI model were determined by means of Hysteresis loops.
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Figure 2. Quasi-static tests of WRI

The force-displacement response was obtained by applying a linear force to the WRIs from the
equilibrium point as a full cyclic load. Some of the energy is absorbed while the WRI undergoes
deformation. The amount of energy absorbed by the WRI during the deformation process
represents the hysteresis amount of the WRI. The loading and unloading displacement curves
in the force-displacement response are called the hysteresis loop as seen in Figure 6. During
deformation, internal creep occurs between the contact surfaces of the rope wires of WRI and
between the material molecules. Frictional resistance causes some energy loss during
deformation when the WRI undergoes full cycle deformation. This energy loss is expressed by
hysteresis, E;;ss. The opposite of hysteresis is known as resilience. Resilience, on the other
hand, refers to the amount of Eg;, elastic energy stored in the WRI as a result of deformation
and recovered when the loading is removed. E;, also refers to the total amount of energy
required to deform the WRI as seen Figure 3.

Force [N]

Figure 3. Experimental hysteresis curve of WRI for 10 mm/min speed

In Figure 6, the area covered with ACDEFG curves expresses the hysteresis amount of the
WRI and the area of the AAOC triangle expresses the WRI resilience amount. The ratio
between hysteresis and total energy is known as the damping ratio. The ratio of the actual
damping factor to the critical damping factor is expressed as the damping ratio ¢. The damping
ratio and spring coefficient of each WRI model can be obtained by means of hysteretic loops.
The stiffness of each WRI model can be determined by the slope of the line segment OA that
connects the O center point and the A end point of the closed loop that occurs during loading
and unloading. The equivalent hysteretic damping of a nonlinear structural system for
equivalent viscous damping can be expressed (Warburton, 1995). Similarly, damping ratio of
WRI can be calculated with the help of E;;5c and E;, energies by using the following equation
by using hysteresis loops (Bratosin & Sireteanu, 2002).
1 Ediss

loop AT Esto

(1)
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2.4. Vibration Tests of WRI

Vibration tests with swept sine, harmonic and impulse methods were performed for WRI
models using the shaker system in the Mechanical Engineering Vibration Laboratory of
Sakarya University. WRIs were exposed to vibrations of different amplitudes in the frequency
range of 0-100 Hz. Test data of WRI models were collected with accelerometers and data
collection system. Natural frequencies, vibration isolation performances and damping ratios of
the WRI models were obtained by vibration analysis. For vibration tests of WRIs, 300 N
capacity LDS electrodynamic shaker, 4 channel Bruel & Kjaer brand Photon+ vibration
analyzer (DAQ), 2 units of Bruel & Kjaer accelerometer with 100 mV/g sensitivity were used
Figure 4. For preloading, 0.1 kg of mass is attached on the WRI models. One of the
accelerometers is positioned on the shaker and the other on the WRI to measure the vibration
of the WRI and evaluate the vibration isolation performance.

Figure 4. WRI test system, front view (left), top view (right)

In order to provide pre-stress to the isolators, a mass of 0.1 kg is attached to the WRI. The
vertical frequency range (1-100 Hz) of the WRI models was determined by driving the jarring
swept-sine function. The frequency response was obtained by collecting the dynamic behavior
data of each model with accelerometers through vibration tests. During the test, the natural
frequencies of WRIs were determined by observing and measuring the WRI behavior at each
frequency. Vibration isolation performances of WRI models were examined by means of
harmonic vibration test method using a vibration shaker. Impulse method was used to
determine the damping ratio of WRI models with vibration test. While the WRI models
subjected to harmonic load in a continuous regime state were vibrating, transient responses
were obtained by suddenly interrupting the shaker excitation force. The damping ratios of each
WRI model in the resonance frequency were calculated by using the logarithmic decrement
method through the temporary responses of the system obtained. In transient vibration
responses, the logarithmic decrement amount is found by taking the logarithm of the ratio of
two consecutive acceleration amplitudes.
d =log n (2)
An+1
Where a,, is any decreasing acceleration amplitude in free vibration response, a,, is the next

consecutive acceleration amplitude. By using the logarithmic reduction amount, ¢ damping
ratio can be calculated with the following equation.

$vip = —F——=
1+ 2
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3. Results and Discussion

3.1. Quasi-Static Test Results

Force-displacement tests were applied to WRIs at 3 different speeds and in vertical direction.
Since inertia effects will increase at high speeds, it is obvious that dynamic behavior will also
change. Tests have been carried out at low speeds in order to neglect inertia effects. The
velocity values in the quasi static tests were applied as 10 mm/min, 50 mm/min and 100
mm/min. Hysteresis curves were obtained with a displacement of 22.5 mm for GWRI and
NWRI models and 25 mm for SWRI model. Hysteresis loops showing the force-displacement
responses obtained at various speed and loading conditions as a result of the quasi-static tests
of the WRI models are given in Figure 5, Figure 6 and Figure 7. As can be seen from these
figures, WRIs show non-linear viscoelastic behavior. When the hysteresis loops are examined,
the quasi-static force-displacement behaviors of the WRI models are very close to each other.
For that reason, it can be assumed that low velocities do not have much effect on the force-
displacement behavior of WRI models. However, when the results in the literature are seen,
the rigidities and damping ratios at high velocity values vary as a function of velocity [15].
Therefore, the stiffness and damping values change as the speed increases.

