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China has experienced major earthquakes recently. The 2014 Ludian earthquake struck
Ludian County, Yunnan, (My, =6.1) on 3 August, 2014. On April 20th 2013, Ya’an
earthquake (M,, =6.9), on April 14th 2010, Qinghai earthquake (M, =7.1), on July
9th 2009, Yunnan earthquake (M, =6.0), and on May 12th 2008, Sichuan earthquake
My =7.9) struck China. Among these disasters, the most devastating, the Sichuan
earthquake, resulted in the collapse of 5 million buildings and damage to more than 21
million. Human loss was also high with over 60,000 people dead, 360,000 injured, and
more than 14 million people displaced. South-west China lies in an area that is prone to
earthquakes. In 1970, a magnitude 7.7 earthquake in Yunnan with 15,000 lost. This study
presents a detailed risk assessment for a structural risk assessment and mitigation for low-
to mid-rise residential buildings for China. The risk assessment, through seismic hazard
assessment approaches, evaluates the impact of the disasters for integrated structural
health monitoring. Among the results of the investigation, relations and links between
safety and risk are defined.

Keywords: Chinese earthquakes, structural risk assessment, low- to mid-rise residential buildings in China,
probabilistic risk assessment, mitigation

INTRODUCTION

Earthquakes are devastating natural disasters affecting human safety and causing high degrees of
damage to infrastructures (Bryant, 1993; Fiedrich et al., 2000; Marcuson et al., 2003), and most
cities and regions throughout the world have experienced devastating seismic events (Guo-hua
et al., 2009). Since social, economic, and engineering consequences of earthquake disasters are of
significant research interest, case studies, improved approaches, and statistical procedures have been
established to investigate the effects of these disasters (Akason et al., 2006). The prevention of seismic
risks mainly necessitate understanding of engineering solutions (Tansel, 1995). During 2010, on
January 12th, Leogane, Haiti (M, =7.0), on February 27th, Maule, Chile (M, = 8.8), and April
14th, Qinghai, China (M,, = 7.1) earthquakes occurred. Among these disasters, the Haiti earthquake
caused more than 230,000 deaths making it the 6th deadliest earthquake. The Chilean earthquake
was the seventh strongest earthquake since 1900.

Recently, China experienced major earthquakes: The 2014 Ludian earthquake struck Ludian
County, Yunnan, (M, = 6.1) on August 3rd 2014. On April 20th 2013, Ya'an earthquake (M =6.9),
on April 14th 2010, Qinghai earthquake (M, =7.1), on July 9th 2009, Yunnan earthquake
(M = 6.0), and on May 12th 2008, Sichuan earthquake (M,, = 7.9) struck China (Ou and Li, 2010).
Among these disasters, the most devastating, the Sichuan earthquake, resulted in the collapse of
5 million buildings and damage to more than 21 million. Human loss was also high with 360,000
injured, over 60,000 dead, and about 14 million people displaced. South-west China lies in an area
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that is seismically active. In 1970, 15,000 people dead in Yun-
nan earthquake with a magnitude 7.7. Figure 1 locates historical
earthquakes (M, > 6) within circles on the map (Gu et al., 2015).

Among the recent disasters in China, the most devastating was
the Sichuan earthquake which produced a magnitude of 7.9 and
occurred 92 km northwest of the Chinese Sichuan province on
May 12th 2008. The Sichuan earthquake occurred on the margin
of the Tibetan Plateau; in contrast to the April 14th 2010 event,
the Qinghai earthquake occurred in the plateau’s interior. The
Sichuan province has one of the highest populations in China
with 100-million people and a heavily industrialized region (Yong-
shuang et al., 2007; Huang, 2008; Zifa, 2008; Wu and Olson, 2009).
This earthquake was the most devastating since the 1976 Tangshan
earthquake, at where 240,000 people died. In the Sichuan earth-
quake, 5 million buildings collapsed, and 20 million buildings
were damaged. China’s Information Office of the State Council
reported that over 60,000 people died and 360,000 injured. The
total economic loss was estimated more than 80 billion US dollars
(ABS, 2008; EERI (Earthquake Engineering Research Institute),
2008; Miyamoto, 2008; Cui et al., 2011; Perlstein and Ortolano,
2015). The earthquake history in China appears in Table 1, and
Figure 2 gives the population distribution and the seismically
active regions.

