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A B S T R A C T

Modular construction technique is becoming more and more popular in engineering community since it offers 
significant advantages like reduced environmental impact, enhanced quality control, and faster construction 
speed compared to traditional onsite construction methods. However, its application in high-rise buildings re
mains limited due to significant concerns like the reliability of the structural system. To address this challenge, 
this study proposes a novel solution, i.e., a mega modularized substructure, for modular high-rise buildings. This 
system originates from the conventional mega substructure configuration and integrates prefabricated modular 
units connected by inter-module connections into the mega frames. The structural properties of the inter-module 
connections are optimized based on the tuned mass damper (TMD) concept, with the mean squared displacement 
response of the primary structure as the control objective in the optimization analysis. With the optimized pa
rameters, the mega modularized substructure demonstrates favorable attenuation of primary structural responses 
in multiple modes and enhances the control effectiveness of structures compared to the conventional mega 
substructure. Furthermore, the present study investigates the robustness of the proposed system against the 
malfunction of the modular substructure and pounding between modules and between modules and frame on 
control effectiveness, thereby validating its suitability for application in construction of high-rise frame 
structures.

1. Introduction

In the past decades, significant advancements in the fields of material 
and construction techniques have revolutionized the design and con
struction of high-rise structures [1]. High-rise buildings are not only 
architecturally appealing but also provide a practical solution to the 
land scarcity challenges in densely populated countries/regions. 
Consequently, there has been a notable global trend towards the con
struction of high-rise even super-high-rise buildings [2], and many 
high-rise structures have become iconic landmarks of a city, such as the 
Burj Khalifa in Dubai and the Empire State Building in New York.

High-rise buildings, which are inherently slender and flexible, are 
particularly susceptible to vibrations induced by seismic excitations 

compared to low-/middle-rise buildings. Consequently, substantial 
research has been conducted to employ various types of control tech
niques to alleviate the vibrations. These techniques can be generally 
classified into three categories: passive, active, and semi-active [3]. 
Their respective control algorithms and pros and cons are summarized 
as follows: (1) Passive control devices operate independently of external 
energy input, rendering them to continue controlling vibrations during 
severe seismic events when power systems fail. Various types of passive 
control techniques have been developed, including TMDs [4], tuned 
liquid column dampers [5], visco-elastic dampers [6], and base isolation 
techniques [7]. Due to their straightforward implementation and 
effective control, passive control techniques find widespread applica
tions in high-rise buildings. However, passive control techniques are 
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only effective within specific frequency ranges, and their performance in 
mitigating seismic-induced vibrations may not always be optimal under 
wide-band seismic ground motions. (2) In contrast to passive control 
techniques, active control technique requires an external energy source 
to mitigate vibrations in civil structures. Generally, the active control 
devices comprise a series of actuators and sensors, with control forces 
determined based on the structural response. Various types of active 
control devices have been proposed and utilized in practice, such as 
active mass dampers [8], active bracing systems [9], and active con
nected building systems [10]. The adaptability of control forces in 
response to structural responses allows active control devices to remain 
effective across a broad frequency range for seismic excitations. How
ever, concerns like installation complexity, potential instability, and 
high costs are significant considerations for this control strategy. (3) To 
diminish the reliance on external energy in active control technique, 
semi-active control was introduced by Hrovat et al. [11]. This control 
strategy aims to reduce structural responses by combining the benefits of 
both passive and active control strategies. Semi-active control technique 
offers the adaptability of their active counterpart while minimizing 
energy consumption, making them capable of operating on battery 
power-a crucial feature considering potential power system failures 
during extreme events. Various types of semi-active control devices, 
such as variable-orifice dampers [12], controllable-fluid dampers [13], 
and semi-active impact dampers [14] have been developed. Previous 
studies have confirmed that semi-active devices can outperform passive 
counterparts under dynamic loading scenarios [15,16]. In general, both 
semi-active and active control strategies have the potential for superior 
control performance compared to passive types. However, their inherent 
complexity, potential instability, and reliance on energy input are 
notable disadvantages. In contrast, passive control devices, which are 
simple and effective in mitigating structural vibrations, do not require 
external power input, therefore, they are widely applied in practice.

As an effective passive control strategy, the mega substructure 
configuration, a concept initially introduced by Feng et al. [17], is a 
reliable option to mitigate the vibrations of high-rise buildings. This 
system mainly comprises two components: the primary structure and the 
secondary substructure. By tuning the dynamic characteristics of the 
secondary substructure, seismic energy can be transferred from the 
primary structure to the substructure and dissipated with conventional 
damping devices. Consequently, the secondary substructure functions as 
a TMD with a significantly larger mass ratio compared to the conven
tional small-scale TMD, which could enhance the effectiveness of this 
control system. Furthermore, the mega substructure system exhibits 
remarkable control robustness against variations in structural properties 
and external dynamic excitations. Given these notable features, this 
system is widely applied in high-rise buildings, and various types of 
mega substructure systems have been developed in the past decades, 
such as the mega frame with suspended floors [18] and core-tube with 
suspended floors [19].

Modular construction involves prefabricating structural components 
offsite in a factory, followed by the assembly work at the construction 
site. This technique offers notable benefits such as accelerated 
manufacturing, enhanced quality control, and reduced environmental 
impact compared to the traditional onsite construction methods [20, 
21]. The benefits of modular construction are particularly pronounced 
in high-rise buildings due to the increased number of modular units. 
While the modular construction technique has been widely adopted in 
low- and middle-rise buildings [22], its application to high-rise build
ings remains limited (the proportion is less than 1 %) [23]. A key 
obstacle hindering its widespread adoption is the absence of reliable 
structural systems [23].

Currently, three structural systems are predominantly adopted for 
modular high-rise buildings: the core, podium, and infilled frame sys
tems [24]. In core-based modular high-rise buildings, prefabricated 
modular units are grouped around stable cores designed to resist vertical 
loads, and lateral loads are also transferred to the cores [25]. In the 

podium system, modules are placed on the podium, which serves as a 
foundation to support the prefinished modules. This system is preferable 
for mixed-use buildings, offering convenience for retail or commercial 
purposes [26]. In the infilled frame system, modular units are positioned 
between the beams and columns of the frame structure, which can be 
constructed using conventional onsite construction methods to ensure 
the overall stability of the modular building. Despite the availability of 
these structural systems for modular high-rise buildings, the challenge of 
a lack of reliable structural systems still waits to be addressed.

