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Abstract: An earthquake of magnitude 6.4 occurred in Yangbi County, Yunnan Province on 21 May
2021, with a focal depth of 8 km, and strong ground motion with vertical components was monitored
by Yangbi station (53YBX). A total of 14,122 houses were damaged in Yangbi in the earthquake, and
232 of them collapsed. Vertical components of ground motions have been gained more attention for
its effect on structure’s seismic response in epicenter or near-fault regions at present. Taking the three
earthquake ground motions of Yangbi, Chi-Chi, and Loma Prieta as inputs, and modeling based on
Perform-3D, this research carried out the seismic dynamic time history analysis of an RC (reinforced
concrete) frame structure and a brick-concrete structure under both horizontal and vertical working
conditions. The results showed that vertical components of the three ground motions had no evident
impact on the top horizontal displacement and acceleration of the two types of structures. Among
the three ground motions, the vertical component of Yangbi ground motion has largely influenced
the top vertical displacement, acceleration, and axial force of the frame column bottom (or masonry
wall bottom). The vertical component had different amplification effects on the axial pressure and the
bending moment of a single column at the bottom of the RC frame structure, thus causing resonance
amplification effect of the brick-concrete structure floors and amplifying the vertical acceleration
of the top floor. In addition, it considerably increase the maximum axial tensile strain of masonry
walls and the possibility of faster tensile failure of the brick-concrete structure. Influence of vertical
ground motion on the bearing capacity of RC frame structure’s columns and the brick-concrete
structure’s masonry walls should not be ignored. The results of the research may provide a reference
for the earthquake-resistant design of building structures, especially the earthquake-resistant design
considering the vertical seismic effect.

Keywords: Yangbi ground motion; vertical component; RC frame structure; brick-concrete structure;
time history analysis; dynamic response

1. Introduction

Earthquakes are multidimensional in nature [1,2]. Ground motion is mostly pre-
sented as a multidirectional complex of horizontal and vertical vibrations [3]. It would be
incomplete and inaccurate to consider only the impact of horizontal ground motion on
building structures [4]. The severe damage of many strong earthquakes in the past shows
that the vertical seismic effect cannot be ignored. For example, in the 1994 Northridge
earthquake [5], the 1995 Kobe earthquake [6], and the 1999 Chi-Chi earthquake [7] in
Taiwan, China, many building structural damages were caused by strong vertical ground
shock [8]. It has been found that vertical ground motion effect is apparent in high-intensity
areas [9], especially in epicenter or near-fault regions [10]. The vertical ground motion
affects the response of long-span spatial structures, bridge structures, and super-high-rise
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structures [11–13]. Additionally, it causes a significant reaction to general regular frame
structures in the vertical direction [14]. The occurrence of horizontal seismic ground motion
and its associated effects on structural systems have been extensively studied over the
last few years [15,16]. In contrast, more research is thought to be needed on the vertical
component of ground motion. Therefore, it is necessary to consider the influence of multi-
dimensional ground motion, especially vertical ground motion, on the seismic response
of structures [17]. Some research has been carried out in this area. Bas et al. [18] inves-
tigated the effects of the vertical component of ground motions on existing multi-storey
RC buildings. The authors found that the building’s overturning moments and basement
axial forces increased significantly under vertical seismic motions. Rinaldin et al. [19]
measured the lateral resistance of masonry piers to investigate the effect of the vertical
component in a seismic event. The authors experimentally observed a general increase in
the demand/capacity ratio. This suggests that the vertical component of the earthquake
has the fundamental importance. Wang et al. [20] Indicated that the vertical component of
the ground motion has a non-negligible impact on the over-strength coefficient of masonry-
infilled RC frame structures. This finding has important implications for the study of
vertical ground shaking. Some scholars have found that vertical ground motions may even
significantly exceed local horizontal ones [21].In the meantime, RC and brick structures
are widely used throughout the world [22,23]. Besides, RC frameworks are widely used
in structural systems in engineering practice [24].Therefore, we focus our study on the
effect of vertical component of ground shaking on the dynamic response of RC frame and
brick structures.

According to the measurement of the China Earthquake Networks Center, at 21:48:34
on 21 May 2021, an earthquake of magnitude 6.4 occurred in Yangbi County, Dali Prefecture,
Yunnan Province (25.67◦ N, 99.87◦ E), with a focal depth of 8 km [25]. In this earthquake,
28 groups of three-direction acceleration waveforms were obtained by a Chinese digital net-
work of observation of strong ground motion [26], of which the ground motion amplitude
waveform by Yangbi station(53YBX) is the largest [27]. The Yangbi station is located at the
in the epicenter area, and the ratio of the peak acceleration of the vertical component to the
horizontal component in its strong motion waveforms is PGAV/PGAH = 0.62. Therefore,
the strong motion waveforms of Yangbi station showed strong vertical ground motion
effect. A total of 14,122 buildings were damaged in Yangbi in the earthquake, and 232 of
them collapsed. Most of the houses in Yangbi are brick structures and masonry-timber
structures, a small number of them are reinforced concrete structures, and most of the
collapsed buildings are distributed in a radius of 5 km from the epicenter. Therefore,
in view of the structural damage and collapse caused by this earthquake, it is urgent to
carry out seismic response analysis to reveal the effect of vertical ground motion on the
typical building structures. The analysis results can be used in the post-earthquake damage
assessment of this area.

