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ABSTRACT

Base isolation of high-rise buildings has growing popularity to limit peak floor accelerations under seis-
mic loads; however, it may increase susceptibility to wind-induced vibrations due to the increase in
fundamental vibration period. This study presents an equivalent coupled-two-beam (CTB) model incor-
porating base isolation (Bl) and a tuned mass damper inerter (TMDI) to evaluate passive vibration con-
trol under lateral wind loads for various lateral resisting systems. A 144-meter-tall building was
analyzed under along-wind and across-wind loads simulated as Gaussian processes, considering six
isolator-damper configurations: (1) fixed-base (FB), (2) FB with a top TMDI (FB-TTMDI), (3) BI, (4) Bl with
a top TMDI (BI-TTMDI), (5) Bl with a bottom TMDI (BI-BTMDI), and (6) Bl with double TMDI (BI-DTMDI).
TMDIs were compared to traditional tuned mass dampers (TMDs) to assess mass amplification under
varying base isolator damping. Optimization strategies were explored to enhance vibration control: for
FB-TTMDI, the TMDI placement minimized RMS accelerations, while for BI-TTMDI, it was optimized to
reduce peak displacement. Finally, design guidelines are provided for ultimate and serviceability limit
states. Results indicate hybrid control systems are most effective when lateral deformation resembles
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pure bending, making them suited for shear wall-frame and tubular systems.

1. Introduction

Base isolation has become an effective design strategy to
mitigate seismic hazard of low-rise buildings, that is, rigid
structures with a small fundamental period of vibration. The
principle of base isolation is based on the decoupling of the
superstructure from the earthquake ground motion by intro-
ducing a flexible interface between the foundation and the
base of the structure. Thereby, the isolation system shifts
the fundamental time period of the structure to a large value
avoiding the resonance phenomenon with the time period
of ground motion, which results in great reductions of
inter-story drifts and floor accelerations.

According to Saha et al. (2015), the most commonly used
base isolation systems (BIS) in practical applications are the
following ones: (1) laminated rubber bearings (LRBs), (2)
lead-rubber bearings (New Zealand, N-Z system), (3) friction
pendulum systems (FPSs) and (4) resilient-friction base isola-
tors (RFBIs). LRBs consist of alternate layers of rubber and
metal plates and can be divided into two categories: low
damping rubber bearings (LDRBs) and high damping rubber
bearings (HDRBs). A lead-rubber bearing (N-Z system) is
similar to the LRB with additional central lead-core provided
as a means of additional energy dissipation (Jangid & Data,
1995), which also provides initial rigidity against wind loads
and minor earthquakes. On the other hand, the restoring

force in a FPS is generated due to the raising of the structure
caused by the concave geometry of the isolator, that is, the
response of a FPS depends on the friction coefficient and the
geometry of the system (Zayas et al., 1990). Finally, sliding
flat ring elements and central rubber core are constituents of
RFBIs and the sliding rings are Teflon-coated to reduce fric-
tion while flexible cover is used as protection against corro-
sion and dust (Mostaghel & Khodaverdian, 1987).

According to Naeim and Kelly (1999), the ratio between
the fundamental period of the base isolation system, Tgis,
and the fundamental period of the superstructure, T;, must
be greater than or equal to 3, that is, Tg;s/T; > 3. Based on
the linear theory, the fundamental mode of vibration of an
isolated structure is closely related to the degree of freedom
assigned to the lateral displacement of the isolation system.
In this way, the higher modes of vibration contribute to the
lateral deformation and movement of the superstructure,
which results in damage of the structural system, nonstruc-
tural system and contents of the isolated structure (Naeim
& Kelly, 1999). Saiful et al. (2011) detailed the major steps
that should be followed to assess a structure whether it is
suitable for base isolation or not. For seismic design pur-
poses, rigid structures, that is, short period structures, are
usually the most likely to be isolated because the aim is to
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avoid the resonant response on hard rock or soils with a
short period of vibration.

Slender structures usually have overturning problems
when gravity and lateral loads are applied simultaneously,
which can cause tensile stresses in the base isolators. Most
practical isolation devices have been manufactured to resist
compression loads, however, there are alternatives to avoid
the transfer of tensile stresses to the base isolators, e.g. the
tensile stresses in the base isolators of the Numoa Capital
Building in Chile were avoided by connecting the slabs of the
two towers on the lower 4 stories and by using a 2m thick
slab resting directly on the isolators (Lagos et al., 2014).

In recent years, base isolation of medium and high-rise
buildings has growing popularity to limit peak floor acceler-
ations under seismic loads, which is useful for design of
building contents. To-date, just under 200 isolated high-rise
buildings, ranging from 60 to 180 meters tall, have been
constructed in Japan, with the most common implementa-
tion being for concrete residential condominium buildings
(Becker et al., 2015). Accordingly, Table 1 shows some real
examples of mid-rise and high-rise buildings with seismic
isolation (Boardman et al, 1983; Elsesser et al., 1995;
Komuro et al, 2005; Lagos et al., 2014; Nakagawa et al.,
2015; Youssef et al., 2000).

For base-isolated shear buildings under earthquakes
loads, Matsagar and Jangid (2004) determined that the flexi-
bility of superstructure increases the superstructure acceler-
ation, however, the bearing displacements were not much
influenced by the superstructure flexibility. Accordingly, the
mitigation of floor accelerations induced by earthquakes is
crucial to avoid damage of contents, however, an increment
of base isolation damping does not contribute to reduce
floor accelerations because contents usually have small peri-
ods of vibration (Zuniga-Cuevas & Teran-Gilmore, 2012).
Although increasing the level of damping in the isolation
system tends to increase the contribution of higher modes,
the use of structural systems where 8 < Tpis/T; < 10 results
in adequate control of the contribution of higher modes
(Zuniga-Cuevas & Teran-Gilmore, 2012). According to
Zuniga-Cuevas and Teran-Gilmore (2012, 2013), a structural
damping ratio less than or equal to 0.1 in combination with
values of Tps/T; > 6 may be effective in controlling
earthquake-induced floor accelerations, however, flexible
structures may become more susceptible to wind-induced
vibrations.

Wind loads cannot give rise to considerable loses to iso-
lated buildings whose design strength is based on its anti-

seismic capability, but the habitability problem will be caused
because wind loadings can induce excessive acceleration.
According to Liang et al. (2002), the damping ratio of the
base isolation system (BIS) can effectively suppress the accel-
eration wind-induced response of the superstructure and the
isolation system, but it gives little effects on the displacement
of the isolation system. In a similar way, Saha et al. (2015)
concluded that an increase in the isolation period of vibration
increases the top floor wind-induced acceleration and bearing
displacement for different kind of BIS (laminated rubber
bearing, lead-rubber bearings, friction pendulum system and
resilient friction bearing isolator), however, an increase in the
damping of the elastomeric systems showed beneficial effect
to reduce the top floor wind-induced acceleration. Based on a
practical project in software ETABS, Wu et al. (2016) deter-
mined that the design value of horizontal bearing capacity of
lead rubber bearing appropriate to be close to the seismic iso-
lation layer under wind load excitation.

Based on a pure shear model, Li et al. (2020) studied the
along-wind dynamic response of a base-isolated tall building
by using equivalent static wind loads of both Chinese and
Japanese codes. In this study, they concluded that the along-
wind responses of the base-isolated building increase com-
pared to the fixed-base building, however, the Chinese code
overestimates the maximum acceleration compared to the
Japanese code. Furthermore, the results showed that an
increase of base-isolation stiffness is very effective to reduce
the top displacement, on the other hand, an increase of base-
isolation damping leads to a reduction of the top-floor accel-
eration induced by along-wind loads. Under strong wind
excitations, the BIS of a high-rise building could yield when
the wind flow is perpendicular to the windward side, how-
ever, significant inelastic displacements of the BIS could also
occur when the wind direction changes (Pang et al., 2022).

For slender buildings with aspect ratios over 3, the
across-wind vibration is usually greater than the along-wind
vibration, on the other hand, the wind-induced torsional
vibration becomes critical not only for asymmetric buildings
with lateral-torsional coupling but also for rectangular
buildings with wider side faces (Huergo et al, 2022). For
base-isolated high-rise buildings, Tian and Chen (2023)
determined that eccentricities of mass and resistance amplify
the along-wind response but has relatively less influence on
the larger crosswind and torsional responses, on the other
hand, the base isolation with inelastic response is more
effective for buildings with eccentricity as compared to
buildings without eccentricity. In a similar way, Li et al

Table 1. Real cases of base-isolated mid-rise and high-rise buildings.