To advance the modular construction technique in high-rise build
ings, the present study introduces a novel structural system designed 
specifically for modular high-rise buildings, termed “mega modularized 
substructure” hereinafter. This system is derived from the conventional 
mega substructure configuration, where flexible modular substructures 
are placed between the beams and columns of the primary structure. In 
this system, the primary structure can be constructed using conventional 
onsite construction methods, ensuring the overall stability of the mega 
modularized substructure. Once the construction of the primary struc
ture is completed, prefabricated modules can be transported from the 
factory to the construction site for assembly. Since the modules can be 
considered as individual masses, therefore, their connections can be 
tuned to make them behave as multiple tuned mass dampers to control 
the vibrations of the primary structure. All the connections between the 
modules and the primary structure, as well as the inter-module con
nections, can be properly tuned to achieve the best control effectiveness.

Compared to the existing three modular high-rise building systems, 
the proposed mega modularized substructure possesses the following 
advantages: (1) Since the modules in the mega modularized substructure 
can behave like TMDs and the mass ratio between the secondary and 
primary structures can be up to a remarkable level (e.g., 1.0), the 
structural responses can be more effectively mitigated. (2) The modules 
on different floors can be regarded as vertically distributed TMDs, 
leading to multi-mode vibration control effect of this system [27], which 
further enhances the control effectiveness of the mega modularized 
substructure. (3) Since the multiple modules are connected together, the 
malfunction of a single connection (even a few connections) will not 
obviously diminish the control effectiveness, i.e., the control system is 
robust against the malfunction of the secondary structure. Due to these 
advantages, the mega modularized substructure could address the 
global stability and structural robustness concerns of conventional 
modular high-rise buildings to offer a feasible, reliable, and robust op
tion for modular high-rise buildings.

This paper investigates the effectiveness of the proposed mega 
modularized substructure on vibration control of the structure during 
earthquake ground shaking. The paper is organized as follows: the 
detailed configuration of the mega modularized substructure is pre
sented in Section 2; the analytical model and parameter optimization are 
discussed in Section 3; the details of numerical models are presented in 
Section 4; the control effectiveness and further exploration into 
robustness and the influences of pounding between modules and be
tween modules and the frame structure are discussed in Section 5; and 
the conclusions are summarized in Section 6.

2. Concept of the mega modularized substructure

Fig. 1(a) illustrates a conventional mega substructure system, which 
is the prototype structure in Ref. [17]. As depicted, this system consists 
of two components: the mega frame and the substructure. During exci
tations such as wind or earthquakes, the primary structure, i.e., the mega 
frame, transfers kinetic energy to the substructure, and the energy is 
dissipated by the conventional damper systems. This concept is similar 
to the widely used TMD in the field of structural vibration control. 
However, due to the large mass ratio between the substructure and the 
primary structure, this is a large-scale TMD system, and it is more robust 
in terms of control effectiveness than the traditional small-scale TMD. 
This property is highly appealing and renders the system practical in 
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engineering applications, especially given the significance of vibration 
control in high-rise buildings.

Inspired by the mega substructure system, the present study proposes 
an innovative mega modularized substructure designed for mitigating 
vibrations in modular high-rise buildings as depicted in Fig. 1(b). To 
develop the mega modularized substructure, the substructure in the 
conventional mega substructure system is replaced by prefabricated 
modular units. During on-site construction, the mega frame can be 
constructed first, followed by stacking modules between the floors of the 
mega frame. The modular substructure consists of multiple layers of 
modules stacked on top of each other, with each layer incorporating 
several modules that are connected by the inter-module connections (as 
shown in Fig. 1(c)). In that case, the number of modules on each floor is 
limited so that the stability of the substructure can be straightforwardly 
maintained, which allows the adaptation of modular constructions in 
high-rise buildings.

Furthermore, the modules can be used as multiple TMDs for vibra
tion control by connecting them to the primary structure with a type of 
energy-dissipating inter-module joint. While conventional inter-module 
connections [28,29] only account for the stiffness contribution of the 
joints to the structural behavior, the effect of both the stiffness and 
damping properties of the joint on the structural response is considered 
in the present study. Consequently, the modules in the proposed mega 
modularized substructure serve as dynamic vibration absorbers to 
dissipate seismic energy. Thereby, the proposed system can facilitate the 
construction of modular high-rise buildings and mitigate the vibrations 

of the structure.
In summary, the proposed mega modularized substructure has the 

following characteristics: 

(1) The energy-consuming inter-module connections enable the 
modules themselves to function as TMDs, effectively mitigating 
the response of both the primary and secondary structures under 
seismic excitations.

(2) The mass ratio in this system has the potential to be significantly 
larger than that in a conventional TMD system. A higher mass 
ratio indicates the possibility of achieving better control effec
tiveness and robustness of the system.

(3) The modular substructure inherently possesses multiple vibration 
modes, signifying the absorption of energy over a broad fre
quency band. This characteristic enhances the effectiveness of the 
control system under seismic ground motions, as seismic energy 
typically distributes in a wide band of frequencies.

3. Analytical model and parameter optimization

3.1. Analytical model

In the present study, to showcase the control effectiveness of the 
mega modularized substructure, the dynamic responses are examined 
and compared with those of the mega substructure system. For the sake 
of simplicity, yet maintaining generality, two layers of modular units in 

Fig. 1. Schematics of (a) conventional mega substructure, (b) mega modularized substructure, and (c) inter-module connection details.
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a floor are assumed, with each layer having three modules, resulting in a 
total of six modules in a floor. It should be noted that in practice there 
should be a greater number of modules than six on each floor. However, 
to simplify the analysis, only six modules are assumed in the present 
study. This can be achieved in practice to rigidly connect some indi
vidual modules to form six super modules.

