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Abstract: This study was conducted to study the redistribution of internal force and the development
of the plastic hinge of an MBS with foundations at two different elevations considering the torsional
effect. The results indicate that the redistribution of the base shear of MBS is evident at different
embedding ends, and the redistribution of story shear on different floors also took place. The
redistribution of the shear force of columns is different at the upper- and lower-embedding sides,
and the internal force redistribution is more prominent along the slope direction. Consequently,
the redistribution of the internal force of MBS should be considered in practical seismic design.
Furthermore, the damage of MBS is transferred from the floors above the upper-embedding end
to the floors under the upper-embedding end with the increase in the seismic intensity, where the
elements at the floors above the upper-embedding end suffer the most serious damage, and the
damage is unevenly distributed in the upper-embedding story and the adjacent upper story. The
lower-embedding column is more prone to hinge across the slope direction because of the torsional
effect. With vy, changes, the redistributions of the shear force of the base, story, and column are
different. A larger yintr, would result in a weaker redistribution of base shear. The redistribution of the
story shear of the 1st floor and its columns along the slope direction shows an increasing-decreasing
tendency with the increase in intra, and the redistribution is the most serious when 7intr, is 0.4. While
across the slope direction, the redistribution of the story shear tends to be weakened as 7yintra increases.
The forming of the plastic hinge of single-frames along the slope direction is related to intr, and
Tnon, especially the damage of the upper-embedding columns. The torsional effect has a significant
influence on the damage of the single-frames across the slope direction. Some measures should be
taken to improve the bearing capacity of the upper embedding columns and columns on floors under
the upper-embedding end, as well as the drift ductility of the upper-embedding columns.

Keywords: mountainous building structure; redistribution of internal force; plastic hinge; torsional
effect; shear force

1. Introduction

The mountainous building structure (MBS) on the slope is a kind of structure sup-
ported by foundations at different elevations to adapt to the site conditions, resulting in
different dynamic responses and seismic damage mechanisms from conventional ones due
to the changes in the distribution of lateral stiffness in both the vertical and planar direc-
tions. It has been verified in the Wenchuan Earthquake [1] and the Sikkim Earthquake [2,3]
that MBS experienced peculiar and more severe seismic damage.

In recent years, the seismic response of MBS has made some progress in research.
Surana et al. [4,5] conducted extensive field surveys in two test bed cities situated in
the Himalayan state of Uttarakhand in India to develop a comprehensive building stock
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inventory and investigated the seismic fragility using a numerical study, discovering
that buildings in hilly regions are significantly more vulnerable to earthquake, and the
collapse occurs due to the combined effect of shear failure of short columns and flexural
failure of beams and columns in the story just above the uppermost foundation level.
Birajdar et al. [6], Subhash et al. [7] investigated the seismic response of structures with
different configurations. The results suggested that the seismic performance of MBS is
poorer than that of the set-back structure, and the torsional effect of MBS is more prominent.
Tang et al. [8] compared the dynamic response of an MBS supported by foundations
with two different elevations and two corresponding conventional frame structures from
the linear elasticity stage to plasticity and failure stages, and results show that the force,
deformation, and plastic hinges of MBS are different from that of conventional structures,
and there is an obvious difference along and across the slope direction. Studies have
demonstrated that the seismic response of the MBS differs from that of ordinary structures,
and the MBS suffers from severe torsional effects under earthquakes.

Meanwhile, there are many studies on the influence of different factors on the struc-
tural dynamic response. Literature [9-11] investigated the influence of non-structural
factors such as soil-structure interaction, nonuniform seismic excitation, and the character-
istics of ground motions. In terms of the influence of structural factors, Aggarwal et al. [12]
investigated the effect of one or more open stories in reinforced concrete hilly buildings and
discovered that the building with the open story at the uppermost foundation level is the
most vulnerable under earthquake excitation. Thakur et al. [13] carried out a study on the
influence of the rooftop telecommunication tower on set back-step back building resting
on different ground slopes, finding that the tower position and the slope’s gradient would
affect the safety of the tower. Li et al. [14] proposed three types of steel brace arrangement
for frame structures supported by foundations with two different elevations, and results
of the quasi-static test indicate that setting V-shaped braces can significantly reduce the
damage degree of the upper embedding columns and change the phenomenon of locally
severe damage of the split-foundation frame structure. Surana et al. [15] assessed the
damage probability matrices of hill-side RC buildings, and the result showed that the
choice of the ground-motion intensity measures and the structural configuration type show
quite significant effects on the resulted damage probabilities of different damage states. Be-
sides, Surana et al. [16] obtained the floor response and proposed and validated the simple
floor spectral amplification functions. Jain et al. [17] investigated the seismic response of
acceleration-sensitive non-structural components, and proposed floor displacement-based
models to compute the torsional amplification factors.

Research on seismic failure mechanism of structures is necessary for a reasonable seis-
mic design. The numerical simulations [18,19] and experimental studies [20] on the seismic
failure mechanism of the MBS have proceeded and found that upper-embedding columns
were damaged seriously, and a “half-story mechanism” is likely to occur. However, the
research object of these studies is mainly the plan along the slope direction of the MBS, and
the pushover analysis method is always adopted. Li et al. [21] conducted shaking table tests
to compare the dynamic response and failure characteristics of a frame structure supported
by foundations with two different elevations from those of a corresponding conventional
structure, and the results indicated that the column hinge first appears at the end of the
upper embedding column, then transfers to the floors under the upper embedding end
with the increase in earthquake intensity. Meanwhile, the torsional effect of the former
frame structure is remarkable, and the damage of the bottom corner column ends increases
significantly. Xu et al. [22] investigated the seismic performance and improvements of
spilt-foundation buildings across the slope direction using pushover analysis with the
load mode of the first mode, and the results indicated that the upper-embedding columns
were the weakest part of the structure, and the floors under the upper-embedding end
were destroyed in succession. The results of these studies all demonstrate the special
seismic failure mechanism of the MBS, while most of them focus on the plan along the
slope direction and its final damage state, also, the results on structural torsional effect
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may be inaccurate, so the detailed damage process needs further research and the torsional
effect should be analyzed reasonably.

