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Abstract: With the use of seismic isolation techniques on mega-sub structures, several scholars
have carried out research on them. However, little research has been carried out on mega-sub
isolated structures under multiaxial earthquakes. There have been instances in actual engineering
where the peak vertical acceleration exceeded the horizontal direction, and the vertical seismic
component will also amplify the dynamic response of the structure in the horizontal direction, so in
practice, it is necessary to consider the influence of the vertical component of the earthquake on the
structure. To investigate the dynamic response of mega-sub isolated structures under unidirectional
earthquake and coupled earthquake, this paper used numerical methods to analyze the influences of
the horizontal and vertical damping ratio of the isolation layer, the horizontal and vertical frequency
ratio of the main substructure, and the mass ratio of the main substructure on the acceleration and
displacement of the main and substructure. The optimum parameter values are finally achieved
by analytical calculations, which provide a basis for further optimization and practical design of
the structure. Finally, the collision between the main and sub-structures in the mega-sub isolated
structure was simulated, and the influences of the peak ground motion, main and subframe spacing,
vertical seismic component, and sub-structure height on the collision force and acceleration were
analyzed. It was shown that the conflict of the main and sub-structures generates instantaneous, large
collision forces, which also instantaneously amplify the acceleration and base shear force response,
which should be avoided in practical engineering.

Keywords: mega-sub isolated structure; numerical methods; collision forces; damping ratio; mass ratio

1. Introduction

With the development of the economy, the number of high-rise and super-high-rise
buildings is increasing day by day, which poses a major challenge to the aseismic design of
buildings [1]. To adapt to new needs, numerous new aseismic-resistant structural systems
have emerged one after another [2–5], including mega frames. Mega frames are composed
of a main frame with relatively high stiffness and sub-frames with relatively low stiffness.
Mega frames have advantages such as clear force transmission, good lateral resistance, and
superior aseismic performance [6,7]. To further improve the aseismic performance of mega
frames, Feng and Chai et al. [8,9] proposed to relax the lateral connections between the
main frame and subframes, causing relative motion between the main and subframes, thus
forming a mega-sub structure.

In mega structures, the primary and substructures are separate, and it can use dif-
ferent connection methods between the primary and substructures, thereby achieving
seismic isolation and energy dissipation for the structure. Mita et al. [10] proposed the
use of traditional dampers in high-rise buildings to improve the energy dissipation ca-
pacity. Sadek et al. [11] studied the optimal parameter values of tuned mass dampers and
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found that the introduction of tuned mass dampers can significantly reduce the response
of structures under earthquake loads. They also proposed that it is feasible to apply
dampers to mega structures (forming mega sub-controlled structural systems, i.e., MSCSS).
Wei et al. [12] established a two-dimensional equivalent model of MSCSS and mega frame
structure and analyzed the elastic-plastic time history of the structure using observed data,
and the result showed the control effect of the mega control structure is better than that of
the mega frame structure. At the same time, Limazie et al. [13] studied the damping coeffi-
cient of the sub-structure, as well as the dynamic influences of the stiffness ratio and mass
ratio of the main and sub-structures on the mega-controlled structure (MSCSS). The study
concluded that there was a significant decrease in the dynamic response of the structure
when the mass ratio was 2.38, and the stiffness ratio was 0.15–0.32. Abdulhadi et al. [14]
optimized the placement of viscous dampers between the main structure and sub-structure
and studied the optimal damper parameters, which further reduced the dynamic response
of the structure. Shahzad et al. [15] added inverted V-shaped support to MSCSS. Built
on the dynamic characteristics of the structure under seven seismic waves, it was found
that this method can greatly improve the control ability of the structure response under
strong earthquakes.

In addition to the use of dampers to control the dynamic response of the mega sub-
structure, it also can use isolation sub-structure to control the dynamic response of the
structure, and this method can avoid the structure from the P-delta influence caused by large
overturning moments and high center of gravity [16,17]. Lan Shu, et al. [18,19] proposed
setting laminated rubber bearings between the main and sub-structures and conducted
experimental research, and the results showed that this method could significantly reduce
the dynamic response of the structure. However, it is necessary to optimize the number
and location of isolation sub-structures. Subsequently, Li et al. [20] studied the dynamic
characteristics of the structure under different parameters, considered the number and
location of sub-structures, and proposed a parameter optimization scheme with the base
shear force as the optimization objective. They found that increasing the number of isolation
sub-structures can improve the control performance of the structure. Further, Tan et al. [21]
established the equations of motion of the mega-sub isolated structure and investigated
the principle of isolation of the structure by using a simplified concentrated mass model,
and it was found that the performance of both the seismically isolated and non-seismically
isolated sub-structures in the mega sub isolated structure was better than that of the
aseismic structure through experimental studies. Anajafi et al. [22] proposed the method
of partial mass isolation, which can provide multiple vibration suppressors for buildings
by isolating different mass parts of different floors, and this method effectively combines
traditionally tuned dampers and seismic isolation techniques, resulting in a better aseismic
performance of the structure.

