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ARTICLE INFO ABSTRACT

Keywords: This study investigates the effectiveness of the tuned mass damper inerter (TMDI) in mitigating
Building building response, considering the soil structure interaction (SSI). Three types of models are
Earthquake examined: single degree of freedom (SDOF), low-rise multi-degree of freedom (MDOF), and high-
Tuned mass damper inerter (TMDI) rise MDOF. Additionally, the natural period of the SDOF model is varied to explore the TMDI's

Soil structure interaction (SSI)
Seismic resilience

Multi-degree of freedom (MDOF)
Optimization methods

efficacy across different ranges. Frequency and time domain analysis are conducted under pulse-
like ground motions. The H, and genetic algorithm (GA) are used to optimize the parameters of
the TMDL. In this optimization method the transfer function for displacement response is mini-
mized. In time domain analysis we used Newmark’s integration method to solve the equation of
motion for all the cases considered. It is found that the optimized TMDI proves highly effective in
mitigating the displacement response of the buildings, accounting for SSI. Notably, its efficiency is
more pronounced when pulse period aligns closely with the buildings’ natural period. In addition,
a notable pattern emerges, wherein the TMDI excels in mitigating response for buildings expe-
riencing large motion, thereby enhancing safety under severe conditions. These findings offer
valuable insights into the application and optimization of the TMDI to enhance seismic perfor-
mance in various buildings, while considering complex interaction with the soil.

1. Introduction

Natural hazards such as earthquakes and wind cause undesirable vibrations in different civil structures. Hence, researchers and
practice engineers proposed and implemented different vibration absorbers such as active, passive, semi-active, and hybrid for
dynamical response mitigation of civil structures. Passive vibration absorbers are more ideal than others as they are affordable and
reliable. Tuned mass dampers (TMDs) are well-known among passive vibration absorbers, and are used in many real-life structures,
especially wind response mitigation of high-rise buildings [1]; seismic response mitigation [2-5], seismic response mitigation by
consideration of soil structure interaction (SSI) [6], pedestrian bridges [7,8], and railway bridges [9,10].

It is a common understanding that the TMDs are quite sensitive to frequency detuning, therefore that requires considering the
robustness in the design of such devices. Hence, noticeably the research in the recent decades has been focused on the optimization of
TMDs [11-14]. For example, in their study, Cao and Li [12] introduced the tuned tandem mass dampers-inerters (TTMDI) as a
groundbreaking control device, amalgamating tuned tandem mass dampers with two inerters. The TTMDI showcases outstanding
performance, marked by high effectiveness and wide frequency spacing, while prioritizing simplicity and ease of implementation. The
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Fig. 1. Schematic of controlled MDOF structure equipped with TMDI on top (right) including SSI effect and (left) with ignoring SSI effect (fixed base) subjected to
ground motion.
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Fig. 2. Schematic of controlled SDOF structure equipped with grounded TMDI (right) including SSI effect and (left) with ignoring SSI effect (fixed base) subjected to
ground motion.

authors conducted thorough evaluations, examining the TTMDI’s effectiveness, strokes, stiffness, damping coefficient, inertance co-
efficient distributions, frequency spacing, and frequency response. The collective findings assert the TTMDI’s superiority over tradi-
tional control devices. In addition, scientists typically focused on the effects of external forces [15-17], the mass ratio of TMD [18-20],
uncertainty of the damped main system [21-23], and optimization techniques [24-26] on the optimum parameters of TMDs. Mainly
the parent structures have been assumed to be single degree of freedom (SDOF) system.

Joshi and Jangid [27] compared the efficiency of the single TMD with MTMDs in dynamic response mitigation of a building
structure subjected to white noise excitations. Sadek et al. [28] recommended a procedure of approximating the optimal design pa-
rameters of TMDs for the decrease of vibrations in multi-floor buildings under earthquakes. The method was successful and adopted by
many researchers for vibration control of damped structures. Hadi and Arfadi [29] studied the impact of TMDs in decreasing the peak
top floor displacement of a ten-floor building subjected to earthquakes. Genetic algorithm (GA) was used to get the optimal parameters
of the TMD. A detailed literature survey was presented by Elias and Matsagar [30]. Bekdas et al. [31] evaluated the optimal parameters
of TMD by employing the bat optimization algorithm. They used the harmony search algorithm to obtain the optimum parameters. The
method was effective in decreasing vibrations in multi-floor buildings under earthquakes. Yucel et al. [32] studied the effect of using
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Table 1
Dynamic parameters of 5-story building examined in this study [75,68].
No. of stories (n) 5
Story height (z;) 4m
Story mass (m;) 300 t
Story moment of inertia (I;) 7.5 x 10° kg m?
Story stiffness (k;) ki = 7k, 5k, 3k, 2k and k ; k = 50 (MN /m)
Foundation radius (Ry) 10 m
Foundation mass (my) 500 t
Foundation moment of inertia () 2.083 x 10° kg m?
Table 2
Dynamic parameters of 40-story building examined in this study [52-57].
No. of stories (n) 40
Story height (z;) 4m
Story mass (m;) 9.81 x 10%t
Story moment of inertia (I;) 1.31 x 10° kg m?
Story stiffness (k;) ki = 2130 (MN /m)
kao = 998 (MN /m) kao < ki < k1
Story stiffness (c;) ¢; =19.96 (MN s /m)
C40 =42.6 (MNs/m) cqo <ci <1
Foundation radius (Ry) 20 m
Foundation mass (my) 1.96 x 10° t
Foundation moment of inertia (Ir) 1.96 x 10° kg m?
Table 3
Parameters of the considered soil types [75,68].
Soil type Vs[m /s] plkg /m?] G[MN /m?| v
Soft soil 100 1800 18 0.49
Medium soil 300 1900 171 0.48
Dense soil 500 2400 600 0.33