As the damage of the structure changes, the redistribution of the internal force of the
members has a certain regularity, which can reflect the damage mechanism of the structure
to a certain extent. Most studies aim at the internal force redistribution of continuous beams
or single members [23,24], which reveals the mechanism of internal force redistribution at
the member and interface levels. Also, the influence of differential consolidation settlement
of the foundation on the redistribution of internal force of structures is analyzed to provide
a reference for the reinforcement [25]. For the MBS, Ji et al. [26] studied the base stress
distribution by overall finite element models containing soil and structure established
using ANSYS, finding that the negative compression zone is greater than the positive
one when the overturning load increases. Xu et al. [19] observed the shear distribution
of each ground column in an elastic state, finding the shear force of the upper ground
columns is generally larger than that of the lower ground columns. Wu [27] investigated
the distribution of the shear force of columns at the upper embedding story, revealing the
significant redistribution of the shear force of columns in this story. Jiang et al. [28] noticed
that the axial beam compression and tension are larger and researched the impact of axial
beam tension on joint shear capacity, and the results indicated that the shear capacity of the
joint may be lost when tension is experienced. There is not much research on the structural
force, and the torsion of the structure is neglected.

Although there are so many studies on the seismic response and failure characteristics
of the structure supported by foundations with different elevations, most studies are on
two-dimensional models along the slope direction, which ignores the torsional effect. The
redistribution of internal force is rarely noticed, and previous studies have focused on
the internal force of the upper embedding columns. Studies on force characteristics and
damage path of MBS consider torsional effects are scarce. Hence, the present research
addresses the behavior of three-dimensional MBS, subjected to earthquake waves. The
study includes the force and plastic hinges of three-dimensional MBS. Also, the effect
of the stiffness distribution between the upper- and the lower- embedding sides of the
upper-embedding story on redistribution of internal force and plastic hinge development
is studied to improve the seismic performance of the MBS. The main purpose of the study
is to obtain the redistribution of internal force and plastic hinge development of three-

dimensional MBS, and the results will be a reference for seismic design and reinforcement
of MBSs.

2. Object and Methodology

Currently, the MBS with two different elevations is one of the main subjects of study,
and it will be the object of this study. Figure 1 shows the typical MBS, and the terminology
for each position of the model is also presented.

lower-embedding side upper-embedding side

—I-_II—II_.
— i
floors above the upper- o |

embedding end [ o S YN

upper-embedding story

non-embedding columns upper-embedding columns
floors under the upper-
embedding end

lower-embedding columns

across the slope direction

along the slope direction

Figure 1. Schematic diagram of the typical MBS and the terminology of each position.
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A detailed case study is carried out by nonlinear dynamic history analysis using
3 groups of natural waves and 1 group of artificial waves on a typical RC MBS with two
different elevations. The structural response in the form of base shear, story shear, column
shear, and plastic hinges are obtained, and the laws of redistribution of internal force
and damage path are discussed. For subsequent parameter analysis, MBSs with different
structural arrangements are established and analyzed, and the influence of structural
configuration is investigated. The flow chart is shown in Figure 2.

Study on redistribution of internal force and plastic
hinge development of the MBS

I
A detail case study

Parameter indicating
structural arrangement

[ Nonlinear analytical model |

| Nonlinear analytical model |
Earthquake waves Earthquake waves

| Nonlinear time history analysis ‘ | Nonlinear time history analysis ‘

‘ Results and discussions li l Results and discussions l

{ |

Conclusions

Figure 2. The flow chart of the present work.

3. Seismic Response Analysis of an Example MBS Model

In this section, an RC-frame MBS supported by foundations with two different ele-
vations is built as the example model. The distribution and redistribution of shear force
are obtained, and the distribution and development of plastic hinges are investigated. The
failure path and mechanism of the structure will be discussed.

3.1. Analytical Model and Earthquake Waves

Figure 3 shows an RC-frame MBS with 3 x 2 bays and 6 stories supported by founda-
tions with different elevations, named MO. The x-axis is along the slope direction, and the
y-axis is across the slope direction.

The floor height is set constant at 3.0 m, and the bay width is 6.0 m in both horizontal
directions. The cross sections of columns and beams are respectively 600 mm x 600 mm
and 300 mm x 600 mm. The thickness of the floor slab is 140 mm to meet the deflection
requirements, and there are no secondary beams. The additional uniform dead load and the
uniform live load are respectively set as 1.5 kN/m? and 2.0 kN/m? for all floors. The linear
dead load of the infilled walls is 9 kIN/m on all beams from the 1st floor to the 5th floor,
and the linear dead load on the surrounding beams of the top floor is 3 kN/m. HRB400
rebar and C30 concrete are used.

It’s assumed that the basic fortification intensity of the structures is Intensity 8, the site
type is II, and the predominant period Tg is 0.35 s according to GB 50011-2010 [29]. Rebars
of upper-embedding columns and columns at the lower-embedding side of the 4th floor
are designed by the seismic bearing capacity, and rebars of other columns are determined
based on the minimum rebar ratio.

OpenSees was used for the nonlinear analysis of the 3D model using the Concrete02
model for concrete. The strength deterioration model based on effective hysteresis energy
dissipation was adopted for the rebar, whose accuracy in modeling has been verified [30,31].
The sections of the beam and column are fiber sections. The Nonlinear-Beam-Column
Element, a distributed plasticity element based on the finite element flexibility method, is
chosen to simulate the beam and column elements. At the top of the upper-embedding
columns, the Zero-length element is introduced in series with the beam-column element,
and the load-displacement relationship of the shear spring is defined in terms of the Shear
Limit Curve and Limit State Material. Axial Limit Curve and Limit State Material are
used to define the load-displacement relationship of the axial spring to take account of the
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bending, shear and axial effects of the member [32]. Rayleigh damping with a damping
ratio of 5% is used in the analysis of time history.
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Figure 3. Layout of a typical MBS: (a) Elevation view; (b) Plan view from the 1st to 2nd floor; (c) Plan
view from the 3rd to 6th floor.