On the other hand, the action of the earthquake load on the structure can be decom-
posed into two horizontal components and one vertical component, and there are few
studies related to the current mega sub-isolated structure under multiaxial earthquake
action. It is not enough to consider only horizontal seismic motion for some buildings with
complex and important structures [23], there are multiple instances in practical engineering
where the peak vertical acceleration is greater than the horizontal direction [24–26]. In
addition, Furukawa et al. [27] conducted vertical shaking table tests on an isolated structure.
The results indicated that vertical vibration significantly amplifies the vertical acceleration
response of the structure. Guzman et al. [28] designed a bearing and applied to a steel
frame structure to form a seismic isolated structure. It conducted shake table tests on it
under coupled horizontal and vertical earthquake excitation. The results showed that
the horizontal acceleration response values of the seismically isolated structure under
coupled earthquake excitation were significantly amplified. Meanwhile, Yan et al. [29]
conducted a shaking table test study on the mega-sub 3D seismic isolated structure and
found that the 3D seismic isolation bearing could ensure the vertical isolation and tuned
damping effect without making the seismic isolation layer have excessive vertical displace-



Appl. Sci. 2023, 13, 8692 3 of 24

ment. De Domenico et al. [30] researched Unbonded fiber-reinforced elastomeric isolators
(UFREIs), and it was found the isotopically coupled biaxial hysteretic behavior of UFREIs
from the test. The vertical earthquake load can influence the mechanical properties of the
bearing in the horizontal direction. Considering the actual stress state of the bearing when
the earthquake occurs, an efficient nonlinear phenomenological model was proposed to
simulate the mechanical behavior of seismic isolation bearings.

The design of the structure needs to be considered in many aspects, such as the
cumulative influence of earthquake swarm (which refers to the occurrence of consecutive
earthquakes in the same area within a short time) [31], which will cause the structure to
be subjected to earthquake loads several times within a short time, thus increasing the
earthquake response of the structure. Moreover, because a certain relative displacement is
generated between the sub-structure and the main structure during the earthquake action
when the actual earthquake exceeds the seismic intensity, the relative displacement may
exceed the width of the seismic isolation joints and thus lead to the collision between the
sub-structure and the main structure. In order to avoid large losses due to collision, it is
necessary to research and analyze the collision problem of the main and sub-structure. This
article considers the impact of vertical earthquakes, conducts dynamic response analysis
on the mega sub-isolated structure, explores the impact of various parameter changes on
the seismic reduction effect of the structure, and identifies the optimal parameter values for
better design and optimization of the structure.

2. Mega-Sub Isolation Structural Model

The model has 25 floors, with a total plan size of 30 m × 48 m and a total height of
97.5 m, and each floor of the sub-frame is 3.9 m. The mega-beams are made of H-beams,
with a total height of 3.9 m and a width of 6 m; the mega-columns are arranged at the
four corners of the building plan and combined with the mega-beams to form a three-floor
main frame structure. There are three sub-structures between the foundation and the
mega-beam and between the mega-beam and the mega-beam, named subframes 1, 2, and
3, respectively, from the bottom up. The isolation joints between the main frame and the
sub-structure are 400 mm wide. In the mega-sub isolated structure, the first sub-frames are
only solidly connected to the foundation and have no connection with the surroundings
and top of the main frame. Furthermore, the maximum displacement of the ground floor
subframe under rare earthquakes is empirically calculated to be less than 400 mm, so the
influence of the sub-structure is ignored in the following analysis, as shown in Figure 1. A
seismic isolation layer formed by seismic isolation bearings is provided between the main
and sub-structures.
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Computational model. 
Figure 1. Simplified process for calculating the model: (a) Mega-sub isolation structural model;
(b) Computational model.

In this paper, using the model shown in Figure 1 [32,33], the vibration isolation
substructure is simplified to a single mass point. In the calculation example: the main
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frame with three layers, as shown in Figure 1, m1 = 17.44 × 105 kg, m2 = 17.96 × 105 kg,
m3 = 19.24 × 105 kg; in the substructure, m4 = m5 = 19.24 × 105 kg. The horizontal stiffness
of the main frame from bottom to top is k1x = 2.3 × 108 N/m, k2x = 2.8 × 108 N/m,
k3x = 3 × 108 N/m; the horizontal stiffness of isolation layer is provided by the horizontal
stiffness of bearing, in which the horizontal stiffness of substructure isolation layer is:
k4x = 5.3 × 107 N/m, k5x = 4.6 × 107 N/m. The vertical stiffness of the main frame is
taken from the top to the bottom floor as, k1z = 8.72 × 109 N/m, k2z = 10.72 × 109 N/m,
k3z = 11.52×109 N/m. The vertical stiffness of the sub-structure seismic isolation layer is,
respectively, k4z = 2.31 × 109 N/m and k5z = 1.96 × 109 N/m. The damping ratio of the
main frame was taken as 0.05. The peak displacement dynamic response was used as an
indicator to study the variation law. The parameters of the seismically isolated structure in
the horizontal direction are first investigated, followed by the analysis of the parameters
in the vertical direction. Sheng et al. [34] carried out an earthquake dynamic time course
analysis and found that: the earthquake response of main and sub-structures under the
action of different seismic waves are different, and the dynamic response of the structure
is largest under El Centro seismic wave. Meanwhile, Xin et al. [35] summarized the main
earthquake response time analysis methods and their characteristics. According to the
above-simplified model, in order to better parameterize the mass, stiffness, and damping,
the Newmark-β time integration method was finally used to study the influences of El
Centro seismic wave, parameters, ground shaking excitation direction and other relevant
parameters on the dynamic response of the main and substructure in conjunction with the
research content of this paper. At the same time, the horizontal and vertical parameters
were studied and analyzed using MATLAB programming software (version 7.0) with good
data processing and graphical presentation capabilities to study better the collision of the
main and substructure of the mega-sub isolated structure. The collision simulation was
carried out using ETABS software (version 2013) and linear elastic collision units. The
relevant research content is shown in Table 1.