Fig. 2 shows the analytical model of the mega modularized sub
structure. In this model, the mega structure and the substructure are 
represented as a single-degree-of-freedom (SDOF) system and a 
multiple-degree-of-freedom (MDOF) system, respectively. The parame
ters in Fig. 2 are explained as follows: M refers to the fundamental modal 
mass of the mega frame; m represents the mass of a single module; K 
denotes the fundamental modal stiffness of the mega frame; C is the 
corresponding modal damping; ks and cs are the shear stiffness and 
damping coefficient of the vertical inter-module connection, respec
tively; ka and caare the axial stiffness and damping coefficient of the 
horizontal inter-module connection, respectively. Notably, the vertical 
and horizontal inter-module connections are assumed to have identical 
properties in the present study. This assumption was made mainly from 
the practical point of view. It is obvious that the manufacture and 
installation efforts would be significantly increased if one connection is 
different from the other, making it not practical in engineering practices. 
Moreover, this simplification would also facilitate the convergence of 
parameter optimization: if the parameters of the connections are 
different from each other, a lot of parameters need to be optimized, 
which would significantly increase the optimization effort. Therefore, to 
facilitate the following derivation, ks and ka are represented by k, and cs 
and ca are denoted by c, respectively.

The equation of motion of this system thus can be written as 

Mẍ + Cẋ + Kx = F# (1) 

where M, C, and K are the mass, damping, and stiffness matrices, 
respectively, F is the force vector, and x is the displacement vector 
relative to the ground. The overdots denote the derivative of displace
ment with respect to time.

For the system shown in Fig. 2, the mass matrix is M = diag[M,m,m,

m,m,m,m], and the stiffness matrix K can be expressed as 

K =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

K + 3k − k − k − k 0 0 0

− k 3k − k 0 − k 0 0

− k − k 4k − k 0 − k 0

− k 0 − k 3k 0 0 − k

0 − k 0 0 2k − k 0

0 0 − k 0 − k 3k − k

0 0 0 − k 0 − k 2k

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

# (2) 

The damping matrix C has the identical structure as K with the ele
ments K and k replaced by C and c, respectively.

When the structure is subjected to an earthquake ground motion, the 
equation of motion can be modified as 

Mẍ + Cẋ + Kx = − Mra# (3) 

where r is the influence vector and it is [1, 1, …,1] T for the external 
ground motion, and a is the ground acceleration.

Transferring Eq.(3) into the frequency domain, the displacement 
response can be derived as [30]: 

HDisp(ω) =
(
− ω2M + iωC + K

)− 1ω2MrHug(ω)# (4) 

where HDisp(ω) is the displacement response in the frequency domain, 
Hug(ω) is the power spectral density (PSD) of the ground displacement, 
and ω is the excitation frequency in rad/s. Similarly, the velocity and 
acceleration responses can be derived with linear combinations of 
HDisp(ω) and rHug(ω), which are not presented herein for conciseness.

In the optimization analysis, the ground motion is normally consid
ered as a white noise process with an intensity of S0. Therefore, the 
displacement transfer function and the mean squared displacement can 
be calculated by 

H(ω) =
HDisp(ω)

− ω2Hug(ω)
= −

(
− ω2M + iωC + K

)− 1Mr# (7) 

δi
2 =

∫ ∞

− ∞
hi(ω)h∗

i (ω)S0dω (i = 1, 2,…,7)# (6) 

where H(ω) and δi
2are the displacement transfer function matrix and 

mean squared displacement of the ith degree of freedom, respectively, 
hi(ω) refers to the transfer function of the ith displacement response 
corresponding to the ith column component of H(ω), and h∗

i (ω) is the 
conjugate of hi(ω).

3.2. Parameter optimization set-up

The following parameters are defined to design the mega modular
ized substructure and evaluate its control effectiveness: 

(1) Mass ratio (Rm). The mass ratio is the ratio of the total mass of 
modules at a floor to the mass per floor of the mega frame, which 

is defined as Rm =

∑6
i=1

mi

M . Based on the conventional mega sub
structure design [17], a mass ratio of 1.0 is adopted in the present 
study.

(2) Stiffness ratio (Rk). The stiffness ratio is the ratio between the 
inter-module connection stiffness and that of the mega structure 
defined as Rk = k/K. Once the optimal stiffness ratio is obtained, 
the stiffness of the inter-module connections can be easily 
decided.

(3) Damping coefficient ratio (Rc). The damping coefficient ratio 
denotes the ratio between the inter-module connection damping 
coefficient and that of the mega structure defined as Rc = c/C. 
Similarly, when the optimal damping coefficient ratio is decided, 

Fig. 2. Analytical model of the mega modularized substructure.
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the damping coefficient of the inter-module connections can be 
obtained.

In the present study, the mean squared displacement of the mega 
structure (δ1

2) is selected as the optimization target to be minimized. It 
is obvious from Eq. (6) that δ1

2can be calculated as follows: 

δ1
2 =

∫ ∞

− ∞
h1(ω)h∗

1(ω)S0dω# (7) 

where h1(ω) is the displacement transfer function of the mega structure 
and h∗

1(ω) is the corresponding conjugate counterpart of h1(ω).
Substituting the mass, stiffness, and damping matrices of the mega 

modularized substructure in Section 3.1 into Eq. (7), it is observed that 
the mean squared displacement of the mega structure is only dependent 
on two variables, namely the stiffness ratio and damping coefficient 
ratio with the properties of the mega structure and the mass ratio 
predetermined.

The transfer function of the mega structure displacement response in 
Eq. (5) is extremely complex, making it challenging to obtain the closed- 
form solutions of optimal stiffness and damping coefficient ratios. 
Therefore, in the present study, the numerical searching method, a 
commonly employed approach for damper optimization [27], is utilized 
to perform the optimization analysis in Matlab software. Numerical 
searching optimization was conducted with the gradient-based methods 
for long time [31]. The conventional gradient-based methods may 
introduce errors due to the discrete variables or indifferentiable objec
tive functions, and the accuracy of the results relies on the initial guess 
[31]. Compared to gradient-based methods, genetic algorithms are 
powerful numerical searching techniques since they do not need a 
continuous and differentiable objective function [32]. Among the 
various genetic algorithms, non-dominated sorting genetic algorithm 
version II (NSGA-II) is an effective method for optimization problems 
both with and without constraints, and it can also balance computa
tional cost and efficiency. Therefore, the NSGA-II genetic algorithm is 
adopted to conduct the optimization analysis, which is composed of 
three main operators namely selection, crossover, and mutation. The 
configuration parameters of the NSGA-II genetic algorithm used in this 
study are listed in Table 1.