Building Location Height [m] Lateral resisting system
Union House New Zealand 45 Braced frame

NuNoa Capital Santiago 75 Framed tube

Sendai MT Building Sendai 849 Moment-resisting frame

City Hall Oakland 99 Braced frame

Shimizu Corporation Headquarters Tokyo 106 Framed tube-in-tube
Shinagawa Season Terrace Tokyo 131 Framed tube

Thousand Tower Kawasaki 135 Moment-resisting frame

City Hall Los Angeles 140 Shear wall-frame system
Tokyo Skytree East Tower Tokyo 158 Framed tube

Nakanoshima Festival Tower Osaka 200 Megatruss/belt truss/prime columns




(2023) studied the effect of multiple FPSs to control the
coupled dynamic response of base-isolated high-rise build-
ings under synchronous three-dimensional (3D) wind loads.

Base isolation can significantly reduce the dynamic response
of the superstructure, however, the low lateral stiffness of
BIS may potentially cause unacceptable large lateral dis-
placements which must be reduced by some energy dissipa-
tion mechanism such as tuned mass dampers (TMDs). In
this way, tuned mass dampers (TMDs) are devices attached
to structures in order to reduce mechanical vibrations, con-
sisting of a mass mounted on damped springs. TMDs are
tuned to the fundamental period of vibration of the building
to vibrate in resonance instead of the primary structure. A
single TMD tuned to the fundamental mode of vibration is
adequate for reducing the seismic response of base-isolated
buildings because it acts as a rigid body motion that domi-
nates the resulting vibration. According to Tsai (1995), the
response reduction by the TMD becomes more prominent if
the isolation system has less damping because the device
can add damping to the structure during the subsequent
response to the first few seconds of earthquake excitation.
Unlike the typical applications to fixed-base buildings in
which the TMD is placed in an upper floor or at the roof
where large accelerations occur, in base-isolated shear struc-
tures subjected to seismic loads, the maximum relative dis-
placements are concentrated at the isolation level, which
justifies the implementation of the TMD above or below the
isolation floor (Tsai, 1995).

Providing supplemental damping reduces the large dis-
placements in the BIS, but at the expense of increasing inter-
story drifts and floor accelerations for the superstructure
(Kelly, 1999). An alternative effective strategy is to attach a
tuned mass damper (TMD) immediately above or below the
isolation floor (Taniguchi et al., 2008; Tsai, 1995; Xiang &
Nishitani, 2014; Yang et al, 1991). In order to enhance the
effectiveness of the TMD without simultaneously amplifying
the relevant mass ratio, the use of the inerter (Smith, 2002)
has been recently proposed in conjunction with the TMD. In
this way, the resulting passive control device is called a tuned
mass damper inerter (TMDI). According to De Domenico
and Ricciardi (2018), the inerter in the TMDI is a mechanical
device that ideally produces a force proportional to the rela-
tive acceleration between its two terminals, providing rota-
tional inertia to the system. The physical mass amplification
effect is achieved by using a ] damper (inertance), which is
an inertial damper commonly used in Formula 1 cars.
According to De Domenico and Ricciardi (2018), a TMDI
reduces its performance sensitivity to the tuning frequency
and to the earthquake frequency content, which makes the
TMDI particularly suitable for nonlinear base-isolated struc-
tures because the stiffness of base isolators can change
depending of the magnitude of ground motion.

As already mentioned before, the use of base isolators
increases the flexibility of the superstructure, which can
make it more susceptible to wind loads. However, TMDs
are ideal devices to reduce structural motion due to wind
because of the highly periodic nature of wind loads (Steyer,
2002). For along-wind loads, Kareem (1997) determined
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that both the lower and top TMDs aid in mitigating wind
induced response of base-isolated buildings, however, the
lower TMD is significantly more effective. For fixed-base
flexible buildings under along-wind loads, Dai et al. (2019)
determined that the control performance of tuned mass
damper inerters (TMDIs) is superior to that of the conven-
tional TMD if the end of inerter is located in the position
with a relatively small controlled mode value, which
depends on the mass an inertance of the TMDI. For the
case of fixed-base tall buildings under across-wind loads,
Giaralis and Petrini (2017) found that the TMDI reduces
peak top-floor acceleration more effectively than a same
weight TMD by meeting two conditions: (1) smaller
attached-mass values and (2) TMDI topologies in which the
inerter spans more stories in linking the attached mass to
the host structure. In a similar way, Petrini et al. (2020)
found that optimally tuned TMDIs become more robust
than TMDs for same secondary mass as long as inertance
above a certain limiting value is provided. This value
depends on the secondary mass and on the number of
floors spanned by the inerter: the lower the secondary mass
and/or the more floors are spanned by the inerter, the lower
the critical inertance value is.

The lateral resisting systems usually used for low-rise
buildings are moment-resisting frames and braced frames,
however, it usually changes as the height of the building
increases because the aim is to reduce in a more effective
way the lateral response of building when it is subjected to
seismic or wind loads. According to Jayachandran (2009), the
most commonly used lateral resisting systems for medium
and high-rise buildings are moment-resisting frames, shear
wall-frame systems, shear truss-outrigger braced systems,
framed-tubes, tube-in-tube systems with interior columns,
bundled tubes, truss tubes without interior columns and
modular tubes. The lateral deformation of buildings strongly
depends on the type of lateral resisting system, which is usu-
ally depends on the height of the building. Accordingly, low-
rise buildings typically behave as shear beams; however, the
lateral deformation of medium-rise and high-rise buildings
sometimes resembles that of a beam in pure bending, while
in other cases it results from a combination of bending and
shear. Regarding the use of TMDIs, there are recent studies
(Das et al., 2024; Quan et al., 2023; Su et al., 2022) that focus
on the control of wind-induced response in slender struc-
tures, however, they usually consider pure shear deformations
for high-rise buildings and pure bending deformations for
slender chimneys. This reflects the urgent need to develop a
simplified model that incorporates the effect of different lat-
eral resisting systems when evaluating the effectiveness of
TMDIs in controlling wind-induced response.

As already mentioned above, base isolation of medium
and high-rise buildings has growing popularity to limit peak
floor accelerations under seismic loads, however, the struc-
ture may become more susceptible to wind-induced vibra-
tions due to not only the base isolation system (BIS) but
also the lateral resisting system. Unfortunately, previous
studies related to base isolation, seismic loads, wind loads,
TMDs and TMDIs do not contemplate the effect of the
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lateral resisting system on the dynamic response of the
building. Therefore, the contribution of this paper is the
proposal of a simplified mathematical model to control the
undesirable effects of wind on base-isolated high-rise build-
ings with different lateral resisting systems by using TMDIs.
Furthermore, the model is used to assess the effect of the
mass ratio, damping ratio and optimization of TMDIs not
only for ultimate and serviceability limit states, but also for
contents design.

2. Base-isolated coupled-two-beam model with
TMDI

Based on Figure 1, the non-linear hysteretic restoring force
of different kind of base isolation systems (BIS) is usually
represented as a bi-linear hysteretic force. For practical
design purposes, this bi-linear hysteric force is usually
replaced by an equivalent linear force by using and equiva-
lent stiffness, kgis, which is given by:
Ft—F
At — AT
where F' and F~ are the positive and negative forces at test
displacements A" and A, respectively. Thus, the kg is the
slope of the peak-to-peak values of the hysteresis loop as
shown in Figure 1 (Matsagar & Jangid, 2004).

According to Matsagar and Jangid (2004), the effective
viscous damping of the base isolator calculated for each
cycle of loading is specified as:

(1)

kgrs =

2

Eloop
Spis = —

kBIS(|A+‘ + |A_|)2

()

where Ejoop is the energy dissipation per cycle of loading. At
a specified design isolation displacement, D, the effective
stiffness and damping ratio for a bi-linear system are
expressed by:

kpis = kpy + Q

D 3)
_4Q(D-gq)
E.’BIS - ZEkBISDz (4)
Base isolator

=

where kpy is the post-yield stiffness, Q is the characteristic
strength and ¢q is the vyield displacement of the BIS.
Equations (1) to 4 are valid for base isolators subjected to
large deformations, such as those induced by earthquakes,
and may not necessarily apply under wind loads. However,
in regions with both seismic and wind hazards, base isola-
tors are always designed for the seismic case, as the primary
objective of these devices is to decouple the building from
ground motion.

As already mentioned above, a BIS can exhibit hysteretic
and stiffening behavior at large deformation, however, the
restoring force developed in the bearing is usually repre-
sented as a linear force. Considering a linear behavior, the
restoring force of the BIS in time domain is given by:

Fris(t) = cpistis(t) + kisugs(t) (5)

where cprs, kpis and upys are the damping coefficient, spring
constant and lateral displacement of the BIS, respectively.
Accordingly, kgrs and cprs are given by:

21\ 2
ks ~ mr | — (6)
BIS T <TBIS>
21
cpis = 2&EgigMT <TBIS> (7)

where &g is the damping ratio of the BIS; Tps is the isola-
tion period of vibration, which is usually greater than 3
times the fundamental period of vibration of the fixed-base
building (Naeim & Kelly, 1999); and mr is the total mass of
the structure, which is given by:
N

mr = mps + > m; (8)

=1

where mpis is the mass of the BIS, m; is the mass of the jth
story of the building and N is the total number of stories.