Table 1. Study content.

Seismic Waves Research Content Study Parameters Direction of Ground
Shaking Excitation

Parametric analysis in the
horizontal direction El Centro wave

Displacement and acceleration
peak response of the top layer

of the main frame

Damping ratio,
mass ratio,

frequency ratio
X

Vertical parameter analysis Vert-El Centro wave
Subframe vertical acceleration,

seismic isolation
layer displacement

Damping ratio,
frequency ratio X + Z

Mainframe and
sub-frame collision El Centro wave Collision forces,

base shear, acceleration

Ground shaking,
main-substructure spacing,

Vertical earthquake,
subframe height, acceleration
(0.3 g, 0.4 g, 0.5 g, 0.6 g, 0.7 g)

X + Z

3. Analysis of the Influence of Horizontal Parameters of the Mega-Sub
Isolated Structure
3.1. Analysis of the Influence of the Horizontal Damping Ratio of the Seismic Isolation Layer

Inputting an X-direction El Centro seismic wave with the peak value of ground motion
acceleration of 0.15 g, with the change of the damping ratio ξ of the isolation layer (0.05–0.5),
the variation law of the acceleration of the second isolation sub-frame and the displacement
response of the isolation layer is shown in Figure 2.

It can be seen from Figure 2 that, for acceleration, when the damping ratio ξ of the
isolation layer is less than 0.2, the acceleration response of the isolation sub-frame decreases
sharply with the increase of the damping ratio; when the damping ratio ξ is (0.2–0.3) [36–39],
the peak response of acceleration decreases slowly, at which time the damping rate of the
sub-frame reaches more than 50% and the damping effect is relatively better. When the
damping ratio continues to increase, it causes the shear deformation of the seismic isolation
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layer to become relatively smaller, the energy dissipation decreases, and the acceleration
response increases instead. As the damping ratio increases, the displacement becomes
smaller and nearly linear.
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Through the analysis and study of the damping ratio of the isolation layer in this
section, we know that: for the seismic isolation subframe, the best damping effect is
achieved when the damping ratio is around 0.3; in the seismic isolation design of the
mega-sub structure, considering the comfort and the economy of the design of the seismic
isolation bearing, it is recommended to design the damping ratio of the seismic isolation
bearing at around 0.3, which is a better damping effect and more economical and reasonable.

3.2. Analysis of the Influence of the Horizontal Mass Ratio of the Seismic Isolation Layer

Each vibration isolation subframe in the mega-sub isolation structural system is a
normal frame structure and a large FM (Frequency Modulation) mass block. This structure
has an FM damping effect and a basic seismic isolation function. Under earthquake action,
the main frame is subjected to its inertial forces and the inertial forces from the individual
damped sub-frames. The inertia forces of the sub-frames are transferred to the main frame
through the isolation device and partially offset by the inertia forces of the main frame. As
a result, the dynamic response of the main frame is reduced.

In the ordinary FM mass damping system, the mass block is attached to it, and its
weight is generally about 1% to 5% of the total weight of the structure, and the number
of arrangements is small. In the mega-sub isolated structure system, the weight of each
sub-frame can reach 60% to 80% of the total weight of the structure, which means that
the weight of the mass block can reach more than 200% of the main structure, and more
vibration isolation subframes can be arranged. Therefore, the research on the dynamic
response of a mega-frame structure with varying masses of isolated subframes can help to
optimize the design of mega-isolated structures.
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3.2.1. Mass Ratio Influence on Main Frame Response

In the following, the change of the mass ratio of the primary and secondary frame is
realized by changing the mass of the isolation subframe, and the research and analysis are
carried out. The mass ratio ω is defined as (ω = total mass of the isolation sub-frame/total
mass of the mega-frame), and the value of the mass ratio ω is the range is (0.1–4.5), and the
damping ratio of the isolation layer is 0.3.

Inputting an X-direction El Centro seismic wave whose seismic acceleration peak
value is 0.15 g, the displacement and acceleration response peak values of the top layer of
the main frame vary with the mass ratio as shown in Figure 3 below.
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From the dynamic response curve of the main frame, it can be seen that the peak
displacement and acceleration tend to decrease overall with increasing mass ratio ω, with
the following pattern.

