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Based on the vibration reduction mechanism of compound damping cables, this study focuses on the wind-induced vibration
control of high-rise structures with additional mass at the top. The differential equation of motion of the system under the action
of the composite damping cable is established, and the analytical solution of the additional damping ratio of the structure is
deduced, which is verified by model tests. The vibration response of the structure under the action of simple harmonic vortex
excitation and randomly fluctuating wind loads is studied, and the effect of different viscous coefficients of the dampers in the
composite damping cable and different installation heights of the damping cable on the vibration control is analyzed. The results
show that a small vortex excitation force will cause large vibrations of low-dampened towering structures, and the structure will
undergo buffeting under the action of wind load pulse force. The damping cable can greatly reduce the amplitude of structural
vibration. The root means square of structural vibration displacement varies with damping. The viscosity coefficient of the device

and the installation height of the main cable of the damping cable are greatly reduced.

1. Introduction

With the development of the social economy and techno-
logical progress, various towering structures have emerged
constantly. High-rise structures often have the character-
istics of a large slenderness ratio and or low damping. Under
the action of earthquake and wind load, large vibrations are
prone to cause fatigue cracks and even collapse. In addition,
some towering structures have huge additional mass at the
top, which reduces the natural frequency of the structure,
increases the wind load the structure bears, and makes the
wind-induced vibration of the structure more significant.
For example, steel structure high-pier rigid frame bridges in
the construction stage are prone to buffeting or vortex-in-
duced resonance due to wind loads [1, 2]. The wind turbine
tower with a height of more than 120 m has low rigidity and
low damping. The nacelle and blades on the top of the tower
not only increase the mass but also greatly increase the wind
load on the tower; then, the wind turbines are prone to large
vibrations under wind load [3-5]. Therefore, it is important

to investigate the vibration control problem of the high-rise
structure.

For large-scale vibration control of high-rise structures,
additional damping devices are mainly used for vibration
control. Battista et al. [6] studied the dynamic behavior and
stability of transmission line tower under wind forces and
the vibration control of the tower using the nonlinear
pendulum-like dampers. Zhang et al. [7] investigated the
seismic control of power transmission tower using pounding
tuned mass dampers (TMD). Carrato et al. [8] investigated
the tuned mass damper control of cross-wind excitation of a
solar tower. Xiang et al. [9] studied seismic vibration control
of building structures with multiple tuned mass dampers.
Peng et al. [10] studied the large-scale vibration control of a
long-span cable-stayed beam under time-delay technology.
Zhou et al. [11] investigated the optimum problem on wind-
induced vibration control of high-rise buildings with viscous
dampers. Li et al. [12, 13] studied the effects of structural
damping on wind-induced responses of a 243 m high solar
tower based on a novel elastic test model and mitigation of
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wind-induced responses of a cylinder solar tower by a tiny
eddy current tuned mass damper based on elastic wind
tunnel tests. Wang et al. [14] investigated the wind-induced
response control of high-rise buildings using inerter-based
vibration absorbers. Wang et al. [15] studied the wind-in-
duced vibration control and parametric optimization of
connected high-rise buildings with tuned liquid column
damper-inerter.

In general, these studies used different additional
dampers to control the vibration of the high-rise structure
and achieved better suppression effects. In particular, tuned
mass dampers (TMD) are used for vibration reduction.
When the structure vibration frequency is high, TMD has a
better suppression effect on the structure, but each TMD can
only suppress the vibration of one frequency of the structure,
which is suitable for the towering and flexible The vibration
suppression effect of the structure with multiple frequencies
or varying frequencies is poor. Moreover, the multimodal
and ultra-low frequency vibration of the existing high-rise
structures puts forward higher requirements for vibration
reduction, and there is an urgent need for an efficient and
economical vibration reduction method.

Therefore, in this study, a vibration reduction method
of compound damping cables is presented [16], and then,
the wind-induced vibration control of high-rise structures
using compound damping cables are investigated. Taking
the flexible column installed by an additional mass on the
top as the research object, the Lagrangian equation is used
to establish the composite damping cable-tall structure
vibration differential equation, and the analytical solution
of the additional damping ratio is obtained. Model tests
are used to verify the accuracy of the analytical solution.
Then, the damping effect of damping cables on wind-
induced buffeting and vortex-induced resonance of high-
rise structures is analyzed. Then, we organize the rest of
this study as follows. In Section 2, we introduce the
mechanical model of high-rise structures with compound
damping cable. In sections 3 and 4, the characteristic
problem and experimental verification are discussed,
respectively. Then, the wind-induced vibration response is
investigated in Section 5. A summary of results is pre-
sented in Section 6.

