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Abstract: In practice, the internal rubber dampers are widely installed inside the cable guide pipe
between the external viscous damper and the cable anchorage. In order to study the effect of the
internal damper on the performance of the external viscous damper, the theoretical analysis model of
a taut cable with an internal rubber damper and an external viscous damper is established in this
paper, where the internal damper is assumed to be a high damping rubber damper with a flexible
support and the external damper is considered to be a linear viscous damper. Then, the numerical
iterative formula and approximate solution expression for the cable modal damping ratio are derived.
Based on the approximate solution, the parameters of the internal rubber damper are analyzed
comprehensively, and its influence on the cable modal damping in cable multimode is studied as well.
Results show that, except for the support flexibility of the internal rubber damper, other parameters
will have a negative effect on external viscous damper effectiveness. From the perspective of cable
multimode vibration control, the installation of an internal rubber damper significantly weakens the
modal damping, and this effect is more pronounced in lower frequency modes.

Keywords: cable; vibration control; external viscous damper; internal rubber damper; parametric
analysis; multimode damping effect

1. Introduction

As an important force transmission member of the cable-stayed bridges, cable has the
characteristics of light weight, high transverse flexibility and low intrinsic damping [1].
It is extremely easy to be excited by the various types of environmental disturbances
to happen to different kinds of cable vibrations, such as rain-wind induced vibrations,
vortex-induced vibrations and parametric resonance, etc. [2-4]. Meanwhile, as the length
of the span of the cable-stayed bridge increases and the environment of the bridge site
becomes more and more complicated, the cable becomes more sensitive to the effects of
various loads and is prone to vibration problems. For cable vibration mitigation, there are
many countermeasures that have been used in practice [5-12]. However, increasing cable
damping by installing dampers is currently the most commonly used measure in real-world
cable-stayed bridges [7,8].

The application of engineering has also promoted the research of cable-damper sys-
tems by worldwide scholars. Carne [13] and Kovacs [14] were among the first researchers to
study cable-damper systems. Then, Pacheco et al. [15] developed universal design formulas
for the cable attached to a linear viscous damper system by using the complex eigenanal-
ysis method. Later, some scholars carried out more in-depth research; Xu and Yu [16],
Tabatabai and Mehrabi [17], Krenk and his collaborators [18,19], Main and Jones [20,21],
Zhou [22], and Chen et al. [23] studied the influence of cable sag, inclination angle, damper
stiffness, cable bending stiffness, damper support stiffness and damper nonlinearity on the
damping effect of the damper, and improved the design method of the cable damper in
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practical engineering. In recent years, negative stiffness dampers have also been widely
studied [24,25]. In addition, cable equipped with multiple dampers was also found to be an
effective method for cable multimode vibration control. Caracoglia and Main [26] studied
the combined damping effect of a cable equipped with two linear viscous dampers. Hoang
and Fujino [27] also carried out similar research and analyzed the installation of a viscous
damper and high damping rubber damper at the opposite end of the cable. Cu et al. [28]
investigated the damping of a cable equipped with two HDR dampers. Wang et al. [25]
focused on the cable with two inertial damper systems. Recently, Di et al. [29] carried
out theoretical and experimental research on the shallow cable with internal and external
dampers installed on both the same cable end and the opposite ends. To control the low-
mode rain-wind induced vibrations and the vortex-induced vibrations in high-frequency
modes of the cable at the same time, they further investigated the multimode damping ef-
fects of a cable with two dampers by the theoretical analysis method [30]. Nguyen et al. [31]
focused on improving the damping ratio of stay cables using a combination of two HDR
(High damping rubber) dampers.

In practice, to reduce the excessive bending stress induced by cable large amplitude
vibrations at the cable anchor point, rubber bushings are frequently installed at the cable
end steel guide pipe as a cable vibration buffer device. Considering that rubber material has
a certain energy dissipation capacity, the internal rubber bushings or other types are also
called rubber dampers. Installing both an internal rubber damper and an external viscous
damper is becoming more and more common, and relevant research work has also been
carried out. Yoneda et al. [32] focused on a cable attached with two dampers at the same end
and gave an equivalent replacement method to equate the two dampers to the cable with a
single damper. Their research obtained a practical cable modal damping estimation method
for stay cable with two dampers. Takano et al. [33] took the Tsurumi Tsubasa Bridge in
Japan as an example and simplified the rubber damper installed at the cable guide pipe into
a spring model. They theoretically analyzed the influence of the internal rubber damper on
the external damper and also verified that the damping effect can meet the cable vibration
reduction requirements after installing both an internal rubber damper and external viscous
damper by field test. Main and Jones [34] established a cable (tensioned string)-internal
ring rubber (linear spring)-external viscous damper (linear viscous damper) system model,
and obtained an approximate analytical solution for the modal damping of the cable system.
This approximate solution allows the design of the linear viscous damper to consider the
influence of the stiffness of the internal rubber damper.