4. Numerical models

To demonstrate the control effectiveness of the mega modularized 
substructure, the uncontrolled structure and the mega substructure as 
reported in Ref. [17] are selected as the reference structures for com
parison as depicted in Fig. 3. The uncontrolled structure in Fig. 3(a) is a 
conventional four-story mega frame, which is 200 m in height. By 
incorporating the substructure between the floors of the mega frame, the 
mega substructure system can be formed as shown in Fig. 3(b) [17]. In 
the mega modularized substructure as proposed in the present study (as 
shown in Fig. 3(c)), the substructure in the mega substructure system is 
divided into six small modules connected by flexible inter-module 
connections. Table 2 tabulates the properties of the mega substructure 
system including the stiffness and damping coefficients of the sub
structure, which are optimally designed given a mass ratio of 1.0 in 
Ref. [17]. As discussed above, in practice there might be more than six 
small modules on each floor. Therefore, the modules in the mega 

modularized substructure are referred to as super modules hereinafter to 
distinguish from the conventional small-scale modules in modular 
buildings.

Notably, the damping coefficient of the primary structure in Table 2
is calculated by assuming a constant damping ratio of 2 % for the first 
vibration mode. To determine the inter-module connection parameters 
of the modular substructure in the mega modularized substructure, the 
following three assumptions are made: (1) Only the first vibration mode 
of the primary structure is considered, and it is simplified as an SDOF 
system; (2) The total mass of the modular substructure is the same as 
that in the mega substructure system, i.e., Rm is 1.0 for the mega 
modularized substructure; (3) The stiffness and damping coefficients of 
the modular substructure on each floor are the same. Consequently, with 
the use of modal mass, stiffness, and damping coefficients of the primary 
structure, and the optimization methodology in Section 3, the stiffness 
and damping coefficients of the modular substructure can be calculated, 
which are tabulated in Table 3.

With the information provided in Tables 1 and 2, the finite element 
models of the uncontrolled structure, the mega substructure, and the 
mega modularized substructure can be established in OpenSees [33]. It 
should be noted that only the mass, stiffness, and height of the primary 
structure were reported in Ref. [17], and the geometry dimensions of the 
primary structure need to be calculated before the establishment of the 
finite element models. According to the inter-story stiffness and height 
given in Table 2, the moment of inertia I of each column of the primary 
structure is calculated by 

I =
Kh3

24E
# (8) 

where h is the height of each floor and it is 50 m, E is the Young’s 
modulus of materials and it is set as 3.45 × 104 N/mm2 in the present 
study. The column section is assumed to be square and the size a of the 
section can be obtained by 

a = (12I)
1
4# (9) 

Once the size of the column section is determined, the mass per 
length mcolumn is calculated by 

mcolumn = ρa2# (10) 

where ρ is the material density and it is 2.5 t/m3. With the mass of the 
column being determined, the mass of the floor beam mfloor can be 
calculated by 

mfloor = M − 2 × 50 × mcolumn = M − 100mcolumn# (11) 

Again, the section of the floor beam is assumed to be square, and the 
floor span length l is assumed as 20 m in the present study, therefore, the 
size b of the beam section is 

b =

̅̅̅̅̅̅̅̅̅̅̅
mfloor

ρl

√

# (12) 

Similarly, the mass of the floor beam per length mcolumn is 

mcolumn = ρb2# (13) 

The detailed information of the primary structure is outlined in 
Table 4. With the data provided in the table, the numerical model for the 
primary structure can be established by employing the elastic beam- 
column element available in OpenSees. A convergence test is conduct
ed, and the results indicate that an element length of 1 m can achieve a 
reasonable balance between computational efforts and accuracy. 
Consequently, this study adopts an element length of 1 m, leading to a 
total of 400 elements for the columns and 80 elements for the beams. For 
the sake of simplicity, the beam-column joint is assumed to be rigidly 
connected in this study. Also, the vertical column-to-column connection 
is simplified with the rigid link to simplify the analysis, which is a 

Table 1 
Configuration parameters of the NSGA-II genetic algorithm.

Parameters Value

Maximum generation 100
Popoulation size 50
Crossover probability 0.8
Range of the optimization variables 0 < Rk ≤ 1, 0 < Rc ≤ 1
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common practice in many previous studies [34,35].
Regarding the substructure, both the modular units in the mega 

modularized substructure and the substructure in the conventional 
mega substructure are represented by the lumped mass and connected to 
the primary structure by the zero-length elements in OpenSees with 
parameters provided in Tables 1 and 2. Additionally, the inherent 
damping of the primary structure is formulated in the Rayleigh form 
with a damping ratio of 2 % for the first two vibration modes. Notably, 
only the horizontal response is considered in this study, while vertical 
and rotational responses are not considered. The schematics of the finite 
element models are illustrated in Fig. 4.

To validate the reasonability of the numerical models developed in 
this study, an eigenvalue analysis is performed to determine the natural 
frequencies of the developed finite element model of the primary 
structure. The fundamental period is calculated as 3.0 s, showing good 

agreement with the analytical result in Ref. [17]. In addition, the 
fundamental mode shape of the primary structure is shown in Fig. 5 (the 
black curve), which is also compared to the analytical result in Ref. [17]
(the red curve). A good match is observed, indicating that the numerical 
model developed in this study can capture the basic features of dynamic 
responses of the structures.

To evaluate the control effectiveness of the proposed mega modu
larized substructure, a suite of 20 recorded ground motions is selected as 
the external excitations in the time history response analyses, and they 
are listed in Table 5. Additionally, these seismic ground motions are 
scaled to match the pseudo-acceleration response spectrum defined in 
the seismic code [36]. Fig. 6 shows the pseudo-acceleration response 
spectra of the scaled ground motions, and their mean response spectrum 
agrees well with the targeted one.