optimal TMD in reducing the peak displacements of the buildings under various earthquakes. Araz and Kahya [33] evaluated the
control performances of a single optimal TMD and series tuned mass dampers (STMD) to reduce the vibrations of buildings under
earthquakes. It is commonly noted that efficiency of TMDs improves with the TMD mass. Nonetheless, it is practically not convenient to
attach and support a heavy TMD mass in building structures. This practical constraint of TMDs can be improved to some magnitude by
utilizing unique devices named inerters. Inerters are the devices that can generate inertia forces relative to the ground acceleration
they are subjected to Ref. [34]. The TMD with an inerter can produce great inertia forces with significantly little physical mass. A TMD
attached with an inerters are known as Tuned Mass Damper Inerters (TMDI). Marian and Giaralis [35] showed one of the first solutions
for optimal TMDISs to control the vibrations of SDOF systems under harmonic base excitation. Marian and Giaralis [36] assessed the
optimum design of TMDIs under white noise excitations. Taflanidis et al. [37] assessed three different kinds of inerter dampers (ID),
such as tuned viscous mass damper (TVMD), tuned mass damper inerter (TMDI), and tuned inerter damper (TID). The IDs were
discovered to be efficient in earthquake response mitigation of structures. Petrini et al. [38] investigated the efficiency of the TMDI in
response mitigation of a benchmark structure. They performed an innovative technique to optimize the parameters of the TMDI by
minimizing the floor response (accelerations) produced by the wind. Lately, multiple TMDI have been investigated for response

Table 4
Damping coefficient and stiffness for soil types considered in this study [52,57,75].
Building Soil type ch[MN s /m] cg[MN s /m] kn[MN /m] ko[MN /m]
five-story Soft soil 5.48 x 10! 1.41 x 107 9.54 x 10° 9.41 x 10°
Medium soil 1.73 x 10? 4.39 x 107 9.00 x 107 8.77 x 10°
Dense soil 3.31 x 102 7.16 x 107 2.87 x 108 2.39 x 10'°
forty-story Soft soil 2.19 x 102 2.26 x 108 1.91 x 107 7.53 x 10°
Medium soil 6.90 x 10? 7.02 x 108 1.80 x 108 7.02 x 1010
Dense soil 1.32 x 107 1.15 x 10° 5.75 x 10° 1.91 x 101!
Table 5
TMDI ranges of optimization.
Frequency ratio Min Max Damping ratio Min Max
0t 0.5 1.2 £y 0.1 0.8
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Fig. 3. Optimization Process Flowchart: Enhancing Tuned Mass Damper Inerter (TMDI) with Soil-Structure Interaction using H2 and Genetic Algorithm (GA).
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Fig. 4. Minimizing the objective function (OF), variation frequency ratio and variation damping ratio, with respect to the variation of inertance ratio.
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Fig. 5. Variation of J; of SDOF with different soil properties under pulse-like ground motions records. The results correspond for a periods from 0.2 to 2s.
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Fig. 6. Variation of J; of SDOF with different soil properties and under pulse-like ground motions records. The results correspond to a range of periods from 2.2 to 4s.

mitigation of structures [39,40]. Double-mass TMDI for mitigation of seismic response of buildings has recently been reported in the
literature [41].

In the literature, negative stiffness and inerter dampers were compared for their vibration isolation performance [42]. The
fixed-point theory was utilized to derive optimal parameters for the SDOF system equipped with the combination of inerter and NSD
for seismic protection [43-46]. A unified study of multimode damping effects of negative stiffness and inerter mechanisms was
performed when paired with a viscous damper for cable vibration control [47]. In their work, Islam and Jangid [48-50] demonstrated
the efficacy of negative stiffness and inerter dampers in enhancing the vibration response of various structures under earthquake
excitations. The study [50] specifically delved into optimizing parameters and assessing the performance of dampers based on negative
stiffness and inerter mechanisms for structures employing base isolation techniques.

Generally, the earlier investigations (discussed above) ignored the SSI effect as the researchers believed that the foundation for civil
structure was built strong. However, Elias [51] concluded that the soil type significantly influenced the design parameters of the
vibration absorber schemes and seismic response of the structure. Because the SSI substantially shifts the frequencies of the structure, it
is critical to consider the SSI effect in the optimum design of the TMD. It is reported that the previous investigations typically vary
based on the optimization techniques [52-54], the earthquake fault type [55-57] and the objective functions [58,59]. Zhang et al. [60]
studied the nonlinear fragility estimation of a 20-floor steel building equipped with TMD and considering SSI under earthquakes. They
noted that the single TMD can remarkably reduce the structural demands, while the SSI impacts can increase the fragility of the
building structures, particularly if subjected to strong earthquakes. Other investigators also have explored the efficiency of multiple
TMDs (MTMDs) [61-63], inerter TMD (TMDI) [64], and particle TMDs [65] in decreasing earthquake vibrations of tall buildings
counting the SSI effects. Wang and Lin [61] concluded that by suitably increasing the frequency spacing of the optimal MTMDs, the
detuning effect were reduced. Li and Han [62] reported that the dominant ground frequency and SSI have substantial effect on the
optimum parameters, stroke, and efficiency of the MTMDs. Non-optimal positioning of MTMDS on a floor was found to have the
potential of reducing damping efficiency and amplifying peak response while SSI effect is considered [63]. Generally, it is noted that
mostly a single TMD is used to reduce the seismic response of buildings with SSI effect included. The research on multiple TMDs in
response mitigation of such buildings is very limited [66]. Although, for other recently identified structures, the study [67] has
revealed noteworthy outcomes concerning the implementation of multiple Tuned Mass Dampers (TMDs), particularly in distributed
configurations. The findings suggest that this strategic use of TMDs has led to substantial decreases in structural response under the
combined influence of various dynamic loads. Notably, in fixed base systems (without Soil-Structure Interaction, or SSI), and even
more significantly in flexible base systems (with SSI), the study underscores the potential effectiveness of employing multiple TMDs,
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Table 6