Based on the structural characteristics of the buildings in Yangbi area, this article
uses a 5-storey reinforced concrete (RC) frame structure and a 2-storey brick-concrete
structure for seismic dynamic time history analysis. Two working conditions are defined:
horizontal two-component seismic action (expressed in H) and horizontal two-component
plus vertical component seismic action (described in H + V). By comparing the structural
dynamic response of three groups of ground motion under the two working conditions,
our research explores the the influence of the vertical component of Yangbi ground motion
on the seismic dynamic response of two types of structures. Apart from this, another two
groups of different types of ground motion under the same site category are also taken for
comparative analysis with Yangbi ground motion according to the velocity pulse and the
distance from the epicenter.

2. Ground Motion Waveform Information

In the following analysis, different ground motions will be selected on two premises:
the velocity pulse as well as the near-field and far-field ground motion. According to a
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simplified identification method, the epicentral distance D < 20 km and PGV (peak ground
velocity)/PGA (peak ground acceleration) < 0.2, the ground motion of Yangbi could be
identified as non-pulse near-field motion [28]. Meanwhile, according to D < 20 km and
PGV/PGA > 0.2, a near-field motion waveform containing the velocity pulse of the Chi-Chi
earthquake in Taiwan of China is selected from the PEER NGA seismic database [29], while
another ordinary far-field motion waveform of the Loma Ptieta earthquake [30] in the
United States is chosen according to D > 20 km and PGV/PGA < 0.2. These three groups of
different types of ground motion are analyzed as follows.

2.1. Yangbi Ground Motion

Located at 25.7◦ N and 99.9◦ E, and with the epicentral distance of 7.9 km and the
seismic intensity of 8.3 by calculation instrument, Yangbi station(53YBX) is built on medium
hard soil and is categorized as classII site. The peak acceleration (PGA) in EW (East–West),
NS (North–South), and UD (Vertical) directions are −379.9 cm/s2, −720.3 cm/s2 and
−448.4 cm/s2, and the peak velocity (PGV) 30.4 cm/s, −29.8 cm/s, −7.2 cm/s, respec-
tively. The acceleration time history of Yangbi ground motion of the three-dimensional
components is shown in Figure 1.
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Figure 1. Acceleration time−history of Yangbi ground motion.

2.2. Chi-Chi and Loma Prieta Ground Motion

The Chi-Chi ground motion and Loma Prieta ground motion waveform information are
shown in Table 1. The former is a near-field pulse ground motion with PGAV/PGAH = 0.65,
while the latter a non-pulse ordinary far-field motion with PGAV/PGAH = 0.43. The accel-
eration time history of Chi-Chi and Loma Prieta ground motion of the three-dimensional
components is shown in Figure 2.

Table 1. Chi-Chi and Loma Prieta ground motion waveform information.

Earthquake
Name

Time of
Occurrence

Magnitude Station Mechanism Rrup
(km)

Site
Category

PGA (cm·s−2) PGV (cm·s−1)

EW NS UD EW NS UD

Chi-Chi 1999 7.62 TCU101 Reverse
Oblique

2.11 II 207.9 253.0 164.0 −76.8 −50.9 46.7
Loma Prieta 1989 6.93 Dublin-Fire 58.8 II 71.1 −73.3 31.6 −12.4 −15.2 7.9
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Figure 2. Acceleration time−history of Chi−Chi and Loma Prieta ground motion. (a) Chi-Chi;
(b) Loma Prieta.

3. Dynamic Time History Analysis of RC Frame Structure

Taking the above three ground motions as input and under two working conditions
defined, this article conducts time history analysis on an elastoplastic finite element model
of a 5-story RC frame structure, and obtains the seismic dynamic response parameters of
the structure and comparative analysis.

3.1. The Information on the RC Frame Structure

Referring to the structural characteristics of typical reinforced concrete frame buildings
such as engineering examples of school and office buildings, the elastoplastic model of
a 5-storey RC frame structure is established based on Perform-3D (Version 7.0) [31] (the
nonlinear three-dimensional structural analysis software) by the specification. In the elasto-
plastic numerical model, the beam and column members are simulated by fiber section
model. The definition of fiber cross section needs to be associated with the material, so
the appropriate material constitutive model needs to be selected. The material constitutive
models used in the numerical model include the uniaxial constitutive models of concrete
and reinforced materials. The uniaxial stress–strain model for concrete used in this nu-
merical model is the modified Kent-Park model. This model was proposed by Kent and
Park [32] in 1971 and modified by Scott, Park and Priestley [33] in 1982. In addition, the uni-
axial principal structure of the reinforcement in this numerical model is based on a bilinear
elastoplastic principal structure model that takes into account the follow-on strengthening.

The layout of the frame structure was shown in Figure 3 (The black shaded area in
the figure is the column), and the Perform-3D model was shown in Figure 4. The basic
information of the structure is as follows:

The floor height of the frame structure is 3.9 m, and its total height is 19.5 m. The
dimension of the first floor of the frame column is 700 × 700, and that of other floors is
600 × 600. The dimensions of each frame beam are marked in Figure 3, and the prudent
seismic intensity of the structure is 8 degrees. The basic seismic acceleration of the design
is 0.20 g. For the first group of earthquakes, the site category is class II. The aseismic
grade of the structure is grade II. Basic wind pressure in 50 years is w0 = 0.65 kN/m2.
Ground roughness is class B. The concrete intensity grade of columns on all floors in the
structure is C35, and that of frame beams and floors is C30. HRB400 reinforcement is
used for structural members. The beam and column elements in the model refer to the
fiber model design [34], and the section reinforcement parameters refer to the calculation
results of the small earthquake elastic design. The model adopts the assumption of a rigid
horizontal rigid floor without simulating the actual floor. The impact of the infilled wall
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on the stiffness of the frame structure was analyzed by defining the periodic reduction
coefficient. This article defines the periodic reduction coefficient as 0.8.