Three groups of natural earthquake waves are selected considering the natural vibra-
tion period of the MBS and the site conditions, as shown in Table 1, where apg , represents
the peak acceleration on the x-axis. In addition, one group of artificial waves was created
according to GB 50011-2010. The elastic amplification factor spectra for 5% damping are
shown in Figure 4. The used apg, of the natural and artificial waves are 0.07 g, 0.2 g,
0.4 g,0.51 g and 0.62 g are applied to the structure to represent the frequent earthquake,
moderate earthquake, rare earthquake of Intensity 8, rare earthquake of Intensity 8.5 and
rare earthquake of Intensity 9, respectively.
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Figure 4. Elastic amplification factor spectra for 5% damping: (a) x-direction; (b) y-direction.
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Table 1. Information of natural earthquake waves.

ID Year

Earthquake Name Magnitude Station Name Vs3o'/gal apg,x/gal

2008
1994
1952

= W N

Iwate-Miyagi Nairiku Earthquake 6.9 Kami Miyagi 478 153
Northridge Earthquake 6.7 Fairview Ave, 291 123
Kern County Earthquake 7.3 Taft Lincoln School Tunnel 385 176

1 V30 represents the equivalent shear wave velocity at a calculated depth of 30 m.

3.2. Internal Force and Its Redistribution

The internal force of the structure at the moment of maximum base shear is selected to
analyze the distribution and redistribution of base shear, story shear, and elements shear.

3.2.1. Base Shear

The base shear of MBS includes the shear forces of both the upper-embedding and the
lower-embedding columns. When the base shear reaches the maximum value, the propor-
tion of the base shear of lower-embedding columns is listed in Table 2. For apg » = 0.07 g,
the proportion of the base shear borne by lower embedding columns is 0.10 and 0.22 in the
two directions, this shows that the most of the base shear are borne by upper-embedding
columns, which is consistent with the results in literature [19]. The proportion of the base
shear of lower-embedding columns displays a low value of 5% along the slope direction,
while that reaches a much higher value of 10%. This suggests that the actual stiffness of the
upper-embedding columns and lower-embedding columns are different, despite the same
section and number of columns. For lower-embedding columns across the slope direction,
their actual stiffness is larger than those along the slope direction. As a consequence, when
suffering a strong earthquake with high intensity, the lateral stiffness of upper-embedding
columns would be degraded, the distribution of base shear of the MBS could be changed,
and lower-embedding columns should bear more base shear. Moreover, the proportions
of the base shear of lower-embedding columns in the two directions of the slope tend
to increase, where the increment is more prominent along the slope direction, revealing
that the stiffness degradation of upper-embedding columns and the transfer of structural
damage to the floors under the end of the upper-embedding columns are enhanced. It
can be seen that the base shear of the MBS has been significantly redistributed at different
embedding ends, and the redistribution degree of base shear is more notable along the
slope direction.

Table 2. The proportion of the base shear borne by lower embedding columns.

Record ID

Along the Direction of the Slope Across the Slope Direction

0.07g

02g 04g 051g  062g  0.07g 02g 04g 051g  0.62g

Natural wave 2
Natural wave 3
Natural wave 4
Artificial wave

0.10
0.06
0.09
0.05

0.12 0.15 0.21 0.21 0.22 0.31 0.29 0.29 0.29
0.06 0.07 0.17 0.17 0.27 0.32 0.25 0.32 0.27
0.11 0.13 0.21 0.21 0.28 0.27 0.32 0.33 0.33
0.05 0.11 0.15 0.26 0.23 0.27 0.28 0.28 0.28

3.2.2. Story Shear

The distribution patterns of the story shear of the MBS are very similar under different
seismic waves. Figure 5 shows the story shear of the MBS suffered by Natural-wave 2 at the
time when the base shear reaches its maximum value. This shows that for both directions of
the slope, the story shear of the under-part of the upper-embedding end decreases sharply,
and part of the story shear has been transferred to the foundation instead of the floors
under the upper-embedding end. It has been clarified by previous studies [3,8]. With the
increase in the earthquake intensity, the story shear of floors under the upper-embedding
ends increases generally. For the floors above the upper-embedding ends, the story shear
increase in both horizontal directions. When apgy is 0.2 g, the story force is basically
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proportional to that with 0.07 g of apg y, which shows the MBS is still in an elastic state, or in
a slight elastic-plastic state, and its dynamic properties do not change much. Nevertheless,
for apg x > 0.4 g, the story shear of partial floors is relatively reduced, especially when apg
reaches 0.62 g. This is related to the stiffness degradation of the MBS, and the maximum
story shear and the maximum base shear of floors are not occurring simultaneously.

: . 0.07¢g | i 0.07¢
SRl o ----02¢g sbi_ s ----0.2g
1 0.4g : R 0.4g
4t e 0.51g 41 S 0.51g
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Figure 5. Distribution of story shear at the moment of maximum base shear: (a) Along the slope

direction; (b) Across the slope direction.

A =V /Vyo7g was used to characterize the amplification of the shear force of the MBS,
stories, or the elements under a strong earthquake, where Vj g75 denotes the maximum
shear force under an apg x of 0.07 g, and V means the maximum shear force.

Figure 6 shows the A of the MBS under Natural-wave 2. This clearly shows that
the A of the floors above the upper-embedding end varies slightly with the increase in
apg,x. For instance, the A of each floor is similar ranging from 2.0 to 3.0 when apg , =02 g
in both directions of the slope. When apg, > 0.4 g, the A of the floors under the upper-
embedding end along the slope direction become obviously larger than those above the
upper-embedding end, as shown in Figure 6a. This indicates that the story shear of the
MBS has been redistributed at different floors. In contrast, the changes of A of all the floors
across the slope direction (Figure 6b) are less obvious compared with Figure 6a, which
reveals that more attention should be paid on the redistribution of story shear along the
slope direction of an MBS.
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Figure 6. The A of each floor at the moment of maximum base shear: (a) Along the slope direction;

(b) Across the slope direction.