A N-story base-isolated high-rise building with TMDIs
can be schematically be represented as shown in Figure 2,
where the bending and shear stiffnesses of the structure are

represented by the shear wall and shear building, respectively.
In this way, the lateral deformation of the structure is com-
pletely determined by a non-dimensional lateral stiffness ratio
given by (Miranda & Reyes, 2002; Miranda & Taghavi, 2005):
FBIS
A
gl <
lE]Silinearv JF ’,
steretic 4 7
el R 4
/,",‘ s /,
Equivaleul J] // g i
linear 4 / v g
model I 4 ./ "‘ e
(\11/’",—/(”
oy e

Figure 1. Equivalent restoring force of a BIS. Adapted from Matsagar and Jangid (2004).
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where H is the total height of the building, EI is the lateral
flexural rigidity and GAS is the lateral shear rigidity of the
building. The extreme limits for lateral deformations are the
pure flexural model (o0 — 0) and the pure shear model
(o0 — 00), respectively; however, the lateral deformation of
any lateral resisting system (structural walls, braced frames,
shear wall-frame buildings, tubular building systems,
moment resisting frames, among others) can be adequately
represented when 0 < o < 20. For a high-rise building with
uniform mass, EI and GA® are given by:

4mmiH*
FI = or (10)
(Tryy)™(vi® +02)
s Ammlo’H? an

(Tvv1)* (7,2 + o2)
where 7 is the mass per unit length of the building; T,* is
the fundamental period of vibration of the fixed-base build-
ing without TMDIs, which can be computed by those
empirical formulas contained in the ASCE/SEI 7-10 (2022);
and v, is an eigenvalue parameter related to the first mode
shape of the coupled-two-beam (CTB) fixed-based continu-
ous model without TMDIs, which can be accurately

approximated by the following equation proposed by
Huergo (2021):

v, =(8.0564 x 107%)o/ — (1.3677 x 1077)a®
+ (8.4444 x 107°)o® — (2.5511 x 107*)a*
+ (4.0722 x 1073)o® — (3.2706 x 1072)o?
+(9.0619 x 1072)or + 1.8603

(12)

Based on Figure 2, the inerter device of the TMDI is
modeled through an ideal massless mechanical element
resisting the relative acceleration developing at its two ends/
terminals through the inertance coefficient b (Smith, 2002).
Consider a commonly used inerter device embodiment
employing a rack-and-pinion mechanism to transform the
translational motion into rotational motion of a flywheel
(i.e. a solid spinning disk) through a gearbox shown in

Axially rigid link
Shear wall P

Upper connecting steel plate

El
Bottom connecting  bearing
steel plate

Base-isolation floor

Figure 2. Sketch of a base-isolated N-story shear wall-frame building with TMDI.

b Frypy (1) mip
...
o
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Figure 2. According to Smith (2002), the inertance of the
jth device is given by:

2 n 2
T’f ti
bj =mp—— (H ) i2>

Tor™ \ iz

(13)

where my and r; are the mass and radius of the gyration of
the flywheel, respectively; r,s is the radius of gyration of the
flywheel pinion; and r;/r,; is the gearing ratio of the ith
stage/gear of the gearbox with n stages. In this regard, the
inerter element force of a TMDI attached at j-story with
second terminal connected at the same story is given by:

Frypr,(t) = by [iirmor () — it(1)]

where iitmpr;(t) is the acceleration of the jth TMDI and
i1j(t) is the acceleration of the jth story.

Accordingly, the sketch shown in Figure 2 can be
reduced to the CTB model shown in Figure 3, where L;(t) is
the height of the jth story, Fj(t) is the lateral wind force at
jth story; ki — oo is the lateral stiffness of the jth axially

(14)
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rigid link, which allows the parallel coupling between flex-
ural and shear deformations; and mrypr, ktvmpr and crmpr
are the mass, spring stiffness and damping coefficient of the
jth TMDI, respectively, which are given by:

mrmpL; = Wmspor + bj = mspor (W + B;) (15)
krmprj = WrMpL; MTMDL] = w (16)
Tvp1,j
ermpLj = 2Mmpr WTMDLSTMDL (17)
where:
bj = Bjmspor (18)

wrumpr,j and Trypy,; are the angular frequency and period of
vibration of the jth TMDI, respectively; By is the non-
dimensional mass ratio of the jth TMDI, ranging from 1/50
to 1/15 for the pre-design stage of a typical tuned mass
damper (Bachmann et al., 1995); b; is the constant of propor-
tionality of jth TMDI that attains mass units and fully char-
acterizes the behavior of the inerter (see Equation 13); and Bj
and &pypy,; are the non-dimensional inerter ratio and damp-
ing ratio of the jth TMDI, respectively, which are to be lim-
ited to maximum values of 0.8 to avoid unrealistically high
viscous damping coefficients and inertance for the considered
structure (Petrini et al., 2020). On the other hand, mgspor is
the equivalent mass of the primary system, that is, a single
degree of freedom system (SDOF) equivalent mass for the
base-isolated building without TMDIs, which is given by:

_ {@}T{M}wz,}
(410 + )

where {¢;}T{M}{d;} is the generalized mass of the ith lat-
eral mode of vibration of the base-isolated building without
TMDIs; {¢;} is the modal amplitudes vector of the ith lat-
eral mode of vibration of the base-isolation building without
TMDIs; {M} is the mass matrix of the of the base-isolated
building without TMDIs; ¢;  + ¢} is the total modal ampli-
tude of the ith lateral mode of vibration at the attachment
point of the jth TMDI; ¢, is the lateral modal amplitude
of the ith lateral mode of vibration at the base-isolation
floor; and ¢/ is the lateral modal amplitude of the ith lateral
mode of vibration at the attachment point of the jth TMDI.

For practical design engineering purposes, the angular fre-
quency and period of vibration of the jth TMDI are given by:

MSDOE (19)

Ty

wrmMpLj = Vimprjw1 — Trmplj = (20)

VIMDI, j

where wryprj and Trypr; are the angular frequency and
period of vibration of the jth TMDI, respectively; w; and T
are the angular frequency and period of the fundamental
mode of vibration of the base-isolated building without
TMDIs, respectively; and vrvpr; is the frequency ratio of
the jth TMDI, which may be chosen in the range of 0.8 to
1.2 to ensure tuning of the TMDI with the primary struc-
ture (Petrini et al., 2020).

Based on the CTB model with soil-structure interaction
(Huergo & Hernandez, 2020), the rigid body motion of the
building caused by base isolation can be incorporated if the

base rotational motion is neglected. In this way, the 4 N+ 2
equations of motion of the base-isolated CTB model with N
TMDIs (see Figure 3) are given by:

[Mcrs){ucrs(t)} + [Cers] {acrs(t) } + [Kersl{ucrs(t)}
= {Fcrs(t) }

(21)

where [Mcrs)], [Kcrs] and [Ccrp| are the mass matrix, stiff-
ness matrix and damping matrix of the CTB model, respect-
ively; {ucrs(t)} is a vector containing the lateral
displacements of all degree of freedom systems; and
{Fcra(t)} is the external force vector.

The mass matrix of the CTB model with N TMDIs can
be defined as:

[M@] [0} (2N+1)x(2N+1)
[Mcrs] = s
[0} (2N+1)x (2N+1) [M\P]
(22)
I [bF] [O] (2N+1)x (2N+1)
[0] (ons 1) (2v1) [6°]
where:

1 N
E(mT"‘ZmTMDLj) {l}lxN[Mg]NxN {I}IXN[M'};MDI}NXN

g = | e
[MA] v [M3] e 0]y
L [M'II‘:MDI}NXN{I}NXI [O]NXN [M}]:VMDI]NXN
(23)
g N Z
s 5 (m’r + jZl:mTMDI,j) {l}lxN [Mi]NxN {l}lxN [M'%MDJNXN
S P N TS P (Ol
L [M%MDJNxN{l}le (0] [M%MDI]NXN
(24)
MTMDI,1
[MEMDI]NXN = [M%MDJNxN )
MTMDIN
(25)

[Mg] is the lumped mass matrix of the flexural beam, [Mi]
is the lumped mass matrix of the shear beam, and [bf] =
[b%] is a matrix containing the inertance coefficients of the
TMDIs. If the second terminals of the TMDIs are connected
to the same story where the device are attached (see Figure 3),
then the TMDIs act as traditional TMDs (b; =0 for
j=123,...,N), where the matrix of the inertance coeftfi-
cients is given by:

(bf] = [b°] = [0] (2 1) (2v1) (26)

On the other hand, if the second terminals of the TMDIs
are connected to different stories, then the matrix of the
inertance coefficients must be related to the degrees of free-
dom of both terminals. For example, in the case of a N-
story building with a single TMDI at the N story with the
second terminal linked to the N-1 story, the matrix [Mcrg]
will be of size 2 N+ 4, then the inerter element force of the
TMDI and the matrix of the inertance coefficients would be



given by:
Frnon () = b tiryipn v (8) = iy () @7)
by {l}lxN[b]NxN 0
bF] = (5] = - ; !
2 [b]NxN{l}le [b]NxN _[b}NxN{l}le
0 _{l}lxN[b]NxN 0
(28)
where:
o .
0
0
[blyxn = (29)
b
L 0_

and bj; is the element in row j and column j of matrix
[b]yxn- It is important to mention that the terms myypy,; in
Equations (23) to (25) already include the inertance coeffi-
cients, meaning they should be calculated based on
Equation (15). The TMDI is designed to add an additional
mass and an inerter (b) to control vibrations.

