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1. Introduction 

 
With the growth of economy and the progress of 

technology, a variety of high-rise structures (such as 
skyscraper, wind turbine, power transmission tower, bridge 
tower, industrial chimney, television tower, etc.) have been 
constructed or under construction. These high-rise 
structures are slender and flexible with small damping, 
which are prone to large vibrations under the action of 
strong winds and lead to fatigue damage even collapse (Roy 
et al. 2012), causing grave loss of life and property, as a 
result, the vibration control of high-rise structures has been 
widely concerned (Li et al. 2011, Lu et al. 2017, Sun et al. 
2019a, Zhang et al. 2013, Zuo et al. 2017). 

The vibration reduction measures for high-rise 
structures mainly include dynamic vibration absorbers and 
energy dissipation devices. Examples of the former include 

 

∗Corresponding author, Ph.D., Associate Professor, 
E-mail: zqfeng@hnu.edu 

a Professor 
b Graduate Student 
c Professor 
d Associate Professor 
 

 
tuned mass dampers (TMDs) (Lin et al. 2017, Lu et al. 
2017, Sun et al. 2019a, Zahrai and Froozanfar 2019), tuned 
liquid column dampers (TLCDs) (Zhang et al. 2015, 2016), 
tuned inerter dampers (Lazar et al. 2014, Shen et al. 2019, 
Sun et al. 2019b), and some other inerter systems (Huang et 
al. 2019, Ikago et al. 2012a, b, Pan et al. 2018, Pan and 
Zhang 2018, Wang et al. 2019a, b, Zhang et al. 2019b), etc. 
Examples of the latter include fluid viscous dampers (FVD) 
(Lin and Chopra 2002), hysteretic dampers (Benavent-
Climent 2011, Suarez et al. 2017), magnetorheological 
(MR) dampers (Aly et al. 2011, Duan et al. 2019, Zhang et 
al. 2019a) and eddy current dampers (Liang et al. 2019, Niu 
et al. 2018, Zuo et al. 2011), etc. Many famous high-rise 
structures such as Taipei 101, Canton Tower and Shanghai 
Tower all adopt TMD for wind induced vibration control. 
Zhang et al. (2013) adopted pounding TMD to control the 
first-order vibration mode of transmission towers. Tuned 
mass dampers in vibration suppression of structures with a 
single mode has a good performance, but it works poor if 
multiple vibration modes exist. A variety of new high-rise 
structures appear in recent years, and the fundamental 
frequencies of these structures are low and vibration with 
multiple modes may occur (Mao et al. 2018). The existing 
TMD technology can only slightly increase the equivalent 
additional damping ratio of the structure, which is difficult 
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Abstract.  High-rise structures prone to large vibrations under the action of strong winds, resulting in fatigue damage of the 
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makes use of the relative motion between the high-rise structure and the ground to drive the damper to move back-and-forth, 
dissipating the vibration mechanical energy of the high-rise structure so as to decaying the excessive vibration. Firstly, a third-
order differential equation for the free vibration of high-rise structure with CDCS is established, and its closed form solution is 
obtained by the root formulas of cubic equation (Shengjin’s formulas). Secondly, the analytical solution is validated by a 
laboratory model experiment. Thirdly, parametric analysis is conducted to investigate how the parameters affect the vibration 
control performance. Finally, the dynamic responses of the high-rise structure with CDCS under harmonic and stochastic 
excitations are calculated and its vibration mitigation performance is further evaluated. The results show that the CDCS can 
provide a large equivalent additional damping ratio for the vibrating structures, thus suppressing the excessive vibration 
effectively. It is anticipated that the CDCS can be used as a good alternative energy dissipation system for vibration control of 
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to meet the demand of low fundamental frequency and 
multi-mode vibration reduction of high-rise structures such 
as wind turbine tower with increasing height. 

Energy dissipation dampers have been successfully 
applied to control of cable vibration in several cable-stayed 
bridges (Chen et al. 2004, Gao et al. 2021, Li et al. 2007, 
Shi et al. 2016). The relative motion between the cable and 
the bridge deck is used to drive the damper to dissipate the 
cable vibration energy and suppress the multi-mode 
vibration of the cable. Since dampers require relative 
motion between the vibration structure and the surrounding 
objects to drive them to dissipate energy, it’s not convenient 
to applied dampers to control the high-rise structures. One 
approach for control vibration of high-rise buildings is 
diagonal bracing in series with dampers to control the inter-
story drifts (Ikago et al. 2012a, b, Liu et al. 2019, Wen et al. 
2017). Another way to suppress the large vibration of high-
rise structures is to utilize stabilizing cables. The cable 
directly connects the structure with the ground, which 
increase the stiffness of the structure and reduce the 
vibration amplitude of the structure. Due to the convenience 
of stabilizing cable construction, wind resistance by 
stabilizing cables for actual engineering structures has been 
widely applied (Choi and Kim 2008, Kim et al. 2013, Ni et 
al. 2005). However, if the length of the cable is too long, 
the sag effect will reduce the tensile stiffness of the cable 
and degrade the control performance of the stabilizing 
cables. On the other hand, damped cable system has also 
been proposed for seismic protection of structures (Sorace 
and Terenzi 2012a, b), where prestressed steel cables linked 
to pressurized fluid viscous spring-dampers is fixed to the 
foundation at their lower ends, and to the top floor, or one 
of the upper floors, at their upper ends. The cables have 
sliding contacts with the floor slabs, to which they are 
joined by steel deviators, and in this way a long cable is 
divided into multiple segments of short cables to reduce the 
sag effect. It belongs to the inter-story drift protective 
technologies, which is effective for multiple-story building 
structures but may not be applicable for other high-rise 
structures without distinct inter-story drift such as wind 
turbines, bridge towers, transmission tower and industrial 
chimney. 

