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A B S T R A C T   

In seismic-prone areas, the construction of airport control towers has been widely undertaken to meet the rapidly 
expanding transportation demand. Within this context, attention is increasingly drawn towards highly efficient 
upgrading technologies capable of mitigating bending-mode deformation. A novel approach, defined as the 
frame jack-enhanced viscous damper (FJ-EVD), is proposed to address seismic response mitigation in airport 
control towers by strategically employing frame jacks to improve viscous damping. The mechanical model and 
desired deformation amplification properties of FJ-EVDs are elucidated, followed by the construction of a tower- 
type structure equipped with FJ-EVDs. Nonlinear time history analysis and parametric investigation are per
formed to explore the vibration mitigation benefits under seismic excitations characterized by various frequency 
components. Subsequently, utilizing suggested nonlinear parameter sets and acknowledging the distinctive in
fluence of earthquake types, a displacement amplification-oriented design formula is formulated for the FJ-EVD. 
Furthermore, the optimized FJ-EVDs are implemented in a typical airport control tower subjected to both far- 
field earthquakes and pulse-like earthquakes for practical design evaluation. Results demonstrate that the pro
posed FJ-EVD offers a compact and highly efficient damping solution for enhancing the seismic performance of 
airport control towers, leveraging the displacement amplification advantages to directly mitigate bending de
formations. Following the proposed displacement amplification-oriented design methodology, the FJ-EVD ex
hibits superior effectiveness and robust control performance compared to conventional viscous dampers 
optimized under the same criterion. Benefitting from the employed frame jack, only a small installation space is 
required to facilitate the crossing-story installation, thereby tailoring the proper design parameters and effective 
bending deformation control for the airport control towers.   

1. Introduction 

Airport control towers serve as critical infrastructure in the civil in
dustry, ensuring a safe and highly efficient operation of air traffic [1–3]. 
In regions prone to seismic activity, the structural integrity of these 
tower-like structures becomes paramount to withstand potential 
seismic-induced excitations [4]. With the increasing demand for air 
transportation, the construction of airport control towers in the 
mentioned seismic-prone areas [5] are becoming more prevalent [6,7]. 
Considerable research has been conducted to examine the dynamic 
characteristics and collapse mechanisms of tower-type structures under 
seismic-induced loadings [8,9]. Generally, prior investigations have 

suggested that the susceptibility of high-rise towers to seismic-induced 
loadings, particularly the seismic resistance of airport control towers, 
necessitates significant endeavors to implement cutting-edge vibration 
control technologies [10–12]. This consensus necessitates advanced 
structural vibration mitigation measures to enhance the seismic resil
ience [13–15]. Traditional seismic design approaches for structures like 
airport control towers primarily focus on mitigating lateral forces using 
techniques such as base isolation [16–18] or viscous damping systems 
[19–21]. However, these conventional methods often exhibit limitations 
when applied to tall and slender structures like control towers, partic
ularly in addressing bending-mode deformations induced by seismic 
events. 
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Conventional viscous dampers have been widely utilized for vibra
tion control in various types of structures and have shown good per
formance [22–24]. However, for tower-type structures like airport 
control towers with high lateral stiffness, conventional viscous dampers 
struggle to achieve maximum damping effect due to the limited shear 
deformations in the tower-type structure [25]. Addressing this chal
lenge, a novel approach, termed the frame jack-enhanced viscous 
damper (FJ-EVD) is proposed in this study. Unlike conventional viscous 
dampers, the FJ-EVD integrates frame jacks strategically to augment the 
damping capacity, thereby enhancing the seismic performance of the 
structure. The necessity for such innovative solutions arises from the 
unique structural characteristics and operational requirements of airport 
control towers. These structures, characterized by their height and 
slender profile, are susceptible to significant bending deformations 
during seismic events, which can jeopardize their functionality and 
safety [26–30]. Therefore, there is a pressing need to develop effective 
seismic response control measures tailored to the specific challenges 
posed by airport control towers. Currently, the majority of research on 
controlling deformations in tower-type structures during seismic focuses 
on mitigating lateral deformations, often utilizing technologies like 
Tuned Mass Dampers [31–34] or Tuned Liquid Dampers [35–38]. 
However, these approaches fail to adequately address the structural 
damage posed by bending deformations [39,40], which pose unac
ceptable risks for critical structures such as airport control towers. This 
study tackles this challenge by cleverly positioning the FJ-EVD between 
the floors of the airport control tower. This strategic placement enables 
the FJ-EVD to convert the tower’s bending deformations into damper 
stroke, effectively controlling seismic responses across a wide range of 
modal excitations. When subjected to various types of seismic motions, 
high-rise structures often display unique response patterns [41–44]. The 

ability to adapt to various seismic excitation scenarios is a crucial factor 
in assessing the effectiveness of seismic response control devices. 

