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Tuned viscous mass dampers (TVMDs) are promising inerter-based devices for vibration control of civil struc-
tures. Previous studies chiefly focused on the vibration control performance of TVMDs for a main structure
subjected to seismic excitations. In this study, the application of TVMD isolation systems for equipment-induced
vibration control of industrial buildings is explored. A closed-form solution for optimum design parameters of
TVMD isolation systems is proposed based on the fixed-point theory. The design procedure of TVMD isolation
systems is provided to balance the vibrations of the main structure and equipment. The validation of TVMD
isolation systems is conducted based on a real industrial building. The numerical analysis results show that
TVMD isolation systems optimally designed using the proposed closed-form solution are highly effective in
controlling the acceleration and displacement responses of both the main structure and equipment. Moreover,
the results confirm that TVMD isolation systems can be used as an effective control strategy to solve the comfort
problem of industrial buildings induced by rotary mechanical equipment. This is because the inner degree of
freedom in a TVMD is amplified when the TVMD is tuned to resonate with the main structure, which provides a
significantly improved energy-dissipation ability of the TVMD isolation system.

1. Introduction

Structural control plays a crucial role in the design and retrofitting of
civil structures to avoid damage from undesired vibrations caused by
external excitations [1-3]. In particular, a large number of passive
control devices have been developed and installed to mitigate undesired
vibrations in civil structures [4]. Owing to the significant mass ampli-
fication effects of inerter elements, inerter-based devices are widely
accepted as effective passive control devices [5]. In recent years, per-
formance testing of inerter-based devices has been conducted in many
fields, such as dynamic vibration absorbers in mechanical systems [6,7],
buildings [8-15], bridges [16], storage tanks [17-19], wind turbine
towers [20], platforms [21], and isolation systems [22]. Isolation sys-
tems not only prolong the natural period of the main structure but also
dissipate input energy [23]. Hence, the seismic response of isolated
structures can be significantly suppressed [24]. However, isolation
systems may undergo large displacements under severe seismic excita-
tions [25]. To reduce the displacement and improve the performance of
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isolation systems, inerter-based isolation systems that combine isolation
systems with inerter-based devices provide attractive alternatives to
conventional isolation systems [26-28].

The aforementioned inerter element is a two-terminal element that
provides an inertial force proportional to the relative acceleration of
both terminals [29-34]. In civil engineering, the bud of a two-terminal
inerter element is a liquid mass pump developed by Kawamata [35] in
the 1970 s. Subsequently, Ikago and his co-workers [36,37] developed a
tuned viscous mass damper (TVMD), a promising inerter-based device
for vibration control of civil structures, to make the most of mass
amplification and damping enhancement effect for the first time. As is
common for tuned-type control devices, the TVMD control performance
is significantly influenced by its design parameters. Following the well-
known fixed-point theory [38,39], Ikago and Saito [36] proposed a
closed-form solution to determine the TVMD design parameters. Huang
and Hua [40] investigated the optimal design of the TVMD with linear
and nonlinear viscous damping properties and found that a nonlinear
TVMD can achieve comparable or even slightly better control
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Fig. 1. Schematic of an SDOF main structure coupled with rotary mechanical equipment.
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Fig. 2. Analytical model of TVMD isolation system.

performance than a linear TVMD. Considering the stochastic charac-
teristics of seismic excitations, Pan and Zhang [41] developed a demand-
based optimal design method for TVMDs to overcome some deficiencies
of the fixed-point theory. To ensure that the control effectiveness of
TVMDs becomes superior to that of the viscous damper with the same
damping coefficient, He and Tan [42,43] proposed closed-form solu-
tions of optimum design parameters of TVMDs based on the effective
damping ratio enhancement effect. Concerning the nonstationary
impulsive characteristics of seismic excitations, Su and Bian [44]
developed an impulsive resistant optimization design method for
TVMDs based on stability maximization. In addition, many excellent
studies have been conducted on the development of inerter-based
isolation systems for vibration mitigation of main structures subjected
to seismic excitations [22-28,45]. The closest research to this study was
carried out by Li and Chen [46], who focused on investigating the
optimal design and performance evaluation of TVMD isolation systems
under the white-noise seismic excitation hypothesis.