Optimum TMDI parameters for low-rise five-story building.

Fixed base

Dense soil

Medium soil

Soft soil

Variables

0.965

0.966
0.298
0.005

0.2

0.969
0.292
0.005

0.2

0.980
0.223
0.005

0.2

Ut

0.301

S

0.005
0.2

He

7.5

7.5

7.5

7.5

m, (1)
b ()

300

300

300

300

13.955
1.247

13.904
1.233

13.806
1.204

12.029

0.858

ke (MN/m)
¢; (MN s/m)

especially when distributed, as a promising strategy for minimizing dynamic responses in structures facing combined wind and wave

forces.

The existing literature on MTMDs mainly focused on the SSI effect on the effectiveness of the MTMDs or placement effects on the

efficiency of MTMDs. However,

the effect of the optimum inerter TMDs on the vibration mitigation of SDOF and MDOF by including

the SSI effect has not yet been investigated. Moreover, the earthquakes considered in the previous studies (with SSI) were chosen either

among the earthquakes with historical importance or among the near-fault and far-fault earthquakes. However, the effect of pulse type
earthquake ground motion on the effectiveness of TMDI considering SSI effect has not been earlier assessed. Accordingly, this study

intends to fill these gaps in the literature. Therefore, a numerical solution is first developed for achieving earthquake responses of
buildings equipped with TMDI including SSI. The Hjy is recommended for the optimization of TMDs by reducing the largest amplitude

of the building displacement.

2. Governing equations of motions of structure with SSI

The equation of motion that represent the motion of n-DOF structure equipped with TMDI and subject to earthquake excitation can

be expressed as:

10
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Fig. 10. Transfer function curves [H(w)] of the displacement for five-story uncontrolled building and controlled with TMDI, considering different variable
soil conditions.

(M, () + [CiJue (£) + [KiJus () = — F(2)

where M;, C;, and K; respectively represent the structural mass, damping, and stiffness matrices of the oscillating system. i, ti, and u,
respectively denote the relative acceleration, velocity, and displacement vectors. F(t) denotes the force directly applied to the structure
which is produced by the earthquake ground motion. The dimension of the matrices and vectors in Eq. (1) change based on considering
or not considering of the SSI effect as well as controlled or no control device.

The mass, damping and stiffness matrices of the structure is presented without control. To represent the soil properties in mass,
damping and stiffness matrices, the corresponding values must be embedded into the matrices. An n -story fixed base shear building is
shown in Fig. 1 (right). Assuming the parameters of the device on top floor is equal to zero. Idealized mass M;, damping C; and stiffness
K; matrices for uncontrolled fixed-based shear building, are given by

M, xn M5 Mz,
. . n
M, — "My, r"Mr+ms iz 2
ZTMlx,, Z;mizi If + Z:L:I (m,-z,-z + ]i)
(n+2)x (n+2)
Cnxn Onxl Onxl Knxn On><] On><]
C=|0 o 0 K= 01 ki 0 3
O 0 €0 | (ni2)x(nt2) O 0 ko (142)% (n+2)
Mrnxl ﬁnxl unxl Unx1
F= rTMTrerf J = Uy U =1q Uy JU=1q Uy 4
T Mr (n+2)x1 0 2yt 0 ) i I
u =u; + up + ug + uy; 5

11
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(w)] of the acceleration for five-story uncontrolled building and controlled with TMDI, considering different variable

x(n+2)) mass, damping and stiffness matrices of the structural system (host structure), respectively;

r is a unit vector with dimension (n x 1);the absolute height of stories with respect to foundation (ground) is defined with z; for i
story; m, ¢;, k; and I; are the mass, damping, stiffness and the moment of inertia of each story, respectively. u;, ur and 0 are displacement
of the it floor of the building, the displacement and the rotation of the foundation, respectively. my and Ir are the mass and the moment
of the foundation, respectively. The swaying damping, the rocking damping, the swaying stiffness, and the rocking stiffness of soil are
represented with ¢, cy, k; and ky, respectively. The soil foundation system was modeled by considering it as a viscous dashpot and
linear spring system. A node it added to the system and given rotational and translation degrees of freedom corresponding to the soil
foundation system. The frequency independent factors give the translation and rocking stiffnesses, and the damping at the node. These
factors in turn depend on foundation properties and the soil. The damping and stiffness factors of the soil foundation system
considering the soil with shear wave velocity (V;), shear modulus of elasticity (G), radius of foundation (R), and Poisson’s ratio (v) are
[68,69]:

8GR 8GR?

k= kg = = 6
L T )