3.2.3. Column Shear

Figures 7 and 8 show the column shear in the two directions of the slope under the
maximum base shear, where the shear force is the sum of the shear of columns at Axis
1, 2, 3, and 4. As can be seen from Figure 7a,b, most of the story shear of the upper-
embedding story has been borne by upper-embedding columns, and the directions of the
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shear force of columns at Axis 1 or Axis 2 may be opposite to that of upper-embedding
columns. Consequently, the relative deformation of the columns at the lower-embedding
side and upper embedding-side on the upper-embedding story will be opposite owing
to the relationship between force and deformation. Moreover, the rotation and relative
deformation of columns at the lower-embedding side are smaller than those of columns at
the upper-embedding side. On the adjacent upper floor of the upper-embedding story, the
shear forces of the columns at Axis 1 and Axis 2 are greater than those at Axis 3 and Axis 4,
which is contrary to the results of the upper-embedding story. Moreover, the shear forces
of columns under the upper-embedding ends are relatively small under apg y = 0.07 g, but
increase obviously when apg , is 0.62 g, which is consistent with the redistribution of the
story shear of floors.

111

145

746

-89

454

576

Unit: kKN

(a) (b)

Figure 7. The column shear along the slope direction at the time of maximum base shear:
(a) apgx = 0.07 g; (b) apg x = 0.62 g.

Unit: kKN

(a) (b)

Figure 8. The column shear across the slope direction at the time of maximum base shear:
(a) apg,x = 0.07 g; (b) apg x = 0.62 g.

Figure 8a,b show the column shear across the slope direction. For the upper-embedding
story, the shear forces of columns at Axis 1 and Axis 2 are lower, and the proportion of the
shear force of these columns is increased compared with those along the slope direction. It
can be found that the shear force of the columns at Axis 1 and Axis 3 are commonly larger



Buildings 2023, 13, 909

90f23

than those at Axis 2 and Axis 4, and the increase in the seismic intensity has not caused
obvious changes in the distribution of the shear force of columns.

Figures 9 and 10 show the A of columns at Axis 1, 2, 3, and 4 in the two directions of
the slope. This clearly shows that the redistributing pattern of internal force differs in two
different directions. For the column shear along the slope direction, the changes in A of the
columns at Axis 1 and Axis 2 are different from those at Axis 3 and Axis 4. For the columns
at the lower-embedding side, e.g., Axis 1 and Axis 2, the A of columns on the 3rd floor is
larger than that on the 4th floor. In contrast, the A of columns on the 3rd floor at the upper-
embedding side is less than that of columns on the 4th floor. Meanwhile, the A of columns
on the 3rd floor at the lower-embedding side is greater than that at the upper-embedding
side. The results show that the stiffness degradation of columns on the 3rd and 4th floor
differs as the columns at the lower-embedding side of the 4th floor lose more stiffness.
Moreover, A of columns of the lower-embedding end of the 1st floor is obviously greater
than that of the adjacent upper floor. Under a high-intensity earthquake, the redistribution
of the internal force occurs, and the upper-embedding columns are seriously damaged
with great stiffness reductions, where the non-embedding columns bear more shear and
the lower-embedding columns will be loaded with more base shear.
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Figure 9. The A of column along the slope direction: (a) Axis 1; (b) Axis 2; (c) Axis 3; (d) Axis 4.
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Figure 10. Cont.
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Figure 10. The A of column across the slope direction: (a) Axis 1; (b) Axis 2; (c) Axis 3; (d) Axis 4.

It can be seen that some measures should be considered in the seismic design of the
upper-embedding columns to increase the load-bearing capacity to avoid serious damage
under earthquakes. The shear bearing capacity of the vertical members of floors under the
upper-embedding end can be thus increased to bear the increased shear force.

3.3. Distribution and Development of Plastic Hinges

To better interpret the formation of plastic hinges due to bending damage of the
elements of MBS, the ductility demand coefficient of sectional curvature yy was adopted to
indicate the degree of the plastic hinge, as expressed by Equation (1).

_¢
Py

where ¢ and ¢, are the maximum curvature and yield curvature of the end of elements,
respectively. Plastic hinges could be formed when py > 1.

Figures 11 and 12 show the plastic hinges of the MBS under natural wave 2 with
apG,x = 0.4 g and 0.62 g, respectively, where p is marked. As can be seen from Figure 11,
for the single-frame across the slope direction, e.g., those single-frames at Axis 1, 2, 3, and
4, the beam hinges mainly form on the 3rd and 4th floors. Moreover, beam hinges can also
be found on the 2nd floor in outer frames at the lower-embedding side. Column hinges
appear on the 4th and 5th floor of the lower-embedding side single-frame, and the number
and degree of column hinges at Axis 1 are larger than those at Axis 2 due to the torsional
effect. In addition, column hinges appear at the bottom of upper-embedding columns at
Axis 3. For the single-frames along the slope direction, e.g., single-frames at Axis A, B, and
C, the beam hinges and column hinges mainly appear at the 3rd to 5th floor, and no plastic
hinge can be found at the end of the elements under the upper-embedding end. In the
upper-embedding story, column hinges develop at the end of upper-embedding columns,
and non-embedding columns are not damaged. On the 4th floor, 114 at the bottom of the
columns at Axis 1 and 2 is obviously greater than the others on this floor.

It can be summarized that column hinges at the end of the embedding column are
inclined to be formed at the upper-embedding columns of side single-frame along the slope
direction and the upper-embedding columns of the inner single-frame across the slope
direction. The distribution of column hinges of the upper-embedding story and the adjacent
upper floor are not uniform. The column at the upper-embedding side is hinged in the
upper embedding story, while the degree of column hinges at lower embedding side of the
adjacent upper floor is greater. The damage of elements under the upper-embedding end is
obviously weaker than those above the upper-embedding end. The structural damage is
similar to the “half-story mechanism” presented by Xu et al. [18].