(1) For the displacement response of the main frame, as the mass ratio ω is less than
1.0, the displacement of the top floor of the main frame decreases faster as the mass
ratio increases, i.e., the mass of the isolated substructure increases; when the mass
ratio continues to increase by more than 1.5, the peak displacement response trend
continues to decrease until it flattens out.

(2) For the acceleration response, when the mass ratio ω is between (0.1 and 1.0), the
acceleration decreases relatively quickly, and the acceleration response is more sen-
sitive to the change in mass ratio; when the mass ratio continues to increase, the
acceleration decreases very slowly and tends to level off, and the damping effect is
better at this time.

From the data, when the mass ratio ω is greater than 2.5, the main frame displacement
and acceleration response peaks are smaller. The vibration-damping effect is relatively
better, and increasing the mass ratio has little influence on the structural response. Consid-
ering the actual situation of the project, it is recommended to set the mass ratio between 2.5
and 4.0; at this time, the mass of the substructure reaches 71.4% to 80% of the total weight
of the building.

3.2.2. Influence of Mass Ratio on Subframe Response

The response variation curve of the second isolation sub-frame is shown in Figure 4
below. It can be seen from the acceleration change curve that when the mass ratio is less than
1.0, the acceleration response decreases rapidly with the increase of the mass ratio. When
the mass ratio continues to increase, the acceleration response of the sub-frame decreases
slowly, reaches the minimum value at 2.0, and then increases slightly, eventually leveling
off. The displacement of the isolation layer increases rapidly and then decreases with the
mass ratio, and finally tends to be gentle. When the mass ratio is 1.5, the displacement
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reaches the maximum. When the mass ratio exceeds 3.0, the displacement response tends
to be flat.
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When the mass ratioω is around 3.0, the second seismically isolated sub-frame isola-
tion layer’s displacement and acceleration response values are smaller, and the damping
effect is better at this point. In conjunction with the analysis of the main frame above in
this section, it is recommended that the mass ratioω be set at around 3.0 for the design of a
mega frame seismic isolated structure, where the total weight of the sub-frame accounts for
around 75% of the total weight of the building.

3.3. Analysis of the Influence of the Horizontal Frequency of the Seismic Isolation Layer

The mega frame isolated structure has set isolation bearings between the subframe
and the main frame. On the one hand, the earthquake energy is dissipated by the damping
effect of the isolation bearings to achieve the purpose of energy consumption. On the other
hand, the isolation bearings prolong the natural vibration period of the subframe and form
a multi-frequency-modulated mass vibration reduction system. The isolation subframe
plays the role of frequency modulation, thus changing the natural vibration period of the
whole structure.

In this section, the change in frequency ratio of the main and sub-frame is achieved by
changing the stiffness of the seismic isolation layer of the sub-frame. The self-oscillation
circle frequency of the main and subframe is achieved by the following equation, which
defines the frequency ratio f = ωs/ωq, (ωs is the self-oscillation circle frequency of the
vibration isolation sub-frame and ωq is the first order self-oscillation frequency of the main
frame). Since the stiffness of the vibration isolation layer cannot be taken too high to ensure
the damping effect of the subframe, the frequency ratio f is set in the range (0.1 to 1.2).

ωs =
√
(ks/ms) (1)∣∣∣Kq − ω2

qMq

∣∣∣ = 0 (2)

where ωs is the self-oscillation frequency of the isolated subframe, ks and ms are the
stiffness of the isolation layer and the mass of the sub-structure, respectively, ωq is the
self-oscillation frequency of the main frame (the first order self-oscillation frequency is
taken in this example), Kq and Mq are the stiffness matrix and mass matrix of the main
frame, respectively.

3.3.1. Influence of Frequency Ratio on Main Frame Response

The variation curves of the peak displacement and acceleration dynamic response of
the top floor of the main frame with the frequency ratio f are shown in Figure 5. It can be
seen that the displacement and acceleration peaks change with the frequency ratio in a
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relatively consistent manner, with the peak response decreasing first and then increasing,
with the displacement and acceleration response peaks reaching a minimum when the
frequency ratio f is around 0.6, which has a very good Isolation effect at this time.
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Figure 5. Variation of main frame dynamic response: (a) Displacement change curve of the top floor
of the main frame; (b) Absolute acceleration change curve of the top layer of the main frame.

3.3.2. Influence of Frequency Ratio on Sub-Structure Response

As shown in Figure 6, the peak acceleration response curve of the isolated subframe
is similar to that of the main frame, which is in the shape of a quadratic parabola, and
the best isolation influence is achieved when the frequency ratio f is greater than 0.6. The
displacement of the seismic isolation layer decreases as the frequency ratio increases. When
the frequency ratio f is greater than 0.6, the decrease gradually decreases and tends to
level off.
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Figure 6. Variation of subframe dynamic response: (a) Acceleration change curve of the top layer of
the sub-frame; (b) Displacement variation curve of the seismic isolation layer.

According to the analysis in this section, the response laws of the main frame and
the subframe are similar when the frequency ratio changes. When the frequency ratio f is
kept at about 0.6, the main frame’s displacement and acceleration peak and the isolation
subframe’s acceleration peak are small, which has a good damping effect; The displacement
of the isolation layer is also small. Therefore, it is recommended to set the frequency ratio
at about 0.6 in the actual design.