In view of the demand of multi-mode and ultra-low 
frequency vibration reduction of existing high-rise 
structures, Yu et al. (2014) proposed a compound damping 
cable system (CDCS), combining the advantages of damped 
cable for energy dissipation and double cables connected 
with cross ties for sag effect reduction. Not like dynamic 
vibration absorbers such as TMDs which may be effective 
only for one mode, dampers can suppress multi- mode 
vibration of the structure. The concept of double cables 
connected with cross ties was originally inspired by the 
researchers who proposed cross ties between cables in the 
cable-stayed bridges for suppressing wind-induced cable 
vibrations (Ahmad et al. 2018, Caracoglia and Jones 2007, 
Yamaguchi and Nagahawatta 1995, Zhou et al. 2015). In 
these studies, the damping effect of cross ties are utilized, 
while in our study double cables connected with cross ties 
are used to reduce the sag effect of the primary cable and 
thus improve the control performance of the primary 

damped cable. By introducing a restoring spring to ensure 
the primary cable always in the tension state, the energy 
dissipation of the damper connected with the primary cable 
is realized, and thus reduce the dynamic response of the 
structure. The authors have studied the control performance 
of CDCS for wind-Induced vibration control of high-rise 
structures when the cables are connected to structural 
column (Yu et al. 2021). In that study, the structure was 
treated as distributed parameter system, and taking the first 
vibration mode as the control object, an approximate 
solution of damping ratio was obtained. In this paper, the 
cable is connected to the lumped mass block on the top of 
the structure column, and the structure is treated as a 
lumped parameter model in theoretical derivation, and 
detailed parametric analysis is carried out to study the 
influence of various parameters on the control effect. 

This paper first establishes the governing equations of 
the free vibration of the structure with CDCS system, and 
then solves the equation to obtain the analytical formula of 
the equivalent additional damping ratio. The accuracy of the 
analytical formula is verified by experimental model tests, 
and then influence factors of the equivalent additional 
damping ratio are analyzed. Finally forced vibration 
responses under harmonic and stochastic excitations are 
calculated to further verify the control performance of the 
CDCS. 

 
 

2. System description and free vibration of 
structure with CDCS 
 
It is known that the cable has sag effect, which leads to 

the reduction of axial tensile stiffness. According to Ernst’s 
formula (Ernst 1965), the tensile equivalent elastic modulus 
of the cable as shown in Fig. 1(a) is obtained as 

 𝐸௘௤ = 𝐸௘1 + ఊమ௅మଵଶఙయ 𝐸௘ = 𝜇𝐸௘ (1)

 
where 𝐸ୣ is the elastic modulus of the cable material, γ is 
the gravity per unit volume of the cable, L is the span of the 
cable, and σ is the axial normal stress of the cable. For long-
span cable, if σ remains the same, with the increase of span 
L, reduction factor of elastic modulus μ is approximately 
inverse proportional to quadratic cable span L2. 

In order to reduce the sag effect, we can increase the 
axial tensile stiffness by applying transverse forces 
perpendicular to the cable as shown in Fig. 1(b). With the 

 
 

 
(a) Without transverse force (b) With transverse force

Fig. 1 Sag effect of stay cables 
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increase of the number of transverse external forces, the 
reduction factor of elastic modulus μ will gradually increase 
to close to one. 

Based on the above principles, Sorace and Terenzi 
(2012a, b) proposed a single damped cable device. The 
device uses the guiding role of floor slab structure itself to 
exert transverse forces, but with the increase of structure 
height, the cable in the device tends to be parallel to the 
structure axis, and the damping performance will decrease 
rapidly. For high-rise structure with large height to width 
ratio, the single damped cable will lose its damping effect. 
At present, the high-rise structure mainly adopts TMDs to 
suppress wind-include vibration, which is difficult to 
suppress multi-mode and ultra-low frequency vibration of 
the structure. Inspired by the above principles and solving 
the limitations of the single damped cable device, Yu et al. 
invented a novel double cable damping device, i.e., 
compound damping cable system (Yu et al. 2014). 
Regardless of the height of the structure and the inclination 
of the CDCS, the value of μ for the main cable can always 
be guaranteed to be approximately equal to one, so that 
CDCS can be applied to the vibration suppressing of high-
rise structures. 