2. Mechanical Model

As shown in Figure 1(a), compound damping cable includes
main cable, auxiliary cable, hanger, spring, damper, and
return spring. The main cable can be approximated to a
straight line under a small tension due to the pulling force of
n booms with a reasonable spacing. A return spring with a
smaller stiffness and a damper are connected in series on the
main cable. When a high-rise structure undergoes lateral
bending vibration, since the tension stiffness of the main
cable is much greater than that of the return spring, the
deformation of the main cable is small, and the two ends of
the return spring have a relatively large relative displace-
ment. Dampers consume a lot of energy and can quickly
reduce the mechanical energy of high-rise structures, which
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is driven by the large relative movement of the two ends of
the return spring.

2.1. Stiffness of the Primary Cable. For stay cables, as shown
in Figure 1(b), the cable sag is large due to the action of
gravity load, which reduces the tensile stiffness of the cable
and becomes more obvious with the increase of the span of
the cable.

According to Ernst’s formula [17], the tensile equivalent
elastic modulus of the cable is obtained as

E,, = Ee
“1+(y’L’1120°)E,

= uE,, (1)

where E, is the elastic modulus of the cable material, y is the
gravity per unit volume of the cable, L is the span of the
cable, and o is the axial normal stress of the cable. For long-
span cable, if 0 remains the same, with the increase of span L,
a reduction factor of elastic modulus y is approximately
inversely proportional to quadratic cable span L. By applying
a transverse force F in the middle span, the cable sag can be
reduced as f, as shown in Figure 1(b). Under the condition
of the same cable force, the factor y will increase signifi-
cantly. If n transverse external forces are applied at equal
intervals of the stay cable to decrease the sag of the cable,
will increase with the increase of 7 until it approaches one, as
shown in Figure 1(a).

The role of the secondary cable and the hanger is only to
ensure that the main cable is easier to be straightened, and
the energy consumption effect of the secondary cable can be
ignored. The simplified mechanical model of the composite
damping cable is shown in Figure 1(c). The main parameters
include the mass per unit length of a homogeneous column
with uniform cross-section is m,, the additional mass at the
top of the column is M, the column bending stiffness is EI,
the return spring stiffness is k,, the main cable stiffness is k5,
the damper mass is 1, and the viscosity coefficient is c. The
main cable of the composite damping cable is installed
between section B of the structural column and the ground.
The height of the main cable is A, the inclination angle is 6,
the pretension is Fy, and the column height is H.

2.2. Equation of Motion. The motion equation of the high-
rise flexible structure with compound damping cable can be
obtained by using Lagrange’s equation, which can be
expressed as

or oU oY

d(or ——+—+-—=Q;(1), j=12
dt\oq;) o, oq; o, < JT oo

(2)

where g; and g; are the generalized coordinates and gen-
eralized velocity of the system, respectively, T is the kinetic
energy, U is the potential energy, ¥ is the dissipated energy,
Q; (t) is the external excitation corresponding to the gen-
eralized coordinate q;, and n, is the number of degrees of
freedom of system. The expression is as follows:



Shock and Vibration 3

7

Mass A

——————————————————————

Spring Compound | H

damping cable !

; Damper \

Secondary cable |
!
|
|
|

=

spring

|

!

|

: .
[Restoring
!

|

1

1

|

Structural column

Cross tie
\ Primarycable ™\ Anchorage
TTITT T 7
(@
FIGure 1: The simple controlled beam structure model.
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where v(x,t) is the vibration displacement function of the column. For the first-order mode, the expression of the
column, v(x,t) = Z(t)$(x), Z(t) is the vibration functionof =~ mode shape is as follows:
any section of the column, and ¢ (x) is the mode shape of the

600 = cosh(“1) oo ) - Sop 3 iy (9nn () - () ©

where w, is the first-order frequency, x is the position of the Substituting equations (3)-(5) into equation (2), we can
section, and H is the height of the column, as shown in  obtain the vibration control equation of the high-rise flexible
Figure 1. structure with compound damping cable:

d*¢ (x)

dx?