To address these gaps, the FJ-EVD approach is introduced as a pio
neering solution to address seismic response challenges encountered in 
airport control towers. The FJ-EVD method strategically integrates 
frame jacks to enhance viscous damping effects, thereby bolstering 
structural resilience. The mechanical model and deformation amplifi
cation properties of FJ-EVDs are thoroughly investigated, followed by 
the fabrication of a tower-type structure integrated with these innova
tive dampers. Nonlinear time history analysis and comprehensive 
parametric exploration are employed to scrutinize the efficacy of vi
bration mitigation across seismic excitations characterized by diverse 
frequency components. Furthermore, a displacement amplification- 
oriented design methodology is proposed, taking into account the 
distinctive influence of earthquake types and optimizing the FJ-EVD 
parameters to effectively mitigate bending deformations. Subse
quently, the recommended nonlinear parameter configurations are 
leveraged, and the impact of earthquake types is considered in the 
development of a design formula that emphasizes displacement ampli
fication tailored for FJ-EVDs. The effectiveness of this formula is vali
dated through practical implementation in a standard airport control 
tower subjected to both far-field earthquakes and pulse-like seismic 
events, facilitating robust design assessments. 

2. Frame jack-enhanced viscous damper (FJ-EVD) 

To achieve high-level vibration control of an airport control tower 
subjected to seismic excitation, the FJ-EVD has been introduced due to 
the constraints of limited installation space. The mechanical configu
ration and deformation amplification effect of the FJ-EVD are 

Fig. 1. (a) Schematic model of the FJ-EVD and (b) the movement of FJ-EVD.  

Fig. 2. Amplification effect of (a) relative displacement of damper; (b) output damping force of damper.  
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comprehensively explained in a conceptual framework. This framework 
is integrated with a simplified mechanical model of the controlled FJ- 
EVD-tower system for the initial analysis. The governing equation cor
responding to this model is provided as a reference for subsequent 
parametric analysis. 

2.1. Mechanical model and properties 

Subjected to seismic excitations, the control tower predominantly 
undergoes bending deformation, which limits the effectiveness of 
traditional viscous dampers (VD) due to the relatively small displace
ment between adjacent floors. Addressing the unique deformation 
characteristics of the airport control tower, the FJ-EVD has been pro
posed. This device incorporates a jack-like mechanism and a viscous 

damper positioned centrally. To achieve the expected deformation 
amplification, all configurations are connected via hinges. The braces of 
the frame device are assumed to be rigid, with an angle of θ. This device 
can be placed between two adjacent floor slabs of the airport control 
tower structure, connected by hinge joints at either end, as demon
strated in Fig. 1. 

2.2. Displacement amplification benefit 

Through the employment of FJ-EVD, the interlayer displacement of 
the structure can be amplified, thus permitting dampers in the device to 
dissipate energy more effectively. As depicted in Fig. 1, the angle be
tween the two braces is θ and the interlayer displacement is ΔuDrift. With 
a small-valued Δu triggered by the story movement or rotation, the 

Fig. 3. Mechanical model and installation approach fo the FJ-EVDs for the airport control tower structure.  
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actual deformation of the nonlinear viscous damper can be obtained as: 

Δud = Δu⋅f = Δu⋅ cot
θ
2

(1)  

where Δud is the relative displacement between the two ends of the 
nonlinear viscous damper, and f = cot θ

2 is the deformation magnifica
tion factor. The nonlinear VD is a velocity-dependent energy dissipation 
device, of which the output damping force Fd can be determined with 
respect to the damping exponent α as follows: 

Fd = cd|v̇d|
αsgn(v̇d) = cd⋅fα|v̇|αsgn(v̇d) (2)  

where cd is the damping coefficient, and v̇d is the relative velocity be

tween the two ends of the nonlinear viscous damper. Correspondingly, 
the output force Fd can be amplified by the jack-like device, given which 
the final force exerted on the airport control tower structure F can be 
obtained as 

F = f ⋅Fd = f1+α⋅cd|v̇|
αsgn(v̇d) = cʹd|v̇|

αsgn(v̇d) (3)  

where ćd = f1+α⋅cd refers to the pertinent amplified damping coefficient. 
Eq. (3) indicates that the magnification for the damping force is f1+α. By 
observing Eqs. (1) and (3), the amplification effect for Δud and F depends 
on the angle θ and the damping exponent coefficient α, which are plotted 
in Fig. 2. It is evident that the amplification effect can be achieved when 
the angle is less than 90◦. For the same angle θ, a higher damping 
exponent coefficient α will produce a greater amplification effect. 