As can be seen from Figure 12, the number and degree of plastic hinges at the ends of
the beam and column increase with the seismic intensity up to 0.62 g. For the single-frames
across the slope direction, the degrees of beam hinges on the 3rd and 4th floors are higher
than the other beams, and the beams at the floors under the upper-embedding end are
hinged. In addition, the plastic hinges appear at the bottom of lower-embedding columns,
and the degree of plastic hinges at embedding-columns at Axis 1 and 3 are higher than

He 1)
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those of Axis 2 and 4. For the single-frames along the slope direction, the new hinges of
beams and columns are mainly found at the elements of floors under the upper-embedding
end. While, the number and degree are less than those at the single-frames across the slope
direction. Moreover, the non-embedding columns of the upper-embedding story are not
damaged. Meanwhile, column hinges at the lower-embedding side of the 4th floor and the
upper-embedding side of the 3rd floor are more severe than the other columns.

Ductility demand coefficient of sectional curvature (u,): © 1.0su,<1.5 o 1.55u,<2.0 @ 2.0<p,<25 @ 255y,
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Figure 11. Plastic hinges of the structure under natural wave 2 with seismic intensity of 0.4 g:
(a) Axis 1; (b) Axis 2; (c) Axis 3; (d) Axis 4; (e) Axis A; (f) Axis B; (g) Axis C.

With the increase in seismic intensity, plastic hinges occur at the end of beams and
columns on floors under the upper-embedding end, revealing that the structural damage
has transferred from the beams and columns above the upper-embedding end to those
under the upper-embedding end. In addition, the elements on the floors above the upper-
embedding end suffered severer damage during the earthquake, e.g., the border upper-
embedding columns along the slope direction, innermost upper-embedding columns across
the slope direction, beams connected with the upper-embedding column, and columns at
the lower-embedding side of the adjacent floor above the upper-embedding story.

It can be seen that the damage of the MBS starts from the floors above the upper-
embedding end, then proceeds to the floors under the upper-embedding end. Generally,
the failure process of the MBS can be summarized as that part of the beams and columns at
the floors above the upper-embedding end firstly yield plastic hinges; subsequently, part of
the upper-embedding columns become hinged; then, most of the beams and columns at
the floors above the upper-embedding end is damaged; finally, the beams and columns
at the floors under the upper-embedding end are damaged. The development of plastic
hinges is consistent with the damage phenomenon of shaking table test [21].
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Figure 12. Plastic hinges of the structure under natural wave 2 with seismic intensity of 0.62 g:
(a) Axis 1; (b) Axis 2; (c) Axis 3; (d) Axis 4; (e) Axis A; (f) Axis B; (g) Axis C.

Due to the torsional effect, the damage of the border upper-embedding columns along
the slope direction and the innermost upper-embedding columns across the slope direction
is severer than other upper-embedding columns. The damages of the upper-embedding
story and the adjacent upper story are unevenly distributed, and the heavily damaged
columns are found in opposite positions. The torsional effect makes the lower-embedding
column more prone to hinge across the slope direction.

4. Influence of Stiffness Ratio
4.1. Proposed Nominal Stiffness Ratio

In practical engineering, both the site conditions and the building scheme determine
the plane arrangement and the proportion of the plan occupied by the upper- and lower-
embedding sides. When the vertical members are uniformly distributed, the proportion of
the plan occupied by the upper- and lower- embedding side determines the distribution
of stiffness in the upper-embedding story. The stiffness distribution on the upper- and
lower- embedding sides of the upper-embedding story will significantly affect the dynamic
response of MBS, which should be investigated.

In the upper-embedding story, the stiffness of elements at lower-embedding sides
is denoted as kg 41 and the stiffness of elements at upper-embedding side is denoted as

k% +1- The nominal intra-story stiffness ratio, Yintra, is defined to present the stiffness

distribution, and it can be calculated as Equation (2). For MBS, the stiffness of elements at
lower-embedding side could be weakened by the deformation of floors under the upper-
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embedding end, and the degree of weakening depends on the floor number and lateral
stiffness of each floor. Assuming that the layout of floors under the upper-embedding end
is the same to simplify the analysis, the lateral stiffness of the adjacent lower floor of the
upper embedding story is denoted as kp, so the nominal below-story stiffness ratio, Ypelow,
is defined as Equation (3).

0
kpi“ @)
0 2
kp+1 + kp+1

k
Toelow = koip 3)
p+1

Yintra =

4.2. Structure Models

Assuming that the ypejow i 0.9, and there are two floors under the upper-embedding
end. The 7intra is assigned different values to analyze the effect of the increasing nominal
intra-story stiffness ratio.

The total number of frame spans at Axis x and Axis y are 5 and 2, respectively. The
total floor number, load distribution, and design basis are the same as model M0, while
the number of the spans at axis x on floors under the upper-embedding end and the cross-
section of beams and columns are changed and shown in Table 3. The concrete strength
grade is C30, except as listed in Table 3. The nominal intra-story stiffness ratio Yintra,
eccentricity ratio e/r, and structural period are listed in Table 4, where e is the stiffness
eccentricity and r is the radius of gyration of the deck. It should be noted that the Yintra
varies simultaneously in both horizontal directions, and e/r along the slope direction
inevitably changes.

Table 3. The layout of structure models.

Span Number at Axis x on

Model ID the 1st and 2nd Floor Cross-Section of Columns/mm X mm Cross-Section of Beams/mm x mm
. 1st to 2nd floor: 300 x 600;
M1 1 OAt’}‘::rl{igg 1jt 6t(‘)’03rd floor: 650 X 700; 5.4 to 6th floor: Axis x: 250 x 600;
’ ) Axis y: 300 x 600.
M2 2 Axis 1: 550 x 750; Axis x: 250 x 600;
others: 600 x 600. Axis y: 300 x 600.
M3 3 600 x 800; Axis x: 250 x 600;
(Axis A, C of 3rd floor: C35). Axis y: 300 x 600.
}:tfziliﬂ?o;lfgo ><97(;% % 900: 1st to 3rd floor: 300 x 600;
M4 3 XI5 &, 2 01 91C L0t ’ 4th to 6th floor: Axis x:250 x 600;
others: 550 x 800; Axis 1:300 X 600
(Axis A, C of 3rd floor: C35). Y: ’
XstTZildzﬂ(f)gr:(ng ng%%’ % 800: Axis x: 1st to 3rd floor:350 x 600;
M5 3 X18 &, £ 0L 9Td LOOT: ' 4th to 6th floor:250 x 600;
others: 500 x 800; Axis 1+ 350 x 600
(Axis A, C of 3rd floor: C35). Y: :
Axis 1 to 5 of 1st to 3rd floor: 850 x 900; . .
M6 4 others: 700 x 700; 1st to 3rd floor: 400 x 600;

(Axis 6 of 3rd floor: C40).