The stiffness matrix and damping matrix of the CTB
model with N TMDIs can be defined as:

| [K§] [KE]
[Kcrs] = K] [KS)] (30)
[CG/] [O](2N+l)><(2N+1)
C = 31
[ CTB] [[o](2N+l)x(2N+1) [C‘SP Gy
where:
[ ks ]
i T {O}IXN {O}IXN
[qu] - {O}le [Kg}NXN + [KA} + [KgMDI]NxN _I:K?MDI]NXN
_{O}le - K'I;MDI]NXN K%:MDI NxN |
| @)
- 0} n {0} n
K= | fohr (K8 + )+ oo =[]
_{O}le _[K%MDI]NXN K%MDI NxN |
(33)
0 {0}1><N {O}lxN
[K‘ﬂ = {O}le _[KA] [O]NXN (34)
{O}le [O}NxN [O]NXN
ki — o0
(K] = (35)
k{ — oo
ktmpr1
[K”IF:MDI]NXN = [K%MDI]NXN = 2
krmprn
(36)
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CBIS

. 7 {O}IXN {O}IXN
[C‘P] = {O}le [Ci]NxN + [C$MDI]NxN _[CiMDI]NxN
_{O}le _[CgMDIjINxN [C?MDI]NXN i
(37)
R {0}1,n {0}1n
(5] = | o s s s
v = [ {0}y [CA]NxNJr [CTMDI]NXN _[CTMDI]NXN
_{O}le - C%MDI NxN Cig‘MDI NxN |
(38)
CTMDI,1
[C"?MDI]NXN = [C%MDI]NXN )
CTMDIN
(39)

In Equations (32), (33), (37), and (38), the lateral stiffness
matrix and damping matrix of the flexural beam are [K%| and
[CL], respectively; whereas the matrices for the shear beam
are represented by [Ki] and [Ci], respectively. Based on the
traditional finite element assembly technique and Rayleigh
damping model, Huergo and Hernandez (2019) described in
detail the assembly procedure of the mass matrix, stiffness
matrix and damping matrix related to the decoupled beams.

The vector containing the external loads for the CTB
model with N TMDs is given by:

{Fen(®} = | {Fi(0} {F(}] ! (40)

where:

{Ffpm}—{F%(r)}—;{Za(r) R o E(o {O}M}
j=1

(41)

and F(t) is the lateral wind load in time domain at jth
story. For the specific case in which the base-isolated CTB
model with TMDI is subjected to seismic loads, Equation
(41) must be changed by:

.. 1 N m
{F{;/(t)} = —ug(t){ 3 (mr + ZmTMDLj ymt . mb, TMDI,1
=1

2
MTMDIN

.. : 42

= (42)
1 N

{Fa(n} = —iig(t){ 5 (mr+ > mrpy)  m)

j=1

mNS mTl\Z/[DI,l o mTI\;DI,N } (43)

where iig(t) is the seismic ground acceleration, mf is the
lumped mass at the jth node of the flexural beam and m]S is
the lumped mass at the jth node of the shear beam. The
lumped masses of each decoupled beam are equivalent to
half of the mass of the building’s floor.

Finally, the displacement vector in time domain for the
CTB model with N TMDs can be expressed as:

{ucTB(t)} = [{u@(t)} {u\sy(t)}r (44)

where:
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{0} = {0} =5 {ums(0) ()

~uy(t)urmor (t) - - - wrmpr () } (45)

For the purpose of assessing the global motion of the
structure, ensuring the reliability of the isolation system,
and addressing construction joints or content design, it is
essential to evaluate the total displacement of the system,
which can be obtained by summing the displacement of the
story and the displacement of the base isolator.

3. Numerical study

In this section, a parametric analysis was carried out to
illustrate the feasibility, effectiveness and consideration of
the TMDI in the wind-induced vibration mitigation of base-
isolated high-rise buildings with different lateral resisting
systems.

3.1. Benchmark base-isolated building

There is a need to compare and assess the performance of
base-isolation systems for different lateral deformations
related to the great diversity of lateral resisting systems used
in tall buildings. Therefore, the concept of a benchmark
problem has been planned, that is, a standardized building
previously used in scientific literature to assess the perform-
ance, accuracy and efficiency of the new model that incor-
porates base isolators and TMDI. In this way, the
benchmark building (see Figure 4) is based on a rectangular

(a) General view

Figure 4. Benchmark building.

n

5
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o
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o
W

W

50 100 150
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(a) N9OE component at CDAF

37-story building located in Mexico City with a uniform
mass equal to 235664 kg/m and dimensions of 44 x 22m x
144.24m, which has the peculiarity of being structured
based on two different lateral resisting systems in each dir-
ection for approximately the same fundamental period of
vibration, that is, T} ~ 3.5s for both translational directions.
For the xz plane, moment resisting frames are related to a
shear pure behavior (o0 — 00), whereas the lateral behavior
of braced frames and shear walls of the yz plane are mostly
dominated by the flexural stiffness (o0 = 3.5). For the pur-
pose of further consultation, the mechanical properties of
each structural element are described in detail by Huergo
et al. (2020).

A seismic record with high energy content at high fre-
quencies would cause resonant amplification of the dynamic
response of the benchmark building. For this reason, it was
considered that the benchmark building was subjected to
the horizontal ground accelerations recorded at station
Central-de-Abastos-Frigorifico (CDAF) during the Mexico
City earthquake of September 19, 1985 (see Figure 5a).
Based on a critical damping ratio equal to 5%, Figure 5(b)
shows that the resonance response will occur for buildings
with a period of vibration of 3.05s. In addition, Figure 5(b)
shows that the input energy per unit mass for xz plane and
yz plane are 1.25m?/s* and 2.10 m?/s’, respectively, on the
other hand, the input energy per unit mass is 0.18 m*/s> for
a target period of the BIS equal to 7s. The earthquake
shown in Figure 5 is likely to cause non-linear effects on
the structure, however, the behavior of the structure was
assumed to be linear since the objective of this section is

xzplane (¢ >») —— T, =3.65s

yzplane (a=35) — T, =344s

(b) 3D finite element model

-

(=)}

o

Input energy / Mass [mz/sz]
H

=4

Period [s]

(b) Elastic input energy spectrum

Figure 5. Mexico City earthquake of september 19, 1985: station CDAF. Adapted from Huergo et al. (2020).



only to have a starting point of the general effects of the
base isolator on the building for the design objective of the
building (seismic loading).

The mass of the BIS was considered equal to the lumped
mass at any intermediate story of the building. In order to
avoid the resonant dynamic response, a target period of
vibration equal to 7s was defined for both directions of the
isolated building. On the other hand, an increase in the
damping of the base isolation system (BIS) is beneficial to
reduce the lateral displacements of the device. However, this
increase reduces the effectiveness of the isolation, which
usually results in an increase in the lateral dynamic response
of the superstructure. For seismic applications, the modal
damping ratio of the first mode of the superstructure usu-
ally ranges between 0.02 and 0.05, on the other hand, the
modal damping ratio of the BIS usually ranges between 0.10
and 0.40. Therefore, Table 2 shows the mechanical proper-
ties of the BIS for 4 different damping values, whereas
Figure 6 and Table 3 show the undamped modes of vibra-
tion of both the fixed-base model and base-isolated
building.

For the fixed base building, Table 3 shows that the higher
modes of vibration contribute to the lateral deformation and
movement of the superstructure when o is close to 0 (pure
flexural behavior). On the other hand, the first mode of
vibration of the base-isolated building is the only one that
contributes to the lateral deformation regardless of the value
of o

Table 2. Mechanical properties of the base-isolation system for both lateral
directions.

mrlGg] Tais[s] mg;s[Gg] keis[kN/m] Eais cais[kN s/m]
34.45 7 0.9187 27757 0.10 6184.8
0.20 12370
0.30 18554
0.40 24739
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The peak insterstory drift demands are usually used to
check the ultimate limit state under seismic loads, which are
usually located in the lower levels for low-rise buildings
(pure shear behavior). However, the peak interstory drift
ratio (IDR) is located on the upper levels for high-rise
buildings where the flexural deformation is as significant as
the shear deformation. On the other hand, total peak floor
accelerations are useful for design of building contents. For
that reason, Figures 7 and 8 show the peak IDR and total
peak floor accelerations for both the fixed-base case and
base-isolated building under the seismic load shown in
Figure 5 and the BIS parameters shown in Table 2.