During the Sichuan earthquake, different types of reinforced
concrete (RC) residential buildings were severely damaged or
collapsed. Damaged/collapsed buildings represented construc-
tion during different time periods. Buildings constructed strictly
according to design codes (Gbj11-1989, 1989; GB 50011-2001,
2001; GB 50011-2002, 2002) and with good workmanship per-
formed well during the earthquake. However, a great number of
damaged or collapsed residential buildings represented construc-
tion with poor workmanship, substandard materials, and inade-
quate reinforcement (Burchfiel et al., 2008; Chen and Somerville,
2008).

This study develops a detailed structural evaluation for resi-
dential low- to mid-rise buildings in China for a structural risk
assessment and mitigation. A detailed probabilistic risk analyses
were conducted with data from 900 different earthquakes that
occurred between 1973 and 2016 to give an assessment approach.
The earthquake data allow plotting occurrence probabilities of

FIGURE 1 | Historical Chinese earthquakes (M > 6).

earthquakes by using the Poisson model and the magnitudes of
the seismic events, and the investigation considers collapse and
damage to existing low- to mid-rise residential buildings that
dominate the building inventory in seismically active regions in
China. Among the results of the investigation, relations and links
between safety and risk are defined. The objective of the study is
to evaluate the low- to mid-rise residential buildings in China in
terms of earthquake resistance. In the study, typical RC residen-
tial buildings were designed to define the seismic vulnerability.
The sample models represent variety of existing RC residential

TABLE 1 | Chinese Earthquakes.

No Date City Deaths Magnitude
1 07.30.1917 Yunnan 1,800 7.5
2 02.13.1918 Nan’ao 1,000 7.4
3 12.16.1920 Haiyuan 200,000 7.8
4 03.24.1923 Sichuan 3,500 7.3
5 03.16.1925 Dali 5,800 7.0
6 05.22.1927 Gulang 40,900 7.6
7 08.10.1931 Fuyun 10,000 8.0
8 08.25.1933 Sichuan 9,300 7.5
9 03.07.1966 Hebei 1,000+ 7.0
10 03.22.1966 Hebei 1,000+ 6.9
11 07.25.1969 Yangjiang 3,000 5.9
12 01.04.1970 Tonghai 10,000 7.5
13 05.10.1974 Daguan 1,423 71
14 02.04.1975 Haicheng 2,000 7.0
15 07.27.1976 Tangshan 255,000 7.5
16 08.16.1976 Songpan-Pingwu 41 7.2
17 02.03.1996 Lijiang 200 7.0
18 10.14.2001 Kunlun 7.8
19 05.12.2008 Wenchuan 70,000+ 8.0
20 07.09.2009 Yunnan 6.0
21 04.14.2010 Qinghai 2,698 71
22 06.30.2012 Xinjiang 6.3
23 04.20.2013 Ya’'an 261 6.9
24 07.22.2013 Dingxi 95 5.9
25 08.31.2013 Yunnan 5 5.9
26 08.3.2014 Ludian 617 6.1

FIGURE 2 | Population distribution and the seismically active regions
[adopted from Worldmapper (2016)].
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buildings. Non-linear seismic analyses of RC residential buildings
were completed.