Fig. 3. Schematics of (a) prototype structure, (b) mega substructure system, and (c) mega modularized substructure.
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5. Numerical results

5.1. Dynamic responses

5.1.1. Primary structural responses
To systematically examine the control effectiveness of the proposed 

method, the seismic responses of the mega modularized substructure are 
calculated with the numerical model developed in Section 4. For com
parison, the responses of the uncontrolled structure (UNC, the prototype 
structure in Fig. 3(a)) and the mega substructure are also calculated. 
Fig. 7 shows the top inter-story drift time histories (i.e., the drift between 
the 3rd and 4th floors of the primary structure) and the corresponding 
fast Fourier transform (FFT) spectra in different structural systems 
subjected to a typical ground motion (No. 6 as listed in Table 5). The 
peak and corresponding root mean squared (RMS) values are tabulated 
in Table 6.

As depicted in Fig. 7 and Table 6, both the mega modularized sub
structure and mega substructure system show control effectiveness over 
the uncontrolled counterpart, featured by lower peaks and quicker vi
bration decay. In particular, the maximum top inter-story drift of the 
mega substructure is 0.051 m, and the reduction ratio is 71.82 % 
compared to the uncontrolled structure (0.181 m). When the mega 
modularized substructure is applied, the peak top inter-story drift is 
further reduced to 0.036 m with a reduction ratio of 80.11 %. The fre
quency results in Fig. 7(b) show the same trend as those observed in the 
time domain. It can be seen that the first mode of the primary structure is 
obviously mitigated when the mega systems are used. Moreover, for the 
uncontrolled structure, another obvious peak occurs at about 1.25 Hz, 

which corresponds to the third vibration mode of the uncontrolled 
structure. For the mega substructure or mega modularized substructure, 
the vibration induced by this vibration mode is also obviously mitigated. 
It is worth noting that the connecting devices between the primary and 
secondary structures are designed based on the fundamental vibration 
mode as discussed in Section 3.2, however, the results show that the 
higher vibration mode can also be suppressed. In other words, though 
the connecting devices are not purposely designed to control the higher 
vibration mode, this system is very robust and able to control the higher 
vibration mode. This is caused by the large mass ratio between the 
secondary and primary structures (1.0 as discussed in Section 3): many 
previous studies (e.g., [37]) have demonstrated that a large mass ratio 
can enhance the robustness of the TMD system.

To provide more insight into the control effectiveness of the mega 
modularized substructure subjected to different seismic ground motions, 
Fig. 8 presents the reduction ratios of the peak and RMS values of the top 
inter-story drift when the building is controlled by two mega systems. As 
shown, the average reduction ratio of the maximum top inter-story drift 
under the control of the mega modularized substructure is about 
77.47 % (the black dashed line in Fig. 8(a), which is 5.56 % higher than 
that of the mega substructure system (the red dashed line in Fig. 8(a)). 
Similarly, the average reduction ratios of the RMS top inter-story drift 
are 81.53 % for the mega modularized substructure (the black dashed 
line in Fig. 8(b)) and 76.25 % for the mega substructure (the red dashed 
line in Fig. 8(b)), respectively. These results demonstrate the superior 
control effectiveness of the mega modularized substructure over the 
mega substructure.

5.1.2. Secondary structural responses
To examine the secondary structural response, Fig. 9 presents the 

inter-story drift and absolute acceleration time histories of the second
ary structures on the third floor of the primary structure for the two 
mega systems when subjected to the No. 6 ground motion, and Table 7
tabulates the corresponding peak and RMS values. It should be noted 
that all the inter-story drifts are relative to the responses of the third 
floor of the corresponding primary structure. Moreover, the three super 
modules in the mega modularized substructure system in the same layer 
move together (i.e., no relative deformation is developed between 
different modules in the same layer) due to the same connection prop
erties. In other words, the two-layer super modules behave like two 
TMDs in series.

As shown in Fig. 9 and Table 7, the responses of the secondary 
structures in different mega systems follow the same trend and are close 
to each other. In particular, the inter-story drift of the secondary 
structure in the mega substructure system is generally between the re
sponses of upper-layer and lower-layer super modules in the mega 
modularized substructure system. Moreover, for the inter-story drifts, 
the upper-layer response is larger than that of the lower-layer super 
modules, while the opposite trend is observed for the absolute acceler
ation response. This is actually expected, and they are determined by the 
relative locations of the secondary structures as shown in Fig. 4. For the 
other earthquake ground motions, the same trends are observed, 
thereby, they are not shown herein for conciseness.

5.2. Robustness of the mega modularized substructure

To investigate the control robustness of the proposed mega modu
larized substructure, this section assumes the malfunction of certain 
super modules. For the sake of simplicity, three cases are considered. In 
Case 1, the super modules on the first floor are not functioning; in Case 2, 
the super modules on the second floor malfunction; and in Case 3, the 
super modules on the third floor are not functioning properly. For 
comparison, the robustness of the conventional mega substructure is 
also analyzed, with the substructure on the corresponding floor losing 
control capability. In each case, the malfunction of modules is consid
ered by replacing the inter-module connection elements with the rigid 

Table 2 
Properties of the mega substructure system.

Type Property Value

Primary 
structure

Inter-story stiffness K (MN/m) 363.5
Mass of each story M (t) 10,000
Total height H (m) 200
Fundamental frequency f (Hz) 0.33
Modal mass of the fundamental mode M (t) 10,000
Modal stiffness of the fundamental mode K (MN/ 
m)

43.9

Modal damping coefficient of the fundamental 
mode C (kN⋅s/m)

838

Secondary 
structure

Mass of the substructure of each story (t) 10,000
Optimal stiffness of the substructure (MN/m) 5.5
Optimal damping coefficient of the substructure 
(MN⋅s/m)

6.4

Table 3 
Properties of the modular substructure in the mega modularized substructure.

Property Value

Mass of each super module m (t) 10000/6
Optimal stiffness of modular substructure k (MN/m) 2.1
Optimal damping coefficient of the modular substructure c (MN. s/m) 2.5

Table 4 
Geometrical information and material properties of the primary structure.