However, for industrial buildings, undesired vibration problems may
be induced by rotary mechanical equipment (Fig. 1), which is distin-
guished from seismic excitation. Moreover, some industrial buildings
have strict requirements for equipment vibration [47-50]. This suggests
that the application of conventional isolation systems may not be
appropriate considering their large displacements. Therefore, to provide
an improved isolation control scheme, it is valuable to explore the
application of TVMD isolation systems for equipment-induced vibration
control of industrial buildings. In this study, considering that the
external force is harmonic, a closed-form solution for optimum design
parameters of TVMD isolation systems is proposed. This solution is
theoretically based on the fixed-point theory. The design procedure of
TVMD isolation systems is provided to balance the vibrations of the
main structure and equipment. The validation of TVMD isolation
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systems is conducted based on a real industrial building. The numerical
analysis results confirm that TVMD isolation systems can be used as an
effective control strategy to solve the comfort problem of industrial
buildings induced by rotary mechanical equipment.

2. Theoretical analysis

In this section, the undesired vibration problem induced by rotary
mechanical equipment in industrial buildings is described. A classical
analytical model for a single-degree-of-freedom (SDOF) main structure
coupled with rotary mechanical equipment is provided. Moreover, an
analytical model of TVMD isolation systems is established.

2.1. Structure coupled with rotary mechanical equipment

As is common in rotary mechanical equipment, centrifugal force
occurs when the equipment operates with angular velocity o, as shown
inFig. 1. Let f (t) and h (¢) denote the vertical and horizontal components
of centrifugal force, respectively. In this study, the stiffness of the main
structure in the vertical direction is expected to be smaller than that in
the horizontal direction. Furthermore, the main structure and equip-
ment are more likely to resonate in the vertical direction, which may
cause undesired comfort problems for the main structure and low
working efficiency of the equipment. Therefore, only the vertical vi-
bration caused by f () is considered in this study.

Fig. 1 shows the main structure coupled with rotary mechanical
equipment, where my, ki, and c; are the mass, stiffness, and damping of
the main structure, respectively; m, is the mass of the equipment; and x;
is the displacement of the main structure relative to the ground.
Assuming that the vertical component of the centrifugal force is har-
monic (i.e., f(T) = Fe“T), the governing equations of the system motion
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Table 1
Notation.
Notation Definition
Main structure my Mass
k1 Stiffness coefficient
¢ Damping coefficient
w1 = ki/m Frequency
& = a/(Cmor) Damping ratio
Excitation f(T) = Fe“T Excitation force; vertical component of the centrifugal force
® Angular velocity of equipment; excitation frequency
A =w/mm Excitation frequency ratio
TVMD isolation system me Mass of the equipment
ke Vertical equivalent stiffness coefficient of the isolator
we = \ke/m, Frequency of the isolator
po= mg/m Equipment mass ratio
a = we/w Frequency ratio of the isolator
mr TVMD inertance
kr TVMD stiffness coefficient
cr TVMD damping coefficient
or = +kr/mr TVMD frequency
Er = cr/(2mwr) TVMD damping ratio
p = mr/my TVMD mass ratio
y = or/o TVMD frequency ratio
Acceleration dynamic amplification factor (DAF) Hyo Noncontrolled main structure and equipment
H;. tvmp Main structure controlled by the TVMD isolation system
H, tvmp Equipment controlled by the TVMD isolation system
Response mitigation ratio (RMR) J ‘ H;. TVMDlmax Main structure
p =L max
1H10 ]
. |He, Tvmp ‘max Equipment
e = T T
1FL0] 0
can be written as
. . i m; 0 0 X c 00 X ky+k,+kr —k.—kr k X
(my + m)% + c1% + kix; = Fe''. (@)) ! ! ! ! PR R e TR T !
0 m, O X, p+1000 Xe p+ | —ke—kr ket+kr —kr Xe
The 'equl.pment is assumed to be? fixed on 'the mal.n' str}lcture, as 0 0 mrl| | 00cr| |3 Ky —kr kr X7
shown in Fig. 1, and the acceleration dynamic amplification factor
(DAF) for the noncontrolled main structure and equipment is obtained 0
via the Fourier transform as follows [6]: ={ F e
2 0
m U, A
Ho(4) = - = 2 3)