In consideration of practical application factors such as support 
deformation and clearance for device connections, it is crucial to ensure 
an included angle θ of less than 60◦. This facilitates optimal displace
ment amplification and damping force. 

2.3. Installation approach in airport control tower 

By installing the proposed FJ-EVD at each layer of the idealized 
simple structure of the airport control tower, the FJ-EVD-equipped 
structural model is established as shown in Fig. 3. In particular, a 
linear damped Multi Degrees of Freedom (MDOF) structure is 

Fig. 4. Typical layout of the standard story and the roof within the airport control tower.  

Fig. 5. Installation diagram of multiple FJ-EVDs in the airport control 
tower structure. 

Table 1 
Information of the selected ground motion records for parametric analysis.  

ID RSN Year Event Magnitude Station name 

W1 125  1976 Friuli_ Italy-01  6.50 Tolmezzo 
W2 174  1979 Imperial Valley- 

06  
6.53 El Centro Array #11 

W3 767  1989 Loma Prieta  6.93 Gilroy Array #3 
W4 1244  1999 Chi-Chi_ Taiwan  7.62 CHY101 
W5 1503  1999 Chi-Chi_ Taiwan  7.62 TCU065 
W6 2114  2002 Denali_ Alaska  7.9 TAPS Pump Station 

#10 
W7 753  1989 Loma Prieta  6.93 Corralitos 

*Note: RSN denotes the record sequence number in PEER Ground Motion 
Database [48]. 

Fig. 6. Response spectra of the selected seismic ground motion records for 
parametric analysis. 
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considered to represent the equivalent airport control tower excited by 
seismic excitations. Subjected to the seismic excitation üg, the governing 
motion equation can be established as: 

Mü+(C+Cd)u̇+Ku = − Mrüg (4)  

where M, C, and K denote the mass, Rayleigh damping, and stiffness 
matrix, Cd denotes the additional damping provided by the equipped FJ- 
EVDs, u denotes the relative displacement vector at each floor. The 
mentioned matrixes and vectors are explained as: 

M =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

m1 0 ⋯ ⋯ 0
0 I1

m2
⋮ I2 ⋮
⋮ ⋱ ⋮

mn 0
0 ⋯ ⋯ 0 In

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,K

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

k1 + k2 0 − k2 0 ⋯ ⋯ 0
0 kθ1 − kθ2

− k2 k2 + k3
0 − kθ2 kθ2 + kθ3 ⋮
⋮ ⋱ ⋮
⋮ kn 0
0 ⋯ ⋯ 0 kθn

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,C

= α1M+ α2K (5)  

Table 2 
Initial design of FJ-EVDs for the considered airport control tower structure.  

Story Mass/ton Damper No. Total mass/ton Height/mm 

1  598.88 / / / 
2  472.21 1 1281.04 6900 
3  402.47 
4  406.36 
5  312.47 2 937.42 4500 
6  312.47 
7  312.47 
8  312.47 3 937.42 4500 
9  312.47 
10  312.47 
11  312.47 4 937.42 4500 
12  312.47 
13  312.47 
14  312.47 5 936.53 4500 
15  312.47 
16  311.58 
17  312.27 6 1015.60 4500 
18  347.98 
19  355.36 
20  366.89 7 1180.79 4500 
21  380.82 
22  433.08 
23  428.11 8 1687.34 5300 
24  507.57 
25  751.67 
26  659.41 9 921.48 4225 
27  262.07 
28  272.32 10 715.70 4875 
29  443.38  

Fig. 7. Dynamic response ratios of the airport control tower structure controlled by the FJ-EVDs with the variable damping ratios ξ ∈ [0.050, 0.150] and damping 
exponent coefficients α: (a) inter-story drift mitigation ratio γθ and (b) inter-story drift mitigation ratio of the top story γθ,t. 

Fig. 8. Dynamic response ratios of the airport control tower structure controlled by the FJ-EVDs with the variable damping ratios ξ ∈ [0.050, 0.150] and damping 
exponent coefficients α: (a) absolute acceleration mitigation ratio γA and (b) absolute acceleration mitigation ratio of the top story γA,t. 
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Cd =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 0 0 0 ⋯ ⋯ 0
0

(
cʹd1 + ćd2

)
ls 0 − cʹd2ls

0 0 0 0
0 − cʹd2ls 0

(
cʹd2 + ćd3

)
ls ⋮

⋮ ⋱ ⋮
⋮ 0 0
0 ⋯ ⋯ 0 cʹdnls

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(6)  

r = {1,0, 1,0⋯1,0}T (7)  

u = {u1, θ1, u2, θ2,⋯un, θn}
T (8)  

where ls refers to the half-length of the story along the installation di
rection. 