With the improvement of rubber materials, its energy dissipation capacity has been
continuously enhanced. In previous studies, the energy dissipation of internal rubber
dampers is usually ignored. In addition, the rubber damper is usually installed at the end
of the steel guide pipe, and hence the damper support is relatively flexible. The influence of
the damper support has not been considered in the existing literature. Therefore, this paper
takes the loss factor and the support stiffness of the rubber damper into account, to establish
a refined theoretical analysis model. Then, based on this model, various parameters of the
internal rubber damper are analyzed in detail, and the influence of its parameters on the
performance of the external damper is studied as well. Finally, from the perspective of the
cable multimode vibration control, the multimode damping effect of a cable with a single
external damper and with both an external viscous damper and internal rubber damper
is analyzed.

The paper is structured as follows in subsequent sections. Section 2 presents the model
of a cable equipped with two dampers and derives asymptotic solutions for cable modal
damping ratios. Section 3 analyzes the influence of the parameters of the internal rubber
damper on the cable modal damping based on asymptotic solutions. Section 4 discusses
the cable multimode damping effect before and after the installation of the internal rubber
damper. Finally, Section 5 concludes the paper.
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2. Model of the Cable-Internal Rubber Damper-External Viscous Damper System
2.1. Model of Dampers

Considering that the bending stiffness of the guide pipe may be small, the support
stiffness of the rubber damper is included in the rubber damper model, as shown in
Figure 1a. The external viscous damper is considered an ideal linear viscous damper, as
shown in Figure 1b.

fa(t)
Va (t)

Ca

(a) (b)

Figure 1. Model of dampers: (a) rubber damper; (b) viscous damper.

In the rubber damper model, the loss factor and stiffness parameters of the damper
are denoted as ¢ and K, respectively. The stiffness of the guide pipe is denoted as ks. For
the model of viscous damper, cq is the damping coefficient. Then, the damping force of the
rubber damper is in the form [35]:

fe(t) = ksvs(t) = K(1 +ig)[vr(t) — vs(t)] 1)

where v, (t) is the cable displacement at the rubber damper location, vs(t) is the displace-
ment of the rubber damper support. In free vibration, the damping force can be rewritten
to a frequency expression.

=~ K(l+ip)
fr= 1+ K1 +ig)/ks " @
In addition, the damping force of the viscous damper is:
fa = cavq(t) ®)

where vy is the displacement at the viscous damper. Similarly, in cable-free vibration, the
preceding equation is written as:

fa = iwcgdy 4)

2.2. Formulation of Cable System

Considering that a cable is attached with two transversely dampers, this system can be
modeled by a taut cable with two transverse forces, as depicted in Figure 2. A coordinate
system is defined for cable with x starting from the left cable anchorage pointing rightwards
along the cable, and v(x, t) is vertical dynamic displacement. The internal rubber damper
and external viscous damper are at locations x; and x;, respectively, from the left cable end,
and x5 = L — xo. The cable length is denoted L, tension T, and mass per unit length is m.
The sag, bending stiffness and inherent damping of cable are here not taken into account.
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Figure 2. Cable with two transverse forces.
The equation of motion of the cable-dampers system is governed by the following
partial differential equation, as [36]:
0%v 0%v
32~ Mg = fi()d(x —x1) + fa(H)o(x — x2) ®)
where 6(+) is the delta function, i.e., the effect of the damper is modeled as concentrated
damping force f;(f) at x = x7 and f4(t) at x = x, respectively.
Under free vibration of cable, the displacement and the damping forces can be ex-
pressed as:

o(x,1) = 5(x)e'", fe(t) = fre and fy(t) = fae™” ©6)
where i = v/—1, w is the cable complex frequency, and v is the corresponding complex
mode shape. The mode shape v is obtained by considering the cable as a multi-span
structure connected at the damper locations, and @ has the following form [27]:

Gambh,  0<x<xn
~ ~ sin[B(xp—x)] ~ sin[B(x—x1)]
‘U(x) = rSin[ﬁ(xzzfxl)} + 04 sin[,B(xzfxll)}’ x1 <x<x (7)
5d%, 0<x*"<x;
where B is the complex wavenumber, § = w+/m/T. vy and 04 are the mode shape amplitude
at the internal rubber damper and the external viscous damper, respectively. At each
damper location, there are continuity conditions.
Jdv, , 0Jv, _ .
T(ax X; _axxf> =fit), j=12 8)
Note that f1(t) = f(t) and fo(t) = fq(t).
Substituting Equation (7) into Equation (8), one finds
~ 1 _ _RIT
Cot(ﬁX]) _'_ COt[IB(XQ - x1)] - %m - — ﬁﬁr (9)
U *\ fa/T
— & ey T otlB(x2 — x1)] + cot(Bx3) = _ffalad
Using Equation (9), the characteristic equation of the wavenumber 8 can be derived as:
fe/T fa/T fe/T fa/T
cot(Bxq) + fr/N cot(Bx3) + % + |cot(Bx1) + fr/N + cot(Bx3) + % cot[B(xp —x1)] =1 (10)
Bor Bog Box Bo4

2.3. Asymptotic Solution

When the internal rubber damper and external viscous damper are installed at the
same cable end and they are close to the cable end, i.e., x; and xp < L. The wavenumber
equation then reduces to:



Eng 2022, 3 228

0.5sin?(Bx1)T1 + 0.5sin?(Bxz)T2 — 0.5sin(Bx;) sin B(xp — x1) sin(Bx; )T T2
1+ sin(Bx7) cos?(Bx1/2)T'1 + sin(Bxz) cos?(Bxz/2)T, 4 cos? (Bxs /2) sin(Bxq) sin[B(xp — x1)|T1T2

tan(BL/2) ~ (11)

where _ _
(K +i¢K)
I =

BL (14 Kks +ipKks

),1—'2—117,

and K = KL/T, ks = T/ (ksL) and § = ¢ /~/mT.

Equation (11) can be solved for § using numerical methods, such as the fixed-point
iteration method.

The asymptotic solution is obtained by considering a small perturbation of the solution
without damping. In the absence of damping, the wave numbers of the simply supported
string are:

ﬁ%zirnzlizl"' (12)

Then, Equation (11) leads to:

2 2
ABy = 1 (Bhx1) Ty + (Bhx2) Ta + Boxi B (x2 — x1) Bxal'iTa 13)
"L 14 BTy + BhxaTa + BB (x2 — x1)TiTs
Finally, the cable modal damping ratio can be obtained by [36].
g?’l = Im(ﬁ”) ~ Im(AIB”)’ n= 1/2/' o (14:)

|Bn] Bh

2.4. Comparison of Asymptotic and Numerical Solutions

In order to verify the accuracy of the approximate solution, this section compares
the numerical solution with the approximate solution based on a typical case. In the
following discussion, assume that the rubber damper parameters K = 300, ¢ = 0.5,
x1/L = 0.01, xp/L = 0.02, ks = 0, 0.5. Figure 3a,b shows the cable modal damping
curves for the first three modes, with the rubber damper support flexibility coefficient
ks = 0,0.5, respectively. The abscissa is the damping coefficient of the external viscous
damper 5 = ¢/+/mT, and the ordinate is the modal damping ratio of the system. Note
that, for the exact solutions, the fixed-point iteration method is used to solve Equation (11)
for the complex wavenumber f,;, and then the cable modal damping ratio {, is obtained
by Equation (14). From Figure 3, it can be seen that the approximate solutions have a
great agreement with the exact solutions, which verifies the correctness of the analytical
formula for the system modal damping ratio. Therefore, the damping ratio asymptotic
solutions will be used for the parametric analysis and optimal design of dampers in the
following sections.