VL= + w2 + @627

where U; is the acceleration amplitude of the main structure; 1 = @/
w; is the excitation frequency ratio; w; is the frequency of the main
structure; ; is the damping ratio of the main structure; and x denotes the
equipment mass ratio. Note that although in this study we only inves-
tigated vertical vibration, relevant methods can still be employed for
horizontal vibration control of the system by substituting the horizontal
parameters for vertical ones (e.g., replacing f (t) with h ().

2.2. Analytical model of TVMD isolation system

In this study, the improved performance of an isolation system pro-
vided by a TVMD is investigated. The isolation system coupled with the
TVMD jointly constitutes the TVMD isolation system, as illustrated in
Fig. 2. Herein, the vertical vibration damping of the equipment is ex-
pected to be provided by the TVMD, because the vertical equivalent
damping of the isolator is assumed to be very small and can be ignored.
Assuming that k. denotes the vertical equivalent stiffness of the isolator;
mr, kr, and cr represent the TVMD inertance, stiffness, and damping
coefficient, respectively; and x; denotes the deformation of the TVMD
inerter element. The TVMD isolation system governing equations of
motion can be obtained as follows:
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By introducing the TVMD mass ratio f = my/m,, frequency ratio y =
wr/w;, damping ratio & = cr/(2myw, ), and isolator frequency ratio a =
. /w1, as presented in Table 1, Eq. (3) can be rewritten as

1 00 X 28,0, O 0 X
0 p 0[{x. b+ 1] 0 0 o0 %,
00 gl 0 0 25 | Lir
(1 + pe® + pr)oy —(ua* + pr)o}  prot | (i
+ —(ﬂaz + ﬂ}/z)wf (;wt2 + ﬁ’yz)a)f —ﬂyzaﬁ Xe
prro; —prle; prro; | 7
0 .
= { F/my pe @
0

Similarly, let U, denote the acceleration amplitude of the equipment,
the acceleration DAF for the main structure and equipment controlled by
the TVMD isolation system can be respectively expressed as.
mU,  [A}+B} A+ B’

F\ o p e =" = e

my Ue
F

HLTVMD (l) =

where



Structures 51 (2023) 1934-1943

Z. Zhu et al.
20 T T T ’I T : T |' T l" T T
! !
— i, AR IR
- _Hl.TVMD’ CT= 0.001 :: ,' " ,' '| ,' I|
15 H=——H} 1ymp’ <7 = $ropr ' [ i i 7
""" 1 rvmp 7 = 0-100 ! |,! ," '. .
= U] / .
—~ \
~_ 10 [ 1
T
5 -
0
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
A

Fig. 3. Acceleration DAF of the undamped main structure for different values of &7 and 4 = 0.1.

A = _ﬂazﬂy2/12+ (ﬂa2ﬂ+ﬂ2y2)ﬂ4
By = —20p(ua* + Br) 2
Ao = —pr (1+pa®) 2> + [B(1+pa® +Br* +7°) +48,8, |44 = B2°
B. = 2(¢r+5¢, )/15 72[4“7-(1 +ﬁ72 +ﬂa2) +/}723:1 ]13
D = pa®fy’ — [Br* (B+u+p e +48,8p +pa®) +po? (B+4¢,81) | 12
+up(1 + V) + (B +ua®B) (1 +p) +4ug &p | 2 — ppa°
E = [2B7°Cr +2ua® (Sr +r°80) |A+2u(Cr + 551)A°
—[2usr(ua® + & + Bt + 1) + 2u8, (@B + Br*) + 287" (u, + &) ] 4