Given the FJ-EVD-equipped tower structure and ground motion re
cords, the time history responses can be numerically solved using the 
software ETABS [45]. Particularly, the amplified damping coefficient 
listed in Eq. (6) comprehensively reflects the contribution of the brace 
angle θ and nonlinear damping exponent α. The displacement amplifi
cation benefit forms the enhanced energy dissipation and rotational 
response control of the FJ-EVD for the airport control tower structure. 

3. FJ-EVD-based vibration benefits of airport control towers 

In this section, the essential seismic vibration control problem for the 
aircraft control tower is addressed by employing the FJ-EVD, utilizing its 
verified effectiveness and parameter design methodology. By exploiting 
the displacement amplification effect and frame-jack installation 
approach, the FJ-EVD can be effectively utilized in controlling vibra
tions in airport control towers and other tall, slender structures. 

3.1. Overview of airport control towers 

The architecture of a typical airport control tower is comprised of a 
cylindrical structure constructed from reinforced concrete material, as 
depicted in Fig. 4. A total mass of 10,650 tons is possessed, with the first 
mode having a generalized mass of 2960 tons. The height of the tower, 
including the platform on the roof, is 96.6 m. Around the perimeter, 
there are 4 giant concrete circular columns spaced, interconnected by a 
500 mm thick concrete shear wall ring with a diameter of 12 m, 
collectively forming a circular structural layout. The finite element 
analysis model of this airport control tower is established in the com
mercial software ETABS [46]. The ultimate strength of the concrete in 
the tower is 30 MPa and 40 MPa for the cylindrical shell below 52.8 m 
and above 52.8 m, respectively, whereas the ultimate strength for all 
floors is 30 MPa. The Rayleigh damping ratio is adopted as 0.05 in the 
dynamic response analysis [45] for the airport control towers under 

Fig. 9. Damping enhancement ratios γenhan of FJ-EVDs attached to the airport control tower structure with the variable damping ratios ξ ∈ [0.050, 0.150] and 
damping exponent coefficients α: (a) FJ-EVD-1 on the 1st-4th floor, (b) FJ-EVD-2 on the 1st-4th floor, (c) FJ-EVD-1 on the 13th-16th floor, and (d) FJ-EVD-2 on the 13th- 
16th floor. 
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seismic excitations. 
The control tower has a cylindrical configuration, which restricts the 

internal space due to cylindrical walls and connecting beams. However, 
FJ-EVD can still be installed in areas without any internal partitions. For 
a flexible deformation control along the height of the airport control 
towers, the FJ-EVDs can be set up in multiple layers, as demonstrated in 
Fig. 5. 

3.2. Performance evaluation indices 

For the multiperformance assessment, a series of performance in
dicators is defined for the airport control tower under seismic excitation, 
including the inter-story drift mitigation ratio of the structure and top 
floor, γθ and γθ,t namely, absolute acceleration mitigation ratio the 
structure and top floor, γA and γA,t namely. For the FJ-EVDs, the per
formance can be evaluated by the damping enhancement ratio γenhen. 
The mentioned performance ratios can be expressed in detail as: 

Fig. 10. Maximum output force of viscous damper Fd within FJ-EVDs attached to the airport control tower structure with the variable damping ratios ξ ∈

[0.050, 0.150] and damping exponent coefficients α: (a) FJ-EVD-1 on the 1st-4th floor, (b) FJ-EVD-2 on the 1st-4th floor, (c) FJ-EVD-1 on the 13th-16th floor, and (d) FJ- 
EVD-2 on the 13th-16th floor. 

Fig. 11. Dynamic response and mitigation ratios of the airport control tower structure controlled by the FJ-EVDs with the variable control angles θ, damping ratio ξ 
= 0.075, and damping exponent coefficient α = 0.3: (a) inter-story drift mitigation ratio γθ and (b) inter-story drift mitigation ratio of the top story γθ,t. 
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Fig. 12. Dynamic response and mitigation ratios of the airport control tower structure controlled by the FJ-EVDs with the variable control angles θ, damping ratio ξ 
= 0.075, and damping exponent coefficient α = 0.3: (a) absolute acceleration mitigation ratio γA and (b) absolute acceleration mitigation ratio of the top story γA,t. 