2
mPZ(t) J: ¢ (x)dx + MZ (£)¢” (x,) + EIZ(t)J:( ) dx +k, (¢ (xp)Z (t)cos 0 — y)p(xg)cos 0

(7a)
= —C(Z(t)¢ (xp)cos 6 — )'/)(/)(xB)cos 0,

maj = ky (¢ (x5)Z (0)c0s 0= y) + kyy = (2 (0)¢ (x)cos 0~ 7). .
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3. Characteristic Problem my < M, ignoring the influence of the damper’s inertial

force, equations (7a) and (7b) can be written as
To better understand the response of the system, so in this

section, the characteristic problem are studied. Since

Z[c(mp J: ¢ (x)dx + M¢* (xA))] +Z(t)

(k) [} 6o 1 1) )|

2 2
+ Z(t)|cks¢” (xp)cos® 0 + cEI JH [M] dx] (8)
0

dx?

dx?

- 2 2
+ Z(8) | kyks¢” (x5)cos” 0+ (ky + k;)EI JH [d gb(x)] dx] =0.
0

Then, the characteristic equation of equation (8) is as
follows:

a;s’ +b;s" +cs+d; =0, 9)

where
H
a = C<mp Jo ¢ (x)dx + M¢® (xA)),

H

b, = (k, + k3)(mp j ¢ (x)dx + Mg (xA)>,

0

2 2
¢, = cky¢” (xp)cos’0 + cEI jH [d (b(x)] dx,

0 dxz

2 2
dy = k;k; ¢’ (xp)cos” 0+ (k, + ky)EI JH [d ¢(x)] b
0

dx?

(10)

b —(@Yl + \/[—3-]Y2)

When the viscosity coeflicient of the damper ¢ = 0, the
natural frequency of the structure can be obtained.

w, = b_l (11)
Then, we introduce
A=b’-3ac,
B=b,c; —9a,d,, (12)
C=c-3bd,.

When A = B2 — 4AC = 0, the three roots s;, s,, and s; of
equation (9) can be written as

s = , (13)
3a,
—b, + (1/2)(VBIY, + VI3]Y,) + (V372)(VBT Y, - VB3] Y,)i u
6= iy , (14)
1
-b, +(1/2)(V[3] Y, + V[3] Y
where Y., = Ab, +3a, (-B + VB? —4AC /2),i* = 1. S = — A2 (VBIY, + VB 2),
Therefore, the general solution of equation (8) can be 3a, (16)
obtained:
L OBR(EIY, - VBIY,)
z(t) =y, + es“t(xzeis5t +X3e’i35t), (15) ’ 3a, .

where

The first term in equation (13) decays rapidly during

structural vibration, which is a real solution. Therefore, free
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FIGURE 2: Experiment site photos of high-rise structure and composite damper cable.

vibration is only related to the complex solutions of the
second and third terms. The damping ratio of the system is
(o5 b OD(VBIY ABIG)

w 3a,w,

n

For a low-damping system, when the assumed mode shape
is consistent with the actual mode shape of the structure,
equation (13) can obtain an accurate solution for the com-
pound damping cable to provide additional damping ratio for
the structure. When only a small error exists between the
assumed mode and the actual mode of the structure, the ap-
proximate solution of the additional damping ratio provided by
the composite damping cable for the structure can be ap-
proximately obtained from equation (14). For the column
structure, its mode shape is approximately obtained as

3 3HX? - x°

T 0<x<H. (18)

¢(x)

4. Experimental Verification

4.1. Experimental Model. In order to verify the correctness
of the theoretical analysis results, the model test of the damping
cable-column structure is first carried out. The height of the
column model is 3m, and the cross-section is a rectangular
steel tube with a cross-section of 60 mm x 40 mm x 3.5 mm.
The lower end of the column is anchored, and the upper end is
free. For the small sag main cable of the model test, the role of
the secondary cable is not required, so the damping cable only
contains the main cable, the return spring, and the eddy
current damper, and the main cable diameter is 1.5 mm steel
wire rope. The photo of the test site is shown in Figure 2, and
the parameter values are given in Table 1. Experiment

parameters are as follows: H = 3.0m, h = 2.0m, M = 160 kg,
my = 0.6kg, 0 = 7/4, k, = 3368 N/m, k; = 22384 N/m, and
Fy = 100N. The eddy current damper is composed of a
copper tube and a magnet. The relationship between the
number of magnets and the viscous damping coeflicient of the
eddy current damper is given in Table 1.