(6)

3. Optimal design of TVMD isolation system

In this section, a closed-form solution for optimum design parame-
ters of TVMD isolation systems is proposed. It is theoretically based on
the fixed-point theory. Detailed parametric studies are carried out to
verify the correctness of the proposed closed-form solution and inves-
tigate the crucial connection between the parameters of TVMD isolation
systems and control effectiveness. Furthermore, the design procedure is
summarized to provide a viable method for balancing the vibrations of
the main structure and equipment.

3.1. Closed-form solution for optimum parameters

Assuming that the damping of the main structure can be ignored (i.e.,
£, =0), the acceleration DAF for the main structure can be simplified as

~2 ~2
A + B

Hl,TVMD(}L) = A | =2 =2 @)
D +EZ
where
Ay = —udpr R + (pop + fr) 2
B, = —2(/4(12 + ,13}/2)/13
D = p@py — [Py (f+p+ @& +pa’) + pa’ 122

+up(L + 7)) + (B +pa®B) (1 +p) |2° — ppa®

2u(ua® + & + g + 1) +287 17
(8

According to the fixed-point theory, the invariant points of

H; tvmp(A) are independent of &; but are a function of A. Therefore, it can
substitute £, = 0 and £ = oo into Egs. (7) and (8) to obtain

E = [287 +2ua’] A +2ul —

A_ B ©

D E
Thus,

ay ()’ + @ (22)’ + @i +ay = 0, (10)
where
as=4’a p+4up’y’
24P (pA )t + 20 (147 +257%) o
a) ——

Haupy a + 267y (1) +upr’ (2+7°)
ay =224 (147 +pr?) @* + 2upy* (u+ 1) + (2ur*a® + pr*) (u+2p)]
ao= 4 (ura + ")
an

This implies that H; rvmp(4) has three invariant points corresponding
to the three real roots (i.e., 43, 43, and 13 presented in Fig. 3) of Eq. (10),
which can be expressed as

) a 3| A AT A} A Al A}
= -+ —— - 12
& 3a3+\J s VT Tt Va (122)
) a A A} A A, A} A
= -4 A\|——+ Al == — 12b
5 303+ 0 5+ 4+27+ 2 4+27, (12b)
N AT A} A AT A}
P RN N [ Y el Aoy | 21— 12
RS T AT T A Tty 020
where
Ao = -1+ \/737 27a3a0 Yazara; + 2a2 A = 3aza, ; a; a3)
2 2743 3a3
The optimal condition yields[42]
|Hy rvmp (Ap) | = [Hirvmp (A0) | = |Hirvwmp (Ag) |- a4

By solving Eq. (14), the closed-form solution for optimum values of «,
p, and y can be expressed as

w =g W — V21 (15)
opt — 2” + 17 opt — (2ﬂ + 1)27y(1p1 - :“ .
Substituting Eq. (15) into Eq. (12) we obtain
M=1+p—uQ+u), iy =12 = 1+p++/u2+p). (16)

To ensure that H; tvmp(4) achieves the maximum value at the three
invariant points, the damping ratio of the TVMD isolation system should
yield.