0.4GR*
1=V

4.6GR?
(2 - V) V\"

cp= Cco =

In which ¢, and ¢, respectively, refer the horizontal and rocking damping coefficient for the radiation soil damping of the soil-
foundation system, k; and k, respectively represent the horizontal and rocking stiffness coefficients of the soil. Theses depend on
the geometry of the foundation and the soil properties. The shear wave velocity of the soil can be given by V, = \/G/p where p is the
density of soil. These factors consider the soil-foundation system properties. In case the structure is installed with the TMDI the mass
(My), damping (Cy) and stiffness (K;) matrices are:

M(n+l)><(n+]) Mr(n+l)><l Mz(n+])><l
n
M, = | "Mixuery  F"Mr+m+m, o iz mz, 7
n
T Mixrn o MiZi I + Z miz? + 1) +mz,’

(n+3)x(n+3)
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where m;, c; and k; are the mass, damping and stiffness of the TMDI passive control device.

3. Numerical examples

In this section first a single degree freedom (SDOF) model is used to numerically test the proposed idea (see Fig. 2). Later, two
numerical examples are presented to show the effectiveness of TMDI (see Fig. 1) for vibration mitigation of buildings including the soil
structure interaction (SSI). A five-story building is selected to represent the low-rise buildings (see Table 1), and a forty-story building
to represent the high-rise buildings (see Table 2). Soil properties for different types of soils are given in Table 3, and the corresponding
dynamic properties of the soils are given in Table 4. The near-field pulse-like ground motions chosen for this study are documented in
Table A1, with the majority of the records available for download from the source specified in Ref. [70]. These records have been
utilized by other researchers to investigate the impact of pulse-like near-field ground motions on various structures [71,72-74]. In
order to compare the performance of TMDI in response mitigation of the considered buildings, set of performances criteria such as
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properties and under pulse-like ground motions records.

relative displacement reduction (J;); absolute acceleration reduction (J5); base shear reduction (J3); and reduction of kinetic energy
Ja).

7 :“"Cu; e 100% 11
Jzzu x 100% 12
Js :% x 100% 13
J4:M x 100% 14

k,nc

where unc, linc, Vbne, and Ex nc are respectively the maximum relative displacement, maximum absolute acceleration, maximum base
shear and maximum kinetic energy of the uncontrolled buildings. The corresponding notations for controlled buildings are u, i, Vi,
and Ey .

4. TMDI attached on SDOF main structure

The parameters of the TMDI are optimized considering different conditions of the main structure from very flexible (soft soil) to the
rigid foundation (fixed base). The ranges for optimization of frequency tuning ratio and damping ratio of the TMDI are given in Table 5.

Knowing that a TMDI is consisting of physical mass m;, damping c;, stiffness k¢, and inerter mass ratio ;. The m; of TMDI can be
calculated by assuming its ratio . to the total mass of structure. In this study the objective is to minimize the transfer function of the
roof displacement of the building. Therefore, the Hy-norm method and genetic algorithm (GA) are used to minimize the transfer
function. The optimization process for the Tuned Mass Damper Inerter (TMDI) incorporating Soil-Structure Interaction (SSI) is
depicted in Fig. 3, providing a comprehensive and systematic overview of the methodology. This intricately designed flowchart
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Fig. 14. Acceleration, velocity time histories and elastic response spectra (5 % damped) of the Northridge ground motion recorded. The pulse period is presented with
the vertical dashed line.

outlines the step-by-step procedures employed to enhance the TMDI’s performance in the context of dynamic soil-structure in-
teractions. The journey begins with the incorporation of H2 control strategies, a sophisticated approach designed to optimize the
TMDTI’s efficiency. This initial phase sets the foundation for achieving enhanced damping characteristics tailored to the specific dy-
namics of the structure and its interaction with the surrounding soil. As the process unfolds, the Genetic Algorithm (GA) takes center
stage, introducing a powerful optimization tool to fine-tune the parameters of the TMDI. This genetic algorithm, inspired by the
principles of natural selection, systematically explores the solution space to identify optimal configurations that maximize the system’s
performance under dynamic loads. The iterative interplay between H2 and GA, as illustrated in the flowchart, reflects a meticulous and
adaptive optimization process. It highlights the dynamic nature of the TMDI’s tuning, acknowledging the complex interdependencies
between structural dynamics and soil interactions. This comprehensive approach, depicted in Fig. 3, serves as a roadmap for har-
nessing advanced control strategies to optimize the TMDI's effectiveness in real-world scenarios. The interweaving of H2 and GA
techniques in the optimization process underscores a sophisticated and adaptive methodology, aiming to elevate the TMDI’s per-
formance in the face of diverse and dynamic structural challenges.

The SDOF model considered is the equivalent to the five story multi-degree of freedom (MDOF) presented by Salvi [75]. The
frequency of the fixed base SDOF is 1.112 Hz, and three types of soils such as dense, medium, and soft are considered. The corre-
sponding frequencies are 1.108 Hz, 1.100 Hz, and 1.017 Hz, respectively. Fig. 4 shows the variation of optimum parameters for
different mass ratio of the TMDI and inerter (inertance).

The mass ratio (my) is increased up to 40 % of the total mass of the building, whereas the mass ratio of the inerter (4, is increased up
to 100 %. The values are selected to show the pattern only, as it is known that there is practical restriction for large masses. It is
observed that the optimum frequency ratio decreased by increasing the mass ratio. Oppositely the optimum damping ratio increased by
increasing the mass ratio.

