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Abstract. This study proposes a nonlinear cable model for the cable-bracing inerter system
(CBIS). In a CBIS, cables are introduced to connect inerter systems and the structure for
translation-to-rotation conversion. This CBIS employs an inerter element, a nonlinear cable
bracing element and an additional damping element to utilize their synergy benefits. This paper
aims to investigate the control effect of the nonlinear CBIS for high-rise buildings that are
represented as bending-shear type models. First, a nonlinear inerter system is incorporated into a
single-degree-of-freedom (SDOF) system and the mechanical model is proposed. An optimum
design method is then developed for a high-rise building system equipped with a CBIS and the
time-history analyses are conducted to validate the control effect of the CBIS. It is concluded
that the employment of a CBIS can substantially improve the structural performance. A genetic
algorithm can be used to obtain optimal parameters of a CBIS, thereby more effectively reducing
the dynamic response of high-rise buildings.

Introduction

The inerter, a recently introduced mechanical element for structural control, has attracted an
increasing amount of attention. It has been found to be effective because of their adjustable
frequency, mass enhancement effect and damping enhancement principles [1,2]. Inerter is a two-
terminal mechanical element [3] which generates a resisting force proportional to the relative
acceleration between its two terminals. An apparent mass significantly larger than its physical
one is obtained when the translational motion is converted into rotational one [4,5]. In the 1970s,
Kawamata [6] developed a type of a fluid inerter designated liquid mass pump, which was a
pioneering work applying an inerter in the field of civil engineering. In 1999, Arakaki et al. [7]
used the ball screw mechanism to amplify the efficient output force of a viscous damper for
suppressing structural vibrations, although the inertance yielded by the device was not used
intentionally. Inerter systems have been demonstrated to be highly effective in mitigating both
inter-story drifts and floor accelerations for low-rise and medium-rise buildings. Actually, this
system is attracting especially for high-rise buildings.

Bracing systems are usually used in the implementation of the inerter system to convert
translational movement into rotational one between the structure and the inerter system. In civil
engineering field, researchers have developed various types bracing configurations [8] among
which steel braces are the most used but few of them involve cables. However, the advantages of
cable braces are numerous and incontestable [9]. As the cables are being used only in tension,
they are much thinner and lighter than most steel braces. Thus, they have negligible inertia and

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 license. Any further distribution of
this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Published under license by Materials
Research Forum LLC.

170



Structural Health Monitoring Materials Research Forum LLC

Materials Research Proceedings 18 (2021) 170-178 https://doi.org/10.21741/9781644901311-20

they are particularly suitable for the systems in which great accelerations are applied.
Furthermore, cables are less expensive than most conventional mechanical components when it
is long enough and can be an alternative method for connecting inerters with the main structure.

However, cables involve two important characteristics to be considered seriously when they
are applied to the high-rise buildings. One is the undesirable buckling in load-carrying elements
[10]. Another is the unilaterality of actuation imposed by using cables. This unilaterality requires
an unrestricted space in length. These two characteristics are attributed to the inability of cables
to bear compression. Combined with compression-resistant materials [11], the effects of
buckling and limitations of the stroke length can be reduced.

The previous study [12] has already proposed the mechanical model of the CBIS and the
optimization design method to minimize the magnitudes of structural displacement responses
[13]. In this paper, this nonlinear cable model is incorporated into a bending-shear model. First,
the motion equations of the nonlinear inerter system are derived. Second, the optimal design
problem to minimize the magnitudes of structural displacement responses is formulated to obtain
a set of optimal designs for a nonlinear CBIS. Finally, the dynamic time-history analyses are
conducted to validate the effectiveness of the CBIS.

A nonlinear cable bracing inerter system

Nonlinear model of the cable braces

A CBIS uses cable braces to connect inerter systems and main structures for translation-to-
rotation conversion. The mechanical system of a CBIS consists of an additional damping
element, an inerter element and an equivalent cable bracing element. Fig. 1 shows the layout of
the CBIS and the nonlinear cable hysteresis in which the compressive stiffness of the buckling
restrainer is several times as large as the tension stiffness.

Inerter A
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\ P cable element
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(a) CBIS (b) Nonlinear cable bracing element

Fig. 1 Mechanical model of the nonlinear CBIS

In Fig.la, my and ¢y are the inertance and the damping coefficient of the CBIS. ky is the
equivalent stiffness of the nonlinear cables which is given by Eq. 1:

{kd =k, x;>0 O

ky=k.,x;<0

where kt and kc are the tension and compressive stiffnesses of the cable bracing element,
respectively. The output force F' generated by the CBIS contains two main parts and can be
calculated by the following equation:

F =kyxy(t) = my(X,(2) — %()) + ¢y (x4 (£) — x(2)) ()
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where x(t) and x4(t) donate the displacement of the primary structure relative to the ground
and displacement of the cable brace, respectively. Superimposed dots indicate derivatives with
respect to the time.