Based on Figure 7, a low damping BIS reduces the dam-
age (peak IDR) of the benchmark building by up to 83% in
the xz plane and up to 85% in the yz plane, however, the
displacements of the base isolator will be greater as &g
decreases. On the other hand, Figure 8 shows that a low
damping BIS reduces the total peak acceleration of the
benchmark building (content design) by up 50% in the xz
plane and up to 67% in the yz plane. It is evident to note
that for the case without BIS, the total peak accelerations
increase as the lateral deformation of the building is close to
pure flexural behavior (yz plane) due to the participation of
higher modes of vibration. In addition, it is verified that an
increase in the damping of the BIS decreases the lateral dis-
placement of the device but increases the lateral dynamic
response of the superstructure.

Since no model in the scientific literature incorporates
base isolation into the CTB model, it is necessary to validate
it based on an existing one. Low-rise buildings are typically
modeled using the classical model consisting on a base-
isolated multi-degree-of-freedom (MDOF) shear model, as
there was previously no need to include base isolation in
high-rise buildings. For this reason, it is possible to validate
the CTB model by comparing the xz plane of the bench-
mark building with the classical base-isolated MDOF shear
model (Stanikzai et al.,, 2020). Accordingly, Figure 9 shows

150

100

z [m]

$1(2) x10 o1 (2)

(a) Mode 1 (xz plane)

Figure 6. Modes of vibration of the undamped base-isolated benchmark building.

x107*

(b) Mode 1 (yz plane)

—— Fixed-base
+xaees Base-isolated

2 0 2 2 0 2
$2(9 x10 $2 (29 xi0

(¢) Mode 2 (xz plane) (d) Mode 2 (yz plane)

Table 3. Periods and effective modal mass of the benchmark building: fixed-base vs base-isolated.

Period [s] Effective modal mass [%]
xz plane yz plane xz plane yz plane
Mode Fixed-base Base-isolated Fixed-base Base-isolated Fixed-base Base-isolated Fixed-base Base-isolated
1 3.65 7.76 344 7.59 81.03 99.27 67.99 99.02
2 1.22 1.74 0.89 1.90 8.98 0.44 13.25 0.68
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Figure 7. Peak interstory drift ratios of the benchmark building: Mexico city earthquake of september 19, 1985 (station CDAF).
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Figure 8. Total peak floor accelerations of the benchmark building: Mexico city earthquake of september 19, 1985 (station CDAF).
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Figure 9. Validation scheme for the proposed base-isolated CTB model: xz plane of the benchmark building.

the equivalent classical base-isolated MDOF shear model for
the xz plane of the benchmark building, which undergoes
lateral deformation in pure shear (o — 00).

The equations of motion for the classical base-isolated
MDOF model were assembled based on the work developed
by Stanikzai et al. (2020). These equations of motion were
solved considering the seismic load of Figure 5 and the mech-
anical properties of the base isolators of Table 2. Table 4 dem-
onstrates that the base-isolated CTB model (a0 — 00) produces
practically the same dynamic responses as the classical model,
thereby validating the numerical development presented in
Section 2. In addition, the first two periods of vibration of the

classical base-isolated model related to the benchmark building
were also T; = 7.76s and T; = 1.74s, respectively.

3.2. Wind load simulation

In the atmospheric boundary layer (see Figure 10a), the tur-
bulence intensity in the along-wind direction, I,(z), is deter-
mined by the roughness length, z,, that is, the equivalent
height at which the wind speed theoretically becomes zero
in the absence of wind-slowing obstacles. Accordingly, the
gradient height, z,, is the height above ground where sur-
face friction has a negligible effect on wind speed, therefore,
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Table 4. Validation of the base-isolated CTB model: seismic response of benchmark building (xz plane).

Eais
Response Model 0.1 0.2 0.3 0.4
IDRmax Classical base-isolated MDOF shear model 0.001275 0.001323 0.001404 0.001495
o Base-isolated CTB model (o0 — o0) 0.001302 0.001394 0.001502 0.001610
total MAX Classical base-isolated MDOF shear model 13767 13723 1.3787 1.3901
[m/s°] Base-isolated CTB model (ot — o) 1.4144 14112 14238 14415
V4
A
Across-wind
Along-wind __

(a) Sketch of atmospheric boundary layer

Figure 10. Turbulent wind effects on tall buildings.

Table 5. Wind profile properties for the benchmark building (CFE, 2020).

Torsjon [¢;

(b) Wind-induced vibration of tall buildings

Average daily minimum Barometric pressure Averaging U(10m)
City temperature [°C] [mmHg] Latitude [°] Z,[m] Annual probability [%] time [s] [m/s]
Mexico City 0 586 19.404° 0.3 10 600 16.65
Table 6. Wind load simulation parameters for the benchmark building.

Along-wind loads Across-wind loads

Parameter xz plane yz plane xz plane yz plane
D/B 2 0.5 0.5 2
Drag coefficient (CFE, 2020) 1.1 1.45 - -
Lift coefficient (Liang et al, 2002) - - 0.1819 0.5820
Strouhal number (Liang et al., 2002) - - 0.0940 0.0670

Wind profile (Harris & Deaves, 1981)
Power Spectral Density (PSD) Function
Aerodynamic admittance function
Root-coherence function

Vertical decay constant

Corrected logarithmic
ESDU (2001)
Vickery (1968)
Krenk (1996)
5 (Krenk, 1996)

Corrected logarithmic
ESDU (2001)
Vickery (1968)
Krenk (1996)
5 (Krenk, 1996)

Corrected logarithmic
Liang et al. (2002)

Corrected logarithmic
Liang et al. (2002)

Davenport (1962)
1.26 (Huergo et al., 2022)

Davenport (1962)
1.81 (Huergo et al., 2022)

the longitudinal component of the wind velocity within the
atmospheric boundary layer is composed by a mean wind
velocity, U(z), and a fluctuating part, u(z,t). Under the
action of a turbulent wind flow, tall buildings are subjected
to vibrations in along-wind, across-wind and torsional direc-
tions (see Figure 10b). The along-wind load is the result of
the combined effect of the windward pressure and the lee-
ward pressure, whereas the across-wind load is the result of
the suction force generated by the vortex shedding in the
plane normal to the wind. Vortex shedding can induce sig-
nificant amplitude vibrations when the vortex frequency is
in resonance with the fundamental frequency of vibration of
the structure.

Based on Figure 10(b), the drag force (along-wind load)
and lift force (across-wind load) at the jth story are, respect-
ively, given by:

1 . 2
Fp(2jt) = 5 PaAiCo [U(zj) + u(z, t)] (46)

2
FL(Zja t) = %paAjFL(Zj’ t) |:U(Z])1| (47)
where p, is the density of air; A; is the area of impact of the
wind force on the fagade of the jth story, which can be
assumed in the same way as the story masses are lumped;
Cp is the drag coefficient, which can be obtained from the
Mexican wind code (CFE, 2020); U(z;) is the mean wind
velocity at zj u(zj,t) is the turbulent component of the
along-wind velocity; and Fp(zj,t) is the non-dimensional
across-wind force at height z; at time ¢.
In Equations (46) and (47), u(zj,t) and Fr(z,t) are sta-
tionary Gaussian multidimensional stochastic processes that
can be simulated in time domain by using Monte Carlo
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simulation techniques such as the Spectral Representation
Method (SRM) proposed by Shinozuka et al. (1990); Gao
et al., 2012; Huergo et al., 2022). For the specific case of
across-wind loads, Fy(zj,t) must be simulated based on the
improved SRM (Gao et al., 2012) in order to avoid a nega-
tive definite Hermitian cross-spectral density matrix. In this
way, the lateral wind loads were simulated in time domain
based on all the statistical parameters recommended by
Huergo et al. (2022) for along-wind and across-wind loads,
which are summarized in Tables 5 and 6. In Table 6, the
aerodynamic admittance function represents the relation
between the gust frequency and its area of influence, there-
fore, it is necessary to apply a filter (aerodynamic admit-
tance function) to the simulated values of u(z,t) before
converting them into drag forces by Equation (46). On the
other hand, the across-wind loads, being directly simulated
as a stochastic process, do not require the application of an
aerodynamic admittance function, as PSD function (Liang

150 v
= Target >

et al., 2002) is already directly related with lift forces. In
addition, root-coherence functions represent the statistical
dependence between the power spectra at two different
heights, which enables the simulation to be considered as a
set of N homogeneous Gaussian multidimensional processes.