Through modal analysis, the three orders of self-motion periods of the frame structure
are 0.77 s, 0.74 s, and 0.67 s, respectively.
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3.2. Comparison of Top-Floor Displacement

This research selected node 1 and node 2 on the top floor of the frame structure to
compare and analyze the displacement time history and time history peak values in EW,
NS, and UD under H and H + V working conditions. Node 1 and node 2 are, respectively
located on the top floor of axis 1©/ b© and 4©/ b© in the structural layout (Figure 3). Node 1
represents the edge node of the frame structure, and node 2 the middle node of the structure.
Under the two working conditions of three groups of ground motion, Table 2 shows the
maximum displacement time history of node 1 and node 2 in the horizontal direction. In
contrast, Table 3 indicates the peak value of displacement time history of node 1 and node 2
in the vertical direction.

It can be seen from Table 2 that there is little difference between the maximum displace-
ment time history of node 1 and node 2 in EW and NS under the two working conditions
(the maximum is 1.1%, which occurs in node 1 under Yangbi ground motion). However, as
shown in Table 3, in the UD direction, the change rate of vertical displacement amplitude
of node 1 and node 2 under two working conditions of Yangbi ground motion are 113.36%
and 213.60%. Under the effect of Chi-Chi ground motion, they are 14.35% and 29.80%.
Under the impact of Loma Prieta ground motion, they are −0.93% and 1.43%, respectively.
The results show that the vertical component of Yangbi ground motion can cause strong
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fluctuation of the vertical displacement of the top floor of the RC frame structure, and have
a more significant impact on the middle node than the edge node. The near-field motion
Chi-Chi with velocity pulse has a slight effect on the vertical displacement response of the
top layer of the structure, while the far-field motion Loma Prieta has little impact on it.

Table 2. Maximum displacement of the top layer in the EW and NS directions/mm.

Working Condition

Yangbi Chi-Chi Loma Prieta

Node 1 Node 2 Node 1 Node 2 Node 1 Node 2

EW NS EW NS EW NS EW NS EW NS EW NS

H 101.05 72.02 101.05 69.10 93.57 81.83 93.57 79.94 30.83 32.69 30.83 33.85
H + V 101.03 72.81 101.03 69.80 93.69 81.86 93.69 79.96 30.82 32.68 30.82 33.83

The change rate of
displacement (%) −0.02 1.10 −0.02 1.01 0.13 0.04 0.13 0.03 −0.03 −0.03 −0.03 −0.06

Table 3. Peak displacement of the top layer in the UD direction/mm.

Working Condition

Yangbi Chi-Chi Loma Prieta

Node 1 Node 2 Node 1 Node 2 Node 1 Node 2

Max Min Max Min Max Min Max Min Max Min Max Min

H 0.53 −1.64 −1.02 −2.27 0.95 −1.42 −0.40 −2.38 −0.36 −1.44 −1.54 −2.24
H + V 2.24 −2.39 0.41 −3.51 1.14 −1.57 −0.01 −2.58 −0.37 −1.44 −1.55 −2.26

The change rate of
vertical displacement

amplitude (%)
113.36 213.60 14.35 29.80 −0.93 1.43

3.3. Comparison of Top-Floor Acceleration

The top floor acceleration of the RC frame structure under two working conditions
are compared and analyzed. Table 4 shows peak values of the three-direction acceleration
time history of node 1 and node 2 under two working conditions of the three groups of
ground motion.

Table 4. Peak acceleration of the top layer in EW, NS, and UD directions/(cm·s−2).

Working
Condition

Yangbi Chi-Chi Loma Prieta

Node 1 Node 2 Node 1 Node 2 Node 1 Node 2

EW NS UD EW NS UD EW NS UD EW NS UD EW NS UD EW NS UD

H 248.8 271.4 93.5 248.8 249.6 76.2 191.3 245.1 43.2 191.3 230.6 36.9 133.1 134.9 10.7 133.1 139.1 5.0
H + V 258.2 296.1 3199.5 258.2 260.8 1501.9 190.3 246.0 258.9 190.3 232.3 250.8 133.7 134.9 65.0 133.7 138.9 98.3

H + V/H 1.04 1.09 34.22 1.04 1.04 19.71 0.99 1.00 5.99 0.99 1.01 6.80 1.00 1.00 6.07 1.00 1.00 19.66

Under the effect of the three groups of ground motion, there is little difference between
the peak values of acceleration time history in EW and NS directions. However, under
Yangbi ground motion, the ratio of the time history peak value of the vertical acceleration
of node 1 and node 2 under condition H + V to the peak under condition H are 34.22 and
19.71. It indicates that the influence of the vertical component of Yangbi ground motion on
the vertical acceleration of the top floor edge node of the frame structure is more significant
than that of the middle node. On the contrary, the influence of the vertical component of
Loma Prieta ground motion on the vertical acceleration of the edge node on the top floor of
the structure is less than that of the middle node. However, there is no big impact on the
structure because of the small vertical acceleration peak. The vertical component of Chi-Chi
ground motion has less influence on both nodes than the other two ground motions. It can
be shown that for ground motions such as Yangbi ground motion, the effect of a vertical
component on the floor acceleration of RC frame structure should not be ignored.
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3.4. Comparison of Axial Force at Column Bottom of Each Floor

The maximum and minimum axial forces at the bottom of all frame columns on
each floor under two working conditions are compared and analyzed. Table 5 shows the
maximum and minimum axial force at the columns bottom of each layer under two working
conditions of three groups of ground motion (positive value represents compression).