An SDOF structure equipped with a nonlinear CBIS

Fig. 2 shows the analysis model of a CBIS-equipped SDOF structure. According to the force
equilibrium conditions and the layout of the system, the equation of motion for the controlled
structure can be represented as:

m(f) + () + hu(t) + F = —mi, (¢) 3)

where m, ¢ and k denote the mass, damping coefficient and stiffness of the primary structure,
respectively; X, (t) is the acceleration of ground motion.

Fig. 2 Analytiacl model of a CBIS-equipped SDOF structure

Optimization design of a CBIS controlled multi-degree-of-freedom (MDOF) structure
Building model

We reproduced an analytical model of the Osaka Prefectural Goverment Building at Sakishima,
Osaka [14] from the published data. This 53-storey building has a height of 256 m. The total
mass of the building is 78,008 tons, and the characteristics for the analytical model are shown in
Table 1. The first three natural angular frequencies are 1.257, 3.734 and 6.367 rad/s,
respectively.

In high-rise buildings, the bending deformation cannot be ignored and usually the bending
deformation of the higher layer accounts for the a large proportion (as shown in Fig.3). In the 1%
mode of this structure, the components of shear deformation and bending deformation are similar
when the floors are lower than the 43™ floor. The proporation of bending deformation gradually
increases when the floors are higher than the 43™ floor. In the 2™ and 3™ modes, the bending
deformation dominates in the floors above the 43" floor. In Fig.4, bending deformation is the
same as shear deformation on the top floor. Therefore, the inerter systems are suggested to be
installed vertically on the top of the building to make full use of the vertical component of the
bending deformation so that the efficiency of the CBIS can be maximized (as shown in Fig.6).

Table 1 Fundamental periods of the analytical model

Mode 15 nd 3ud
Period [s] 5.00 1.68 0.99
Angular frequency 1.257 3.734 6.367
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Uncontrolled building

Considering this 53-storey bending-shear model shown in Fig.5, every storey of this model
consists of a rotational and shear springs. These two springs are connected in series. Let ksj and
kvj denote the shear stiffness and bending stiffness, respectively. Similarly, let ¢sj and cyj denote
the damping coefficient of the dashpots arranged in shear and rotational directions, respectively.
These two dashpots are also connected in series. The floor mass and its rotational mass moment
of inertia are denoted by mj and J;, respectively.

In this model, every storey has one translational and one rotational degree of freedom.
Therefore, the total number of DOF should be 106 (53 in translation and 53 in rotation). We
assume that the damping matrix Cs for the primary structure is proporational to the stiffness
matrix and the inherent damping of the 1°' mode of the structure equals 0.02, C, can be obtained
as follows:

*
C. - 2%0.02 K. 4

la)p

where @, is the first natural angular frequency of the primary structure. The equation of

motion for the uncontrolled structure can be written as :
MX +CX +K X =-MT i (5)
where M, Cs and K are the structural mass, damping and stiffness matrixs of the primary
structure, respectively. X is the structural deformation vector. I's is a vector with entries equal to

unity for translation DOFs and zreo for the others. X consists of displacements and rotational
angles defined as:

X, =[x x, ..x, 66, .6,T (6)

where xj and 6; are the displacement and rotational angles relative to the ground, respectively.
The mass matrix Ms is defined as :
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Fig.5 A bending-shear model Fig.6 Installation location
M, =diag[m, m,..m, J,,J,...J ] (7
The influence coefficient vector I's is given by
r,=[11..100..0] (8)

Building with nonlinear CBIS
Based on the bending-shear model, the equation of motion for the building model with two
CBISs under ground motion excitations as illtstrated in Fig.6 is derived as Eq.9.

MX +CX +KX =-MT%, ©)
where
M MS+T1V£dTT ™, C= CS+TCTdTT TC, K= K, 0,., ’
M, T M, C,T C, 0., K, (10)
X:[Xs’ydl de]Tar:[Fsao O]T
"0 0
0 O
0 0 kK, O
M, = " ,Cy = N K = ¢ , T= 00 (11)
0 My 0 ¢4 0 kd
L1
—2 2_2N><2

T is an installation matrix, denoting the installation location of the CBIS. Let / be the
distance from the center of the core to the tips of cables. T transforms the relative displacement
vector into the inter-story drift vector.
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Optimization design problem
A numerical optimization method, genetic algorithm (GA), is used to design the inerter system.
Because the inerter systems are installed vertically and only the bending deformation of the
structure can be used, the mode with the largest bending deformation should be considered. As
shown in Figs.3 and 4, the optimization design target is the 1% mode.