0.01 —T - - 0.012

L 0,008 %0%1
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0.004
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0.002 [ 0,002/

Figure 3. Comparison of asymptotic and numerical solutions with K = 300, ¢ = 0.5, x;/L = 0.01,
Xp/L = 0.02 and: (a) ks = 0; (b) ks = 0.5.
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3. Influences of Internal Rubber Damper on External Viscous Damper

To understand the influence of the internal rubber damper on the external viscous
damper, this section systematically investigates the influence of the stiffness, loss factor,
support flexibility and the installation position of the internal rubber damper on the
effectiveness of the external viscous damper, based on the asymptotic solutions.

3.1. Impact of Stiffness (K) of Internal Rubber Damper

Firstly, the influence of the stiffness of the internal rubber damper on the damping
effect of the cable is analyzed. In this case, suppose that the other relevant parameters
of each damper are ¢ = 0.5, ks =0, x;/L = 0.01,x,/L = 0.02. Figure 4a,b shows the
cable modal damping curves when the internal rubber damper with different stiffness
(K = 10, 100, 300, 500 and 1000) for the first and second cable modes, respectively.

S ———

0.01

Sl Ll --K=10
[ il TS ' S K =100
0.008 ~ge - L0008F S —-K =300 []
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= _— N g = 1000
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t p P ' Simee N &
[ 1l e _ g 1/ /& RS o
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[ 7 K =100 = i/
t £/ |=-=- K = 300 A }/:
0.002 /7% o 0.002 1/
i L [ K =500 002 .
pl |- - K =1000 ¥
¥ ¥
0 " A i A 0\ L A L
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Figure 4. Impact of stiffness of the internal rubber damper on cable modal damping with ks = 0,
¢ =05, x1/L=0.01, x/L=0.02and: (a)n=1;(b) n=2.

It can be seen from Figure 4 that the stiffness of the internal rubber damper has a
significant effect on the cable modal damping. For example, when the internal rubber
becomes nearly infinitely rigid, that is, K = 1000, the cable modal damping ratio is reduced
by nearly half of that without the additional rubber damper, owing to the rubber damper
being installed at x; /L = 0.01. Meanwhile, the cable is almost fixed at the location of
the internal rubber damper, which is equivalent to reducing the installation height ratio
(x2/L) of the external viscous damper from 0.02 to 0.01. The influence of the internal rubber
damper stiffness on the external viscous damper is consistent with the law of reducing the
installation height (x) or increasing the intrinsic stiffness of the external viscous damper,
which also verifies the rationality of the two equivalent replacement methods proposed by
Yoneda et al. [32]. It is worth noting that the optimal damping coefficient of the external
viscous damper for the maximum cable modal damping ratio increases as the increase of
the internal damper stiffness, as shown in Figure 4. In addition, it can be seen from Figure 4
that the starting points of the damping curves are not all located at the zero point. The
reason for this phenomenon is that the internal damper can also play a role in providing
damping, due to the loss factor of the rubber damper being considered. When only an
internal rubber damper is installed on the cable, an optimal stiffness value of the rubber
damper exists for maximizing the cable modal damping ratio. For instance, in this case, the
stiffness of the rubber damper K = 100 is better than other stiffness. With the increase of the
viscous damper coefficient 7, the negative effect of internal rubber damper on the external
viscous damper is apparent, due to the large stiffness of the internal rubber damper.

3.2. Impact of Loss Factor (@) of Internal Rubber Damper

In this section, the effect of the loss factor of the internal rubber damper on the

effectiveness of the external viscous damper is investigated. In this case, K = 300, ks = 0,
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x1/L = 0.01, xo/L = 0.02. Figure 5 shows the dependence of modal damping on the loss
factor of the internal rubber damper for ¢ = 0, 0.3, 0.5, 0.8, 1.0 and 1.5, respectively.
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[ p=0 2= 0.8
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2 [« 6| 2 g i 7%
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Figure 5. Impact of loss factor of the internal rubber damper on cable modal damping with K = 300,
ks =0, x;/L =001, xp/L =0.02and: (a)n=1; (b) n =2.

Compared with the internal rubber damper stiffness, the effect of the internal rubber
damper loss factor is very small, as depicted by the close-up view in Figure 5. Interestingly,
when the damping coefficient of the external viscous damper is relatively small, a larger
loss factor can help to improve the cable modal damping. On the contrary, when the
external viscous damper damping coefficient is larger, a larger loss factor is not conducive
to improving the modal damping. The main reason is probably that, when the damping
coefficient of the external viscous damper is small, the internal rubber damper plays a major
role in the damping contribution of the system, and a larger loss factor is helpful to dissipate
cable vibration energy and hence perform a larger cable modal damping. However, as
the damping coefficient of the external viscous damper increases, the viscous damper
temporarily takes a dominant position in the modal damping contribution. A larger loss
factor of the rubber damper will limit the amplitude of the cable at the installation position
of the external viscous damper, and then the effectiveness of the external damper will be
weakened. Generally speaking, when the cable is attached with an internal rubber damper
and an external viscous damper, the loss factor of the rubber damper has little influence on
cable modal damping and can even be negligible in practice.