1937



Z. Zhu et al.
10! . ;
N
e
NoSTs Ineffective
S SIS
0 \ ~ N s
10 ~ o h
SN0 l Effective
~ ~ ~
~ ~
~. ~ ~
-1 = ~ > ~ ~
3 ~
10 < NL
~
— ~
~ ~ N h ~ ~
Z0.1°
10_2__51 0.1% ~/ 8
— 0% s
— (= 05% >
Lo
107 0o - ¢ =20%
- = ¢ =50% ¢ =0.1%~10%
o g = 10%
10-4 2 Il ‘0 1
10~ 10° 10 10
Yz
(a) Structure

Fig. 4. Analysis results of RMR for the damped main structure and equipment when 0.01 < u

‘ START }

Structural performance demand

Structures 51 (2023) 1934-1943

T Ineffective

~ .
S \¢Effect1ve

— - 01% N e

—_—=02% o </~
102 H——6=05% ~

—_— = 10%

- = =2.0%

- = =50% ¢ =0.1%~10%

-G = 10% i :
10 | ;

1072 107! 10° 10
V2
(b) Equipment
< 10 and 0.1% < &; < 10%. (a) Structure and (b) equipment.

Noncontrolled structural and
equipment performance

Determine structural target RMR J{

l

Equipment performance demand

—

Determine equipment target RMR JZ

Performance
verification
Jy<JlandJ <JL

Fig. 5. Flowchart of the TVMD isolation system design procedure.

Determine equipment mass ratio u

Optimal design of TVMD isolation system
by the proposed closed-form solution in
Equations (15) and (18)
(caleulate appt , Bopts Yopt, and CTopt)

Fig. 6. Illustration of the numerical model.

1938



Z. Zhu et al.

Table 2
Model parameters.

Main structure Excitation force f(T) = Fel”

Mass m; (ton) 90.30 Amplitude F (kN) 14.90
Frequency w; (Hz) 16.67 Frequency o (Hz) 16.41
Damping ratio &; 0.20% Frequency ratio 2 0.98

H{|Hirvn ()|}

n )a{ |Hy oo (1)} NG I

oA? ’ 012

2_ 22 2 _
r=2 2=

2_ 52
=iy

17

Combining Equations (16) and (17), the closed-form solution for
optimum & can be expressed as

2’

Y2+ 4+ 1 as)

CTopl =

According to the optimum parameters of the TVMD isolation system,
and substituting Eqgs. (15) and (18) into Eq. (7), the maximum value of
Hi tvmp(4) at the three invariant points is expressed as

1

max (19)
u

|H l,TVMD‘

Clearly, the control effectiveness of the TVMD isolation system for
the undamped main structure is negatively related to the equipment
mass ratio u, that is, the TVMD isolation system becomes more effective
as u increases.

Structures 51 (2023) 1934-1943

3.2. Parametric study

It is known that all acceleration DAF H; tvmp(4) curves of the un-
damped main structure for different values of the damping ratio & will
pass the three invariant points (i.e., P, Q, and R), which are also the
peaks of Hy, tymp(4) if the TVMD isolation system is optimally designed
using the fixed-point theory. Considering that the equipment mass ratio
uis 0.1, Hy tymp(4) of the undamped main structure for different values
of £ can be obtained, as shown in Fig. 3. Note that Hy tymp(4) achieves
its maximum value at the three invariant points. This means that the
closed-form solution for optimum parameters of TVMD isolation systems
proposed in Section 3.1 satisfies the requirements of the fixed-point
theory, which demonstrates the correctness of the proposed solution.
Compared to the acceleration DAF H;o(4) for a noncontrolled main
structure, the maximum value of H; tvmp(4) is extremely suppressed
near the resonance region when the TVMD isolation system is optimally
designed. Notably, the TVMD isolation system is expected to control the
response of the main structures near the resonance region. Beyond the
resonance region, the TVMD isolation system shows weak or negative
control effectiveness. Therefore, the reduction in the maximum value of
the acceleration DAF is considered more appropriate as a performance
index to evaluate the control effectiveness of the TVMD isolation system.

Note that the maximum value of the acceleration DAF for the main
structure should be minimized when the TVMD isolation system is
optimally designed using the fixed-point theory. To demonstrate the
control effectiveness of the optimally designed TVMD isolation system,
the response mitigation ratio (RMR) can be defined as.