In order to depict a more comprehensive trend, the natural period of the SDOF system is systematically increased up to 4 s,
reflecting the presence of numerous SDOF systems, each representing distinct periods. Figs. 5 and 6 show the displacement reduction
(four cases are compared) of the SDOF system considering SSI and the period is increased up to 4 s. It is observed that for fixed base
system the reduction pattern is consistent for most of the natural periods. In some cases where the response is amplified will be
discussed in the next section. As much the flexibility in soil is increased the TMDI is less effective to mitigate the displacement response
of rigid buildings. For example, in case of soft soil, the TMDI has no or less effect in reducing the displacement response of buildings
with natural time periods below 0.6 s.

This indicates two facts, first that SSI creates spaced frequency where the TMDI is not able to effectively reduce the response and
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secondly, the overall performance of TMDI is higher for high-rise buildings (more flexible). Above 1 s period the response reduction is
more consistent. Hence, the selection includes two additional examples, a five-story building with a fundamental frequency of 1.112
Hz and a forty-story building with a fundamental frequency of 0.261 Hz. These examples showcase more-realistic structures with
multiple modes, and notably, the TMDI is not attached to the ground in these instances.

Figs. 7 and 8 show the reduction in maximum acceleration response in the SDOF systems. Largely, the TMDI’s effectiveness in
mitigating acceleration response is compromised as its parameters are optimized by minimizing the displacement transfer function.
The pattern of acceleration response reduction is quite opposite to that of displacement response. As much the flexibility (natural
period) is increased the effectiveness is reduced. It is commonly understood that acceleration response is higher in low-rise buildings
when subjected to earthquake ground motions. Therefore, the effectiveness of TMDI in mitigating such high acceleration response is a
positive sign. However, it is also highlighted the need for a multi-objective optimization method to significantly mitigate both the
displacement and acceleration response. Generally, the TMDI is more effective in reducing large vibration, this is because the device
capacity is higher to dissipate the energy. In addition, it is observed that the TMDI is less sensitive to soil conditions and acts robustly.

5. Effectiveness of TMDI on low-rise building

In this section, we present the effectiveness of the TMDI in mitigating the of a five-story low-rise building. The building’s properties
are detailed in Tables 1 and it is selected from existing literature for comparison with published results, ensuring the validity of our
findings.

Fig. 9 validates the multi-modal frequencies of the selected building, both with and without considering the SSI. The results match
those reported by Salvi et al. [75], confirming the accuracy of our study.

In this example we designed and installed the TMDI without grounding it (see Fig. 1), making it more realistic. Similar to the
previous case, we optimize the parameters of the TMDI by minimizing the displacement transfer. The optimum parameters of the TMDI
obtained using Ho and genetic algorithm, are provided in Table 6, where the mean of the transfer function is minimized.

Figs. 10 and 11 demonstrate the transfer function of both displacement and acceleration response respectively. It is evident that the
optimized TMDI has substantially reduced the transfer function for both displacement and acceleration response.

The transfer function of the acceleration response clearly indicates the presence of multi-mode contribution. In the controlled
buildings’ acceleration transfer function, two peaks of unequal height are evident, highlighting the necessity for a multi-objective
optimization technique. Future studies should consider or develop such a technique to achieve a robust design of TMDI. To eval-
uate TMDI’s effectiveness, pulse-like ground motions are selected in this study.

Fig. 12 shows the percentage reduction (Jj, %) in displacement, acceleration, and base shear for the buildings. The optimized TMDI
proves to be significantly effective in reducing the buildings’ response under the ground motions, particularly when the response is
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Fig. 16. Time variation of kinetic energy for the best response reduction in low-rise-five-story building with and without controlled subjected to Northridge
ground motion.

large. Although there are cases where the TMDI amplifies the response, mainly, when considering soft soil conditions, it is not a major
concern because the TMDI’s ineffectiveness is observed only for buildings with low response levels. The optimized TMDI demonstrates
higher effectiveness when the pulse period is close to the natural period of the buildings, which is known as the resonance condition.

In such cases, the TMDI efficiently mitigates the response. While the TMDI proves highly effective in mitigating structural response,
it is crucial to recognize that its efficacy diminishes when the pulse period surpasses the natural period of the building, particularly
evident in soft soil conditions. This nuanced understanding challenges the common assumption that a higher pulse period implies first-
mode dominance. Instead, it underscores a reduced resonance between the structure and pulse period, ultimately leading to the
diminished effectiveness of the TMDI. This revelation is paramount for optimizing the application of TMDI, paving the way for
groundbreaking advancements in structural control under varying dynamic conditions. In order to conduct a thorough analysis of the
data, specific box plots are created for each soil condition and fixed base building. These box plots are presented in Fig. 13, allowing for
easy comparison to determine the effectiveness of the TMDI in each case.

The results from the box plots demonstrate that the TMDI is generally effective in reducing both displacement and acceleration
response of the buildings, except when soft soil is considered. In those cases, the TMDI’s effectiveness is limited in reducing
displacement and acceleration response. Additionally, the TMDI has minimal impact on reducing the base shear of the buildings, as
evident in Js.

In order to show the conditions under which the TMDI can be effective or ineffective, two earthquake ground motions are selected.
In the first case, we presented how the TMDI proves to be effective, while in the second case we showed its ineffectiveness.