4.2. Comparative Analysis. The artificial excitation method
is used to make the structure vibrate. When the structure
amplitude reaches the set value, the excitation is suddenly
removed, and the structure continues to vibrate freely. Use
the SYNERGY data acquisition system to collect data on
structural vibration displacement, and the damping ratio is
calculated by the envelope method.

x = Ae ! sin (wyt), (19)

where A is the initial amplitude of free vibration, { is the
equivalent damping ratio, w,, is the natural frequency of the
structure, and w, = w,\/1 - .

Figure 3 shows the vibration displacement time history
curve of the structure. When the composite damping cable is
not installed, the damping ratio of the structure itself is
0.16%. When installing compound damping cables on the
structure, change the number and thickness of magnets in
the eddy current damper and measure the typical dis-
placement time history curve of structural vibration. When
¢ = 0 shows the displacement attenuation time history when
the damping cable is not installed with a damper. The cable
pretension acts on the fixed pulley, and the friction of the
fixed pulley can consume part of the energy of structural
vibration. ¢ =72Ns/m and ¢ =236 Ns/m show that the
displacement attenuation time history of the damping cable



TaBLE 1: Viscous damping coefficient of eddy current damper.
Number of magnets 1 2 3 4 5 6
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TaBLE 2: Additional damping ratio experimental value of high-rise
structure.

Viscous damping coefficient (Ns/m) 28 72 113 153 195 236

¢ (Ns/m) 0 28 72 113 153 195 236

90

Displacement (mm)
=)
1

-304  LURp ERERIEIAI
R
-70 T T
0 20 40 60
Time (s)
—— Without cable - - ¢c=0
—__ ¢=72Ns/m ¢ =236 Ns/m

Ficure 3: The time history curve of the system with different
damping coefficients c.

when eddy current dampers with different damping coef-
ficients is installed. It can be seen from the figure that the
damping cable can efficiently consume the energy of
structural vibration, so that the vibration of the structure is
attenuated quickly.

According to equation (15), the equivalent damping ratio
of the structure under each viscous damping coefficient can
be obtained. The experimental values of the additional
damping ratio of the eddy current damper under different
viscous coeficients are given in Table 2.

The additional damping ratio test value ¢* includes two
parts: the sum of the damping ratio of the pulley friction
caused by the main cable pretension and the damping ratio
of the structure itself { ? and the damping ratio of the viscous
damper %

=+ (20)

. H 2 . 2 H
m,Z(6) JO & (x)dx + MZ (1) (xA)+EIZ(t)jO (

cE (%) 067 0.88 113 150 1.82 203 229
(; (%) 0 021 047 084 115 136 1.62
&%) 0 019 048 076 1.03 131 159

where { ? is the damping ratio measured in the experiment
when the viscous coeflicient of the damper ¢ = 0. The re-
lationship between the measured viscous damper damping
ratio {* and the damping ratio {' is shown in Figure 4.

It can be seen from Figure 4 and Table 2 that when the
viscosity coefficient of the eddy current damper increases
from 0Ns/m to 236 Ns/m and the measured value of the
equivalent damping ratio of the model structure increases
from 0.67% to 2.29%, the resulting additional damping ratio
increased from 0 to 1.62%. According to the analysis of
equation (15), the analytical solution of the additional
damping ratio of the structure produced by the damper
increases from 0 to 1.59%. The analytical solution of the
additional damping ratio of the structure is consistent with
the test results, which verifies the analytical solution’s
accuracy.

5. Wind-Induced Vibration Response

High-pier cantilever construction of bridges and wind
turbine towers are prone to vortex-induced resonance and
buffeting under the action of fluctuating wind under wind
loads. Taking the test model as the research object, ignoring
the influence of friction, the damping cable’s influence on
the structure vortex-induced resonance and random wind
load is simulated.

In this section, we consider the force vibration of the
control system, added an external excitation F is applied to
the top of the model structure; then, the motion equation
can be obtained as

d*¢ (x)
x2

2
dx
d ) (21a)

+k, (¢(xp)Z (t)cos 0 — y)¢(x5)cos 0+ c(Z(t)qS(xB)cos 0- )'/)(/)(xB)cos 0 = F¢* (x,)s

ma3 —ky (9 (x5)Z (H)cos 0= y) + sy = c(Z ()¢ (x)cos 0= 7).