Property Value

Height of each floor (m) 50
Section size of the mega column (m) 5.07 × 5.07
Section size of the mega beam (m) 8.46 × 8.46*
Material density of the primary structure (t/m3) 2.5
Young’s modulus of the material (MPa) 3.45 × 104

Span length (m) 20

* Please note these values are not for a single column or beam in real practice, 
they are equivalent values in the numerical model to make the dynamic char
acteristics of the structure identical to those in [17].
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link constraint as shown in Fig. 10. In other words, the mass of the 
modules is lumped to the corresponding floors.

Table 8 tabulates the average RMS top inter-story drifts of the pri
mary structure and the corresponding reduction ratios for different 
scenarios. For comparison, the results corresponding to the original 
structure (i.e., no malfunction) are also given in the table. As shown in 
the table, the control effectiveness is reduced as expected, when either 
some super modules or the substructures do not function properly as 

TMDs as compared to the case with all the super modules and sub
structures functioning as TMDs. However, due to the contribution of the 
functioning super modules or substructures on the other floors, these 
cases still exhibit control effectiveness on the primary structure inter- 
story drift. The results demonstrate the robustness of the two mega 
systems. In particular, among these three cases, Case 3 is the least 
effective. This is because the optimized parameters of the two mega 
systems are tuned to the fundamental mode of the primary structure as 
discussed in Section 3, and the modal amplitude increases with height as 
shown in Fig. 5. Therefore, among the three cases, the super modules 
and substructure are installed at the location with the maximum modal 
amplitude in Case 3, and the malfunctioning of the super modules or 
substructure as TMDs will evidently influence the control effectiveness. 
Conversely, the control effectiveness is least influenced in Case 1 since 
the super modules and substructure are installed at the location with 
minimum modal amplitude.

Notably, among these three cases, the control effectiveness of the 
mega modularized substructure is better than that of the mega sub
structure. For example, in Case 3, the average RMS top inter-story drifts 
of the primary structure are 0.015 m and 0.016 m for the mega modu
larized substructure and mega substructure with the reduction ratios 
being 71.15 % and 69.23 %, respectively. These results indicate that the 
mega modularized substructure has better control robustness over the 
conventional mega substructure.

Fig. 4. Finite element models of (a) prototype structure, (b) mega substructure system, and (c) mega modularized substructure.

Fig. 5. Normalized fundamental mode shapes of the primary structure.
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5.3. Responses of the primary and secondary structures considering 
pounding

Pounding between adjacent structures induced by seismic excita
tions has been well-documented in earthquake events such as the 1994 
Northridge earthquake [38], with the potential to cause severe damage 
to adjacent structures. Consequently, extensive studies have been con
ducted to investigate pounding on structural responses and to develop 
measures to preclude pounding [39–41]. However, studies on pounding 
for modular structures are rarely reported. Under strong ground mo
tions, the mega modularized substructure proposed in this study may 
experience pounding between modules and/or between modules and 
the primary structure, potentially amplifying the response of the 

Table 5 
Details of the selected ground motions.

No. Earthquake event Year Magnitude Epicentral distance (km) Station PGA (g) Scaling factor

1 Loma Prieta 1989 6.9 28.2 Agnews State Hospital 0.159 2.67
2 14.5 Capitola 0.443 0.53
3 14.4 Gilroy Array #3 0.367 0.69
4 16.1 Gilroy Array #4 0.212 1.29
5 24.2 Gilroy Array #7 0.323 0.95
6 28.2 Hollister City Hall 0.215 0.87
7 25.8 Hollister Differential Array 0.279 1.09
8 28.8 Sunnyvale- Colton Ave. 0.209 1.23

9 Northridge 1994 6.7 15.8 Canoga Park -Topanga Can. 0.42 0.45
10 23.9 LA- N Faring Rd. 0.242 0.66
11 29.5 LA- Fletcher Dr. 0.24 0.69
12 25.4 Glendale- Las Palmas 0.206 1.78
13 25.5 LA – Holywood Stor FF 0.358 0.76
14 22.3 La Crescenta- New York 0.159 1.65
15 13 Canyon Country – W Lost Cany 0.482 0.31
16 12.3 Sun Valley – Roscoe Blvd 0.443 0.95

17 San Fernando 1971 6.6 21.2 LA- Hollywood Stor Lot 0.174 2.89
18 Superstition Hills 1987 6.7 13.9 EI Centro Imp. Co. Cent 0.258 0.80

19 24.4 Wildlife Liquef. Array 0.207 1.17
20 13.3 Westmorland Fire Station 0.211 1.03

Fig. 6. Pseudo-acceleration response spectra of the selected ground motions.

Fig. 7. Top inter-story drift time histories of the primary structure in different structural systems under a typical ground motion and the corresponding FFT spectra.

Table 6 
Peak and RMS top inter-story drifts of the primary structure under the No. 6 
ground motion.

Type Peak top inter-story drift 
(m)

RMS top inter-story drift 
(m)

UNC 0.181 0.078
Mega substructures 0.051 0.014
Mega modularized 

substructure
0.036 0.012
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Fig. 8. Reduction ratios of the peak and RMS top inter-story drifts under different earthquake ground motions.

Fig. 9. Inter-story drift and absolute acceleration time histories of the secondary structure(s) on the third floor subjected to the No. 6 ground motion.

Table 7 
Peak and RMS inter-story drifts and absolute accelerations of the secondary structure(s) on the third floor subject to the No. 6 ground motion.

Type Peak inter-story drift 
(m)

Peak absolute acceleration (m/ 
s2)

RMS inter-story drift 
(m)

RMS absolute acceleration (m/ 
s2)

Mega substructure 0.307 2.060 0.111 0.591
Mega modularized 

substructure
Lower-layer super 
modules

0.254 2.250 0.095 0.660

Upper-layer super 
modules

0.348 2.057 0.138 0.570

Fig. 10. Illustration of the malfunction of modules.
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primary structure and compromising the control effectiveness. As 
mentioned above, the control effect of the mega modularized sub
structure depends on the energy dissipated by the modular substructure. 
When pounding is considered, the secondary structural responses will be 
influenced, further causing an effect on the primary structural responses. 
Given these concerns, this section investigates the effect of pounding on 
the seismic responses of mega modularized substructure.