Fig. 14 meticulously presents the distinctive characteristics of the Northridge ground motion. Notably, the figure illustrates a
prominent pulse period (Tp = 2.71s); however, an additional pulse period around 1s is discernible. This dual-pulse feature suggests the
potential for resonance conditions, creating a scenario where the TMDI is expected to be highly effective, as depicted in Fig. 15. Fig. 15
displays the time history of the displacement response for a fixed-base building and buildings accounting for various soil conditions.
Notably, in the presence of soft soil, the effectiveness of the Tuned Mass Damper with Inerter (TMDI) is notably reduced when
compared to the fixed base, as well as medium and dense soil conditions.

The distinctive behavior observed in the soft soil scenario stems from a noteworthy phenomenon: the height of the second peak in
the controlled building’s response surpasses that of the first peak. This unique dynamic results in a lower stroke for the Tuned Mass
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Table 7

Optimum TMDI parameters for high-rise forty-story building.
Variables Soft soil Medium soil Dense soil Fixed base
V¢ 1.122 1.122 1.122 1.122
&, 0.141 0.141 0.141 0.141
He 0.01 0.01 0.01 0.01
A 0.4 0.4 0.4 0.4
m; (1) 392 392 392 392
b (©) 15680 15680 15680 15680
ke (MN/m) 19.014 19.114 19.214 19.314
¢, (MN s/m) 8.744 8.764 8.772 8.763

Damper with Inerter (TMDI). Consequently, the TMDI exhibits a more modest reduction in response, approximately around 37 %,
compared to other scenarios where its effectiveness is notably higher. This nuanced understanding sheds light on the critical influence
of soil conditions on the TMDI’s performance, paving the way for more refined and effective structural control strategies.

Fig. 16 provides a temporal depiction of the kinetic energy for both the uncontrolled and controlled buildings. The discernible trend
indicates that the Tuned Mass Damper with Inerter (TMDI) significantly dissipates energy, reaffirming its reduced effectiveness in the
context of soft soil conditions. Notably, around the first peak, the TMDI exhibits lower energy dissipation compared to other scenarios,
contributing to its lesser effectiveness in mitigating the response of buildings with soft soil conditions. Despite this, the TMDI remains
notably effective in reducing overall response.

To further underscore this observation, an earthquake ground motion with a pulse period exceeding the natural period of the
building is selected in Fig. 17. Analyzing the Landers earthquake ground motion, it becomes evident that the pulse period is
considerably higher than the natural period of the five-story building, with other peaks closer to the building’s period significantly low,
indicating the absence of a resonance condition. As a consequence, the TMDI proves ineffective in mitigating the response, as illus-
trated in Fig. 18. Fig. 19 further supports this by showcasing that the energy dissipated by the TMDI is not substantial. In all presented
cases, the TMDI not only fails to reduce but even amplifies the response. This nuanced analysis underlines the varying effectiveness of
the TMDI in different seismic scenarios, providing valuable insights for tailored structural control strategies.
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soil properties.

6. Effectiveness of TMDI installed on high-rise buildings

In this section, we introduce a forty-story building to represent a high-rise structure. The level of flexibility at its base is increased by
considering the SSI effect. The performance of the fixed base building is compared to buildings with flexible bases when subjected to
pulse-like ground motions. The detailed properties of the selected building are provided in Table 2, and the model accuracy is validated
in Fig. 8, where the frequencies match those reported by Salvi et al. [75].

The optimum parameters of the TMDI for this high-rise building are listed in Table 7, following the same design concept as
explained earlier for SDOF and low-rise buildings. Figs. 20 and 21 show the normalized transfer function for displacement and ac-
celeration response, respectively. It is observed that in cases of fixed base building and considering a dense soil condition, the TMDI
significantly reduces both the transfer functions for the displacement and acceleration response.

In the case of soft soil, the effectiveness of the TMDI is not significant. For medium soil, the TMDI performs better than the soft soil
case but remains less effective than the fixed base and dense soil condition. It is important to note the in this example, the placement of
the inerter is not optimized.

Fig. 22 shows the variation or response reduction considering the uncontrolled response and normalized periods. It is observed that
most of the displacement response are below 1 m, and the corresponding acceleration is below 1g (where g = 9.81 m/s? is the
gravitational acceleration). Interestingly, the TMDI proves effective in reducing the displacement response for all cases considered.
However, ground motions tend to cause resonance around the second natural period of the building (see Fig. 22d). When the pulse
period is greater than the natural period of the building, the effectiveness of the TMDI is not significant, and it may even amplify the
response. However, when the pulse period coincided with the second or third natural period of the building, the TMDI remains
effective.

It is important to note that the working principle of the TMDI is not limited to controlling only a single mode as in a traditional
tuned mass damper (TMD). Instead, the TMDI’s capacity is higher and can effectively mitigate the response across multiple modes.

Regarding the acceleration response, the TMDI can amplify the response when considering soft soil conditions. However, it remains
significantly effective in mitigating the acceleration response for cases of fixed base and dense soil conditions (see Fig. 23).

In all considered cases, the TMDI is not effective in reducing the base shear of the buildings. This is because, in high-rise buildings,
the maximum acceleration is not necessarily at the top floor during earthquakes. The multi-mode contribution of the building leads to
this behavior. Therefore, a practical future solution would be to develop control strategies that effectively target and control multiple
modes simultaneously.
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shear, (D, E and F) normalized period (T; /T,).The results correspond to high-rise-forty-story building.