4th to 6th floor: 300 x 600.
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Table 4. Parameter of structure models.

Yintra elr Period/s Story Drift/rad

Model ID " - . . 5
Axis x Axis y Axis x Ty T, T3 Axis x Axisy
M1 0.19 0.15 0.46 0.55 0.54 0.46 1/590 1/546
M2 0.28 0.24 0.62 0.60 0.54 0.45 1/615 1/545
M3 0.40 0.30 0.73 0.63 0.53 0.42 1/626 1/550
M4 0.50 0.32 0.71 0.60 0.54 0.42 1/597 1/546
M5 0.59 0.36 0.68 0.58 0.55 0.42 1/583 1/564
M6 0.75 0.62 0.54 0.60 0.49 0.43 1/603 1/545

4.3. The Redistribution of Internal Force

The load cases are the same as the example model M0, and the distribution of base-
shear, the average A of lower-embedding columns, floors, and columns on different axes

under the action of 4 groups of earthquake waves are analyzed in this section.

4.3.1. Base Shear
The average proportion of base shear along the slope direction and across the slope

direction borne by lower-embedding columns are listed in Tables 5 and 6.

Table 5. The average proportion of base shear along the slope direction is borne by lower-

embedding columns.

Seismic Intensity

Model ID Yintra

0.07 g 02g 04g 0.51g 0.62¢g
M1 0.19 0.038 0.052 0.121 0.125 0.141
M2 0.28 0.090 0.086 0.185 0.205 0.220
M3 0.40 0.130 0.303 0.395 0.441 0.438
M4 0.50 0.222 0.255 0.354 0.408 0.416
M5 0.59 0.331 0.359 0.443 0.481 0.478
Mé 0.75 0.365 0.431 0.470 0.557 0.617

Table 6. The average proportion of base shear across the slope direction is borne

embedding columns.

by lower-

Seismic Intensity

Model ID Yintra

007 g 02g 04g 051g 0.62¢g
M1 0.15 0.120 0.113 0.159 0.163 0.176
M2 0.24 0.277 0.312 0.319 0.321 0.325
M3 0.30 0.457 0.595 0.539 0.552 0.541
M4 0.32 0.531 0.595 0.568 0.546 0.572
M5 0.36 0.559 0.613 0.555 0.567 0.559
Mé 0.62 0.688 0.785 0.785 0.730 0.720

As can be seen from these tables, the proportion of base shear borne by lower-
embedding columns tends to increase with the increase in the 7inta- In addition, the
proportion of the base shear borne by lower-embedding columns of each model tends to
increase as the seismic intensity increases, and there is normally a redistribution of base
shear borne by different embedding columns.

The average A of lower-embedding columns is presented in Figure 13. It can be seen
from Figure 13 that as the intra increases, the average A tends to decrease in both the
horizontal directions with the same seismic intensity, indicating that the larger the lateral
stiffness of the lower-embedding side members, the less significant the redistribution of
base shear in both horizontal directions. Therefore, the less the lateral stiffness of the
members at the lower-embedding side, the more necessary it is to consider the effect of this
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redistribution of base shear at different embedding ends. For a structure with a greater
Yintra, the degree of redistribution of the base shear is less obvious.

4.3.2. Story Shear

The average A of floors at apg x of 0.4 g and 0.62 g are shown in Figures 14 and 15,
respectively. It is clear that the average A trends to increase in both horizontal directions
as apg,y increases. Along the slope direction, for floors above the upper-embedding end,
e.g., from the 3rd floor to the 6th floor, the average A is similar and is independent of the
stiffness distribution of the upper-embedding story. For floors under the upper-embedding
end, e.g., from the 1st floor to the 2nd floor, the average A is significantly different with
an increasing-decreasing tendency with the increase in jptra. This indicates that the A on
floors under the upper-embedding end tends to be stable with the increase in the lateral
stiffness of elements at the lower-embedding side.
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Figure 13. The average A of lower-embedding columns: (a) Along the slope direction; (b) Across the
slope direction.
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Figure 14. The average A of floors along the slope direction: (a) apgy = 0.4 g; (b) apgx = 0.62 g.
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Figure 15. The average A of floors across the slope direction: (a) apgx = 0.4 g; (b) apg x = 0.62 g.
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For the story shear across the slope direction, the distribution pattern of average A on
floors above the upper-embedding end is consistent with that along the slope direction,
while the distribution pattern of average A on floors under the upper-embedding end is
different from that along the slope direction. At floors under the upper-embedding end,
the average A across the slope direction is obviously less than that along the slope direction
with the same seismic intensity, and the average A tends to decrease as intra increases.
When 9intra increases to a certain extent, A of floors under the upper embedding end is
close to that of the floors above the upper embedding end.

4.3.3. Column Shear

The average A of columns at different axes from the 1st floor to the 4th floor at apg , of
0.62 g is presented in Table 7. The maximum average A of the lower-embedding columns is
larger than that of the upper-embedding columns. For each model, the maximum average
A of the upper-embedding columns along the slope direction is less than that across the
slope direction. Meanwhile, the maximum average A of the upper-embedding columns
decreases and then increases from model M1 to model M6.

Table 7. The average A of columns along and across the slope direction at apg , of 0.62 g.