Force [N]
40

5 5 197 15 20
_#Displacement [mm]

10 mm/dak
50 mm/dak
100 mm/dak

Figure 5. Hysteresis loops of GWRI for different speeds

Force [N]
30

[ ) - 10 mm/dak
fo— 30T 50 mm/dak
100 mm/dak

Figure 6. Hysteresis loops of NWRI for different speeds
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Figure 7. Hysteresis loops of SWRI for different speeds

Since hysteresis loops were assumed to unchanged at low speeds, only hysteresis loops with a
speed of 100 mm/min of WRI models were examined. When Figure 8 is examined, it is clearly
seen that the GWRI model behaves more rigidly at all speeds. The rigidity of the NWRI and
SWRI models are closer to each other.

Force [N]
40

GWRI
NWRI
SWRI

Figure 8. Hysteresis loops of WRI models for 100 mm/min

The stored and dissipated energies of each WRI model calculated using the hysteresis curves are
given in Figure 9 and Figure 10, respectively. As can be seen from Figure 9 and Figure 10, the
stored energy of the GRWI model is the highest and the dissipated energy of the SRWI model is
the highest. Similarly, the stiffness of each WRI model can be calculated by using the hysteresis
curves. Average stiffnesses of the WRI models are given in Figure 11. GWRI model has the highest
stiffness with 2119.6222 N/m. The stiffness of the NWRI model was obtained as 1444.7655 N/m.
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Figure 9. The average elastic stored energies of WRIs
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Figure 10. The average dissipated energies of WRIs
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Figure 11. The average Secant stiffness of WRIs

Stiffness (N/m)
@
8

o
S
o

By substituting the calculated stored and dissipated energy values in Equation 1, damping ratios of
WRIs can be found, Figure 12. As seen in Figure 12, the damping ratio of the GWRI model is the
lowest and the damping ratio of the SWRI model is the highest. According to these results, it can be
concluded that the best WRI model for vibration isolation is SRWI and the worst model is GWRI.

0.35947
0.35 0.33845

0.27696

Damping Ratio
o
N

GWRI NWRI SWRI

Figure 12. The average damping ratios of WRIs

3.2. Vibration Test Results

The acceleration-time response image of the NWRI model at 50 Hz excitation frequency is given in
Figure 13. It is understood that the NWRI model provides very good vibration isolation at a frequency
of 50 Hz. Because only a small part of the shocking acceleration affects NWRI, the rest is completely
isolated by NWRI. Acceleration-time responses of other WRI models at 50 Hz are similar.
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Figure 13. Acceleration-time response of the NWRI for 50 Hz

Transient vibration response of GWRI is shown in Figure 14. WRI damping parameters, ¢ and
natural frequencies, f,, obtained from vibration tests are given in Table 2. According to the
vertical results obtained, the damping rate of the SWRI model is the highest and the damping
rate of the GWRI model is the lowest. The damping rate results also confirm their vibration
isolation performance.

WRIK

0100 0.:z00

anpk  Shaker FFT{) [ WRILFFTi)

120 150 180 ZTU 240 27 300 330 360
= Frequency (r)

Figure 14. Transient vibration response of GWRI

Table 2.
Damping parameters obtained from the vibration test
GWRI NWRI SWRI
& 0.18 0.21 0.26
£ [Hz] 22 15 17

The damping rates obtained from the hysterical cycle and the damping rates obtained from the vibration
test are compared in Figure 15. When the graph is examined, the damping ratio values obtained from
the hysteresis curves are higher than the damping ratio values obtained from the vibration test. However,
as can be seen from the graph, the damping values of WRIs increase proportionally for both test cases.
This variability in the damping rates obtained from both tests is due to the velocity parameters applied
in the tests. In quasi-static tests, not much variation is observed in the stiffness of WRI models for low
speed values. For this reason, a comparison has been made for a fixed speed value of 100 mm/min for
the quasi-static condition and vibration characteristics have been obtained. As can be understood from
the quasi static tests, it has been observed that speed has a direct effect on vibration characteristics. The
fact that the damping rates obtained from dynamic tests are smaller than those obtained from quasi-
static tests are explained by the performance of dynamic tests at higher speeds.
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Figure 15. Comparison of WRI’s damping ratios

4. Conclusions

Within the scope of the study, quasi-static and dynamic vibration tests of three different WRI
models with different rope materials were carried out in order to examine how the rope material
affects the vibration characteristics of WRI. Hysteresis curves of WRI models applying were
obtained by applying the quasi-static tests at different speeds of 10, 50 and 100 mm/min. From
the results of the hysteresis loops, the harmonic vibration test and logarithmic decrement
method was seen that the GWRI model had the highest stiffness and the SWRI model had the
highest damping. The other NWRI model was found to have moderate stiffness and damping
ratios. The reason why the SWRI model exhibits higher damping characteristics is due to the
higher friction characteristic, material including damping ability. Since the friction between
wires, strands and core is minimum, GWRI model has high rigidity and low damping. Using
the vibration shaker, the resonance frequencies of the GWRI, NWRI and SWRI models were
found to be 22, 15 and 17 Hz, respectively. At the same time, vibration isolation performances
were investigated all WRI models in the frequency range of 0 to 100 Hz. When the obtained
vibration isolation performance graphs are examined, the models showing the best insulation
characteristics at resonance frequency were determined as SWRI, NWRI and GWRI models,
respectively. It has been observed that the rope material compositions of WRI models have a
significant effect on the vibration characteristics of the vibration isolator.
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