7. Conclusions

In this comprehensive study, we have conducted a thorough assessment of the effectiveness of the Tuned Mass Damper Inerter
(TMDI) in mitigating building responses, with a keen consideration of Soil-Structure Interaction (SSI). Our investigation encompasses
three distinct models: Single Degree of Freedom (SDOF), low-rise Multi-Degree of Freedom (MDOF), and high-rise MDOF. Notably, we
vary the natural period of the SDOF model to discern the TMDI’s effectiveness across a spectrum of scenarios. Through pulse-like
ground motions and a meticulous analysis in both frequency and time domains, our study yields the following key conclusions.

e The optimized TMDI emerges as significantly effective in attenuating the displacement response of buildings, particularly when the
pulse period aligns closely with the natural period of the structures.

e While the proposed optimization method demonstrates substantial effectiveness in reducing displacement responses, its impact on
mitigating acceleration responses is limited, highlighting the need for multi-objective optimization techniques.

mode response control strategies for buildings.

safety net for buildings under worst-case conditions.

Overall, the TMDI exhibits limited effectiveness in mitigating base shear responses, underscoring the necessity for adopting multi-
A notable pattern emerges, showcasing the TMDI’s effectiveness when structures experience substantial responses, providing a

Our analysis of the TMDI has unveiled critical insights into its performance across varied seismic scenarios. Notably, its effec-

tiveness is affirmed by substantial energy dissipation in soft soil conditions. However, a closer examination reveals nuanced dy-
namics: around the first peak, lower energy dissipation reduces its efficacy in mitigating responses under soft soil conditions.
Furthermore, introducing a seismic condition with a pulse period exceeding the natural period of the building emphasizes a crucial
lesson. The subsequent analysis underscores the TMDI’s ineffectiveness in the absence of resonance conditions, leading to response
amplification rather than reduction. This nuanced understanding underscores the imperative for tailored structural control stra-
tegies, recognizing the TMDI’s varying effectiveness in different seismic contexts.

These conclusive findings offer valuable insights into the application and optimization of the TMDI, enriching our understanding of
its potential to enhance seismic performance across diverse scenarios. This study underscores the intricate interplay between TMDI,
building dynamics, and soil interactions, contributing to the broader discourse on resilient and adaptive structural control strategies.
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Appendix