5.1. Vortex-Induced Resonance Response. In this subsection,
we discuss the damping effect of the damping cable; then, the
vortex-induced force can be approximately expressed as
F = F,sin wgit, so as to compare and analyze the damping
effect of different parameters of the damping cable on the
structure under the simple harmonic excitation, where the
vortex excitation force amplitude F; =10N. Using the
method of step-by-step integral, the relationship between the
vibration displacement time history of the top of the

(21b)

structure and the different viscous coefficients of the
dampers under simple harmonic loads is shown in Figure 5.
It can be seen from the figure that when the structure
undergoes vortex-induced resonance, the structural ampli-
tude gradually increases and finally enters a steady-state
vibration state. Under the action of a small vortex excitation
force, alow damping tower structure will also vibrate greatly.

As shown in Figure 6, the root mean square of the vi-
bration displacement at the top of the structure decreases as
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FIGURE 5: Structural response displacement time history under
vortex excitation.

the viscosity coefficient of the damper increases. And the
root mean square of the vibration displacement at the top of
the structure decreases as the installation height h/H of the
damping cable increases, as shown in Figure 7. Therefore,
increasing the installation height / of the damping cable as
much as possible and increasing the viscosity coeflicient ¢ of
the damper can well suppress the amplitude of the vortex-
induced resonance of a high-rise structure.

5.2. Dynamic Response with Pulsating Wind Excitation.
The wind load time history is calculated based on the
measured wind speed as shown in Figure 8. The wind speed
data comes from the actual measurement of a 130 m high
tower top of a cable-stayed bridge, and the sampling fre-
quency is 32 Hz, which can accurately reflect the random
characteristics of the wind load. The average value is sub-
tracted from the wind load to obtain the wind load buffeting
force loading F(t), and the wind load pulsed power spec-
trum is shown in Figure 9. The figure shows that the random
wind load pulsation force contains multiple frequency
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FIGURe 6: The relationship between the root mean square of
structural displacement response and the viscosity coefficient of
damper.
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FiGure 7: The relationship between the root mean square of
structural displacement response and the installation height of
damping cable h/H.
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components. The damping cable installation height & and
the damper viscosity coeflicient ¢ are used to analyze the
suppression effect of the damping cable on the structure
buffeting, and the pulsating force F(t) is substituted into
equation (18) to calculate the structural dynamic response.
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Then, the relationship between the vibration displace-
ment time history of the top of the structure and the different
viscosity coefficients of the damper under the action of
pulsating wind load is shown in Figure 10. The structure has
obvious buffeting under the action of the pulsating force.
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FIGURe 12: The relationship between the root mean square of
structural displacement response and the installation height of
damping cable h/H.

The calculation results show that as the viscosity coef-
ficient of the damper increases, the structural amplitude
decreases, and the relationship between the root mean
square displacement and the viscosity coefficient of the
damper is shown in Figure 11. The root mean square of the
vibration displacement at the top of the structure also de-
creases as the installation height h/H of the damping cable
increases, as shown in Figure 12.

6. Conclusions

In this study, the wind-induced vibration control of high-
rise structures via compound damping cable has been in-
vestigated. First, the Lagrange’s equation was applied to
derive the motion equation of the vibration control system,
and the vibration reduction mechanism of compound
damping cables is introduced. Then, the characteristic
problem has been determined. Following, the experimental
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and theoretical results are applied to investigate the struc-
tural response under wind load.

The vibration displacement time history of the top of the
structure under the action of simple harmonic vortex ex-
citation is obtained. The structure is under the action of
random fluctuating wind load, the top vibration displace-
ment time history and acceleration time history. The rela-
tionship between the structural vibration displacement root
means square, acceleration root mean square, and the dif-
ferent viscosity coefficients of the dampers in the composite
damping cable and the different installation heights of the
damping cables are studied. The analysis results show that
for low damping and high-rise structure, a small vortex-
induced force will cause the structure to vibrate greatly. The
damping cable can greatly reduce the amplitude of the
vortex-induced resonance of the structure. The root means
square of the structural vibration displacement varies with
the viscosity coefficient and damping of the damper. The
installation height of the main cable is greatly reduced.
Structure buffeting occurs under the action of wind load
pulse force, and the root means square of structural vibration
displacement and root mean square of acceleration both
decrease rapidly with the increase of the viscosity coefficient
of the damper and the installation height of the main cable of
the damping cable.
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