4. Analysis of the Influence of the Vertical Parameters of the Mega-Sub
Isolated Structure
4.1. Analysis of the Influence of the Vertical Damping Ratio of the Seismic Isolation Layer

The vertical dynamic analysis was performed on the seismically isolated structure. The
input ground shaking acceleration peaks are the Vert-El Centro seismic wave in the X and
Z directions of 0.31 g, with the acceleration peaks scaled by 1:0.65. The vertical damping
ratios were taken to be the same for both seismic isolators and ranged from (0.05 to 0.5).
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Influence of Vertical Damping Ratio on the Response of Seismically Isolated Subframes

The variation of vertical acceleration and seismic isolation layer displacement with a
vertical damping ratio of the sub-frame under the vertical earthquake action is shown in
Figure 7.
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As seen from the above graph, after the vertical damping ratio is greater than 0.2,
the subframe acceleration remains constant, and the damping ratio is no longer a factor
affecting the dynamic response. For the vertical displacement of the seismic isolation layer,
its value decreases as the damping ratio increases, and the change becomes smaller when
the damping ratio is greater than 0.15.

For the seismic isolation subframe, the vertical damping ratio has a certain influence
on its response, and the control effect does not change much when the vertical damping
ratio is greater than 0.2. Therefore, it is recommended that the vertical damping ratio of the
seismic isolation layer be adjusted to approximately 0.2 in the design.

4.2. Analysis of the Influence of Vertical Frequency Ratio

In the following section, the vertical stiffness of the seismic isolation layer is varied
to change the vertical self-oscillation frequency of the isolated substructure. The dynamic
response of the main and substructure is obtained as a function of the vertical self-oscillation
frequency ratio η (η = vertical self-oscillation frequency of the isolated substructure/first-
order vertical frequency of the main frame) where the self-oscillation frequency of the
isolated substructure is calculated according to Equation (3).

ωz =
√
(Ks,z/ms) (3)

In the above equation, ωz is the vertical self-oscillation frequency of the isolated
substructure, Ks,z is the vertical stiffness of the isolated substructure, taken as the sum of
the vertical stiffnesses of the isolated bearings, and ms is the substructure mass.

4.2.1. Influence of Vertical Frequency Ratio on Response of Main Frame

From the above curves, the vertical displacement and acceleration of the top floor
of the mainframe are the same under the vertical earthquake action. The reason is that
as the vertical frequency ratio increases, the subframe tends to consolidate and lose its
tuned damping effect, increasing the dynamic response. The response is lowest when the
frequency ratio between the main and sub-frame is around 1.2. However, the mainframe’s
peak vertical displacement and acceleration of the main frame do not change much after
the frequency ratio η is greater than 1.0.

Figure 8 shows the curves of displacement and acceleration dynamic response of the
top floor of the main frame with the vertical frequency ratio of the main and substructure.
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4.2.2. Influence of Vertical Frequency on the Response of the Seismically Isolated Subframe

Under the vertical ground motion, the isolation sub-frame acceleration and the iso-
lation layer’s vertical displacement response vary with the frequency ratio, as shown in
Figure 9.
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Figure 9. Subframe dynamics variation curve: (a) Vertical acceleration curve of sub−frame;
(b) Vertical displacement curve of isolation layer isolation layer.

From the above curve, the vertical acceleration of the sub−frame first decreases and
then increases with the frequency ratio η and reaches the minimum value at 1.2; for the
vertical displacement of the isolation layer, the vertical relative displacement response value
increases with the frequency of the increase of the ratio have always shown a decreasing
trend. When the frequency ratio η is greater than about 1.1, the decrease in the response
value tends to be gentle.

5. Parametric Analysis of Main and Sub−Frame Collisions
5.1. Influence of Collision on Structural Response

The collision between the main and sub−frame was achieved by increasing the seismic
wave acceleration to analyze the dynamic response under the collision of the main and
sub−frame. Three different seismic waves, the El Centro wave, Taft wave, and artificial
wave, were input in the X direction of the structure, and the peak acceleration was adjusted
to 0.4 g. The collision stiffness in the line Elastic collision unit was set to 5.0 × 107 kN/m,
used to simulate rigid collisions between the main and sub−frames.

To facilitate the analysis of collision results, the dimensionless parametric gap ratio
γG, defined in the following equation, is introduced in the studies in this section.

γG =
∆G

∆max
(4)
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In the above equation, ∆G is the spacing between the joints between the main and
substructure, ∆max is the minimum spacing between the joints to avoid collision between
the main and substructure results under earthquake action. If γG > 1, no collision will occur
between the two, and if γG < 1, a collision will occur. For the calculations in this section,
γG = 0.2 was chosen to investigate the influence of collision on the structural response, and
∆max = 300 mm was defined.

The main factors affecting the collision of the main and sub-frames in a mega-sub
isolated structure are the seismic intensity and direction, the spacing between the main and
sub-frames, and the height of the sub-frames. The influences of changes in these parameters
on the collision response of the main and sub-frames are analyzed below.