Table Al

List and information of the considered near-fault pulse-like ground motions in this study [71].
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Earthquake Date Station Comp M Rjpp (km) T (sec) PGA (g) PGV (cm/ Vs30 (cm/
s) s)
Chi-Chi, Taiwan 20-Sep-99  TCU103 SN 7.6 6.1 7.2152  0.1323 62.5 494.1
Izmit, Tukey 17-Aug- ARC SN 7.51  10.56 6. 0.1331 44.3 523
99
Chi-Chi, Taiwan 20-Sep-99  TCU036 SN 7.6 19.84 5.0845  0.1345 62.3 272.6
Chi-Chi, Taiwan 20-Sep-99  TCU046 SN 7.6 16.74 6.7891  0.1394 44.33 465.55
Chi-Chi, Taiwan 20-Sep-99 TCU038 SN 7.6 25.44 5.9202 0.1398 50.9 272.6
Chi-Chi, Taiwan 20-Sep-99  TCU040 SN 7.6 22.08 56132  0.1452 53.2 362.03
Parkfield, CA, USA 28-Sep-04 Parkfield fault zone 9 SN 6 1.25 1.0056 0.1578 26.1 438
Chi-Chi, Taiwan 20-Sep-99  TCUO054 SN 7.6 5.3 6.6866  0.1689 61.2 460.69
Parkfield, CA, USA 28-Sep-04 Parkfield Cholame 4A SN 6 4.69 0.8571 0.1856 22.16 339
Chi-Chi, Taiwan 20-Sep-99  TCU128 SN 7.6 13.15 4.712 0.1874 78.3 599.64
Chi-Chi, Taiwan 20-Sep-99  TCU042 SN 7.6 26.32 7.2152  0.2089 47.5 272.6
Landers, CA, USA 28-Jun- Yermo Fire SN 7.28 23.62 6.841 0.2218 53.2 353.63
92
Chi-Chi, Taiwan 20-Sep-99  TCUO053 SN 7.6 5.97 9.7819  0.2247 41.9 454.55
Irpinia, Italy-01 23-Nov- Sturno SN 6.9 6.78 2.5442  0.2313 41.5 1000
80
Whittier Infrrows, USA 10-Oct-87  DOW SN 599 14.95 0.7305  0.2341 30.4 271.9
Morgan Hill, CA, USA 24-Apr- Gilroy Array # 6 SN 6.19 9.85 1.1532  0.2430 35.4 663.31
84
Chi-Chi, Taiwan 20-Sep-99  TCU082 SN 7.6 5.18 6.8932  0.2477 56.4 472.81
Whittier Infrrows, USA 10-Oct-87 LB Orange Eve SN 5.99 19.8 0.7086  0.2554 329 270.19
Izmit, Tukey 17-Aug- GBZ SN 7.51 7.57 4.6057 0.2633 41.4 792
99
Northridge, CA, U.S.A. 17-Jan-94 LA Wadsworth VA hospital SN 6.7 14.55 2.27 0.2735 32.4 392.24
North
Chi-Chi, Taiwan 20-Sep-99  TCU049 SN 7.6 3.78 9.2746  0.2810 45.1 487.27
Superstition Hills, CA, 24-Nov- ELC SN 6.54 18.2 1.96 0.2973 52 192.05
USA 87
Chi-Chi, Taiwan 20-Sep-99  TCUO076 SN 7.6 2.76 3.3714  0.3004 63.7 614.98
Imperial Valley, USA 15-Oct-79  Agrarias SN 653 0 1.8766  0.3115 54.4 274.5
Morgan Hill, CA, USA 24-Apr- HAL SN 6.19 3.45 0.8314  0.3141 39.7 281.61
84
Chi-Chi, Taiwan 20-Sep-99  TCUO75 SN 7.6 0.91 4.4338  0.3331 88.3 573.02
Parkfield, CA, USA 28-Sep-04  Parkfield Cholame 2 east SN 6 2.5 0.82 0.3365 23.66 376
Palm Springs, CA, USA 08-Jul-86 DSP SN 6.06 0.99 1.28 0.3427 29.7 345.42
Imperial Valley, USA 15-Oct-79  Aeroporto Mexicalli SN 6.53 0 1.5995  0.3573 44.3 274.5
Loma Prieta, CA, USA 17-Oct-89  STG SN 6.93 7.58 1.5516  0.3653 57.2 370.79
Imperial Valley, USA 15-Oct-79 EC Meloland Overpass FF SN 6.53  0.07 2.8518  0.3780 115 186.21
L’Aquila, Italy 06-Apr- AQK SN 6.3 0 1.5754 0.3799 46.7 580
09
Parkfield, CA, USA 28-Sep-04  Parkfield fault zone 12 SN 6 0.94 1.0056  0.3821 57.5 339
Loma Prieta, CA, USA 17-Oct-89 Gilroy Array #2 SN 6.93 10.38 1.46 0.4062 45.7 270.84
Superstition Hills, USA 24-Nov- PTS SN 6.54  0.95 1.8624  0.4186 106.8 348.69
87
Northridge, CA, USA 17-Jan-94  NWS SN 6.7 211 2.025 0.4257 87.75 285.93
Parkfield, CA, USA 28-Sep-04 Parkfield Cholame 3 west SN 6 2.5 0.6822 0.4416 45 339
Coyote lake, CA, USA 08-Jun- GA6 SN 574  0.42 0.8189  0.4519 51.5 663.61
79
Parkfield, CA, USA 28-Sep-04 Parkfield Cholame 2 west SN 6 1.88 0.8703 0.4605 49.98 185
Chi-Chi, Taiwan 20-Sep-99  CHYO080 SN 6.2 21.34 1.1017  0.4659 70.31 553.4
aftershock
Parkfield, CA, USA 28-Sep-04 Parkfield Cholame 1 east SN 6 1.88 1.0606 0.4713 52.82 339
Parkfield, CA, USA 27-Jun- CcOo2 SN 6.19 6.27 1.68 0.4759 75.1 184.8
66
Erzincan, Turkey 13-Mar- ERZ SN 6.69 0 2.2355 0.4834 95.4 274.5
92
Parkfield, CA, USA 28-Sep-04  Parkfield fault zone 1 SN 6 0 1.1186  0.4977 64.15 339
Northridge, CA, USA 17-Jan-94 JFA SN 6.7 0 2.6631 0.5164 67.42 373.07
Northridge, CA, USA 17-Jan-94 JFA generator SN 6.7 0 2.6631 0.5165 67.4 525.79
Chi-Chi, Taiwan 20-Sep-99  TCUO076 SN 6.2 13.04 0.7141  0.5238 58.9 614.98
aftershock
Northridge, CA, USA 17-Jan-94 LA Dam (LDW) SN 6.7 0 1.2926 0.5700 75.21 628.99
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Table A1 (continued)

Earthquake Date Station Comp M Rjp(km)  T(sec) PGA(g) PGV (cm/ Vs30 (cm/
s) s)
Parkfield, CA, USA 28-Sep-04 Parkfield Cholame 4 west SN 6 3.44 0.5815 0.5728 38.37 438
Northridge, CA, USA 17-Jan-94 SCG SN 6.7 0 2.71 0.5943 130.3 251.24
Gazli, USSR 17-Mar- KAR SN 6.8 3.92 4.1 0.6080 65.32 659.6
76
Kobe, Japan 19-Jan-95  Takarazuka SN 6.9 0 1.2163  0.6452 72.6 312
Loma Prieta, CA, USA 17-Oct-89 LGP SN 6.93 0 1.57 0.6461 103.2 477.65
Palm Springs, CA, USA 08-Jul-86 NPS SN 6.06 0 1.0934 0.6659 73.64 345.42
Landers, CA, USA 28-Jun- LUC SN 7.28 2.19 4.0778 0.7088 140 684.94
92
Northridge, CA, U.S.A. 17-Jan-94 Sylmar Olive View S.N. 6.7 1.74 2.4123 0.7326 122.7 44054
Medical FF
Chi-Chi, Taiwan 20-Sep-99 TCUO065 SN 7.6 0.59 4.3009 0.8218 127.8 305.85
Northridge, CA, USA 17-Jan-94 SCH SN 6.7 0 2.9177 0.8387 116.6 370.52
San Salvador 10-Oct-86  Geotech Investigation center SN 5.8 2.14 0.6668  0.8446 62.3 545
Tabas, Iran 16-Sep-78 TAB SP 7.11 1.79 4.712 0.8472 117.7 766.77
Chi-Chi, Taiwan 20-Sep-99 TCU129 SN 7.6 1.84 5.69 0.9816 71.47 664.43
San FerInfndo, USA 09-Feb-71 PCD SN 6.61 0 1.1532 1.4345 116.5 2016.1
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