In general, the probabilistic dependence underlying the
stochastic process describing wind loads may be well
approximately by a Gaussian process. Although, the one
dimensional marginal distributions are not necessarily
Gaussian. Accordingly, Figure 11 shows a well-fitting simu-
lation for the lateral wind loads for the 144-meter-tall build-
ing, where B is the width of the windward side and D is the
depth of the cross section of the building (see Figure 10b).
A summary of the dependence structure of the stochastic
process describing wind loads may be found in the
Appendix of this manuscript.

For the across-wind loads, mechanical resonance will
occur when vortex shedding frequencies match natural
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frequency of the building. Accordingly, the critical mean
wind velocity for mechanical resonance in the across-wind
direction is given by:

B
crit — StTl,L

where B is the width of the windward side, S; is the
Strouhal number and Ty ; is the natural period of vibration
of the building in direction of lift forces (across-wind direc-
tion). Accordingly, the values of U, for xz plane and yz
plane of the fixed-base benchmark building are 128.24m/s
and 95.45m/s, respectively; whereas for xz plane and yz
plane of the base-isolated case, they are 60.32m/s and
43.26 m/s, respectively. Therefore, base isolation could dras-
tically increase the wind-induced dynamic response of high-
rise building in the across-wind direction because mechan-
ical resonance could occur at smaller wind mean velocities
in comparison with the fixed-base case. Based on Figure
11(a), it is expected that the across-wind displacements of
the building in the yz plane will be much more critical than
the along-wind displacements, as the mean wind velocity on
the rooftop (= 30m/s) is very close to the critical wind vel-
ocity (43.26 m/s). Under such circumstances, the use of add-
itional control devices could provide a practical solution to
vortex shedding resonance vibration.

U

(48)

3.3. TMDI for wind-induced vibration control

3.3.1. Effect of mass ratio and damping ratio

As already mentioned above, the main goal of this paper is
to assess the effect of TMDIs to control the along-wind and
across-wind responses of base-isolated high-rise building
considering different lateral resisting systems. For the pur-
pose of this research, the analysis is limited here to LRB sys-
tems, however, the analysis scheme is equally applicable for
other isolation systems by utilizing an equivalent lineariza-
tion approach to account for nonlinearity. Accordingly, six
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different building isolator damper configurations were con-
sidered for the benchmark building (see Figure 12): (a)
fixed-base building (FB), (b) fixed-base building with a top
tuned mass damper inerter (FB-TTMDI), (c) base-isolated
building (BI), (d) base-isolated building with a top tuned
mass damper inerter (BI-TTMDI), (e) base-isolated building
with a bottom tuned mass damper inerter (BI-BTMDI) and
(f) base-isolated building with double tuned mass damper
inerter (BI-DTMDI). Furthermore, the special case of the
typical TMD (B = 0) can be examined and, to this effect,
the bounds of v and p usually are ranged from 0.8 to 1.2
and from 0.001 to 0.01, respectively, based on real-life TMD
installations tuned to the first/fundamental mode shape of
high-rise buildings (Petrini et al., 2020). On the other hand,
it is convenient that &, and B are limited to maximum
values of 0.8 to avoid unrealistically high viscous damping
coefficients and inertance for the considered structure
(Petrini et al., 2020).

Based on Figure 12, the mass ratio and inertance coeffi-
cient of each TMDI were set to pw=0.02 and  =0.2,
respectively; whereas, the frequency ratio and damping ratio
of each TMDI were computed by the following equations
(Giaralis & Petrini, 2017):

VTMDI = %{f:“) (49)
[ B +0.75(B + W)
éTMDI - \/4(1 + B + u)[l + O.S(B + H)] 0

Equations (49) and (50) are not valid optimization for-
mulas for a TMDI connected to a different story. However,
since the objective of this section is solely to assess the effect
of mass ratio and damping ratio, the control devices were
considered as TMDIs connected in parallel on the same
story (see Figure 12), effectively treating them as equivalent
TMDs. Under this premise and for the purposes of this sec-
tion, Equations (49) and (50), which are valid for a classical

(b) FB-TTMDI

(d) BI-TTMDI

Figure 12. Different building isolator-damper configurations.

(¢) BI-BTMDI

(f) BI-DTMDI
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Table 7. Dynamic properties of the dampers: B (bottom), T (top).

TMD (=0, p = 0.02)

TMDI (8=0.2, p = 0.02)

Case Direction  mspor [Gg] Tvoils]  mmvpilGgl krwoikN/m] - erppi (kN s/m] Tvoils]  mvpilGgl krwoikN/m] - ervpi kN s/m]
FB-TTMDI Xz 17 3.70 0.3399 977.71 80.93 4.23 3.74 8262 2418
yz 11.01 3.48 0.2202 71833 55.83 3.97 242 6070.1 1668.1
BI-TTMDI Xz 28.70 7.88 0.5740 365.11 64.26 8.99 6.31 3085.3 1920.2
yz 25.84 7.70 0.5169 344.31 59.22 8.78 5.69 2909.6 1769.4
BI-BTMDI Xz 50.66 7.88 1.0132 644.47 113.43 8.99 11.15 5446 3389.4
yz 47.87 7.70 0.9574 637.76 109.69 8.78 10.53 5389.3 3277.5
BI-DTMDI xz (B) 50.66 7.82 0.5066 327.02 40.55 8.94 10.64 5260.9 3189.9
xz (T) 28.70 7.82 0.2870 185.27 2297 8.94 6.03 2980.5 1807.1
yz (B) 47.89 7.64 0.4787 323.62 39.21 8.73 10.05 5206.2 3084.6
yz (T) 25.84 7.64 0.2584 174.71 21.17 8.73 543 2810.7 1665.3
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Figure 13. Total peak top floor displacement of the benchmark building: along-wind direction.
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Figure 14. Total peak top floor displacement of the benchmark building: across-wind direction.
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Figure 15. Total peak top floor acceleration of the benchmark building: along-wind direction.
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Figure 16. Total peak top floor acceleration of the benchmark building: across-wind direction.
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Figure 17. Total RMS top floor acceleration of the benchmark building: along-wind direction.
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Figure 18. Total RMS top floor acceleration of the benchmark building: across-wind direction.

TMD, allow for a reduction in computational cost. Based on
Equations (49) and (50), vrmpr = 0.99 and vrypr = 0.86 for
the TMD (B=0) and TMDI (P =0.2), respectively;
whereas Epypp = 0.0702 and Epyp = 0.2175 for the TMD
(B=0) and TMDI (B =0.2), respectively. In this regard,
the expressions in Equations (49) and (50) do not any
means achieve optimum TMDI designs for the adopted pri-
mary structure against any particular optimization criterion.
However, they do yield reasonable values for the stiffness
and the damping properties of the TMDI, accounting for

the mass-amplification effect of the inerter (Giaralis &
Petrini, 2017). Accordingly, the mass, spring stiffness and
damping coefficient of the TMDI is shown in Table 7 for
the configurations shown in Figure 12. For the specific case
of BI-DTMDI, the dynamic properties of the total equiva-
lent TMDI were divided into 2 equal parts for each device
(top and bottom) in order to be able to make a realistic
comparison between the BI-TTMDI, BI-BTMDI and BI-
DTMDI configurations, that is, u = 0.01 for each device of
the BI-DTMDI configuration.
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Figure 19. Peak displacement of the base isolator: along-wind direction.
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Figure 21. Sketch of the wind-induced vibration for content design.

For wind engineering applications, the total modal damp-
ing ratio of a high-rise building is composed by the struc-
tural damping ratio plus the aerodynamic damping ratio,
which arises from the interaction between the oscillating
structure and the wind flowing around it. According to
Huergo et al. (2024), the total damping ratio of the bench-
mark building for both the first and second mode of vibra-
tion is approximately equal to 0.01. Accordingly, Figures
13-18 show the total top floor response (base

isolator + relative response) of the benchmark building
under along-wind and across-wind loads (see Figure 11)
considering the six different isolator-damper configurations
for both TMD and TMDI; whereas Figures 19 and 20 show
the peak displacement of the base isolator under the same
conditions.

As already mentioned above, a low damping BIS reduces
the peak total displacement of the benchmark building
under seismic loads, however, the opposite effect is observed



Table 8. Approximate dynamic properties of contents.
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Furniture item

Period of vibration [s] Damping ratio

Small equipment (computers, printers)
Lightweight furniture (chairs, small tables)
Medium filing cabinets

Heavy furniture (shelves, bookcases)
Sensitive laboratory equipment

Medium machinery (small generators)
Medium HVAC systems (air conditioners)
Small storage tanks

Large industrial equipment (turbines, generators)
Large storage tanks

Large suspended systems (ducts, platforms)
Small hanging lamps

Large hanging lamps (chandelier)

0.05 - 0.2 0.01 - 0.03
0.05-03 0.02 - 0.04
02-04 0.03 - 0.05
03-05 0.03 - 0.06
02-1 0.01 - 0.04
05-15 0.03 - 0.07
05-1 0.03 - 0.06
05-2 0.04 - 0.07
15-3 0.05 - 0.1

15-4 0.01 - 0.1

2-5 0.04 - 0.08
02-05 0.02 - 0.05
1-25 0.03 - 0.06

%

[ms?]