 
2.1 System components and vibration mitigation 

mechanism of CDCS 
 
The schematic model of the CDCS for vibration 

reduction of high-rise structures is shown in Fig. 2. A 
structural column and a mass block are used to simulate the 
single mode vibration of high-rise structures. The CDCS is 
composed of a primary cable, a secondary cable, cross ties, 
a damper, restoring springs and other accessory 
components. The damper is in parallel with the restoring 
spring and they are connected in series with the primary 
cable. The pre-tension of the restoring spring ensures that 
the primary cable is always under tension. The secondary 
cable is in series with the spring, and the spring pre-tension 
also ensures that the secondary cable is in tension state. The 
primary cable is directly below the secondary cable and 
they are connected by the cross ties. Because the secondary 
cable has a large sag, it can bear all the gravity load of the 

 
 

Fig. 2 The schematic model of the CDCS for vibration 
reduction of high-rise structures 

primary cable and the secondary cable. Multiple cross ties 
are installed to provide transverse forces for the primary 
cable. The cross ties change the sag of the primary cable, 
and multiple cross ties with appropriate evenly distributed 
intervals along the primary cable can greatly reduce the sag 
of the primary cable, ensure the approximate linear state of 
the primary cable, and greatly improve the tensile stiffness 
of the primary cable. 

When transverse vibration of the structure occurs, it 
results in larger relative displacement between the mass 
block and the ground anchor point. Since the tensile 
stiffness of the primary cable is much higher than that of the 
restoring spring, the deformation of the primary cable is 
very small and the two ends of the restoring spring has a 
relatively large displacement. By use of relative motion at 
the ends of the restoring spring to drive the energy 
dissipation damper, so as to reduce the vibration magnitude 
of the high- rise structure. 

 
2.2 Governing equation for free vibration of 

structure with CDCS 
 
With the method of modal analysis, the bending 

vibration of high-rise structures in arbitrary modes can be 
simplified into a single-degree-of-freedom (SDOF) model. 
In this study, only the first mode is considered since the 
structure is dominated by the first mode, and other modes 
can be also analysed in a similar way. Due to the tensile 
stiffness of the primary cable is far greater than that of the 
secondary cable, the tensile stiffness of the secondary cable 
and the mass of the main cable are ignored in this study. 
The high-rise structure with CDCS can be simplified into a 
two-degree-of-freedom system as shown in Fig. 3. 

In this model, 𝑘ଵ is the lateral stiffness of the structural 
column, 𝑘ଶ is the stiffness of the restoring spring. 𝑘ଷ is 
the tensile stiffness of the primary cable, c is the viscous 
damping coefficient of the damper, M is the lumped mass 
block at the top of the column, m is the mass of the 
restoring spring-damper device, and θ is the angle of 
inclination of the primary cable. 

If not considering the structural inherent damping, the 
governing equation for free vibration of the structure with 
CDCS is 

 

⎩⎪⎨
⎪⎧𝑀 ∙ 𝑥ሷଵ + 𝑐𝑥ሶଵcosଶ𝜃 − 𝑐𝑥ሶଶcos𝜃         +(𝑘ଵ + 𝑘ଶcosଶ𝜃)𝑥ଵ − 𝑘ଶ𝑥ଶcos𝜃 = 0𝑚𝑥ሷଶ − 𝑐𝑥ሶଵcos𝜃 +  𝑐𝑥ሶଶ − 𝑘ଶ𝑥ଵcos𝜃+(𝑘ଶ + 𝑘ଷ)𝑥ଶ = 0                               (2)

 
 

Fig. 3 Simplified model for high-rise structure with CDCS
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where 𝑥ଵ and 𝑥ଶ are two independent coordinates. Since 
the mass of the restoring spring-damper device is very small 
and thus can be neglected, then Eq. (2) can be simplified as 

 𝑐𝑀 ∙ 𝑥ଵ + 𝑀(𝑘ଶ + 𝑘ଷ)𝑥ሷଵ + 𝑐(𝑘ଵ + 𝑘ଷcosଶ𝜃)𝑥ሶଵ+(𝑘ଵ𝑘ଶ + 𝑘ଶ𝑘ଷcosଶ𝜃 + 𝑘ଵ𝑘ଷ)𝑥ଵ = 0 (3)
 

where 𝜃 ് 90°. 
 