Table 5. Maximum and minimum axial force of columns bottom of each layer/kN.

Floor
Number

Initial Value
under the

Gravity Load

Yangbi Chi-Chi Loma Prieta

H H + V H H + V H H + V

Max Min Max Min Max Min Max Min Max Min Max Min

1 87,985 90,614 85,050 137,920 45,369 88,939 86,886 102,530 75,118 88,120 87,804 92,673 83,699
2 69,381 71,821 66,743 112,970 30,828 70,259 68,440 82,061 57,861 69,505 69,230 73,513 65,588
3 51,313 53,337 49,160 89,018 18,298 52,075 50,558 61,536 41,706 51,415 51,186 54,640 48,210
4 33,246 34,673 31,738 70,216 6894.6 33,863 32,633 40,394 26,328 33,318 33,151 35,553 31,041
5 15,178 16,001 14,392 39,319 2042.5 15,532 14,864 18,665 11,553 15,222 15,127 16,324 14,076

Table 5 shows that compared with the structural columns’ bottom axial force only
under gravity load, the columns’ bottom axial force under H and H + V conditions under
Yangbi ground motion displays more substantial fluctuation than that under the other two
groups of ground motion. Comparing the performance of the columns’ bottom axial force
under H + V and H conditions, it is found that the vertical component of Yangbi ground
motion has an obvious amplification effect on the columns’ bottom axial force of each layer
of the structure. The fluctuation of axial force at the columns’ bottom under Chi-Chi ground
motion is weak. The response of axial force at the columns’ bottom under Loma Prieta
ground motion is the smallest, which means the vertical component does not affect the
structural columns’ bottom axial force. Since it is of little relevance to study the minimum
value of the axial force of the columns’ bottom, the maximum value of axial force was
selected for analysis. To illustrate more visually the variation law of columns’ bottom axial
force, the change rate of the maximum value of columns’ bottom axial force of each layer
under two working conditions of three groups of ground motion was drawn in Figure 5. It
clearly shows that the change rate of axial force at the columns’ bottom increases gradually
with the rise of the floor, and the change is the most striking one under the Yangbi ground
motion. The change rate reaches the maximum at the structure’s top floor under the Yangbi
ground motion, 145.7%. Instead, the influence of normal far-field ground motion Loma
Prieta on the columns’ bottom axial force response of each layer of the structure is the
smallest among the three groups of ground motion. Even if there is the influence of vertical
ground motion, the change rate of the columns’ bottom axial force does not exceed 10%.
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Figure 5. The change rate of the maximum axial force of columns bottom of each layer.

3.5. Analysis of the Axial Force and Moment of a Single Column under Yangbi Ground Motion

Based on the analysis above, it can be found that the vertical component of Yangbi
ground motion has an obvious amplification effect on the column bottom axial force of
each layer of the RC frame structure. A. J. Papazoglou and A. S. Elnashai [35] confirmed
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that under strong vertical ground motion, the damage of RC frame structure may be caused
by direct tension or compression of concrete columns (the damage of RC frame structure
is manifested by brittle fracture of frame columns, concrete crushing, and reinforcement
buckling). At the same time, under high tension and compression load, the shear and
bending capacity of concrete columns will be weak, their ductility will be reduced, and
brittle failure will occur, resulting in the collapse of the structural story. Wang Xunliu
et al. [36] proved that the change of axial force greatly impacts a RC column’s bearing
capacity, stiffness, and hysteretic performance through the numerical analysis of hysteretic
performance under different axial force modes. In the following, the influence of the vertical
component of Yangbi ground motion on the axial force time history response of the edge
and middle frame column at the structure’s bottom layer will be further analyzed.

A and B-columns of the structure’s first layer are selected for axial force analysis.
A-column and B-column are located on the central axes 1©/ b© and 4©/ b© of the structural
floor plan in Figure 3. A-column represents the edge column of the first floor of the frame
structure, and B-column the middle column of the first floor of the frame structure. Figure 6
shows the axial force time history curve of A-column and B-column under two working
conditions of Yangbi ground motion (negative value represents compression). Figure 6
shows that the axial force fluctuation of A-column is more evident than that of B-column
and changes more frequently. Especially in times of vertical ground motion, A-column is
under tension, which may lead to tensile cracking of concrete.
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Figure 6. Time−history curve of A and B−column axial force under two conditions of Yangbi ground
motion.

The following part analyzes the interaction between axial force and a bending moment
of the A-column and B-column is analyzed. The variation curves of the axial force bending
moment (column bottom bending moment) of A-column and B-column under two working
conditions of Yangbi ground motion are shown in Figure 7a,b. Meanwhile, to reflect the
bearing capacity of the columns, the cross-section N m envelope diagrams of A-column
and B-column are established by the XTRACT program [37] based on the actual situation,
which are drawn in Figure 7a,b.
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Figure 7. A−column and B−column axial force-bending moment curve under two conditions of
Yangbi ground motion. (a) A-column; (b) B-column.