"

e MAX

z [m]

z [m] 0 2 4 6 8
T [s]

(e) BI-BTMDI

Figure 22. Floor spectra for the along-wind direction: xz plane (o = c0).

under lateral wind loads, that is, Figures 13 and 14 show
that base isolation of the benchmark building significantly
increases both the along-wind and across-wind peak dis-
placements. A low damping BIS (&g = 0.1) increases the
along-wind displacements and across-wind displacements in
the xz plane up to 222% and 123%, respectively; whereas for
the yz plane these increase up to 207% and 96%, respect-
ively. On the other hand, A high damping BIS (&g = 0.4)
increases the along-wind displacements and across-wind dis-
placements in the xz plane up to 168% and 59.34%,

el \
Wty

[m/s”]

e MAX

2

[m/s?]

UeMAX

1"

T, Is]

(f) BI-DTMDI

respectively; whereas for the yz plane these increase up to
146% and —1.54%, respectively.

The traditional TMDs (B = 0) were practically ineffective
in controlling along-wind displacements in both planes and
across-wind displacements in xz plane, on the contrary, they
were quite effective in controlling the across-wind peak dis-
placement in the yz plane. On the other hand, TMDIs
(B =0.2) are more effective than TMDs in controlling peak
displacements, particularly for the across direction in yz
plane where TMDIs decreases the response of the base
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T,Is]
(¢) BI-BTMDI

Figure 23. Floor spectra for the along-wind direction: yz plane (= 3.5).

isolated building up to 34.32% in comparison with a reduc-
tion of 22.51% related the traditional TMD. Furthermore,
the effectiveness of TMDIs decreases as the base isolator
damping increases.

Based on Figures 15 and 16, the most critical case for
peak accelerations is the FB case, however, a single BIS
without TMDIs is effective enough to control the response
up to 40.05% and 76.43% for xz plane and yz plane, respect-
ively. In this way, an increase of the base isolation damping
increases the effectiveness to control peak accelerations. On
the other hand, all the systems (BIS and TMDIs) are inef-
fective to control along-wind peak accelerations in the xz
plane, whereas a TTMDI seems to be the best option for
most other cases.

Based on Figures 17 and 18, the most critical case for
RMS accelerations is also the FB case, however, a single BIS
without TMDIs is effective enough to control the response
up to 60% and 78.23% for xz plane and yz plane, respectively.
In this way, an increase of the base isolation damping also
increases the effectiveness to control RMS accelerations. On
the other hand, TMDIs were effective to control the RMS
accelerations only for the yz plane under across-wind loads,
particularly for the BI-DTMDI case; however, the effective-
ness of TMDIs also decreases as the base isolator damping

T [s]
(d) BI-TTMDI

T,1s]
() BI-DTMDI

increases, e.g. a DTMDI with a low-damping BIS decreases
the across-wind RMS acceleration up to 34.14% compared to
base isolated building without TMDI, whereas a DTMDI
with a high-damping BIS decreases it up to 15.38%.

Based on Figures 19 and 20, all TMDI configuration are
quite effective to control the response of a low-damping
base isolator. In this way, the peak displacement of the BIS
decreases up to 14.73% and 35.71% for the xz plane and yz
plane, respectively. In addition, all TMDI configuration
were quite similar to controlling the damage of the BIS.

3.3.2. Floor spectra for content design

The contents of a building such as furniture and lamps are
also susceptible to turning moment due to the accelerations
induced by the slabs. For earthquake loads, some of these
contents must remain undamaged due to their high cost,
e.g. hospital equipment. Under wind loads, the vibrations of
the contents are not currently reviewed for engineering pur-
poses, however, Figures 15 and 16 show that peak top floor
accelerations are higher for pure bending behavior, particu-
larly for the across-wind direction. Therefore, in this section
the total peak wind-induced accelerations of the contents
are assessed at all stories by computing floor spectra based
on the scheme shown in Figure 21, in which the contents
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Figure 24. Floor spectra for the across-wind direction: xz plane (« = o).

are idealized as a single degree of freedom system (SDOF)

subjected to an acceleration at the base, i.e. the floor acceler-

ation. Accordingly, the acceleration of the content is defined

as i1(t) and its period of vibration is given by:
mC

T.=2m,/—

k. (51)

where m. and k. are the mass and stiffness of the content,
respectively. Low-rise furniture will have short vibration
periods unless it has a large mass such as industrial equip-
ment. On the other hand, contents such as lamps usually
have a high vibration period due to their low stiffness.
Regarding the damping of contents, it depends on the
material of the furniture, the type of connection and the
interaction of the object with the supporting surfaces.
Scientific literature (ASCE/SEI 7-10, 2022; Chopra, 2012;
Clough & Penzien, 2003; FEMA, 2012; Kazantzi et al., 2020;
NTCDS, 2023; Soong & Dargush, 1997; Villaverde, 2009);
features some studies on the vibration period and damping
ratio of the contents, which are shown in Table 8.

In this way, the floor spectra (see Figures 22-25) were
computed for the six cases shown in Figure 12 for the most
unfavorable case of damping ratio of the BIS, that is, &g =
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4
T, [s]

(b) FB-TTMDI

7,[s]
(d) BI-TTMDI

T,ls]
() BI-DTMDI

0.1. Based on Table 8, the damping ratio of the floor spectra
(content damping) was assumed equal to 0.02.

Based on Figures 22-25, the most critical case occurs for
the fixed-base building for contents with periods similar to
the building (T, ~ 3.5s) such as large industrial equipment,
large storage tanks and large hanging lamps. In the same
way as the serviceability limit state, the most unfavorable
dynamic response of the contents is related with the lateral
resisting systems in pure bending under across-wind loads.
In fact, the dynamic response of this type of flexible con-
tents was approximately 9 times greater for the yz plane
under across-wind loads compared to the xz plane under
along-wind loads. The response of the contents decreases
radically as their location in height decreases, however, for
rigid contents with a short vibration period, a second peak
of accelerations occurred in the lower floors.

For the FB-TTMDI case, the TTMDI decrease the con-
tent acceleration up to 88.81% for the yz plane under
across-wind loads. However, peak accelerations of contents
with a very low vibration period (T, < 1s) are practically
the same as those related to the peaks of the spectra
(T, = 3.55). On the other hand, the peak accelerations of
the contents decrease as their location in height decreases,
as occurs in FB case. For the BI case, the base isolators
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Figure 25. Floor spectra for the across-wind direction: yz plane (o = 3.5).
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Figure 26. TMDI optimization schemes for the benchmark building (un = B = 0.02, &g = 0.2).

decrease the content acceleration up to 76.22% for the yz
plane under across-wind loads. In addition, the peak accel-
eration is shifted to the period of the isolated building,
therefore, the peak acceleration would now occur in
extremely flexible contents, thus avoiding the resonance
effect for most existing contents (T, =~ 8s). Although the
peaks of the spectra are smoother, it is important to note
that there is a second peak for rigid contents (T, < 2s). In
addition, the maximum accelerations of the contents for the
base-isolated buildings are similar in all the stories.

For the base-isolated building with TMDI, the dynamic
response of the content decreases between 30 and 50% com-
pared to the BI case, however, the maximum peaks are not
smoothed and affect a greater amount of flexible content

(4s < T, < 8s). On the other hand, the use of TMDI at the
bottom slightly decreases the accelerations of the second peak
for rigid contents (T. < 2s). It should also be noted that
while the maximum peak remains constant for all floors, the
second peak increases as the height of the floor increases.