5.3.1. Numerical model incorporating pounding
In general, there are two methods to simulate pounding: the resti

tution coefficient and the contact element methods [42]. Among these 
methods, the contact element method is widely adopted since it can 
capture the pounding force and can be conveniently applied in the 
commonly used commercial software. Various contact elements have 
been proposed by researchers such as the linear spring model and the 
Kelvin model [38–40]. In the present study, the linear spring model [43]

is utilized to simulate pounding. The pounding model consists of a spring 
with a large impact stiffness and an initial gap. The spring is activated 
when the relative displacement exceeds the initial gap and the pounding 
force is increased linearly with respect to the relative displacement. It 
should be noted that energy dissipation during the pounding process is 
ignored in this model. Many previous studies (e.g., [44]), however, 
demonstrated that this simplification will not obviously influence the 
structural responses considering pounding generally lasts for a very 
short time. However, the dissipated energy during pounding could be 
considered using more sophisticated models like the linear viscoelastic 
model [45].

Fig. 11 shows the finite element model of the mega modularized 
substructure incorporating pounding. As shown, both the poundings 
between modules and the primary structure and between the inter- 
modules are considered. For the pounding between the super modules, 
when the relative displacement (u1-u2) is smaller than the initial space 
(gp1), the connecting springs and dashpots (k and c) govern the structural 
responses as investigated in the above sections. Once the relative 
displacement exceeds the initial space, the adjacent super modules will 
come in contact and the stiffness will increase substantially to kI1+k. For 
the pounding between the super modules and the primary structure, the 
linear contact element with a stiffness of kI2 will be activated when the 
relative displacement between the super modules and the primary 
structure (u3-u4) exceeds the initial gap (gp2), and there is no interaction/ 
pounding when the relative displacement is smaller than the initial gap.

To simulate pounding, it is crucial to determine the appropriate 
impact stiffness (kI1 and kI2). Previous studies (e.g., [41,46]) revealed 
that structural response is relatively insensitive to the changes in the 
impact stiffness. Therefore, a large value of 1.0 × 106 kN/m is adopted 
for the pounding stiffness in this study, i.e., kI1= kI2= 1.0 × 106 kN/m. 
As for the initial space (gp1) and initial gap (gp2), they are both assumed 
to be 0.02 m in this study.

5.3.2. Pounding effect on the primary structural responses
Fig. 12 shows the top inter-story drifts and the corresponding Fourier 

Table 8 
Average RMS value of the top inter-story drifts of the primary structure and the 
corresponding reduction ratios.

Type RMS (m) Reduction ratio (%)

Mega 
modularized 
substructure

Mega 
substructure

Mega 
modularized 
substructure

Mega 
substructure

Original 0.008 ( ± 0.005
*)

0.010 
( ± 0.007)

84.62** 80.77

Case 1 0.008 ( ± 0.006) 0.012 
( ± 0.008)

84.62 76.92

Case 2 0.010 ( ± 0.007) 0.013 
( ± 0.011)

80.77 75.00

Case 3 0.015 ( ± 0.015) 0.016 
( ± 0.015)

71.15 69.23

* The value in parentheses denotes the standard deviation.
** The reduction ratio is calculated with respect to the response of the un

controlled counterpart.

Fig. 11. Numerical model of the mega modularized substructure incorporating pounding.
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amplitudes of the primary structure in the mega modularized sub
structure under the No.6 ground motion when pounding is considered. 
For comparison, the results of the uncontrolled and no-pounding case 
are also presented. As shown in Fig. 12 (a), pounding amplifies the top 
inter-story drifts of the primary structure, thereby, reducing the control 
effectiveness. Specifically, without pounding, the peak top inter-story 
drift of the primary structure is 0.036 m with a reduction ratio of 
80.11 % compared to the uncontrolled case. When pounding is consid
ered, the peak top inter-story drift is increased to 0.061 m, and the 
reduction ratio is decreased to 66.30 %. Fourier amplitudes of the top 
inter-story drifts are shown in Fig. 12 (b). It can be seen that the results 
are consistent with those in the time domain (i.e., Fig. 12 (a)). The main 
reason is that, as will be shown in Section 5.3.3, pounding constrains the 
movements of the modules, namely the deformation of the tuned mass in 
the TMD system. On the other hand, it is well-known that the working 
mechanism of TMD is to allow large vibration of the tuned mass to 
dissipate seismic energy. Since TMD vibration is constrained, the control 
effectiveness is thus reduced.

To obtain more general conclusion on pounding effect, Fig. 13 il
lustrates the reduction ratios of the peak and RMS top inter-story drifts 
of the primary structure under all the selected ground motions. As 
shown, in the absence of pounding, the average reduction ratio of the 
peak top inter-story drift is approximately 77.47 % (the black dashed 
line in Fig. 13 (a)). When pounding is considered, the average reduction 
ratio is decreased to 64.18 % (the red dashed line in Fig. 13 (a)). Simi
larly, the average reduction ratios of the RMS top inter-story drift are 
81.53 % for the model without pounding (the black dashed line in 
Fig. 13 (b)) and 70.41 % for the model with pounding (the red dashed 
line in Fig. 13 (b)), respectively.

The above results indicate that the control effectiveness is generally 
reduced when pounding is considered. However, Fig. 13 (a) also shows 
that, under the No.9 and No.18 ground motions, the reduction ratios of 
the peak top inter-story drifts of the primary structure with pounding are 
increased compared to those without pounding. This result can also be 
explained by the energy dissipated by the connecting device (the 
dashpots), which can be calculated as follows [47]: 

Es =
∑Ntotal

i=1

∫ ttotal

0
cv2

i dt# (14) 

where Ntotal is the total number of the dashpots, ttotal is the duration of the 
ground motion, vi is the relative velocity of the ith device. Since the 
structural response is generally dominated by the first vibration mode as 
shown in Fig. 12 (b), and the first vibration mode amplitude increases 
with height as shown in Fig. 4, only the cumulative energy dissipated by 
the secondary structure on the third floor is calculated and Ntotal is thus 

10 as shown in Fig. 11. Fig. 14 presents the cumulative energy dissipated 
by the secondary structure on the third floor when the structure is 
subjected to one of the two “abnormal” ground motions (No. 9). For 
comparison, one of the “normal” cases (No. 6) is also compared. As 
shown, under the No. 6 ground motion, the cumulative energy dissi
pated by the secondary structure with pounding is smaller than that 
without pounding, control effectiveness is thus less pronounced. How
ever, when the structure is excited by the No.9 ground motion, the cu
mulative energy dissipated by the secondary structure is higher than the 
case without pounding in the initial stage (approximately 0–10 s), which 
leads to the more evident control effectiveness since the peak responses 
occur within this duration.