2.3 Closed form solution for additional damping 

ratio of structure with CDCS 
 
In order to solve Eq. (3), assume the displacement of 

mass block as 
 𝑥ଵ = 𝜒𝑒௦௧ (4)
 

where s is a constant to be determined. Substituting Eq. (4) 
into Eq. (3), it becomes 

 𝑐𝑀𝑠ଷ + 𝑀(𝑘ଶ + 𝑘ଷ)𝑠ଶ + 𝑐(𝑘ଵ + 𝑘ଷ cosଶ 𝜃)𝑠+(𝑘ଵ𝑘ଶ + 𝑘ଶ𝑘ଷ cosଶ 𝜃 + 𝑘ଵ𝑘ଷ) = 0 (5)

 
When the viscous damping coefficient of the damper c = 

0, the undamped natural frequency of the system can be 
obtained 

 𝜔௡ = ඨ𝑘ଵ𝑘ଶ + 𝑘ଶ𝑘ଷ cosଶ 𝜃 + 𝑘ଵ𝑘ଷ(𝑘ଶ + 𝑘ଷ)𝑀  (6)

 
When the viscous damping coefficient of the damper c ൐ 0, set 
 

⎩⎨
⎧ 𝑎ଵ = 𝑐𝑀𝑏ଵ = 𝑀(𝑘ଶ + 𝑘ଷ)𝑐ଵ = 𝑐(𝑘ଵ + 𝑘ଷ cosଶ 𝜃)𝑑ଵ = (𝑘ଵ𝑘ଶ + 𝑘ଶ𝑘ଷ cosଶ 𝜃 + 𝑘ଵ𝑘ଷ) (7)

 
Substituting Eq. (7) into Eq. (5), it becomes 
 𝑎ଵ𝑠ଷ + 𝑏ଵ𝑠ଶ + 𝑐ଵ𝑠 + 𝑑ଵ = 0 (8)
 
Based on the root formulas of cubic equation 

(Shengjin’s formulas) (Fan 1989), set 
 ቐ𝐴 = 𝑏ଵଶ − 3𝑎ଵ𝑐ଵ    𝐵 = 𝑏ଵ𝑐ଵ − 9𝑎ଵ𝑑ଵ𝐶 = 𝑐ଵଶ − 3𝑏ଵ𝑑ଵ     (9)

 
The discriminant of multiple roots is ∆ = 𝐵ଶ − 4𝐴𝐶. If 

A = B = 0, the equation has triple repeated real roots. If ∆ ൐0, the equation has a real root and a pair of conjugate 
imaginary roots. If ∆ = 0, the equation has three real roots, 
two of which are double repeated roots. If ∆ ൏ 0 , the 
equation has three different real roots. For vibration 
reduction of high-rise structures, considering the balance of 
economic costs and structural safety, only small additional 
damping ratios is needed, therefore, the third order 
characteristic equation of the model will have virtual roots, 
and ∆ must be greater than zero. If ∆ ൐ 0, the three roots 
of the Eq. (8) are 

𝑠ଵ = −𝑏ଵ − ൫ඥ𝑌ଵయ + ඥ𝑌ଶయ ൯3𝑎ଵ  (10)

 𝑠ଶ = −𝑏ଵ + ଵଶ ൫ඥ𝑌ଵయ + ඥ𝑌ଶయ ൯ + √ଷଶ ൫ඥ𝑌ଵయ + ඥ𝑌ଶయ ൯𝑖3𝑎ଵ  (11)

 𝑠ଷ = −𝑏ଵ + ଵଶ ൫ඥ𝑌ଵయ + ඥ𝑌ଶయ ൯ − √ଷଶ (ඥ𝑌ଵయ + ඥ𝑌ଶయ )𝑖3𝑎ଵ  (12)

 

where 
 𝑌ଵ = 𝐴𝑏ଵ + 3𝑎ଵ ቆ−𝐵 + √𝐵ଶ − 4𝐴𝐶2 ቇ , 

𝑌ଶ = 𝐴𝑏ଵ + 3𝑎ଵ ቆ−𝐵 − √𝐵ଶ − 4𝐴𝐶2 ቇ 
 

and 𝑖ଶ = −1. 
Therefore, the general solution of the differential Eq. (3) 

is 𝑥ଵ = 𝜒ଵ𝑒௦భ௧ + 𝑒௦ర௧(𝜒ଶ𝑒௜௦ఱ௧ + 𝜒ଷ𝑒ି௜௦ఱ௧) (13)
 

where 
 𝑠ସ = −𝑏ଵ + ଵଶ ൫ඥ𝑌ଵయ + ඥ𝑌ଶయ ൯3𝑎ଵ ,     𝑠ହ = √ଷଶ ൫ඥ𝑌ଵయ + ඥ𝑌ଶయ ൯3𝑎ଵ (14)

 
In Eq. (13), the first term is the real solution, the free 

vibration is only related to the complex solutions of the 
second and third terms, and the damping ratio of the system 
is 𝜉 = − 𝑠ସ𝜔௡ = − −𝑏ଵ + ଵଶ ൫ඥ𝑌ଵయ + ඥ𝑌ଶయ ൯3𝑎ଵ𝜔௡  (15)

 
 

3. Experimental validation 
 
In order to verify the theoretical analysis results, a 

laboratory model test is carried out for the high-rise 
structure with CDCS. The relationship between the 
measured equivalent additional damping ratio of the 
structural model and various parameters is compared with 
the analytical solution of equivalent additional damping 
ratio derived in section 2. 