3.3. Impact of Support Flexibility (k) of Internal Rubber Damper

This section discusses the impact of the internal rubber damper support flexibility
on the effectiveness of the external viscous damper. In this case, K = 300, ¢ = 05,
x1/L = 0.01, x/L = 0.02. Figure 6 shows the damping curves along with the parameter
for various rubber damper support flexibility ks for the first two modes.

It can be seen from Figure 6 that, from the perspective of cable vibration mitigation, the
larger the internal rubber damper support flexibility coefficient ks, the greater the maximum
value that the cable modal damping can achieve. In other words, flexible rubber damper
support is a benefit for the cable vibration control. Note that, when the damping coefficient
11 of the external viscous damper is very small, a large flexibility coefficient ks is not good for
improving the damping of the system. The main reason for this phenomenon is that when
the damping coefficient of the external viscous damper is very small, the internal rubber
damper plays a leading role in damping contribution, and the internal rubber damper’s
support flexibility will weaken its damping effect. As the damping coefficient increases, the
external viscous damper becomes the dominant damping contribution. The inner rubber
damper will weaken the damping effect of the external viscous damper, but the flexibility
of the rubber damper support will reduce its negative effect on the outer viscous damper.
Therefore, the greater the flexibility of the internal rubber damper support, the greater the
maximum modal damping that the system can achieve.
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Figure 6. Impact of support flexibility of the internal rubber damper on cable modal damping
with K =300, ¢ =05, x;/L =0.01, x,/L =0.02and: (a)n=1; (b) n=2.

3.4. Impact of Location (x1/L) of Internal Rubber Damper

This section studies the influence of the installation position of the internal rubber

damper on the damping effect of the external viscous damper. In this case, K = 300, ks = 0,
¢ = 0.5, xp/L = 0.02. Figure 7 shows the cable modal damping curves with the rubber
damper installed at a different location x; /L = 0, 0.005, 0.01, 0.015 and 0.02, respectively.
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Figure 7. Impact of location of the internal rubber damper on cable modal damping with K = 300,
ks=0, =05, xp/L =0.02and: (a)n=1; (b) n =2.

From Figure 7, it can be seen that with the external viscous damper with a small
damping coefficient #, the larger installation height of the internal rubber damper is
beneficial to the cable modal damping enhancement. However, with the external viscous
damper coefficient increases, the closer the internal rubber damper is to the external viscous
damper, the more obvious the damping effect of the external viscous damper will be
weakened. When the installation position of the internal rubber damper coincides with the
external viscous damper, i.e., x1/L = 0.02, the damping curve becomes almost a horizontal
line. In other words, the change of the damping coefficient of the external viscous damper
cannot improve its damping effect. The main reason for this phenomenon is that the greater
rigidity of the internal rubber damper restrains the cable vibration, which is equivalent to
reducing the installation height of the external viscous damper. In addition, the closer the
internal rubber damper is to the external viscous damper, the more significant this harmful
effect will be.

4. Multimode Modal Damping Effect Analysis

In practical engineering, the design of a cable damper often neglects the effect of the
internal rubber damper that is installed on the steel guide pipe inside the external damper.
In order to quantitatively measure the influence of the internal rubber damper on the
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damping effect of the external viscous damper, a real cable is selected for analysis in this
section. The cable parameters are listed in Table 1. Multimode damping of the cable with
only external viscous damper and both the internal rubber damper and external damper
are calculated separately.

Table 1. Parameters of cable for the present study.