In summary, under most of the earthquake excitations, pounding 
generally reduces the control effectiveness. However, it may be benefi
cial under some other earthquake ground motions. The control effec
tiveness is governed by the energy dissipated by the modular 
substructure.

5.3.3. Pounding effect on the secondary structural responses
Fig. 15 shows the inter-story drift and absolute acceleration time 

histories of the secondary structure on the third floor in the mega 
modularized substructure with and without pounding under the No.6 
ground motion. The corresponding peak and RMS values are tabulated 
in Table 9. As shown in Fig. 15 (a)-(b), pounding reduces the inter-story 
drifts of the secondary structure, which verifies the discussion in the 
above section that the movements of super modules are constrained. 
Notably, in contrast to the model without pounding where the super 
modules at the same layer move together, the presence of pounding 
results in the out-of-phase vibration among the super modules, i.e., 
relative displacements occur between the super modules at the same 
layer (see the 2nd-7th modules in Fig. 15 (a)-(b)). However, as shown in 
Fig. 15 (c)-(d), the absolute acceleration is significantly amplified when 
pounding occurs. For example, without pounding, the maximum inter- 
story drift and absolute acceleration of the upper-layer super modules 
are 0.348 m and 2.057 m/s2, respectively. When pounding is consid
ered, the maximum inter-story drift is reduced to 0.126 m, while the 
absolute acceleration is increased to 13.565 m/s2. Similar results are 
observed for the lower-layer super modules. With further observation of 
Fig. 15, it can be found that when the structural responses are small in 
the initial stage, the responses of the secondary structures with or 
without considering pounding are the same, implying no pounding oc
curs in the initial stage (about 0–3 s) as shown in Fig. 15 (e)-(f). How
ever, when pounding occurs, the secondary structural inter-story drifts 
are reduced due to the constraint. Conversely, large absolute accelera
tion is induced at the pounding instants owing to the large pounding 
force. Since the pounding force lasts for a short time, large accelerations 

Fig. 12. Pounding effect on the top inter-story drifts of the primary structure with the corresponding Fourier amplitudes under the No.6 ground motion.
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have very short duration, which have slight effect on overall structural 
responses as shown in Fig. 12 although they may cause localized damage 
to structures at the pounding locations.

6. Conclusions

Modular construction techniques offer significant advantages such as 
enhanced quality control, accelerated construction speed, and reduced 
environmental impact compared to conventional onsite methods. These 
benefits can be maximized in high-rise buildings due to the use of 
repeatable prefabricated modules. However, the widespread application 
of modular construction in high-rise buildings is hindered by the lack of 
reliable structural systems. To address this challenge, the present study 
proposes a novel structural system tailored for modular high-rise 
buildings: the mega modularized substructure. In contrast to the flex
ible substructure of conventional mega substructures, the innovative 
mega modularized substructure features a flexible modular design of the 
substructure. The equations of motion of the system are developed, 
optimal parameters for the connection device are obtained, and sys
tematical investigations are performed to examine the effectiveness of 
the proposed design. Moreover, the control robustness and pounding 
effect on the dynamic responses are also investigated. The following 
conclusions are obtained based on the analytical studies: 

(1) Compared to the conventional mega substructure, the proposed 
mega modularized substructure shows the potential to mitigate 
the primary structural response at the expense of increased sec
ondary structural responses under seismic loads.

(2) The proposed control system demonstrates better robustness 
against malfunction of the substructure over the conventional 
mega substructure, which is crucial for maintaining control 
effectiveness during seismic ground motions.

(3) Pounding has significant effect on the primary structural 
response, which is dependent on the dissipated energy of the 
secondary structure. When the dissipated energy is increased, the 
primary structural response is mitigated.

(4) When pounding is considered, the inter-story drift of the sec
ondary structure is reduced. However, the sudden collision cau
ses increased acceleration to the substructure owing to the 
impulsive pounding force, which may cause some localized 
damage to structures at the pounding locations, but its effect on 
overall structural response is not prominent due to the very short 
impulsive loading duration.

Overall, the novel mega modularized substructure proposed in the 
present study exhibits enhanced control effectiveness compared to the 
conventional mega substructure, ensuring the structural integrity of the 

Fig. 13. Comparison of the reduction ratios on the peak and RMS top inter-story drifts of the primary structure with and without the pounding.

Fig. 14. Cumulative energy dissipated by the secondary structure on the third floor.

L. Jiang et al.                                                                                                                                                                                                                                    Structures 78 (2025) 109333 

13 



Fig. 15. Pounding effect on the secondary structural responses on the third floor under the No.6 ground motion. E1-E8 refer to the impact elements in Fig. 11.
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entire building under external dynamic excitations. Therefore, it pro
vides a viable solution for modular high-rise buildings and offers a 
feasible approach to construct modular high-rise buildings.
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Table 9 
Peak and RMS inter-story drift and absolute accelerations of the secondary structure on the third floor under the No. 6 ground motion.

Type Peak inter-story drift (m) Peak absolute acceleration (m/s2) RMS inter-story drift (m) RMS absolute acceleration (m/s2)

Without 
pounding

Lower-layer super 
modules

0.254 ( ± 0.095*) 2.250 ( ± 0.659) 0.095 0.660

Upper-layer super 
modules

0.348 ( ± 0.138) 2.057 ( ± 0.570) 0.138 0.570

With pounding Lower-layer super 
modules

0.110 ( ± 0.042) 13.031 ( ± 2.035) 0.047 2.275

Upper-layer super 
modules

0.126 ( ± 0.047) 13.565 ( ± 2.402) 0.050 2.685

* The value in parentheses denotes the standard deviation.
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