Fig. 13. Deformation and damping enhancement ratios γenhan of FJ-EVDs attached to the airport control tower structure with the variable control angles θ, damping 
ratio ξ = 0.075, and damping exponent coefficient α = 0.3: (a) FJ-EVD-1 on the 1st-4th floor, (b) FJ-EVD-2 on the 1st-4th floor, (c) FJ-EVD-1 on the 13th-16th floor, and 
(d) FJ-EVD-2 on the 13th-16th floor. 
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Fig. 14. Maximum output force of viscous damper Fd within FJ-EVDs attached to the airport control tower structure with the variable control angles θ, damping ratio 
ξ = 0.075, and damping exponent coefficient α = 0.3: (a) FJ-EVD-1 on the 1st-4th floor, (b) FJ-EVD-2 on the 1st-4th floor, (c) FJ-EVD-1 on the 13th-16th floor, and (d) 
FJ-EVD-2 on the 13th-16th floor. 

Fig. 15. Base moment and increasing ratio γM of the airport control tower 
structure controlled by FJ-EVDs with the variable control angles θ, damping 
ratio ξ = 0.075, and damping exponent coefficient α = 0.3. 

Fig. 16. Flowchart of the displacement amplification capacity-based design 
procedure of the FJ-EVDs for the airport control tower. 
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Forstructure

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

γθ =
max

[(
ui,1 − ui− 1,1

)/
hi
]

max
[(

ui,0 − ui− 1,0
)/

hi
], γθ,t =

max
[(

un,1 − un− 1,1
)/

hn
]

max
[(

un,0 − un− 1,0
)/

hn
]

γA =
max

(
üi,1 + üg

)

max
(
üi,0 + üg

), γA,t =
max

(
ün,1 + üg

)

max
(
ün,0 + üg

)

ForFJ − EVDs

{

γenhan =
max

(
ud,j

)

max
(
uf,j

)

(9)  

where ui,1 and ui,0 are the displacement of the controlled and uncon
trolled structure in the ith floor, un,1 and un,0 represent the displacement 
of the controlled and uncontrolled structure in the top floor, nth floor 
namely, üi,1 and üi,0 denote the relative acceleration of the controlled 
and uncontrolled structure in the ith floor, ün,1 and ün,0 are the relative 
acceleration of the controlled and uncontrolled structure in the top floor, 
ud,j and uf,j denote the deformation of the VD and vertical deformation of 
the frame jack in the jth FJ-EVD. 

Considering the stochastic nature of earthquakes, the multi-benefit 
of the tower subjected to long-period seismic ground motions is 
further examined using four far-field ground motion records (W1-W4) 
and three near-fault ground motion records (W5-W7) selected from the 
PEER database. The specific information is summarized in Table 1, of 
which the acceleration spectra are normalized by the peak ground ac
celeration and shown in Fig. 6. According to the Chinese Code for 
seismic design of buildings [47], the peak ground acceleration of the 
earthquakes is assumed as 0.10 g to execute the nonlinear time history 
analysis. 

3.3. Parametric investigation and effectiveness 

The installation of FJ-EVDs has been found to improve the defor
mation characteristics of the VD and enhance its energy dissipation ef
ficiency. Consequently, the seismic performance of the airport control 
tower is closely related to the design parameters of the FJ-EVD. To 
address the discrepancy between theoretical analysis and practical 
application, a parameter analysis is conducted to evaluate the vibration 
mitigation effect of the FJ-EVDs on structural performances, including 
the maximum inter-story drift, maximum absolute acceleration, and 
base moment, as well as the damping enhancement effect of the FJ- 
EVDs. 

Before the execution of the parameter analysis, the original structure 
is initially analyzed to determine of the design parameters of FJ-EVDs, of 
which the first structural period T is 2.01 s. The detailed mass infor
mation is shown in Table 2. The designed damping coefficient cd, j of the 
jth FJ-EVD can be defined as: 

cd, j = 2mjω1ξ =
4πmjξ

T
(10)  

where ω1 denotes the first circular frequency of the primary structure, ξ 
represents the nominal damping ratio of the FJ-EVDs, mj is the total 
layer mass of the multiple layer that the jth FJ-EVD is installed. 

In the analysis procedure, the earthquake waves illustrated in Fig. 6 
are employed to carry out time history analysis, during which the peak 
ground acceleration is set as 1 m/s2. Constraining the control angle θ =

300, the nominal damping ratio ξ is varied from 0.05 to 0.15, while the 
damping exponent coefficient α is changed from 0.2 to 0.6. The corre
sponding average inter-story drift mitigation ratio and absolute accel
eration mitigation ratio of the airport control tower structure can be 
obtained by repetitive time-domine calculation, of which their rela
tionship with ξ and α are depicted in Fig. 7 and Fig. 8, while the damping 
enhancement effect of the FJ-EVDs and the maximum output force of the 
VDs within the FJ-EVDs are illustrated in Fig. 13 and Fig. 14. It can be 
observed from these figures that the minimum values of both the inter- 

Table 3 
Originality of the selected ground motion records for the case investigation.  