Herein, the effective inertance-mass ratio u, supporting spring stiffness ratio x, and damping
ratio of an inerter system ¢ are defined as:

— 1¢TTTKdT1¢ § —
K 1¢TKSI¢

S

Cd _ 1¢TTTCdT1¢
2Msa)r 2 1 ¢TMS 1¢a)r

M, ¢'T'MT¢ o _Ky
M pMp

S

(12)

U

The inertance-mass ratio u is set to 0.1. The optimization design problem can be expressed
mathematically to purse the optimal solutions:

find y=A{& K7}

106
S m . max
to minimize E x(p)
i=1

_(=1-4uy

2(1+y)u

where the subscript i denotes the i-th storey. y is the variable vector containing &, x and
compression-tension stiffness ratio y. The sum of the maximum displacement response of the top
floor is to be minimized. The average of the compressive and tension stiffnesses of cable braces
is equal to the supporting spring stiffness k4, and the stiffness ratio x is constrained to the
optimum stiffness obtained from the fixed point method [17]. Using genetic algorithm, we
employed an artificial earthquake BCJ-L2 as the input ground motion and obtained a set of
optimal parameters listed in Table 2.

Table 2 Optimal design

subject to (13)

1=0.1
K ¢ Y
Constrained range [0.01,1] | [0.01,1] | [1,20]
Optimal parameters 0.231 0.035 1.118

To verify the optimal parameters of the nonlinear CBIS, dynamic time-history analyses are
conducted in the time domain based on the Newmark’s f method (f=1/4) as shown in Fig.7 and
the vibration reduction effects are listed in Table 3. Note that these results are based on the
reproduced analytical model and thus they may not accurately represent the performance of the
building we referred to.

Table 3 Comparison of structural responses

Primary Controlled Reduction effects
structure structure %]
Peak RMS Peak RMS | Peak RMS
Inter-story drift angle 1/62 1/165 1/133 | 1/468 | 53.38 64.74
Absolut acceleration [m/s?] 6.87 1.91 5.67 1.27 17.48 33.51
Displacement [m] 2.12 0.96 0.90 0.33 | 57.55 65.63

175




Structural Health Monitoring Materials Research Forum LLC

Materials Research Proceedings 18 (2021) 170-178 https://doi.org/10.21741/9781644901311-20

0 uncontrolled structure uncontrolled structure
45t with CBIS with CBIS
40
33
30
g
725
20
157
101
s
l/iO() l/’l‘O() 1/50 1/200 1/100
Inter-story drift angle Inter-story drift angle
(a) Maximum inter-story drift angle (b) RMS inter-story drift angle
T T T T T
2r uncontrolled structure
= —r—- with CBIS
-
=
o
g, |
]
i
St :
2
o il
1 1 1 1 1
0 20 40 60 80 100 120

Time s

(c) Displacement of the 53™ floor

T
uncontrolled structure |
4+ with CBIS il

Acc.of the top floor m/s?
(=]

1 1 1 Il 1
0 20 40 60 80 100 120
Time s

(d) Acceleration of the 53" floor
Fig.7 Time history of the 53-storey structure under BCJ-L2

With the optimal parameters, the displacement responses, the acceleration responses and the
inter-story drift angles of the primary structure are all well mitigated by the CBIS with
asymmetric supporting spring stiffness. This means that when the inerter systems are installed
vertically, we can obtain the effect of suppressing overall bending deformation and shear
deformation of high-rise buildings.

Conclusions

This study proposes a nonlinear cable bracing element which can avoid buckling in tension-only
cables and thus exploit the damping forces in compression. Dynamic characteristics of a high-
rise building incorporated with a novel asymmetric inerter system are examined. A genetic
algorithm (GA) was used to determine the parameters of CBISs so as to minimize structural
displacement responses. Then, the vibration mitigation effect of the CBIS is evaluated under a
synthetic ground motion BCJ-L2 provided by the Building Center of Japan. The most inportant
findings are summarized as follows:
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(1) Genetic algorithm was applied to seismic response analysis of the CBIS-equipped bending-
shear building model. With this method, optimum designs of the CBIS can be obtained to
minimize the maximum displacement response of the top floor.

(2) Based on the optimal parameters, the CBIS not only reduces the displacement response and
the acceleration response but also significantly mitigates the maximum inter-story drift by
53.38%.

(3) It is noteworthy to point out that in terms of reducing seismic acceleration responses, the
control effect is not as good as the displacement responses. One possible reason is that the
position where the CBISs are placed maybe ineffective for controlling the seismic
acceleration responses. To pursue better performance, the position optimal design under
earthquake and multi-modal control should be the next step of research.
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