 
3.1 Experimental model 
 
The high-rise structure model is comprised of a 

rectangular steel column with a height of 3 m and a mass 
block of 160 kg installed at the top of the column. The 
rectangular hollow steel column has a section of 60 mm 
(length) × 40 mm (width) × 4 mm (thickness). The lower 
end of the column is anchored to the ground. This model 
can simulate the first order flexural motion of the high-rise 
structures. The compound damping cable system consists of 
a primary cable, a secondary cable, cross ties, an eddy 
current damper and a restoring spring. The primary cable, 
the secondary cable and the cross ties are all made from 
steel wire rope with diameters of 6.0 mm, 2.0 mm and 1.0 
mm respectively. The eddy current damper and the restoring 
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Fig. 4 Experiment site photos of high-rise structure and 
compound damping cable system 

 
 

Table 1 Parameters of the experimental model 
Parameter Value Parameter Value 
Height of 
column 3.0 m Horizontal span 

of primary cable 5.0 m 

Space between 
cross ties 1.5 m Height of 

measurement point 1.55 m 

Elastic modulus 
of primary cable 38 GPa Elastic modulus 

of column 200 GPa 

Mass of 
block mass 160 kg Restoring spring 

stiffness for PC 3368 N/m

Diameter of 
primary cable 6 mm Restoring spring 

stiffness for SC 395 N/m 

Diameter of 
secondary cable 2 mm Stiffness of 

the column 3956 N/m
 

 
 

spring are connected in series with the primary cable, and 
the eddy current damper is in parallel with the restoring 
spring. The noncontact laser displacement sensor is used to 
measure the vibration displacement of the structure to avoid 
increasing the additional damping ratio of the structure. The 
height of measurement point is 1.55 m. The eddy current 
damper is an ideal linear viscous damper when the relative 
velocity is low (Huang et al. 2018). The viscous damping 
coefficient is varied by changing the number of magnets in 
the experiments. The photo of model test is shown in Fig. 4. 
The parameters of the model are tabulated in Table 1. 

 
3.2 Eddy-current damper 
 
The structure of the eddy current damper is shown in 

Fig. 5. The eddy current damper is composed of copper 
tube, magnets and stainless steel rod. Neodymium-iron- 
boron magnets are installed on the stainless steel rod. The 
inner diameter of the copper tube is 55 mm, and the 
thickness of the copper tube is 5 mm. The outer diameter 
and the inner diameter of annular magnet blocks are 50 mm 
and 10 mm, respectively. 

(a) Real photo (b) Schematic diagram

Fig. 5 Eddy current damper 
 
 

Table 2 Viscous damping coefficients of eddy current 
dampers 

Number of magnets 1 2 3 4 5
Viscous damping coefficient (Ns/m) 31 69 108 146 185

 
 

Fig. 6 Relationship between viscous damping coefficient 
of eddy current damper and number of magnets

 
 
In the test, plastic nuts with a thickness of 15 mm is 

installed between the magnets to isolate them. The 
thickness of magnets is 20 mm, and two adjacent magnets 
have the same pole. The viscous damping coefficients of 
eddy current dampers with different number of magnets are 
measured through experiments. The measured results are 
shown in Table 2 and Fig. 6. 

 
3.3 Comparison of analytical and experimental 

results 
 
Artificial excitations are used to make the structure 

vibrate. When the amplitude of the structure vibration 
reaches a set value, the excitation is suddenly removed and 
the structure continues to vibrate freely. The vibration 
displacement data are collected and the damping ratio is 
calculated by using the log decrement method (Feng et al. 
2019). In order to eliminate the influence of amplitude on 
damping ratio estimation, the displacement data of 
attenuation section from amplitude 15 mm to 2 mm are 
selected to calculate damping ratio. 

 𝑥 = 𝐴𝑒ିకఠ೙௧ sin( 𝜔ௗ𝑡) (16)
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where, A is the initial amplitude of free vibration, 𝜉 is the 
equivalent damping ratio, and 𝜔௡ is the natural frequency 
of the structure, ωௗ = ω௡ඥ1 − 𝜉ଶ. 

When the CDCS is not installed, the time history of 
structural vibration displacement is shown in Fig. 7(a), and 
the inherent damping ratio of the structure is 0.11%. After 
that, the CDCS is installed on the structure as shown in Fig. 
3. The viscous damping coefficient is varied by changing 
the number of magnets in the eddy current damper. The 
measured displacement time histories of structural vibration 
with double-cable system but without damper is shown in 
Fig 7(b). The measured displacement time histories are 
shown in Figs. 7(c) and (d) respectively when the CDCS is 
installed with different damping coefficients of the eddy 
current damper. As can be seen from the figures, the CDCS 
can effectively dissipate the energy of structural vibration, 
making the vibration of the structure rapidly attenuate. 