Model

Along the Slope Direction

Across the Slope Direction

Floor
ID Axis1 Axis2 Axis3 Axis4 Axis5 Axis6 Axis1l Axis2 Axis3 Axis4 Axis5 Axis6
4 40 43 41 3.9 338 3.0 338 42 40 43 43 40
3 29 49 42 42 44 42 48 44 42 44 5.0 32
Ml 2 32 33 — _ — — 46 43 — —_ _ _
1 47 6.1 _ _ —_ _ 57 6.5 — — — —
4 33 338 37 43 40 3.0 35 3.8 41 37 46 3.8
3 35 6.8 51 3.8 41 3.8 42 41 45 41 48 3.4
M2 2 3.0 7.2 33 _ — — 44 44 41 _ _ _
1 49 7.8 6.2 _ — —_ 5.0 53 5.4 — — —
4 29 34 34 33 42 238 3.6 3.9 44 47 33 3.9
3 42 95 9.7 8.2 238 27 48 44 47 52 3.9 338
M3 2 5.4 107 111 57 _ — 46 5.0 5.0 47 _ _
1 6.2 9.3 9.7 8.1 — — 52 5.0 57 6.4 — —
4 32 33 33 32 54 338 338 41 43 42 338 42
3 3.4 6.3 6.3 5.6 35 35 40 3.9 41 46 42 44
M4 2 38 6.4 6.7 43 — — 40 45 47 46 _ _
1 49 7.0 7.2 6.4 _ _ 5.0 47 53 6.4 _ _
4 3.0 3.7 3.8 3.7 5.0 36 3.6 43 45 46 338 41
3 35 57 5.6 49 36 3.6 41 40 42 44 43 41
M5 2 38 538 6.0 43 — _ 41 44 45 43 _ _
1 44 6.0 6.2 5.6 — — 49 46 5.0 55 — —
4 32 34 33 33 32 23 40 42 44 45 43 45
3 32 5.0 51 51 51 238 3.9 40 41 43 44 47
M6 2 35 49 5.0 51 40 — 41 44 45 45 44 _
1 42 53 55 5.8 54 — 49 45 46 52 6.0 —

The average A of columns at Axis 1 and Axis 2 on the 1st floor of models are shown in
Figures 16 and 17, respectively. As can be seen from Figure 16, the average A of columns
along the slope direction at different axes of the 1st floor tends to increase and then
decrease with the increase in inq at the same seismic intensity, which is consistent with
the distribution of the average A of the 1st floor. And the average A of the column at axis 2
is greater than that of the column at axis 1. Meanwhile, the average A of column across the
slope direction at different axes of the 1st floor tends to decrease with the increase in Yintra
at the same seismic intensity, and the decreasing trend is more obvious at axis 2.
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When the stiffness distribution of the upper-embedding story changes, the redistribu-
tion of shear force of base, story, and column are different. With the increase in vintra, the
A of lower embedding-columns tends to decrease significantly along the slope direction,
while the A of floors under the upper-embedding end and the column on the 1st floor both
first increase and then decrease. This is because the base shear is borne by upper- and
lower- embedding columns, while the story shear of floors under the upper-embedding
end and shear of columns on the 1st floor are mainly related to lower-embedding columns.
The shear redistribution at different floors is detrimental to the seismic resistance of the
structure, and the most significant degree of shear redistribution at different floors occurs
when intr, increases to a certain degree.
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Figure 16. The average A of columns along the slope direction on the 1st floor: (a) Axis 1; (b) Axis 2.
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Figure 17. The average A of columns across the slope direction on the 1st floor: (a) Axis 1; (b) Axis 2.

4.4. Distribution and Development of Plastic Hinges

The distribution of the plastic hinge of the single-frame at Axis B under seismic action
of the artificial wave with the intensity of 0.62 g is shown in Figure 18.

For structure models M1, M2, M3, and M6 with different geometric arrangements, the
larger the Yintra, the more severe the damage to the upper-embedding column. When the
Yintra 15 small, the number and degree of plastic hinges at the end of columns on the 4th to
5th floor are relatively large, and the damage of structural members is relatively uniform.
However, when the ¥intr, is relatively large, the damage of the upper-embedding column
is more severe than that of other members, and the damage is concentrated.

For the structure models M3, M4, and M5 with the same geometric arrangement, the
sections of elements in the upper-embedding story and floors under the upper-embedding
end are adjusted to obtain different 7intra. Meanwhile, the sections of columns at Axis 1, 2,
3, and 4 on the 4th floor in models M4 and M5 are reduced compared with columns at the
same positions on the upper-embedding story. The D-value method is used to calculate the
lateral stiffness of the members, and the lateral stiffness ratio of non-embedding columns
in the upper-embedding story to the corresponding members in the adjacent upper story is
defined as the corresponding stiffness ratio ynon, whose values are 0.94, 1.14 and 1.33 for
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the three structures, respectively. Comparing the plastic hinge of these three structures, it
can be seen that increasing the lateral stiffness of floors under the upper-embedding end
and non-embedding columns makes %intra increase, while the ynon increases, the degree
of plastic hinge of the upper-embedding column weakens, the damage degree of columns
adjacent above the non-embedding column increases, and the damage at floors above the
upper-embedding end is aggravated. When the stiffness of non-embedding members and
floors under the upper-embedding end is enhanced, the damage of the upper-embedding
column is mitigated, and the structural damage is transferred to the upper floors, which is
contrary to the law of structures with different geometric arrangements. This also indicates
that the damage to the upper-embedding column is related to the relative stiffness of
non-embedding columns and the corresponding member in the adjacent upper story.
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Figure 18. Plastic hinges of the single-frame at Axis B: (a) M1; (b) M2; (c) M3; (d) M4; (e) M5; (f) Mé.

The influence factor of plastic hinge degree is complex. When 7jntr, increases with
increasing elements at the lower-embedding side and reducing elements at the upper-
embedding side, damage tends to be formed in the upper-embedding column. When %intra
increases with the increasing lateral stiffness of non-embedding columns and elements
on floors under the upper-embedding end, the damage of upper-embedding columns
is weakened, and the damage of columns on upper floors is aggravated. When vintra
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is relatively large, the damage forms in upper-embedding columns and the connected
beams. Therefore, some measures can be taken to improve the drift ductility of the upper-
embedding column, such as setting the upper-embedding column as a highly ductile
fiber-reinforced concrete column [33] or a steel column, or reducing the drift ductility
requirement, such as weakening the degree of restraint at the bottom to enhance safety.