Length L (m) Tension T (kN) Mass m (kg/m) Fundamental Frequency (Hz)
196.16 5436 100.18 0.59

For cable multimode vibration control, the damper design needs to consider all possi-
ble modes that are prone to vibrations [37]. For this reason, it is necessary to study the cable
multimode damping effect of installing both an internal rubber damper and an external vis-
cous damper. The external viscous damper damping coefficient # is determined to control
cable modes with a frequency within 3 Hz [8]. In addition, considering the requirements
for controlling rain-wind induced vibration, the target damping ratio is set to 0.005, and a
safety factor of two times is used herein, and then the damping ratio that the damper needs
to provide should not be less than 0.01. The cable fundamental frequency is 0.59 Hz, as
shown in Table 1; therefore, the first five modes are considered in the damper design.

Figure 8 shows the optimization results of the viscous damper damping coefficient.
Specifically, when the minimum damping ratio of the first five cable modes reaches the tar-
get damping ratio of 0.01, the installation height ratio (x2 /L) of the viscous damper is 0.027,
and then the optimal damping coefficient copt = 123 kN - s/m. With the optimized damper
parameters, the cable damping ratios in the first five modes are listed in Table 2. Assuming
that a rubber damper is installed at the orifice of cable steel guide pipe inside the external
viscous damper, and its parameters are set to K = 3000 kN/m, ks = 6000 kN/m, ¢ = 0.3.
Cable modal damping ratios in the first five modes, when the cable is attached with two
dampers, are obtained by using Equation (14), and listed in Table 2. It can be found by
comparison, as demonstrated in Table 2, the modal damping ratios of cable equipped with
only external viscous damper evidently reduced with the presence of the internal rubber
damper, and the maximum reduction reached 21.78%. It is worth noting that the internal
rubber damper weakens the modal damping more significantly in the low-frequency modes.
As the mode number increases, the negative effect of the rubber damper will decrease.
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Figure 8. Damping curves of cable equipped with a viscous damper for damper design.
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Damping ratio ¢,

Table 2. Multimode damping ratios of two different cases.

Mode

External Damper

Internal and External Dampers

Difference (%)

1

QG Wi

0.0101
0.0134
0.0129
0.0115
0.0101

0.0079
0.0113
0.0115
0.0106
0.0095

21.78
15.67
10.85
7.83
5.94

In order to meet the damping requirements of vibration reduction after installing the
internal rubber damper, the installation height of the external viscous damper needs to be
further increased. Figure 9 shows the optimization result of the external viscous damper,
considering the installation of the internal rubber damper. In this case, the installation
height of the external viscous damper needs to be increased to 0.031, and the optimal
damper coefficient is copt = 121 kN - s/m. The modal damping ratios of the first five modes
are shown in Figure 9b; clearly, the modal damping ratio of each mode has reached the
target requirement that the cable damping ratio is not less than 0.01.
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Figure 9. Optimal design of damper considering internal rubber damper: (a) design of viscous
damper; (b) multimode damping ratios.

5. Conclusions

can be drawn:

1.

In this paper, a taut cable was equipped with two dampers, i.e., an internal rubber
damper and an external viscous damper. The system was studied in detail, in which the
internal rubber damper was considered to be a rubber damper with flexible support and
the external damper was regarded as an ideal linear viscous damper. Then, based on the
asymptotic modal damping solutions derived in this paper, the influence of each parameter
of the internal rubber damper on the performance of the external viscous damper was
comprehensively analyzed. Finally, the damping effect was studied by considering an
internal rubber damper for cable multimode vibration control. The following conclusions

For the single-mode vibration of the cable, the stiffness of the internal rubber damper

has a significant negative effect on the external viscous damper. In the design of the
external viscous damper, the adverse effects of the stiffness of the internal rubber
damper should be considered; enhancing the energy dissipation capacity of the
internal rubber damper, i.e., increasing rubber damper loss factor ¢ is not good
for increasing the cable maximum modal damping. However, due to the small
loss factor of the internal rubber damper in practice, its influence on the external
damper is limited; the support flexibility of the internal rubber damper can reduce its
negative impact on the external viscous damper; the internal rubber damper harms
the performance of the external viscous damper, and its negative effects become more
pronounced as the rubber damper location is close to the external viscous damper.
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2. From the perspective of multimode vibration control, the installation of an internal
rubber damper can significantly weaken the cable modal damping in the first sev-
eral modes, and hence the adverse effects of the internal rubber damper must be
considered in the design of an external viscous damper. In addition, the negative
effect of the internal rubber dampers on the cable modal damping is more significant
in the low-frequency modes, and this adverse effect will be reduced as the mode
order increases.
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