H, rvmp H, rvmp
J = ﬂ andJ, = QV (20)
10 10
Table 3
Design results of TVMD and conventional isolation systems.
Parameters TVMD isolation systems Conventional isolation systems
Case 1 Case 2 Case 3 Case la Case 2a Case 3a
me(ton) 3.07 9.03 27.09 3.07 9.03 27.09
u 0.034 0.100 0.300 0.034 0.100 0.300
a 0.9676 0.9129 0.7906 0.9676 0.9129 0.7906
B 0.0020 0.0139 0.0703 - - -
7 1.0334 1.0954 1.2649 - - -
ér 2.64 x 107 3.11 x 1073 2.72 x 1072 2.64 x 107 3.11 x 1078 2.72 x 1072
ke(kN/m) 3.15 x 10* 8.26 x 10* 1.86 x 10° 3.15 x 10* 8.26 x10* 1.86 x 10°
mr(kg) 183.03 1254.17 6349.22 - - -
kr(kN/m) 2.14 x 10° 1.65 x 10* 1.11 x 10° - - -
cr or ¢, (kN-s/m) 4.50 58.75 512.12 4.50 58.75 512.12
10° " " " " ‘ 10° — " ‘
Noncontrol === Nonconttol ! | b
Case 1 Case 1 1 "
Case la -~ == Casela N o
102 L ———Case 2 Case 2
=~ === (Case2a 2 |- - -~ Case2a
4, Case 3 10 Case 3
- = -~ Case 3a - === Case 3a
— 10] —
S 3
= N
10°
10°
107!
102 . . . . . . . 107! . . . . . . .
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

(a) Structure

(b) Equipment

Fig. 7. Comparison results of acceleration DAF for the main structure and equipment. (a) Structure and (b) equipment.
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where J; and J, denote the RMR for the main structure and equip- increasing the equipment mass can improve the effectiveness of the
ment controlled by the TVMD isolation system, respectively. Clearly, the TVMD isolation system in terms of the acceleration response of both the

TVMD isolation system shows positive control effectiveness for the main main structure and equipment. Furthermore, J; and J, are negatively

structure and equipment only if J; and J, are less than one.

related to the structural damping ratio &;. This implies that increasing

As shown in Fig. 4, J; and J, are positively related to yu, that is, the damping ratio of the main structure weakens the control
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Fig. Al. Analytical model for the conventional isolation system.

effectiveness of the TVMD isolation system. In the case of a low-damping
main structure (e.g., & < 1.0%), the TVMD isolation system shows
positive control effectiveness for both the main structure and equipment
when y > 0.1. Additionally, the required value of x increases to main-
tain this situation with an increment of &;. Therefore, it is possible to
balance the control effectiveness of the TVMD isolation system for the
acceleration response of the main structure and equipment by adjusting
the equipment mass ratio u.

3.3. Design procedure

As presented in Fig. 5, the design procedure of TVMD isolation sys-
tems is provided to balance the vibrations of the main structure and
equipment. According to the performance demand (e.g., the specified
restriction of maximum acceleration response), the target RMR for the
main structure and equipment can be determined as JT and J7, respec-
tively. A TVMD isolation system can be optimally designed using the
proposed closed-form solution provided that the equipment mass ratio y
is predetermined in advance. If the TVMD isolation system fails the
performance verification, as discussed in Section 3.2, a supplemental
mass (corresponding to the mass ratio Au) should be added to the
equipment to enhance the control effectiveness. Following the above
procedure, the key point of the design of TVMD isolation systems is to
ensure that the vibrations of both the main structure and equipment
satisfy the restrictions.

4. Application and validation of TVMD isolation system

In the previous sections, TVMD isolation systems were investigated
via theoretical analysis. In this section, the application and validation of
a TVMD isolation system based on a real industrial building are
described. As illustrated in Fig. 6, an industrial building is prepared as a
barrel mixer building for an ironmaking plant. Based on a preliminary
survey, it is concluded that the comfort problem of the floor for this
industrial building is induced by rotary mechanical equipment whose
excitation frequency is in the resonance region. Therefore, the TVMD
isolation system is supposed to be effective in controlling the vibrations
of both the main structure and equipment. Herein, resonance modal
parameters of the main structure are set as listed in Table 2.