The plastic hinge across the slope direction varies considerably for structures with
different intra. The plastic hinge distribution of the single-frame at Axis 1 is shown in
Figure 19. It can be seen that the degree of the plastic hinge of the single-frame is: model
M1 < model M2 < model M6 < model M3, which is consistent with the eccentricity ratio e/r
of models. This shows that the damage degree of the frame at the lower-embedding side
is significantly influenced by the torsion effect as the greater the torsion effect, the more
severe the damage to the frame across the slope direction of the structure.
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Figure 19. Plastic hinges of the single-frame at Axis 1: (a) M1; (b) M2; (c) M3; (d) Meé.

The hinge rates of the beams and columns continue to increase with increasing seismic
intensity. The average hinge rates for the model beams and columns at different levels
under 0.4 g and 0.62 g seismic action are shown in Figures 20-22. For structure models
M1, M2, M3 and M6 with different geometric arrangements, as Yintra increases, the average
hinge rate along the slope direction of the column decreases significantly, and the rate of y
in the range of [3.0, +00) decreases. However, for structure models M3, M4, and M5 with
the same geometric arrangement, the average hinge rate along the slope direction of the
column gradually increases with the increasing intra, and the rate of i reaches [3.0, +0)
increases, which is consistent with the opposite distribution pattern of the plastic hinge
as depicted above. The distribution of hinge rate across the slope direction of the column
has a noticeable change with increasing seismic intensity. The relationship between the
distribution of column hinge rate across the slope direction and the variation of intra and
e/r is not apparent when the seismic intensity is 0.4 g. Under the earthquake intensity of
0.62 g, the variation law of the column hinge rate across the slope direction is similar to that
along the slope direction, but the rate of jy reaching [3.0, +c0] is smaller than that along the
slope direction. For beams, the average hinge rate tends to decrease and then increase with
increasing 7intra under the earthquake action of 0.4 g. As the seismic intensity increases to
0.62 g, the pattern of the average hinge rate at the beam end changes, increasing and then
decreasing with the increasing yintra, but the rate of iy reaching [3.0, +0) is closer.
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Figure 20. The average column hinge rate along the slope direction: (a) apg x = 0.4 g; (b) apg » = 0.62 g.
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Figure 22. The average beam hinge rate: (a) apg x = 0.4 g; (b) apgx = 0.62 g.

5. Conclusions

C70,1.00[C_1711.0,2.00 [_]12.0.3.0) ] [3.0,+0)

The seismic response of the MBS differs from that of ordinary structures, and the
former suffers from severe torsional effects. While most previous studies focus on the
seismic failure mechanism of the plan along the slope direction and its final damage state,
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the research on the structural force is simple. In this paper, the time history analysis of
three-dimensional MBSs was conducted, considering the torsional effects. The internal force
and plastic hinge of the MBSs were concerned, including the redistribution of the shear
force of the base, story, and column, and the distribution and development of the plastic
hinges. Also, the nominal intra-story stiffness ratio yinya Was proposed as a parameter to
study its influence on the redistribution of internal forces and the development of plastic
hinges. Conclusions can be drawn as follows:

(a) The redistribution of the base shear of MBS was evident at different embedding ends,
and the redistribution of story shear at different floors also took place. The changes in
A of the columns at Axis 1 and Axis 2 are different from those at Axis 3 and Axis 4 on
the upper-embedding story and the adjacent upper floor, and the A of columns on the
1st floor is greater than that of the adjacent upper story. Moreover, the change tend of
A of the MBS is more prominent along the slope direction.

(b) On the damage path of MBS, the damage has been transferred from the floors above
the upper-embedding end to the floors under the upper-embedding end, where
the elements of the floors above the upper-embedding end were the most heavily
damaged. Additionally, the damage in both the upper-embedding story and the
adjacent upper story are unevenly distributed, and the heavily-damaged columns are
in opposite positions. The torsional effect makes the lower-embedding column more
prone to hinge across the slope direction.

(¢)  When Ypelow is 0.9, and the number of floors under the upper-embedding end is 2,
the redistributions of the shear force of the base, story, and column vary with intra-
A larger vintra would result in a weaker redistribution of the base shear in both two
horizontal directions. With the increase in Yintra, the redistribution of the story shear
along the slope direction at the floors under the upper-embedding end tends to be
enhanced and then weakened, where the redistribution was the most serious when
Yintra Was 0.4. For single-frames across the slope direction, the redistribution of the
story shear at the floors under the upper-embedding end tends to be weakened as
Yintra increases. The A of columns on the 1st floor is consistent with the distribution of
the A of the 1st floor. Therefore, the redistribution of the internal force of MBS should
be considered in practical seismic design.

(d) The forming of the plastic hinge of single-frames along the slope direction is related
tO Yintra and Ynon. When ¥iny, increases and ynon is constant, the damage tends to
concentrate on the upper-embedding columns. When %int, increases with the increase
in Ynon, the damage of the upper-embedding column is weakened, and the damage of
columns on the upper floors is enhanced. The damage degree of single-frames across
the slope direction is significantly influenced by the torsional effect.

(e) Theload-bearing capacity and drift ductility of the upper-embedding columns should
be improved to avoid serious damage under earthquakes, and the upper-embedding
column could be set as a highly ductile fiber-reinforced concrete column or a steel
column. The shear bearing capacity of the vertical members of floors under the
upper-embedding end can be increased to bear the increased shear force.

There are also some limitations in this study, such as the number of floors under and
above the upper-embedding end, the stiffness ratio of floors under the upper-embedding
end to the upper-embedding story is taken as constant values, and the effect of the stiffness
ratio of the upper-embedding story to the adjacent upper story is not considered. Further
research could be conducted into the influence of these factors.
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