ID RSN Type Year Event Magnitude Station 
name 

W8 / Artificial 
wave 

/ / / / 

W9 825 Near-field 
earthquake 

1992 Cape 
Mendocino 

7.01 Cape 
Mendocino 

W10 960 Far-field 
earthquake 

1994 Northridge- 
01 

6.69 Canyon 
Country – W 
Lost Cany 

W11 828 Pulse 
earthquake 

1992 Cape 
Mendocino 

7.01 Petrolia  

Fig. 17. Response spectra of selected ground motion records for the 
case analysis. 

Table 4 
Optimal parameters of the designed FJ-EVD for airport control tower structures.  

ID Location Damping 
coefficient cd,j 

Damping exponent 
coefficient α 

Control 
angle θ 

1 1st – 4th floor  60.50  0.3  30 
2 5th – 7th floor  44.27  0.3  30 
3 8th – 10th 

floor  
44.27  0.3  30 

4 11th – 13th 

floor  
44.27  0.3  30 

5 14th – 16th 

floor  
44.23  0.3  30 

6 17th – 19th 

floor  
47.96  0.3  30 

7 20th – 22nd 

floor  
55.76  0.3  30 

8 23rd – 25th 

floor  
79.68  0.3  30 

9 26th – 27th 

floor  
43.52  0.3  30 

10 27th – 29th 

floor  
33.80  0.3  30  
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story drift mitigation ratio and absolute acceleration mitigation ratio 
occur when the nominal damping ratio ξ and the damping exponent 
coefficient α of the FJ-EVDs take the minimum at the same time, and the 
control effect of the FJ-EVDs on the top floor of the structure is worse 
than the remained floors. As for the damping enhancement effect, it 
seems that it is not sensitive to the nominal damping ratio ξ and the 
damping exponent coefficient α of the FJ-EVDs. The control forces of the 
VDs within the FJ-EVDs are less when the α are set as larger values.. 

To explore the influence of the control angle of the FJ-EVD on its 
seismic mitigation efficiency, the nominal damping ratio ξ and the 
damping exponent coefficient α are constrained as 0.075 and 0.3, while 
the control angle θ is changed from 200 to 600, of which the analysis 
results are shown in Figs. 11–15. As illustrated in Fig. 11, the control 
effect of the FJ-EVDs on the inter-story drift of the top floor is observed 
to initially decrease and then increase as the control angle θ is increased, 
while that of the remaining floors demonstrates a primarily increasing 

Table 5 
Time history analysis results of the original airport control tower structure (ST0) and controlled airport control tower structures (ST1, ST2).  

Earthquake Maximum inter-story drift (‰) Maximum absolute acceleration (m/s2) 

ST0 ST1 γθ ST2 γθ ST0 ST1 γA ST2 γA 

W8  2.50  1.67  0.67  2.45  0.98  2.46  1.75  0.71  2.22  0.90 
W9  1.65  1.02  0.62  1.62  0.99  1.97  1.46  0.74  1.92  0.97 
W10  4.36  2.69  0.62  4.31  0.99  3.49  3.18  0.91  3.43  0.98 
W11  2.05  1.43  0.70  2.02  0.99  2.32  1.72  0.74  2.28  0.99 
AVE  2.64  1.70  0.65  2.60  0.98  2.56  2.03  0.79  2.46  0.97  

Fig. 18. Maximum inter-story drift responses of the ST0, ST1 and ST2 under the (a) artificial wave, (b) near-fault earthquake, (c) far-field earthquake, and (d) 
pulse earthquake. 
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trend. Regarding the absolute acceleration control effect in Fig. 12, both 
the top floor and remaining floors exhibit a trend of first decreasing and 
then increasing absolute acceleration mitigation ratios. However, as 
highlighted in Fig. 13 and Fig. 14, the damping enhancement effect of 
the FJ-EVD is evidently linked to its control angle, displaying a negative 
correlation, while the control force exerted by the FJ-EVDs exhibits a 
roughly negative correlation to the variation trend of change in control 
angles. In summary, it is evident that simultaneous optimization of the 
airport control tower structure’s performance and the damping 
enhancement efficiency of FJ-EVD cannot be achieved. Therefore, 
maintaining a balance between them in the design procedure is of great 
importance. 