5.1.1. Collision Forces

After calculation, the collision force is simulated by the axial force in the linear elastic
collision gp unit, when the gap ratio γG = 0.2, the axial forces of the maximum collision
unit under the action of the three seismic waves are shown in Table 2. Figure 10 depicts the
time history diagram of the collision unit with maximum axial force.

Table 2. Peak collision forces between the main and substructure.

Seismic Wave El Centro Wave Taft Wave Artificial Wave

Collision force/103 kN 58.89 48.77 41.93
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Figure 10 above shows that the linear elastic collision units under the action of the
three seismic waves, all occurred collisions between the main and subframes. Specifically,
under the El Centro wave, there were 7 collisions, with a maximum collision force of
58.89 × 103 kN. Under the Taft wave, there were 3 collisions, with a maximum collision
force of 48.77 × 103 kN. Under the artificial wave, there were 7 collisions, with a maximum
collision force of 41.93 × 103 kN.
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5.1.2. Acceleration

Figures 11 and 12 show the acceleration dynamic time curves of the third sub-frame
and the top floor of the main frame for the collision and no-collision cases under the action
of El Centro wave when the gap ratio γG = 0.2, respectively.
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A comparison of the acceleration time curves shows that when the main and sub-
frames collide, the peak acceleration of the sub-frame, as well as the main frame, increases
to a large extent instantaneously, and the acceleration amplification of the main frame
under collision is smaller than that of the sub-frame.
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5.1.3. Base Shear

When the peak acceleration is 0.4 g and the gap ratio γG = 0.2, the time-history curves
of the X-direction base shear force for the main frame under the action of El Centro wave,
Taft wave, artificial wave, with and without collisions with the subframe, are shown in
Figure 13.
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The time curve of the basal shear in the X-direction of the main frame of the mega-sub
isolated structure shows that the main and subframes amplify the basal shear at the moment
of collision and under the action of El Centro wave, Taft wave, and artificial wave, the base
shear force was amplified by a factor of 2.11, 1.85, and 1.88, respectively. The impact of the
collision on the structure is instantaneous and huge after the occurrence of the collision.

The results of the dynamic analysis after the collision of the main and sub-frame
show that when the collision of the main and sub-frame occurs under the action of the
earthquake, the linear elastic collision model gp unit arranged between the seismic joints
produces a huge instantaneous axial force, which is equivalent to applying a huge external
force on top of the isolation sub-frame, making the peak acceleration of the sub-frame will
also have a great amplification in an instant. The base sheer force of the structure will
also be amplified instantly, which will greatly impact the safety and comfort of the main
and sub-frame. It will have a greater influence on the safety and comfort of the main and
subframes. Therefore, collisions between the main and subframes should be avoided as far
as possible in practical engineering.

5.2. Influence of Ground Vibration Levels

In the model, the gap ratio γG = 0.2 is defined for the main and sub-frame, and only
the peak acceleration is used as the variable, with El Centro wave, Taft wave, and artificial
wave selected as input. The peak accelerations of the three seismic waves were amplitude
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modulated, and the peaks were amplified to five different levels of 0.3 g, 0.4 g, 0.5 g, 0.6 g,
and 0.7 g, and then the structure was analyzed in time.

5.2.1. Base Shear

The simulated results of the time history analysis are shown in Tables 3–5, which shows
that as the peak acceleration input increases, the collision force between the main and sub-
frame and the number of collisions also change. As can be seen from Figures 14 and 15, the
increase in peak collision force and the peak acceleration under collision (the analysis of
the influence of acceleration below refers to the acceleration of the third subframe under
collision of the main and substructure) are not positively correlated, as the acceleration peak
increases the collision force will appear to decrease, but as the peak acceleration increases,
the collision frequency will also increase.

Table 3. Influence of El Centro waves on collision forces.

Earthquake
Peak/g 0.3 0.4 0.5 0.6 0.7

Peak collision
force/103 kN 36.55 58.89 57.44 77.5 62.45

Number of
collisions 5 7 5 13 15

Table 4. Influence of Taft wave on collision forces.

Earthquake
Peak/g 0.3 0.4 0.5 0.6 0.7

Peak collision
force/103 kN 6.96 48.77 43.88 46.14 91.50

Number of
collisions 1 3 5 13 19

Table 5. Influence of artificial wave on collision forces.

Earthquake
Peak/g 0.3 0.4 0.5 0.6 0.7

Peak collision
force/103 kN 62.16 41.93 89.37 64.87 95.52

Number of
collisions 2 7 15 27 41
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5.2.2. Influence on Acceleration

The peak acceleration of the top layer of the third sub-frame is shown in Table 6, and
it can be seen that the peak acceleration of the sub-frame is larger under collision. It can be
seen from Figure 16 that the peak variation pattern of acceleration is relatively consistent,
and they all increase with the increase of the peak seismic wave. The acceleration is
inconsistent with the change of collision force, and the acceleration value is not necessarily
the largest when the collision force is the largest and there is no direct connection between
the two.

Table 6. Influence of seismic waves on collision acceleration.