STURTUCRAL RISK ASSESSMENT

In last decade, majority of the existing buildings have been
traded with low- to mid-rise RC buildings including schools,
hospitals, governmental offices, hotels, and financial and business
centers. The majority of such buildings were exiguous designed
and are similar to each other in all over the China. Majority
of the existing residential buildings are suspected too vulnera-
ble to strong earthquakes (ABS, 2008; EERI (Earthquake Engi-
neering Research Institute), 2008; OCHA, 2008; USGS, 2010).
Figure 3 gives an idea about example of the existing buildings.
Low-rise residential buildings have the majority that got dam-
age/collapsed. Severe damage at beam-column connections also
occurred. Various types of damages have been observed in the
earthquake, and these damages are given in Figure 4. As seen in
Figure 4, damaged and collapsed buildings in the region are weak
buildings against seismic loads. Therefore, buildings got severe
damages.

Masonry walls are common as infill walls for both interiors and
exteriors (Park et al., 1985). Most of the RC buildings have shop
openings on the ground floor; each shop occupies one bay in the
direction parallel with the street with the shop’s front open to the
street and separated from the other shops by partition walls in

the direction perpendicular to the axis of the street. This design
makes buildings particularly vulnerable to soft-story collapse in
a direction parallel with the street. The damage could also result
from a lack of consideration in the design phase for the change
in relative stiffness provided by infill walls between the ground
and the upper floors. Constructional material is the ranging from
natural stones to bricks and blocks. Designing these structures
for satisfactory structural behavior is a demanding task. Large
displacements and damage are sustained by the ground floor
column, where, relative to the stiffer upper floors, most of the
deformation demands from the earthquake occur. Figure 5 shows
a typical RC building with a soft story at the ground level. Soft
stories are considered as weak to seismic loads, and many of the
damages are observed in soft stories in the previous earthquakes
experienced.

RISK MITIGATION AND CONTROL

Risk is defined with the probability of occurrence of an event
or as the magnitude of the consequences in a period (Solomon
et al., 1983). Probabilistic seismic risk is the probability of occur-
rence of a destructive seismic event in a location in a period
(Glaser et al., 2007). When investigating the earthquake occur-
rences in a location, an assumption for probabilistic assessment
is a linear relationship between magnitude and frequency that
may be obtained as a function of magnitude (Belazougui et al.,

FIGURE 4 | Examples of damaged and collapsed buildings. (A) Typical damaged reinforced concrete building and (B) collapsed and damaged buildings.
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2004; Boylu, 2005; Glaser et al., 2007; Lia et al., 2014). Recent
earthquake data were taken into account to determine the prob-
abilistic seismic hazard between 1973 and 2016. Establishing
return periods and probabilities of earthquake occurrences in
the regions that have high seismic risk is important endeavors
to construct high strengthen buildings. Researchers use various
statistical methods to determine seismic risk and to estimate the
probabilities of earthquake occurrence, but the Poisson model is
the most common method mostly to expose potential seismic
risks due to its accepted accurate results in terms of probabil-
ity of failure. Among the data for Poisson modeling is magni-
tude which clarifies the effects of an earthquake for determining
seismic risk.

This study applies the Poisson model estimation and
earthquakes between 1973 and 2016 that provides data for
the methodology. In total, data from 900 earthquakes were
taken into account. In Table 2, seismic risk values for selected
earthquakes are given. In Table 3, probability values using the

FIGURE 5 | Soft story due to stores at the ground floor.

TABLE 2 | Calculated seismic values.

Modified
Mercalli Index

Magnitude Frequency Total % Total/100 Cumulative %

Poisson model for different periods are given. Figure 6 defines
the cumulative distribution and total distribution diagrams. As
seen in Figure 6, magnitudes in between 4 and 6 have the highest
frequency, while magnitudes in between 7 and 9 have the lowest
frequency. In the cumulative perspective, magnitudes between 4
and 6 constitute 60% of the all seismic activity. Detailed figures
for probability definition appear in Tables 2 and 3.

Figure 7, sketched with the Poisson model, represents the prob-
ability surface which gives earthquake occurrence probabilities
for different time periods in continuous transactions. Probability
surface was defined with probability of failure, Modified Mercalli
Index, and years. The earthquake occurrence probability curves in
the assessment process for 20, 30, 40, 50, 60, and 80 years are given
in this study.