3.4. Displacement amplification-oriented design of FJ-EVD 

Following the presented parametric analysis results, the multiple FJ- 

EVDs produce an energy dissipation enhanced approach for the seismic- 
induced responses mitigation of the airport control tower. With the aid 
of frame jack mechanism and crossing-floor installation method, the 
viscous dampers can be triggered by amplified deformations. 

Consequently, the vibration mitigation benefits can be realized and 
beneficial to limit the multiple seismic responses of the airport control 
tower by using the limited installation space. Given the desirable 
advantage of the FJ-EVD, a displacement amplification capacity-based 
design is established in this section. The maximum inter-story drift 
mitigation ratio γθ and maximum absolute acceleration mitigation ratio 
γA are set as constraint conditions which needs to meet the requirement 
for the preset target values, while maximizing the damping enhance
ment ratio γenhan is set as the optimal target. The proposed demand- 
oriented design problem can be mathematically expressed as 

Fig. 19. Maximum absolute acceleration responses of the ST0, ST1 and ST2 under the (a) artificial wave, (b) near-fault earthquake, (c) far-field earthquake, and (d) 
pulse earthquake. 

K. Yang et al.                                                                                                                                                                                                                                    



Structures 66 (2024) 106859

13

⎧
⎨

⎩

maximizeγenhan

subjectto

{
γA ≤ γA,T

γθ ≤ γθ,T

(11)  

where γA,T and γθ,T are the preset target values of the maximum inter- 
story drift mitigation ratio and absolute acceleration mitigation ratio. 
To obtain the design parameters, the optimization process can be 
accomplished by using the optimal toolbox in the MATLAB [49], such as 
genetic algorithm, simulated annealing algorithm, particle swarm al
gorithm, etc. The initial values for the optimization process are sug
gested to set as minimum values closed to zero. Following the proposed 
design method, the vibration control demand-oriented design procedure 
is summarized in Fig. 16 for reference. 

4. Illustrative design case 

The seismic performance of the airport control tower can be 
enhanced by the designed FJ-EVD through the utilization of the pro
posed demand-oriented design method, as detailed in this section. The 
effectiveness of this enhancement can be demonstrated through various 
design cases using nonlinear time history analysis. 

4.1. Earthquake records and designed FJ-EVDs 

For the time history analysis of design case, an artificial wave is 
generated with wideband frequency components and three earthquake 
waves, including a near-fault earthquake, a far-field earthquake and a 
pulse-like earthquake, are selected from PEER ground motion database. 
The detailed information is expressed in Table 3 and the corresponding 
response spectra are shown in Fig. 17. The targeted vibration control 

Fig. 20. Time history curves of the 29th floor on the ST0, ST1 and ST2 under W9, including the comparison of (a) inter-story drift and (b) absolute acceleration 
between the ST0 and ST1, as well as the comparison of (c) inter-story drift and (d) absolute acceleration between the ST1 and ST2. 

Fig. 21. Deformation time history curves of the viscous damper and vertical deformation of FJ-EVD on the 1st – 4th floor under the (a) artificial wave, (b) near-fault 
earthquake, (c) far-field earthquake, a(d) pulse earthquake. 
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performance for all stories of the airport control tower is defined as γθ =

0.70 and γA = 0.80, achieving a 30 % reduction in the structural inter- 
story drift response and a 20 % reduction in the structural absolute ac
celeration response. Following the design procedure illustrated in the 
Section 3.4, the design parameters of the FJ-EVDs can be acquired by the 
‘fmincon’ [50] toolbox, as indicated in Table 4. 

4.2. Time history analysis results and discussions 

The designed FJ-EVDs are attached to the airport control tower 
structure (ST1), enabling calculation of the maximum inter-story drift 
and absolute acceleration response. Seismic mitigation ratios are ob
tained by comparing these values to those of the original structure (ST0). 
To illustrate the damping enhancement effect of the FJ-EVD, the struc
ture controlled by vertically installed VD with the same parameters as 
the FJ-EVD (ST2) is also analyzed and is shown in Table 5. It can be 

observed that the control efficiency of the FJ-EVD on the inter-story drift 
response is worse under W11, while that on the absolute acceleration 
response is worse under W10. However, the average values of the 
maximum inter-story drift mitigation ratio and absolute acceleration 
mitigation ratio are 0.65 and 0.79, respectively, which meet the re
quirements of the preset target. This result demonstrates the effective
ness of the proposed design procedure. In comparison with the FJ-EVD- 
equipped airport control tower (ST1), ST2 shows almost no effective 
utilization of the vertical deformation induced by floor rotation motions. 
Consequently, there is no damping enhancement effect, and the VD 
exhibits extremely small deformation, rendering it incapable of dissi
pating seismic energy. This observation necessitates the utilization of FJ- 
EVD for improved damping enhancement in the oscillation of high-rise 
structures within a bending model-based framework. 