3.3.3. Optimization of tuned mass damper inerter

For fixed-base high-rise buildings under wind loads, the
most critical response usually is the acceleration in terms of
comfort assessment (serviceability limit state) since seismic
loads usually govern the ultimate limit state (check of peak
displacement). Since wind-induced accelerations fluctuate
over a period of time, the RMS acceleration better reflects
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Figure 28. Optimized response for the along-wind direction: yz plane (o = 3.5).
the total effect of these fluctuations on user comfort instead Based on the above, the effect of TMDI optimization was

of peak acceleration. On the other hand, section 3.3.1 assessed for the fixed-base benchmark building considering
showed that total displacements of base-isolated high-rise the effect of connecting the second terminal of the TTMDI
buildings under wind loads are much greater than the fixed- to a different story from the one where the device is
base cases, therefore, in these circumstances the critical attached. Consequently, the optimization scheme showed in
response that must be controlled is the total peak rooftop Figure 26 is proposed for the p an  values used in sections
displacement. For practical purposes, the case of the bench- 3.3.1 and 3.3.2. For each optimization case in Figure 26, the
mark building with a top tuned mass damper inerter vpyp; values were ranged from 0 to 2 in increments of 0.01,
(TTMDI) will be chosen since it is the most feasible to place while Epyp; was ranged from 0.01 to 0.2 in increments of
due to the free space on the roof and considering that these 0.01. For the BI-TTMDI case, a value of &g = 0.2 was used
devices are generally attached at the point of maximum to avoid underestimating or overestimating the damping for

modal amplitude.

a base isolator representative of practical professional



22 I. F. HUERGO ET AL.

0.15 O\ Upys =2.60cm/s*
0.1
0.05

Yrmpi

(a) FB-TTMDI-36

Vvl

(¢) FB-TTMDI-1

Figure 29.

ugys =5.5lcm/s

YrMpI
(a) FB-TTMDI-36

Ve =09

£.=02

=217 /s

Ugygs

VrMDI

(¢) FB-TTMDI-1

Figure 30. Optimized response for the across-wind direction: yz plane (o = 3.5).

applications. This means that for a single optimization case,
3820 dynamic time-domain analyses were performed.
Accordingly, a total of 61120 dynamic time-domain analyses
were conducted considering the along and across-wind loads
on both lateral resisting systems of the benchmark building.
Therefore, the optimized TMDI parameters to minimize the
peak response of the schemes of Figure 26 are shown in Fig-
ures 27-30.

Based on Figures 27-30, it can be observed that connect-
ing the TTMDI to a lower story results in greater acceler-
ation reduction compared to a parallel connection at the
same story. For the along-wind direction, the FB-TTMDI-1

Optimized response for the across-wind direction: xz plane (o0 = o).
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case reduces the response by 56.84% compared to the FB-
TTMDI-36 case in the xz plane, while this reduction reaches
58% in the yz plane. Moreover, the reduction achieved in
the across-wind direction in the xz plane is 84.27% when
the TTMDI is connected to the 1 story instead of the 36
story. In contrast, a reduction of 60.62% is observed in the
yz plane for the across-wind direction.

Another noteworthy observation is that, for the FB-
TTMDI-36 case, the optimal damping of the TMDI (§,,,) is
small, whereas for the FB-TTMDI-1 case, it is large.
Additionally, the v,y values vary from 0.9 to 1.04 for all
fixed-base cases, however, it is observed that one advantage
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Figure 31. Optimized displacement response for a BI-BTMDI-ground configuration: (i = p = 0.02, &g = 0.2).
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Figure 32. Sensitivity analysis of the inertance coefficient b for a BI-TTMDI-story configuration: (n = p = 0.02, &g = 0.2).

of connecting the TMDI to a lower story is the increase in
the bandwidth of the optimized response. In other words,
the response is reduced not only for values close to Vop;.
For the BI-TTMDI case, an optimized TMDI achieves
reductions of 1.04% and 3.31% in the total peak rooftop dis-
placement in the along-wind direction for the xz and yz
planes, respectively, compared to a non-optimized TMDI
(Equations 49 and 50). Moreover, an optimized TMDI
achieves reductions of 9.05% and 6.44% in the across-wind

direction for the xz and yz planes, respectively. For the BI-
TTMDI case under along-wind loads, the values of &, are
smaller compared to the across-wind direction. Additionally,
the v, values range from 0.49 to 1.23. In fact, for the xz
plane, there appear to be two optimization peaks. Another
interesting observation is that, for the across-wind direction,
there do not appear to be well-defined optimization peaks.
Previous studies on TMDI optimization for base-
isolated buildings focus solely on controlling seismic
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response. In such cases, the TMDI is typically placed on
the base isolator level, which is linked to the ground
instead of other stories since the goal is to control the dis-
placements of the base isolator (De Domenico & Ricciardi,
2018; Di Mateo et al., 2019; Masnata et al., 2021). For
wind engineering applications, Section 3.3.1 demonstrated
the imperative need to control the total displacement of
isolated buildings. Therefore, it is of interest to explore the
optimization of a bottom TMDI (BTMDI) with its second
terminal linked to the ground, as this could enhance the
efficiency of the inerter in controlling the sway motion.
Consequently, the results of this optimization for a BI-
BTMDI-ground configuration are presented in Figure 31,
based on 15280 time-domain dynamic analyses.

Figure 31 shows that a BI-BMDI-ground configuration
controls the total peak rooftop displacement in the yz plane
similarly to the BI-TTMDI case. However, the BI-BTMDI-
ground configuration achieves a sway motion reduction of
up to 5.62% for the xz plane in comparison to the BI-TMDI
configuration. Based on Equations (15) and (18), the inertial
coefficient b depends on the single degree of freedom
equivalent mass to be tuned, such that mspor increases as o
increases. This could explain why the response control in
the xz plane is greater for the BI-BMDI-ground configur-
ation in comparison to the yz plane.

Base isolation already generates long periods without
TMDIs (7.76 and 7.59s for the benchmark building). If the
TMDI has a high inertia parameter b and is linked to a dif-
ferent level from its support, it seems that it may alter the
system’s modal distribution. This may lead to undesired
dynamic interactions, reflected in coupled modes with
imaginary components in the modal analysis. This type of
numerical issue had not been previously reported in scien-
tific literature for fixed-based condition (Hu et al., 2018;
Wang & Giaralis, 2021), in fact, as observed in Figures 27-
30, configurations FB-TTMDI-36, FB-TTMDI-18 and FB-
TTMDI-1 do not produce numerical instabilities regardless
of the value of the inertial coefficient b. An innovative struc-
tural modification, top-story softening, in conjunction with
an optimally tuned TTMDI has been previously studied by
Wang and Giaralis (2021) to improve the wind performance
of fixed-base buildings, however, the softening of the top
floor was achieved by reducing the lateral stiffness of that
story facilitating the analysis of the interactions between the
TMDI and the stories, as there is no significant decoupling
of the structural motion. On the other hand, in our case
study, the base isolators decouple the building’s motion
from the ground, which modifies the system’s dynamic
response and can affect the interaction with the TMDI dif-
ferently, especially in terms of modification of the vibration
period and the distribution of the vibration modes.

Accordingly, a sensitivity analysis of the inertial coeffi-
cient b was conducted for the case of the base-isolated
building with a top TMDI linked to stories 36 and 18 (BI-
TTMDI-36 and BI-TTMDI-18). In this sensitivity analysis
(see Figure 32), it is observed that for small values of b, the
previously mentioned instability problem does not occur;
however, it begins to appear for large values of b, that is,

when the system has an excessively large fundamental
period, T;.

4, Conclusions

This study evaluated the effectiveness of the tuned mass
damper inerter (TMDI) in controlling wind-induced vibra-
tions in a base-isolated high-rise building with various lat-
eral resisting systems. Key findings include that hybrid
control systems, such as base isolation with TMDI, are
effective in reducing displacements and accelerations in
areas prone to both earthquakes and extreme wind. A
medium-damping base isolation system (BIS) is recom-
mended to balance both types of control, as a low-damping
BIS is effective against earthquake-induced damage, and a
high-damping BIS better controls wind-induced vibrations.

Lateral resisting systems with higher flexural stiffness, such
as shear wall-frame and tubular systems, enhance the effective-
ness of TMDIs in controlling base isolator displacements,
wind-induced vibrations (especially across-wind), and peak
accelerations of building contents when combined with a
medium-damping BIS. However, the cost of implementing
TMDIs is expected to be higher than that of traditional tuned
mass dampers (TMDs), and their use must be justified by the
benefits they offer in controlling dynamic response. On the
other hand, a BI-DTMDI configuration is slightly more effect-
ive than other TMDI configurations, but its cost-benefit ratio
may be lower. Therefore, for cost-effective practical applica-
tions, placing a single TMDI at the point of maximum modal
amplitude (typically at the rooftop level) is more feasible.

For fixed-base buildings, optimizing a top TMDI by con-
necting it to a lower story enhances its effectiveness by
increasing the response bandwidth, thereby improving con-
trol across a wider range of frequencies, not just those close
to the optimal frequency ratio. However, the cost and com-
plexity of these connections must justify their adoption over
the use of traditional top TMDs. In some cases, replacing
TMDIs with alternative control devices, such as viscous fluid
dampers, may be more feasible. For an optimized top TMDI
connected to a different story, it is recommended to use a
low-damping TMDI for connections to upper stories, and a
high-damping TMDI for connections to lower stories.

In addition, for base-isolated buildings with a top TMDI
linked to a different story, it is recommended to connect the
TMDI at the same level to avoid undesirable dynamic inter-
actions, or alternatively, use traditional TMDs at different
locations if it does not substantially increase costs.

Further studies should explore additional TMDI configu-
rations and their optimization for different wind load condi-
tions. The impact of various base isolation systems and the
effect of alternative control devices on building response
should also be investigated in future research.
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