Based on this assumption, for the earthquake occurrences,
Poisson distribution is determined for given case. The cumulative
frequency distribution is the probability of occurrence of N or
fewer earthquake considerations in a period, t is given in Eq. 1
(Feller, 1968):

N k
HMQ:p@k@:}jggf*f (1)
A=0
where A is the frequency.

In particular, the probability of number of earthquakes in a
period, ¢, is:

P(0, At) = e — At. 2)

Times between earthquake occurrences show a negative distri-
bution. Thus, the probability of a time period given between two
earthquake considerations in (¢, ¢ 4 dt) will be calculated as:

P(t) = —he — At.dt. (3)

The probability of earthquake occurrences, F(t), can be
expressed as 1 — p (0; At):

F(f)=1— ¢ )

In given case, for magnitude of M), the probabilities of failure
(Py) in t years can be directly calculated with as given in Eq. 5
(Tabban and Gencoglu, 1975; Tuksal, 1976):

P(M > M) =1 — ¢ "2t (5)

Upto 4 0 0.00 0 0.00
VI 4-4.5 614 64.56 0.18 64.56 . .
Vil 4.6-5 271 28.50 0.54 93.06 where n(M) is the annual numbers of magnitude of M and greater
Vil 5.1-5.5 44 463  0.16 97.69 earthquakes. The return periods for the considered earthquakes in
X 5.6-6 13 1.37 0.18 99.05 the analysis can be obtained as given in Eq. 6:
X 6.1-6.5 5 0.58 0.15 99.58
Xl 6.5-7 3 0.32 0.05 99.89 Q _ 1 (6)
Xl >7 1 n(M > M)
TABLE 3 | Probability values with the Poisson model for different time periods in Modified Mercalli Index (MMI).
MMI 20years 30years 40years 50years 60years 70years 80years 100years
VI 1 1 1 1 1 1 1 1
VIl 1 1 1 1 1 1 1 1
VIl 0.9999 0.9999 0.9999 1 1 1 1 1
IX 0.9256 0.9797 0.9944 0.9984 0.9995 0.9998 0.9999 0.9999
X 0.6320 0.7768 0.8646 0.9179 0.9502 0.9698 0.9816 0.9932
Xl 0.4510 0.5934 0.6988 0.7768 0.8347 0.8775 0.9092 0.9502
Xil 0 0 0 0 0 0 0 0
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FIGURE 7 | Earthquake occurrence probabilities for different time periods using the Poisson model.
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RISK ASSESSMENT AND MITIGATION

Representative Buildings

In this study, for an efficient risk assessment and mitigation,
structural health monitoring approaches have been adopted (Li
et al,, 2015). Risk assessment and mitigation approach have been

applied on chosen types of low- to mid-rise R/C buildings. The
chosen buildings represent the typical structures that dominate
the building inventory in the seismically active regions in China.
The representative buildings are 4-, 6-, and 8-story buildings.
For the investigation, these buildings are frame with infill walls
and frame with soft-story effect. For analyses, six different models
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were designed with intentionally weak materials to mirror the
real buildings in the region. Chinese Code for Seismic Design of
Buildings GB50011-2010 was taken into consideration as basis for
the design of the buildings. Concrete strength of the models is C16,
and steel is S220. For 4-story models, 1 and 2, column dimensions
are 50 cm X 50 cm and beam dimensions are 25 cm x 50 cm. For
6-story models, 3 and 4, column dimensions are 50 cm X 50 cm
and beam dimensions are 30 cm x 60 cm. For 8-story models, 5
and 6, column dimensions are 60 cm X 60 cm and beam dimen-
sions are 30 cm x 60 cm. Layout, size, and reinforcing details for
the beams and columns are repeated at each story. The longitudi-
nal reinforcement ratio in the columns is 1%. For reinforcement,
$220 (f, =220 MPa) steel was used. Concrete design strength fc’
was taken as 16 MPa (approximately 2/3 of the Chinese Design
Code required level) based on field data obtained from existing
buildings. According to field observations, the column confine-
ment region details were not a frequent practice, and the column
middle region transverse reinforcement details are used through
the height of the columns. Therefore, the transverse reinforcement
in the columns was taken as 8 mm-diameter hoops with 20 cm
spacing, i.e., typical column middle region reinforcing detail per
the design code, throughout the height of the columns. Figure 8
shows the elevation views of the selected model buildings.