Earthquake Peak/g 0.3 0.4 0.5 0.6 0.7
El Centro wave/m·s−2 26.52 26.57 80.93 100.08 108.8

Taft wave/m·s−2 22.87 26.65 71.13 86.51 102.5
Artificial wave/m·s−2 26.60 42.01 83.23 99.01 119.5
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5.3. Influence of Main and Substructure Spacing

The spacing between the main and sub-frames in the mega-sub isolated structure is an
important factor that directly affects whether the two collide. In this section, the gap ratio
γG of the main and sub-structures is taken as the independent variable, and the influence
of the distance between the main and sub-frames on the collision is studied by changing
the value of γG.

5.3.1. Influence on Collision Forces

Table 7 shows the change of the peak collision force of the main and subframe with
the gap ratio, from which it can be seen that the change of the collision force is more
obvious with the increase of the spacing between the two. The peak collision forces vary
significantly under the influences of different seismic waves. Specifically, the peak collision
force under the El Centro wave is 66.74 × 103 kN. Under the Taft wave, it is 49.13 × 103 KN.
Under the artificial wave, it is 51.88 × 103 kN. From the shown in Figure 17, it can be seen
that the collision force does not decrease with the increase of the spacing between the main
and subframe, and the peak collision force does not appear when the spacing is minimum.

Table 7. Influence of gap ratio on collision forces.

Gap Ratio 0.1 0.2 0.3 0.4 0.5 0.6 0.7

El Centro 47.76 58.89 39.12 26.87 51.39 56.17 66.74
Taft wave 37.23 48.77 12.05 28.46 49.13 23.26 17.11

Artificial wave 51.88 41.93 33.40 27.74 48.98 41.34 24.21
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5.3.2. Influence on Acceleration

The response values of collision acceleration in Table 8 show that the main and sub-
frame spacing has a greater influence on the acceleration peak under sub-frame collision. It
can be seen from Figure 18 that under the action of the three seismic waves, the variation
pattern of the peak collision acceleration response of the third subframe with the increase in
gap ratio is similar. Generally, it shows a decreasing trend, followed by an increase and then
another decrease. However, the moment where the peak acceleration values occur differs
under the influences of different earthquake motions. It indicates that specific analysis
should be conducted based on the adopted seismic waves when studying and analyzing
collision issues.

Table 8. Influence of gap ratio on third sub-frame collision acceleration.

Gap Ratio 0.1 0.2 0.3 0.4 0.5 0.6 0.7

El Centro 65.0 26.57 37.84 62.47 88.07 108.1 69.03
Taft wave 39.81 26.65 47.27 56.62 37.44 20.54 16.17

Artificial wave 77.32 42.01 90.4 42.65 57.89 69.63 41.32
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5.4. Influences of Vertical Earthquakes

Due to the lower vertical stiffness of the mega sub-structure, the dynamic response of
both the main and substructures will be greater when considering the vertical seismic action
compared to the response under unidirectional horizontal seismic action. In this section,
the dynamic response of the giant structure under different excitation modes (X-direction,
X + Z-direction) will be analyzed using El Centro wave, Taft wave, and artificial wave in
sequence. The peak acceleration of the earthquake is set to 0.4 g, and the gap ratio γG is
set to 0.2. The study considers the dynamic response of the main and substructures when
subjected to vertical seismic action.

5.4.1. Influence on Collision Forces

The peak collision force under coupled directional ground shaking will be larger than
that under unidirectional excitation, consistent with the acceleration response law. The
involvement of the vertical earthquake component will also amplify the collision force by a
factor of about 15%. As can be seen from Figure 19, under coupled earthquake excitation,
the peak collision force of the main and sub-frame will not only increase, but the first
collision will also occur slightly earlier than under one-way excitation, and the number of
collisions will also be slightly more than under one-way excitation. The specific values can
be found in Table 9.
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Table 9. The peak collision forces under three types of excitations.

Seismic Wave Unidirectional Excitation Coupled Excitation Amplification Factor

El Centro 58.89 65.57 11.3%
Taft wave 48.77 55.50 13.8%

Artificial wave 41.93 48.35 15.3%
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5.4.2. Influence on Acceleration

When vertical earthquake influences are considered, the peak acceleration under sub-
frame collision is greater than the acceleration value under unidirectional excitation, with
an amplification of around 20%, indicating that the involvement of vertical earthquake
amplifies the collision influence of the main and substructure. The comparison of the time
curves in Figure 20 shows that the collision is instantaneous and only influences a certain
instant. The collision acceleration response varies significantly for different seismic waves.
It can be seen that there is an amplification of the post-collision acceleration due to the
small vertical stiffness of the isolated bearing. The specific values can be found in Table 10.
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Table 10. Peak collision acceleration of the third subframe under different excitation methods and
seismic waves.