To illustrate the performance of the airport control tower structure 
controlled by FJ-EVDs, the inter-story drift and absolute acceleration 

Fig. 22. Hysteretic curves of the viscous damper within the FJ-EVD on the 1st – 4th floor under the (a) artificial wave, (b) near-fault earthquake, (c) far-field 
earthquake, and (d) pulse earthquake. 

Fig. 23. Energy response curves of the (a) original structure and (b) FJ-VED-equipped airport control tower subjected to the artificial wave.  
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distributions along the structural height of the ST0, ST1 and ST2 are 
drawn in Fig. 18 and Fig. 19, whereas the inter-story drift and absolute 
acceleration time history curves of the 29th floor in the ST0, ST1 and ST2 
are presented in Fig. 20. The time history curves for the deformation of 
VD and the vertical deformation of FJ-EVD are depicted in Fig. 21, 
demonstrating a notable enhancement in the deformation of VD. The 
corresponding hysteretic curves of the VD are shown in Fig. 22. The 
energy dissipation pattern is substantiated by the energy dissipation 
time history curves and shell stress plots of the original and controlled 
structures, shown in Fig. 23 and Fig. 24, respectively. It can be observed 
that, upon the installation of FJ-EVD, a greater amount of seismic energy 
is dissipated by VD within the FJ-EVD, resulting in a reduction in the 
seismic energy dissipated by the inherent structural damping. Conse
quently, the overall stress and damage experienced by the primary 
structure are significantly diminished. 

5. Concluding remarks 

This study proposes a novel frame jack-enhanced viscous damper 
(FJ-EVD) for the efficient seismic response mitigation in airport control 
towers by strategically employing frame jacks to augment viscous 
damping. A displacement amplification-oriented design formula is 
formulated with suggested nonlinear parameter sets of FJ-EVD. The key 
conclusions of this study can be summarized as follows:  

(1) FJ-EVD yields a compact and highly efficient damping solution to 
the multiple seismic responses mitigation of the airport control 
tower in the bending-mode deformation process. In the design 
case, the displacement and absolute acceleration mitigation ra
tios of the structure with FJ-EVDs are γθ = 0.65 and γA = 0.79, 
while that of the structure with conventional viscous dampers are 
γθ = 0.98 and γA = 0.97, illustrating that the FJ-EVD 

demonstrates more significant mitigation effects for the struc
tural acceleration and displacement than conventional viscous 
damper.  

(2) The nonlinear viscous damper within the FJ-EVD is significantly 
and flexibly amplified due to the implemented jack frame and 
vertical installation approach, resulting in improved energy 
dissipation and vibration mitigation efficiency. The vertical 
deformation of the frame jack is amplified by a factor of 3 to 4 
compared to the deformation of the viscous damper. Specifically, 
the recommended frame control angle and damping exponent 
coefficients for the FJ-EVD are provided to ensure the simulta
neous control of crossing stories, making the system suitable for 
high-rise towers with limited installation space.  

(3) Following the proposed displacement amplification-oriented 
design methodology, the FJ-EVD demonstrates superior effec
tiveness and robust control performance compared to conven
tional viscous dampers optimized under the same criterion. 
Additionally, the target displacement and acceleration control 
demands are met with optimized displacement amplification 
benefits. This study contributes to an enhanced damping solution 
and facilitated design parameters for bending deformation con
trol of special air control towers through the implementation of 
the proposed FJ-EVD.  

(4) Upon the deployment of FJ-EVD across diverse seismic scenarios, 
a notable enhancement in seismic energy dissipation is observed, 
primarily attributed to the nonlinear viscous dampers integrated 
within the FJ-EVD. This heightened dissipation is instigated by 
the activation of the bending-mode vibration process. Conse
quently, a substantial decrease in seismic energy dissipation 
attributed to the inherent structural damping mechanism is 
observed, leading to a marked reduction in overall stress levels 
and structural damage to the primary structures. Future research 

Fig. 24. Shell stress plots for the airport control tower (a) without FJ-EVD and (b) with FJ-EVD subjected to the artificial wave.  
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will focus on conducting experimental tests using full-scale FJ- 
EVD installations and relevant airport control tower models, with 
consideration given to structural nonlinearity. 
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