As can be seen in Figure 7a,b, the variation curves of axial force and bending moment
of A-column and B-column under two working conditions are all included in the cross-
section N m envelope diagram. In other words, even if there is no bearing capacity damage,
the axial pressure and column bottom bending moment of the two columns under the H + V
condition are greater than those under the H condition. It also shows that the influence
of vertical ground motion on the loading state of frame columns can not be ignored. In
the earthquake process, both columns are in a form of large eccentric compression, which
may reflect that the columns of the RC frame structure have good ductility and energy
dissipation in the earthquake. From the variation trend of axial force with bending moment,
the axial force of the two columns changes linearly with the bending moment under the
effect of ground motion. From the above analysis, it can be concluded that the axial force
of RC frame columns fluctuates violently under vertical ground motion. Therefore, the
influence of vertical seismic action on the bearing capacity of columns should be taken
into account in the earthquake-resistant design of RC frame structures in high seismic
intensity areas.

4. Dynamic Time History Analysis of Brick-Concrete Structure

Many studies on the effect of vertical ground motion mainly focus on reinforced
concrete structures such as large-span structures, long cantilever structures, and super high-
rise structures, with few studies of brick-concrete structures. It is found that among the
damage of buildings in high-intensity earthquake-stricken areas, such as 2008 Wenchuan
catastrophe, the number of severe damage and collapse of brick-concrete structures ac-
counts for a large proportion [38]. At present, brick-concrete structures are still built in
villages and towns on a large scale. Therefore, the research on the response of brick-concrete
structures to the effect of vertical ground motion is conducive to improving the public’s
understanding of the impact of vertical seismic action on brick-concrete structures in high-
intensity areas. Taking three groups of ground motion as inputs, the researchers conduct
dynamic time history analysis on an elastoplastic finite element model of a 2-storey brick-
concrete structure to obtain the seismic dynamic response parameters of the structure and
comparative analysis.

4.1. The Information on the Brick-Concrete Structure

Considering the typical brick-concrete buildings in villages and towns in Sichuan-
Yunnan Region, combined with the actual project, a two-storey brick-concrete structure
elastic-plastic model is established based on PERFORM-3D. Figure 8a shows the structural
floor plan and Figure 8b the PERFORM-3D model. The first floor of the brick-concrete



Buildings 2023, 13, 147 10 of 18

structure is 3.6 m high, and the second floor is 3.3 m high. The masonry wall is made of
240-thick sintered ordinary brick with a brick strength grade of MU10 and a mortar strength
grade of M7.5. The seismic structure is fortified at 7 degrees. The main beam, structural
column, ring beam, and floor slab are made of C30 concrete and HRB400 reinforcement.
The cross-section size of the ring beam is 240 mm × 200 mm, the cross-section size of the
structural column is 240 mm × 240 mm, and the floor thickness is 110 mm.
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Considering mortar and block as a whole, Liu Guiqiu [39] proposed the constitutive
compression model of brick masonry material by using the unidirectional compression
stress–strain relationship of masonry. To take into account the strength loss equivalent to
the brick masonry material, the research uses the Trilinear concrete material constitutive
model based on Perform-3D. The uniaxial compressive strength of the brick masonry is
3.76 MPa, the elastic modulus is 2456.3 MPa, and the Poisson’s ratio is 0.15. The peak
compressive strain of brick masonry is 0.003, and the corresponding strain of residual stress
is 0.012. According to the Masonry Structure Design Specification (GB50003-2011) [40],
the shear modulus of brick masonry is 0.4 times the elastic modulus, and the uniaxial
tensile strength is 0.386 MPa. According to Zheng Nina’s theory of the tensile stress–strain
relationship of masonry and compressive elastic modulus, the tensile peak strain of brick
masonry is 0.000157, and its ultimate tensile strain is 10 times the peak strain. Through
modal analysis, the first three self-motion periods of the structure are 0.13 s, 0.10 s, and
0.09 s, respectively.

4.2. Comparison of Top-Floor Displacement

Node 3 and node 4 on the top floor of the brick-concrete structure are selected to
compare and analyze the displacement time history and peak values in EW, NS, and UD
under H and H + V working conditions. Node 3 and node 4 are located on the top floor of
axis 2©/ a© and 2©/ b© in the structural layout (Figure 8a). Node 3 represents the top edge
node of the brick-concrete structure, and node 4 represents the middle node of the top level
of the brick-concrete structure. Table 6 shows the maximum displacement time history of
node 3 and node 4 in the horizontal direction under the two working conditions of three
groups of ground motion. Table 7 shows the peak displacement time history of node 3 and
node 4 in the vertical direction.
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Table 6. Maximum displacement of the top layer in the EW and NS directions/mm.

Working Condition

Yangbi Chi-Chi Loma Prieta

Node 3 Node 4 Node 3 Node 4 Node 3 Node 4

EW NS EW NS EW NS EW NS EW NS EW NS

H 5.13 6.99 3.58 6.99 1.99 0.95 1.46 0.95 0.59 0.24 0.45 0.24
H + V 5.11 7.47 3.54 7.47 2.00 0.99 1.47 0.99 0.59 0.24 0.45 0.24

The change rate of
displacement (%) −0.39 6.87 −1.12 6.87 0.50 4.21 0.68 4.21 0 0 0 0

Table 7. Peak displacement of the top layer in the UD direction/mm.