Seismic Wave Unidirectional Excitation Coupled Excitation Amplification Factor

El Centro 26.57 31.09 17.01%
Taft wave 26.65 32.26 21.05%

Artificial wave 42.01 49.95 18.90%

5.5. Influence of Subframe Height

In order to study the influence of the seismic isolation subframe on the collision
response of main and subframes, this subsection changes the height of the subframe by
increasing the number of layers of the subframe based on the original mega-sub isolated
structure model. It establishes a main frame structure that can accommodate 12 layers of
subframes, and the step size of the subframe increase is 1 layer. In order to facilitate the
study, the gap ratio γG between the main frame and subframe is kept constant at 0.2, and
the rest of the parameters are kept unchanged. Similarly, we have selected three seismic
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waves, namely El Centro wave, Taft wave, and artificial wave, for collision research, and
the peak earthquake acceleration amplitude of 0.4 g.

5.5.1. Influence on Collision Forces

Figure 21 shows the change of the peak collision force of the main and substructure
with the change of substructure height under the action of three seismic waves earthquakes.
It can be seen that the changing pattern of the peak collision force under the action of
three seismic waves is quite different. Under the action of the El Centro wave, the peak
collision force exhibits a trend of initially decreasing, then increasing, followed by another
decrease, and finally continuing to increase. The maximum collision force occurs when the
substructure has 6 stories. For the Taft wave, the peak collision force generally follows a
trend of initially decreasing, then increasing, and then decreasing again. The maximum
peak collision force occurs when the total number of substructure stories is 10. As for the
artificial wave, the variation pattern of the peak collision force is similar to that of the El
Centro wave. The maximum collision force occurs when the total number of substructure
stories is 12.
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For the sub-structure, the impact of its height on the main and sub-structure under
different earthquake actions need to be more consistent. Therefore, when designing the
height of the sub-structure, specific analysis, and reasonable design should be carried out
according to different load conditions.

5.5.2. Influence on Acceleration

Figure 22 shows the variation of the peak acceleration with a height of the substruc-
ture under the collision of the main and substructure. The figure below shows that the
acceleration variation pattern is more related to the form of the input ground shaking. The
acceleration value under the action of the El Centro wave decreases, then increases and
decreases, when the collision acceleration between the main and substructures is maximum,
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and the total number of substructure stories is 6. Under the action of the Taft wave, the
acceleration shows a trend of decreasing, increasing, and decreasing, When the collision
acceleration between the main and substructures is maximum, the total number of sub-
structure stories is 12. Under the action of the artificial wave, the acceleration first increases,
and then decreases, When the collision acceleration between the main and substructures is
maximum, the total number of substructure stories is 8.
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It can be seen that the change in acceleration and collision force is not positively
correlated with the change in layer height, and there is no necessary connection between
the two. The response law is more related to the type of seismic wave, so when considering
the influence of layer height on collision, a specific analysis should be carried out according
to different layers and seismic waves.

6. Conclusions

This paper analyzed the dynamic response of the mega sub-isolated structure under
horizontal and coupled earthquakes. In addition, the collision of the main and sub-frames of
the mega-sub isolated structure was simulated, and the parameters that affect the collision
response were studied. The following conclusions were drawn:

(a) The study found that changes in the damping ratio, mass ratio, and frequency ratio
will influence the displacement and acceleration peaks of the dynamic response of
the main and sub-frames. In this paper, the optimal parameter values of each item
are obtained through numerical method research. The horizontal isolation effect is
the best when the horizontal damping ratio is 0.3, the horizontal frequency ratio is
0.6, and the mass ratio is 3.0, while the vertical damping ratio of 0.2 and the vertical
frequency ratio of 1.2 have the best effect on isolation, thus the parameters need to be
set according to the actual requirements during engineering design.
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(b) Through collision simulation, it is found that instantaneous and huge collision force
will be generated when the main structure and the sub-structure collide, and the
response value of acceleration and base shear force will be amplified instantaneously.
It will have a significant impact on the safety and comfort of the structure. The
amplification factor of peak acceleration of the main structure is smaller than that of
the sub-structure, and the peak value of collision force is not positively correlated with
the peak value of acceleration. With the increase of peak acceleration, the collision
force curve will appear decline section. Similarly, the peak value of the collision force
does not decrease with the increase in the distance between the main structure and the
substructure. The peak value of the collision force is not at the minimum distance, but
the increase in the peak collision force will also lead to an increase in the occurrence
frequency of collisions between the main and substructure.

(c) Under the excitation of coupled earthquakes, the vertical earthquake component
will amplify the collision response between the main structure and the substructure
and slightly advance the collision occurrence time. Furthermore, under the one-
way excitation, the acceleration after the collision will be amplified due to the small
stiffness of the isolation bearing. In addition, the change in acceleration and collision
force is not positively correlated with the change in story height, and there is no
necessary connection between the two. When considering the impact of story height
on collision, it is necessary to conduct a specific analysis according to the number
of floors and wave type. Under different earthquake actions, the dynamic response
patterns of the mega substructure isolated structure vary. Therefore, it is important to
consider and compare various aspects during the structural design process to select
the optimal parameters.

Through the above conclusions, we can know the optimal parameter values of the
mega sub-isolated structure under multiaxial earthquakes and, at the same time, under-
stand the dynamic response of the structure in the case of collision and the influence of
related parameters on it, which provides a basis for further optimization of the mega sub
isolated structure and practical application in engineering.
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