Eq. (15) is used to calculate theoretical values of 
equivalent additional damping ratio of the structure under 
various viscous damping coefficients of the ECD. The 
tested values of damping ratio are shown in Table 3. In 
order to eliminate the influence of amplitude on the 
calculation of damping ratio, the displacement data of the 
attenuation section from amplitude 15 mm to amplitude 
about 2 mm are uniformly selected to calculate the damping 
ratio. The comparison of the values of equivalent additional 
damping ratio of the structure under different viscous 
coefficients of the ECD is shown in Fig. 8. 

According to Fig. 8 and Table 3, when the viscous 
damping coefficient of ECD increases from 0 Ns/m to 

 
 

Table 3 Experimental values of total damping ratio of the 
high-rise structure 

c (Ns/m) 0 31 69 108 146 185 
ζ (%) 0.55 1.23 2.38 3.31 3.95 5.41

 

 
 

Fig. 8 Experimental values of total damping ratio and 
theoretical values of equivalent additional 
damping ratio

 
 

185 Ns/m, the measured equivalent damping ratio of the 
model structure increases from 0.55% to 5.41%. According 
to Eq. (15), the equivalent additional damping ratio of the 
structure increases from 0 to 4.56%. The measured values 
are slightly larger than the theoretical analysis results, and 
the trend of the two is consistent. The main reason for this 
difference is the existence of structural inherent damping 
(0.11%) and the friction of pulley in the model test, which 
leads to the test values slightly higher than the theoretical 
values. 

The measured results in Fig. 8 and Table 3 verify the 
theoretical analysis results of equivalent additional damping 
ratio of CDCS on high-rise structures. The influence of 
various parameters of CDCS on the damping effect of high-
rise structure is further analyzed in the following section. 

 
 

4. Parametric analysis 
 
The parameters that affect the equivalent additional 

damping ratio of the structure include: flexural stiffness of 
the structural column, restoring spring stiffness, tensile 
stiffness of the primary cable, mass of the mass block, 
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damping coefficient of the damper, angle of inclination of 
the primary cable, etc. All the parameters are shown in Fig. 
3 and Table 1. According to the analytic formula (15) of 
equivalent additional damping ratio provided by CDCS for 
high-rise structures, the influence rule of main parameters 
of CDCS on vibration reduction effect of high-rise 
structures is analyzed. 

 
4.1 The influence of stiffness ratio 
 
For the high-rise structure with CDCS, the total length 

of the primary cable and the restoring spring in series is 
always equal to the distance between the anchor point of the 
primary cable on the structure and the anchor point on the 
ground. When the ratio of the tensile stiffness of the 
primary cable to the stiffness of the restoring spring is 
larger, the deformation of the primary cable is smaller, and 
the deformation of the restoring spring is larger, leading to 
the larger deformation of the damper in parallel with the 
restoring spring, resulting in more energy dissipation, and 
better vibration reduction effect of the structure. For 
convenience of description, the stiffness ratio is defined as 
follows 𝛼௜௝ = 𝑘௜𝑘௝           (𝑖, 𝑗 = 1, 2, 3) (17)

 
where the meanings of 𝑘௜ refer to Fig. 3. The effect of the 
stiffness ratio of the primary cable to the restoring spring is 
shown in Fig. 9, while the other parameters remain the same 
as shown in Table 1. 

 
 

 
Fig. 9 Effect of stiffness ratio 𝛼ଷଶ on damping ratio
 
 

Fig. 10 Effects of stiffness ratio αଷଵ, αଶଵ on equivalent 
additional damping ratio 

It can be seen from Fig. 9 that the equivalent additional 
damping ratio of the structure increases gradually with the 
gradual increase of stiffness ratio 𝛼ଷଶ, while it increases 
rapidly when the stiffness ratio is small and the increase 
speed decreases significantly when the stiffness ratio is 
larger than 5. 

Change the stiffness of the primary cable and the 
stiffness of the restoring spring, keep the viscosity damping 
coefficient of the damper c = 180 Ns/m, and other 
parameters are shown in Table 1. The influence of the ratio 
of the primary cable stiffness to the flexural stiffness of the 
structure and the ratio of the restoring spring to the flexural 
stiffness of the structure on the equivalent additional 
damping ratio of the structure is shown in Fig. 10. 

According to Fig. 10, increasing the stiffness ratio 𝛼ଷଵ 
can increase the equivalent additional damping ratio of the 
structure, while increasing the stiffness ratio 𝛼ଶଵ  will 
reduce the equivalent additional damping ratio of the 
structure. According to the variation trend of damping ratio 
in Fig. 10, the relatively appropriate primary cable stiffness 
k3 and restoring spring stiffness k2 can be designed to 
provide an appropriate equivalent additional damping ratio 
for the structure and meet the vibration reduction 
requirements of high-rise structures. 

 
4.2 The influence of angle of inclination of main 

cable 
 
The primary cable inclination is another one of the 

important parameters affecting the vibration control 
performance of CDCS. Herein specify d = 6 mm and d = 2 
mm for two kinds of primary cables, change the viscous 
damping coefficient of the damper and the angle of 
inclination of primary cable, the rest of the parameters 
remains the same as shown in Table 1. The relationship 

 
 

(a) d = 6 mm 
 

(b) d = 2 mm 
Fig. 11 Effect of angle of inclination on equivalent 

additional damping ratio 
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between the equivalent additional damping ratio of the 
structure and the angle of inclination of the primary cable is 
calculated by Eq. (15), as shown in Figs. 11(a) and (b) 
respectively. 