Working Condition

Yangbi Chi-Chi Loma Prieta

Node 3 Node 4 Node 3 Node 4 Node 3 Node 4

Max Min Max Min Max Min Max Min Max Min Max Min

H 0.34 −1.11 0.28 −1.74 −0.38 −0.62 −0.34 −0.80 −0.43 −0.50 −0.51 −0.62
H + V 0.71 −1.71 0.41 −1.76 −0.32 −0.63 −0.31 −0.84 −0.43 −0.50 −0.51 −0.63

The change rate of
displacement amplitude (%) 66.90 7.43 29.17 15.22 0 9.09

It can be seen from Table 6 that among the three groups of ground motion, the
displacement change rate of the two nodes in the NS direction is the largest under the two
working conditions of Yangbi ground motion. In contrast, the two sets of displacements
in horizontal directions under the two working conditions of Loma Prieta ground motion
have hardly changed. It can be indicated from Table 7 that the vertical component of Yangbi
ground motion can cause strong fluctuations in the vertical displacement of the top floor of
the brick-concrete structure. However, the overall response of the brick-concrete structure
is not as strong as the RC frame structure. The near-field ground motion Chi-Chi with
velocity pulse has little effect on the vertical displacement of the top layer of the structure.
The vertical component of Yangbi ground motion and Chi-Chi ground motion has a greater
impact on the edge nodes than the middle nodes, while the opposite is for Loma Prieta
ground motion.

4.3. Comparison of Top-Floor Acceleration

The top acceleration of brick-concrete structure under two working conditions is
compared and analyzed. Table 8 shows peaks of the acceleration time history of node 3
and node 4 in three directions for three groups of ground motion.

Table 8. Peak acceleration of the top layer in EW, NS, and UD directions/(cm·s−2).

Working
Condition

Yangbi Chi-Chi Loma Prieta

Node 3 Node 4 Node 3 Node 4 Node 3 Node 4

EW NS UD EW NS UD EW NS UD EW NS UD EW NS UD EW NS UD

H 829.8 1341.1 685.7 818.8 1341.1 815.0 438.7 322.6 102.1 328.3 322.6 102.9 118.4 85.0 4.9 100.5 85.0 9.6
H + V 807.7 1389.5 2143.5 753.9 1389.5 2352.1 433.2 481.4 382.3 332.6 481.4 339.6 118.5 84.2 46.2 99.7 84.2 44.3

H + V/H 0.97 1.04 3.13 0.92 1.04 2.89 0.99 1.49 3.74 1.01 1.49 3.30 1.00 0.99 9.43 0.99 0.99 4.61

In Table 8, little difference is observed between EW direction and NS direction in
terms of the peak of top floor acceleration under the two working conditions. However, the
peak of top floor acceleration in UD direction under H + V is enlarged to varying degrees.
At the same time, it is different from the acceleration response of the RC frame structure
that the brick-concrete structure shows a strong vertical acceleration response in Yangbi
ground motion even under H working conditions, especially in the middle node 4 on the
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top floor of the structure, and the peak value of vertical acceleration reaches 812 cm/s2,
which indicates that the Yangbi horizontal seismic wave has a large impact on the vertical
acceleration response of the brick-concrete structure.

To graphically dispaly the amplification effect of three groups of ground motion on
the floor acceleration of brick-concrete structure under the H + V working condition, the
vertical peak floor acceleration of time history of the ground, floor 1 and floor 2 are selected
for comparative analysis with node 4. The Variation of vertical peak floor acceleration of
structure under three groups of ground motion was shown in Figure 9.

Buildings 2023, 13, x FOR PEER REVIEW  12  of  19 
 

top floor of the brick‐concrete structure. However, the overall response of the brick‐con‐

crete structure is not as strong as the RC frame structure. The near‐field ground motion 

Chi‐Chi with velocity pulse has little effect on the vertical displacement of the top layer of 

the structure. The vertical component of Yangbi ground motion and Chi‐Chi ground mo‐

tion has a greater impact on the edge nodes than the middle nodes, while the opposite is 

for Loma Prieta ground motion. 

4.3. Comparison of Top‐Floor Acceleration   

The  top  acceleration of brick‐concrete  structure under  two working  conditions  is 

compared and analyzed. Table 8 shows peaks of the acceleration time history of node 3 

and node 4 in three directions for three groups of ground motion. 

Table 8. Peak acceleration of the top layer in EW, NS, and UD directions/(cm∙s−2). 

Worki

ng 

Condit

ion 

Yangbi  Chi‐Chi  Loma Prieta 

Node 3  Node 4  Node 3  Node 4  Node 3  Node 4 

EW  NS  UD  EW  NS  UD  EW  NS  UD  EW  NS  UD  EW  NS  UD  EW  NS  UD 

H  829.8 1341.1 685.7  818.8 1341.1 815.0  438.7  322.6  102.1  328.3  322.6  102.9  118.4  85.0  4.9  100.5  85.0  9.6 

H + V  807.7 1389.5 2143.5 753.9 1389.5 2352.1 433.2  481.4  382.3  332.6  481.4  339.6  118.5  84.2  46.2  99.7  84.2  44.3 

H + 

V/H 
0.97  1.04  3.13  0.92  1.04  2.89  0.99  1.49  3.74  1.01  1.49  3.30  1.00  0.99  9.43  0.99  0.99  4.61 

In Table 8,  little difference  is observed between EW direction and NS direction  in 

terms of the peak of top floor acceleration under the two working conditions. However, 

the peak of top floor acceleration in UD direction under H + V is enlarged to varying de‐

grees. At  the same  time,  it  is different  from  the acceleration  response of  the RC  frame 

structure that the brick‐concrete structure shows a strong vertical acceleration response in 

Yangbi ground motion even under H working conditions, especially in the middle node 

4 on the top floor of the structure, and the peak value of vertical acceleration reaches 812 

cm/s2, which indicates that the Yangbi horizontal seismic wave has a large impact on the 

vertical acceleration response of the brick‐concrete structure. 