To obtain different performance levels, Table 3 lists three TVMD
isolation systems designed using the proposed closed-form solution, in
which the equipment mass ratio y is presented in ascending order
(corresponding Cases 1, 2, and 3). To demonstrate the superior control
performance of TVMD isolation systems over that of conventional
isolation systems, three conventional isolation systems (corresponding
Cases 1a, 2a, and 3a) are prepared in Table 3. The analytical model for
the conventional isolation system is provided in Appendix A.

Fig. 7 shows comparison results of acceleration DAF for the main
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structure and equipment. It is confirmed that TVMD isolation systems
are effective in controlling the maximum response of both the main
structure and equipment near the resonance region. The effective region
becomes larger for TVMD isolation systems with increasing equipment
mass ratio u. Three peaks of acceleration DAF for the main structure are
very close (the difference is within 1%) in different cases, indicating that
the proposed closed-form solution can still provide a good estimate for
optimum design parameters of TVMD isolation systems even if the fixed-
point theory no longer holds for the damped main structure (i.
e., & # 0). It is observed that TVMD isolation systems are more effec-
tive in controlling the maximum response of both the main structure and
equipment compared to conventional isolation systems. However,
TVMD isolation systems are not always better than conventional isola-
tion systems throughout the frequency domain. For example, conven-
tional isolation systems have a slightly better control performance for
the main structure than TVMD isolation systems when 4 = 0.98 in the
case of equipment mass ratios are 0.100 and 0.300. Therefore, the
application of tuned viscous mass damper isolation systems for
equipment-induced vibration control of industrial buildings is particu-
larly recommended under the evaluation system of the fixed-point the-
ory where the maximum value of acceleration DAF for the main
structure and equipment is the primary control objective.

To further investigate the control effectiveness of the TVMD isolation
system, a time-history analysis is conducted according to the parameters
listed in Tables 2 and 3. Fig. 8 shows the results of this time-history
analysis in terms of the acceleration responses of the main structure
and equipment. It is observed that the maximum acceleration response
of the noncontrolled main structure is 35.66 m/s?, which is suppressed
by 96.81%, 98.07%, and 98.86% for Cases 1, 2, and 3, respectively. The
TVMD shows vibration mitigation ratios of 87.30 %, 95.57 %, and
98.50% for the maximum acceleration response of the equipment. The
control effectiveness of TVMD isolation systems for the main structure is
slightly better than that of equipment. This is because the closed-form
solution for optimum design parameters of TVMD isolation systems is
proposed based on the acceleration DAF of the main structure. It can be
concluded that TVMD isolation systems optimally designed using the
proposed closed-form solution are highly effective in controlling the
acceleration response of both the main structure and equipment. Thus,
TVMD isolation systems can be considered as an effective control
strategy to solve the comfort problem of industrial buildings induced by
rotary mechanical equipment.