As can be seen from Fig. 11, when the angle of 
inclination of the primary cable increases, the equivalent 
additional damping ratio of the structure first increases and 
then decreases. For the primary cable with a diameter of d = 
6 mm, the optimal angle of inclination θopt = 12.5° such that 
the CDCS can provide the maximum equivalent additional 
damping ratio for the structure. For the primary cable with a 
diameter of d = 2 mm, the optimal angle of inclination θopt = 
23.8° such that the CDCS can provide the maximum 
equivalent additional damping ratio for the structure. As the 
diameter of primary cable increases, its optimal inclination 
angle of inclination decreases. The larger the diameter of 
the primary cable, the larger the additional damping ratio of 
the damped cable can provide for the structure. 

It can be seen from Figs. 8, 9 and 11 that in the case of 
small damping, increasing the damping coefficient of the 
ECD can increase the equivalent additional damping ratio 
of the structure, which is proportional to the viscous 
damping coefficient of the damper. 

 
 

5. Forced vibration of structure with CDCS 
 
5.1 The response to harmonic excitation 
 
Assume the mass block to be subjected to harmonic 

excitation, and the structural vibration equation is 
 ቐ𝑀 ∙ 𝑥ሷଵ + 𝑐𝑥ሶଵcosଶ𝜃 − 𝑐𝑥ሶଶcos𝜃 + (𝑘ଵ + 𝑘ଶcosଶ𝜃)𝑥ଵ−𝑘ଶ𝑥ଶcos𝜃 = 𝐹଴ sin(Ω𝑡)                                   𝑚𝑥ሷଶ − 𝑐𝑥ሶଵcos𝜃 = 𝐹଴ sin(Ω𝑡)                             (18)

 
Since the mass of the restoring spring-damper device is 

very small and thus can be neglected, then Eq. (18) can be 
simplified as 

 𝑐𝑀 ∙ 𝑥ଵ + 𝑀(𝑘ଶ + 𝑘ଷ)𝑥ሷଵ + 𝑐(𝑘ଵ + 𝑘ଷcosଶ𝜃)𝑥ሶଵ+(𝑘ଵ𝑘ଶ + 𝑘ଶ𝑘ଷcosଶ𝜃 + 𝑘ଵ𝑘ଷ)𝑥ଵ = (𝑘ଶ + 𝑘ଷ)𝐹଴ sin(Ω𝑡) + 𝑐Ω𝐹଴ sin(Ω𝑡) 
(19)

 
Set the vibration displacement of mass block as 
 𝑥ଵ = 𝑋௦ sin(Ω𝑡 − 𝜙௦) + 𝑋௖ cos(Ω𝑡 − 𝜙௖) (20)
 
Substitute Eq. (20) into Eq. (19) and get 
 𝑋௦ = (𝑘ଶ + 𝑘ଷ)𝐹଴ඥ(𝑐ଵΩ − 𝑎ଵΩଷ)ଶ + (𝑑ଵ − 𝑏ଵΩଶ)ଶ (21)

 𝑋௖ = 𝑐Ω𝐹଴ඥ(𝑐ଵΩ − 𝑎ଵΩଷ)ଶ + (𝑑ଵ − 𝑏ଵΩଶ)ଶ (22)

 tan(𝜙௦) = tan(𝜙௖) = 𝑐ଵΩ − 𝑎ଵΩଷ𝑑ଵ − 𝑏ଵΩଶ  (23)

 
where, a1, b1, c1 and d1 are shown in Eq. (7), and Eq. (20) is 

rewritten as 
 𝑥ଵ = 𝑋 sin(Ω𝑡 − 𝜙௦ + 𝜙) = 𝑋 cos(Ω𝑡 − 𝛼) (24)
 

where 
 𝑋 = ට𝑋ௌଶ + 𝑋஼ଶ (25)

 tan(𝜑) = 𝑋௖𝑋௦ (26)
 
The structural static deformation (Ω = 0)  can be 

obtained as 
 𝑋଴ = (𝑘ଶ + 𝑘ଷ)𝐹଴𝑘ଵ𝑘ଶ + 𝑘ଶ𝑘ଷ cosଶ 𝜃 + 𝑘ଵ𝑘ଷ (27)
 
Dynamic amplification coefficient is defined as 𝐷ୱ =𝑋 𝑋଴⁄ , and the frequency ratio is 𝑟 = Ω/ω௡ . The 

amplitude-frequency characteristics of the tested model are 
shown in Fig. 12, and phase-frequency characteristics are 
shown in Fig. 13. 