To graphically dispaly the amplification effect of three groups of ground motion on 

the floor acceleration of brick‐concrete structure under the H + V working condition, the 

vertical peak floor acceleration of time history of the ground, floor 1 and floor 2 are se‐

lected for comparative analysis with node 4. The Variation of vertical peak floor accelera‐

tion of structure under three groups of ground motion was shown in Figure 9.   

 

0

1

2

0 400 800 1200 1600 2000 2400

Peak vertical floor acceleration(cmꞏs-2)

St
or

ey
(N

)

 Yangbi
 Chi-Chi
 Loma Prieta

Figure 9. Variation of vertical peak floor acceleration of structure under three ground motions.

As can be seen in Figure 9, the vertical peak floor acceleration of the structure under
three groups of ground motion changes linearly with the rise of the floor. Yangbi ground
motion has an obvious amplification effect on the vertical acceleration of the brick-concrete
structure, and the peak of acceleration undergoes a striking change as the floor goes up in
higher levels. Besides, the vertical acceleration amplification factor of the top floor (the ratio
of peak floor acceleration to peak ground acceleration) is close to 6. While Loma Prieta’s
ground motion has no amplification effect on the vertical floor acceleration of the structure.

The reason of Yangbi ground motion’s significant amplification effect on the floor
vertical acceleration of the brick-concrete structure was further discussed from the floor
acceleration response spectrum. The vertical acceleration response spectrum of the first and
second floors of the brick-concrete structure (with node 4 as the reference point) and that of
the vertical component of Yangbi ground motion under the H + V working condition are
shown in Figure 10. X = 0.041 s in Figure 10 corresponds to the first-order vertical natural
motion period of the brick-concrete structure, which is close to the predominant period in
the response spectrum of the vertical component of Yangbi ground motion. The vertical
acceleration response of the structure increases sharply with the rise of floor level, and
reaches the maximum at the top floor of the structure. As the floor level goes up, the acceler-
ation response spectrum value gradually increases at the first-order vertical natural motion
period. In the process of spreading up to the upper part of the brick-concrete structure, the
Yangbi vertical ground motion almost causes the resonance amplification effect.
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Figure 10. The vertical acceleration response spectrum of the Yangbi vertical ground motion and the
floors of the structure.

4.4. Comparison of Axial Force at the Bottom of Brick Masonry Walls of Each Floor

The maximum and minimum axial forces at each floor’s bottom of all brick masonry
walls under two working conditions are compared and analyzed. Table 9 shows the maxi-
mum and minimum axial forces at the bottom of the walls of each floor under two working
conditions of three groups of ground motion (positive values represent compression). In
Table 9, negative axial force occurs under the H + V condition of Yangbi ground motion,
indicating that the walls have been pulled.

Table 9. The maximum and minimum axial force at the bottom of brick masonry walls of each
layer/kN.

Floor
Number

Initial Value
under the

Gravity Load

Yangbi Chi-Chi Loma Prieta

H H + V H H + V H H + V

Max Min Max Min Max Min Max Min Max Min Max Min

1 3352.2 4082.5 2564.1 6696.2 −635.0 3428.0 3274.2 4392.3 2328.0 3353.5 3350.9 3484.4 3224.1
2 1623.8 2047.9 1205.1 3753.5 −566.9 1676.0 −1571.4 2289.2 1010.4 1624.9 1622.7 1690.4 1555.5

Maximum value of axial force is selected to analyze the variation law of axial force at
the bottom of structural brick masonry walls, and the variation rate of the maximum value
of axial force under H + V as well as under H of three groups of ground motion, as shown
in Figure 11. It can be seen from Figure 11 that the change rate of axial force at the bottom
of brick masonry walls gradually increases with the rise of floor. Compared with other
ground motions, the maximum axial force of brick masonry walls significantly increases
because of the vertical component of Yangbi ground motion. Additionally, the change rate
reaches the maximum at the structure’s top layer, 83.3%. The influence of normal far-field
motion Loma Prieta on the axial force response of the bottom of brick masonry walls of
each layer of the structure is the smallest among the three groups of ground motion. Even
if there is the influence of vertical ground motion, the change rate of axial force is no more
than 5%.
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Figure 11. The change rates of maximum axial force of brick masonry walls bottom of each layer.

4.5. Analysis of the Tensile State of Brick Masonry Wall under Yangbi Ground Motion

The above analysis shows that the brick masonry wall has vertically tensioned under
the H + V condition of Yangbi ground motion. Given the masonry structure’s characteristics,
the masonry walls’ compressive properties are good, but the tensile properties are poor.
Therefore, the masonry wall is prone to brittle failure under tension. The following is
an in-depth analysis of the tensile state of the brick masonry wall under Yangbi ground
motion.The tensile stress–strain relationship of masonry is as follows [41]:

σ
tm

= ( ε
εt
) ε

εt
≤ 1

σ
tm

= ε/εt
2(ε/εt−1)1.7+ε/εt

ε
εt

> 1
(1)