Fig. 9 presents the time-history analysis results of displacement re-
sponses of the main structure. It is seen that the maximum displacement
response of the noncontrolled main structure is 3.35 mm, which is
reduced by 96.81%, 98.07%, and 98.87% for Cases 1, 2, and 3,
respectively. Concerning equipment, in combination with Fig. 10(a), the
corresponding maximum displacement reductions are 87.91%, 95.13%,
and 98.08% for Cases 1, 2, and 3, respectively. Therefore, TVMD
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isolation systems optimally designed using the proposed closed-form provide a good estimate for optimum design parameters of TVMD
solution are also highly effective in controlling the displacement isolation systems, even if the fixed-point theory no longer holds.
response of both the main structure and equipment. TVMD isolation 2) TVMD isolation systems are expected to control the response of the
systems become more effective with increasing equipment mass ratio y, main structures near the resonance region. Beyond this region,
which coincides with Eq. (19). However, the displacement response is TVMD isolation systems show weak or negative control effectiveness.
relatively small compared with the acceleration response, which rarely 3) The design procedure of TVMD isolation systems is provided to
causes safety problems in industrial buildings. Thus, the comfort prob- balance the vibrations of the main structure and equipment. Opti-
lem induced by the acceleration response is the primary control objec- mally designed TVMD isolation systems are effective in controlling
tive of the TVMD isolation system in this study. the acceleration and displacement responses of both the main
As observed in Fig. 10, the deformation of the TVMD is amplified by structure and equipment.
factors of 3.87, 2.39, and 1.59 for Cases 1, 2, and 3, respectively, 4) TVMD isolation systems can be considered as an effective control
compared to that of the isolator. This reveals that the deformation of the strategy to solve the comfort problem of industrial buildings induced
inner degree of freedom in the TVMD is amplified when the TVMD is by rotary mechanical equipment. This is because the inner degree of
tuned to resonate with the main structure (i.e., frequency ratio y close to freedom in TVMD is amplified when the TVMD is tuned to resonate
1.0), which can be referred to as the damping enhancement (DE) effect with the main structure, which provides a significantly improved
[51]. As y increases away from 1.0 as listed in Table 3, the DE effect of energy-dissipation ability of the TVMD isolation system.
the TVMD becomes less remarkable. Therefore, the equipment mass
ratio u as well as the corresponding frequency ratio y can be adjusted in In this study, the closed-form solution for optimum design parame-
practical applications to ensure that TVMD isolation systems have an ters of TVMD isolation systems is proposed based on the acceleration
improved energy dissipation ability. DAF for the main structure. In the future, the closed-form solution for
From the above analysis results, it can be concluded that TVMD optimum design parameters of TVMD isolation systems should be
isolation systems optimally designed using the proposed closed-form investigated based on the acceleration DAF of the equipment if the
solution are effective in controlling the acceleration and displacement precision and function of the equipment are major concerns.

responses of both the main structure and equipment. TVMD isolation
systems can be considered as an effective control strategy to solve the

comfort problem of industrial buildings induced by rotary mechanical ~ Declaration of Competing Interest
equipment. This is because the inner degree of freedom in a TVMD is
amplified when the TVMD is tuned to resonate with the main structure, The authors declare that they have no known competing financial
which provides a significantly improved energy-dissipation ability of the interests or personal relationships that could have appeared to influence
TVMD isolation system. the work reported in this paper.
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Appendix A. Analytical model for conventional isolation system

Fig. Al shows the analytical model for the conventional isolation system installed between the main structure and equipment. Herein, the vertical
vibration damping of the equipment is expected to be provided by the isolator. Assuming that cr is the vertical equivalent damping of the isolator, the
conventional isolation system governing equations of motion can be obtained as:

my 0 )-Cll cy+cr —cr Jél kl + kc 7ke X1 _ 0 it
{0 m]{x}+{ —er cTer}*{—kﬂ k[ \xf TFSC (A1)
Note that the damping of the isolator is assumed to be equal to that of TVMD for a fair performance comparison between TVMD and conventional
isolation systems. For non-dimensional analysis, Eq. (A1) can be rewritten as

. . 0

{1 0} Ml {2(41 +{r)or —28rm } Tl (1+pa’)oi  —pa’w; {xl } _J g (A2)
0 uj) % —2¢rw 20w X —po* o’ ot ot X, -
1

Further, the acceleration DAF for the main structure and equipment controlled by the conventional isolation system can be respectively given as.

(k)" + (6, 2)° o \/[— (L+pa?) 22 + 2417 + 2+ ¢)2 )

a o) (A3)

HI.CI =

where the denominator ( is

1942
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Q = (4@ — (P + ua® + p+4,6) 22 + pat |+ [2(0ePC, + &p)d— 2(Cr + ey + e )2 ]

The notations in the above equations are the same as those listed in Table 1.
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