As can be seen from Fig. 12, when the external 
excitation frequency is close to the natural frequency of the 
structure, the structure resonates with large vibration 
amplitude. With the increase of the viscosity damping 
coefficient of the damper, the vibration amplitude of the 
structure significantly decreases. As shown in Fig. 13, the 
phase angle increases with the increase of frequency ratio, 
and the increase speed will decrease with the increase of 
viscosity damping coefficient of the damper, which 
indicates damping will slow down the changes of the phase 
angle. 

 
 

Fig. 12 Variation of dynamic magnification factor with 
damping and frequency 

 
 

Fig. 13 Variation of phase angle with damping and 
frequency
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Fig. 14 Time history of wind load 
 
 

Fig. 15 PSD of wind load 
 
 

(a) 30 minute period 
 

(b) Short time period 
Fig. 16 The time history of structural displacement 

response under the action of fluctuating wind
 
 
 
 

Fig. 17 The relationship between the root-mean-square of 
structural displacement response and the viscous 
damping coefficient of the damper 

 
 

(a) 30 minute period 
 

(b) Short time period 
Fig. 18 The time history of structural acceleration 

response under the action of fluctuating wind
 
 
5.2 The response to stochastic excitation 
 
In this section, a set of field measured fluctuating wind 

speed data are utilized to simulate stochastic wind loads 
applied on the structure. By converting wind speed to wind 
loading, the time history of the wind load is shown in Fig. 
14 and its power spectral density is shown in Fig. 15. The 
angle of inclination for the primary damped cable θ = 45°, 
The remaining parameters are shown in Table 1. 

Step-by-step integration approach is adopted to calculate 
the structural vibration responses subjected to fluctuating 
wind. The time histories of displacement response with 
different viscous damping coefficients of the damper are 
shown in Fig. 16. When the viscous damping coefficient of 
the damper is small, the structure resonates, along with the 
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Fig. 19 The relationship between root-mean-square of 
acceleration and viscous damping coefficient of 
the damper 

 
 

rising of viscous damping coefficient, vibration amplitude 
decreases. The relationship between the root-mean-square 
of structural displacement and the viscous damping 
coefficient of the damper is shown in Fig. 17. 

The time histories of acceleration response with 
different viscous damping coefficients of the damper are 
shown in Fig. 18. When the viscous damping coefficient is 
small, the structure shows resonance phenomenon and the 
vibration acceleration is large. With the increase of viscous 
damping coefficient, the vibration acceleration decreases. 
The relationship between root-mean-square of acceleration 
and viscous damping coefficient of the damper is shown in 
Fig. 19. 

 
 

6. Conclusions 
 
This paper introduces a novel compound damping cable 

system for vibration reduction of high-rise structures. The 
governing equations for free vibration are established first 
and then solved according to Shengjin’s formulas, as a 
result, the explicit analytic solution of equivalent additional 
damping ratio of the structure is obtained. The accuracy of 
the analytic solution is verified by laboratory model test, 
and the influence of several main parameters in the system 
on the equivalent additional damping ratio of the structure 
is analyzed, and finally the forced vibration responses under 
harmonic and stochastic wind loads are calculated to further 
verify the effect of the vibration control performance. Based 
on the analysis, the following conclusions are drawn: 

 
● The analytical formula of the equivalent additional 

damping ratio can accurately model the damping 
effect of the CDCS, and the CDCS can provide a 
large equivalent additional damping ratio for high-
rise structures. 

● The equivalent additional damping ratio of the 
structure increases with the increase of the viscous 
damping coefficient of the damper, and the 
relationship of the two are approximately 
proportional. 

● Increasing the stiffness of the primary cable is 
conducive to improving its damping effect on the 
structure. When the stiffness ratio of the primary 
cable to the restoring spring is less than 5, the 
equivalent additional damping ratio of the structure 

increases rapidly with the increase of the stiffness 
ratio, but it increases much slowly when the stiffness 
ratio is larger than 5. However, if the stiffness ratio 
of the restoring spring to the bending stiffness of the 
structure increases, the equivalent additional 
damping ratio of the structure will decrease. 
Therefore, the stiffness of the restoring spring should 
be reduced as much as possible. 

● When the angle of inclination for the damped cable 
increases from 0° to 90°, the equivalent additional 
damping ratio increases rapidly at first, reaches the 
maximum value, and then decreases gradually. The 
optimal angle of inclination for the damped cable 
can be obtained at the maximum equivalent 
additional damping ratio of the CDCS to the high-
rise structure. 

● Under the action of simple harmonic excitation, 
when the excitation frequency is close to the natural 
frequency of the structure, the structure will vibrate 
greatly. With the increase of the viscous damping 
coefficient of the damper in the CDCS, the 
resonance amplitude of the structure will decrease 
rapidly. 

● Under the action of stochastic load, when the viscous 
damping coefficient of the damper is small, the 
structure exhibits approximate harmonic vibration 
with large amplitude. With the increase of the 
viscous damping coefficient of the damper, the 
amplitudes of the displacement and the acceleration 
of the structure decrease significantly, showing 
random vibration. 
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