The ultimate tensile strain of masonry in the tensile constitutive model is 10 times
the strain corresponding to the average tensile strength. According to the brick masonry’s
uniaxial tensile strength (f tm = 0.386 MPa) and tensile peak strain (εt = 0.000157), the tensile
stress–strain curve of brick masonry is recorded in Figure 12. Based on Perform-3D, the
tensile uniaxial constitutive model is defined by “YULRX” five-fold linear skeleton curve.
The corresponding positions of the five key points are marked in Figure 12. In Perform-3D,
the Limit States function is used to define the limit state value of tensile deformation of
masonry (tension strain limit: ε = 0.000157), which means that the wall will be subject to
tensile failure when the strain of masonry material exceeds this limit.
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Figure 12. Brick masonry tensile stress−strain curve and Perform−3D skeleton curve.
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Under the effect of an earthquake, the failure of the wall between windows in a
masonry structure greatly impacts the performance of earthquake resistance of the whole
structure [42]. So this article mainly analyzes the axial tension of the wall between windows
of the brick-concrete structure. Four masonry wall elements between windows on the first
and second floors of the outer longitudinal wall corresponding to axis A in Figure 8a are
selected for maximum axial strain analysis. The specific location of the four shear wall
elements is illustrated in Figure 13. Wall 1 and wall 2 are on the second floor of the structure,
and wall 3 and wall 4 are on the first floor.
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Figure 13. Elevation of masonry wall elements at the A-axis.

The time history data of the maximum axial tensile fiber strain in four wall elements
are selected. The ratio of the maximum axial tensile strain of wall element to the ultimate
tensile strain of brick masonry ε = 0.000157 is defined as the axial tensile strain ratio. The
variation of the axial tensile strain ratio of four wall elements with seismic time under two
working conditions of Yangbi ground motion is shown in Figure 14.
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Figure 14. Time history of axial tensile strain ratio of four wall elements under two conditions of
Yangbi ground motion.

As can be seen from Figure 14, the axial tensile strain of wall 3 and wall 4 on the
first floor is apparently more intensive than that of wall 1 and wall 2 on the second floor,
indicating that the masonry wall on the bottom floor of the structure is more vulnerable to
tensile failure. For wall 3, the maximum axial tensile strain exceeds masonry’s ultimate
tensile strain value. However, it has not reached the significant degradation point L, which
suggests that the wall can also bear a specific history of vertical tension. However, the axial
tensile strain ratio of wall 3 increases to 1.48 because of the effect of vertical ground motion,
which intensifies the tensile failure of the masonry window wall. For wall 1 and wall 2,
although there is no axial tensile failure, it can be seen that the maximum axial tensile strain
of the wall significantly increases under the effect of vertical ground motion. In addition,
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the tensile time of the wall under H + V condition is earlier than that under H condition,
which indicates that the possible faster tensile failure of the structure wall can be increased
as a result of vertical ground motion.

The analysis results of the vertical ground motion on the typical RC frame and brick
masonry structures in Yangbi region can be used for post-seismic damage prediction and
performance assessment. It also indicates that the effect of vertical ground motion on
the seismic response of these two structures cannot be ignored. There are still many low
masonry-timber structures in Yangbi region, the effects of vertical ground motion compo-
nents on these structures under strong earthquakes need further study. In addition, site
conditions are very complex, which also leads to the complexity of the earthquake environ-
ment. It is necessary to further study the influence of the refinement of site conditions on
the ground motion characteristics and the seismic performance of the building structure.

5. Conclusions

Taking the three ground motions of Yangbi, Chi-Chi, and Loma Prieta as inputs, this
essay analyzes the seismic dynamic time history of an RC frame structure and a brick-
concrete structure under H and H + V conditions, and studies the influence of vertical
component of the ground motions on the both structures’ dynamic response. The main
results are as follows:

(1) For the RC frame structure, the vertical component of Yangbi ground motion
significantly influences the response of the top floor’s vertical displacement acceleration
as well as column bottom axial force of each floor. The results show that the maximum
change rate of vertical displacement amplitude of the structure’s top floor is 213.6%. The
maximum ratio of the peak vertical acceleration of the top floor under H + V to H is 34.22.

(2) Compared with under the H condition, the maximum axial force at each floor’s
bottom of frame columns under the H + V condition increases by 145.7%.However, the
vertical component has different amplification effects on its axial pressure and column
bottom bending moment. Therefore, it is suggested that the influence of vertical ground
motion on the bearing capacity of columns should be considered in the earthquake-resistant
design of RC frame structures in high-intensity areas.

(3) For the brick-concrete structure, among the three groups of ground motion, the
vertical component of Yangbi ground motion has the most significant influence on the
response of the vertical displacement of the top floor, the vertical acceleration of the top floor,
and the axial force at the bottom of the masonry wall of each floor. The maximum change
rate of vertical displacement amplitude of the structure’s top floor is 66.9%. The vertical
component of ground motion has a more obvious influence on the vertical displacement
of top-level edge nodes. Due to the resonance amplification effect caused by the vertical
component of Yangbi ground motion spreading up to the upper part of the brick-concrete
structure, the vertical acceleration response of the structure increases sharply with the rise
of the floor and reaches the maximum on the top floor of the structure. Compared with
under the H condition, the maximum axial force at the bottom of the masonry walls of each
floor raise by 83.3% under the H + V condition.

(4) Under the Yangbi ground motion, bottom masonry wall of the brick-concrete struc-
ture is more vulnerable to tensile damage, vertical component of the ground motions can
significantly increase maximum axial tensile strain of the wall and increase the possibility
of fast tensile failure.

For ordinary RC frames and brick-concrete structures, the influence of the ground
motion’s vertical component on structural dynamic response is rarely considered by the
design codes. It can be concluded that the effect of Yangbi ground motion’s vertical
component in the structures’ epicenter area can not be neglected, and can be helpful in the
seismic damage investigation near Yangbi station.
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