Non-Linear Structural Analysis

Non-linear structural analysis is the method for determining
the earthquake behavior of structural systems. This method
has a varying methodology with non-linear static pushover and

A T B ”‘
4x3m 4x3m
* 3x4m *+ * 3x4m e
Model 1 Model 2
C T D T
6x3m 6x3m
* 3x4m + o i
N 3x4m -
3
E Model 3 F Model 4
8x3m
8x3m
* 3x4m * - "
#: 3x4m "
Model 5 Model 6
FIGURE 8 | Model representative buildings, (A) Model 1, (B) Model 2,
(C) Model 3, (D) Model 4, (E) Model 5, (F) Model 6.

dynamic time history analysis. Non-linear dynamic time history
analysis is one of the most reliable methodologies, but it is very
complex and time consuming (ATC, 1996; FEMA-356, 2000;
Federal Emergency Management Agency, 2005).

Non-linear static pushover analysis becomes more efficient and
common in recent years. FEMA and ATC also suggest carrying
out the non-linear static pushover analysis for assessment
(ATC, 1996; FEMA-356, 2000; Federal Emergency Management
Agency, 2005). Non-linear static pushover analysis determines
structural earthquake behavior as the base shear versus roof
displacement relationship. The models were prepared by using
the SAP2000 program (Wilson and Habibullah, 1998). Non-linear
static pushover analysis’ basis is the lateral forces-displacement
relationship, which shows capacity of the structure under
lateral forces, with materially and geometrically non-linear
structural theory. Plastic hinge theory is applied to define
non-linear behavior of structural materials. In this theory, plastic
deformations are lumped at plastic hinges. At other sections,
material behavior is accepted as linear elastic. The assumption is
that plastic behavior has a one-dimension bending moment for
beams, and a two-dimension bending moment and axial force
interaction for columns.

Flexural elements for beams, beam-column elements for
columns, strut elements for infill walls, and rigid diaphragms for
floors were employed for modeling the structural components of
the buildings. Non-linear flexural characteristics of the individual
frame members were defined by moment rotation relationships
of plastic hinges assigned at the member ends. Flexural moment
capacities were based on the section and material properties of
members. Moment rotation relationship for frame members is
demonstrated in Figure 9 (Hanoglu, 2002).

Walls were modeled with equivalent diagonal bars as shown
in Figure 10. N — Ap relationship of equivalent bars is given in
Figure 10 (Hanoglu, 2002). In the analysis, elasticity modulus
of walls is 6,000 MPa. Diagonal bar band length can be defined
according to FEMA 356 as given in the Eqs 7 and 8 (Federal
Emergency Management Agency, 2005):

a = 0.175(AMheot) ™" *rins 7)
_ | Eme ting 5in 20
7\4 - [ 4Efe Icol hinf j| (8)
A
y = C
(0]
g B
=
D E
A >
Rotation

FIGURE 9 | Idealized moment relationship of a frame member-end (Hanoglu,
2002).
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FIGURE 11 | Force—displacement curves obtained through pushover analyses for the sample buildings.

N (kN)
Npae = 484.85
Dint Lin
N.=372.96
Npin = 74.59
3.36 12.96 Ap (mm)
FIGURE 10 | Modeling and N — Ap relationship of infill walls (Hanoglu, 2002).
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FIGURE 12 | Comparison of force—displacement curves.

where he and hine are the height of column and infill wall,
respectively. Er and Empe are frame and infill wall materials’
elasticity moduli, respectively. I, is column moment of inertia
Lins is wall length, riy¢ is wall diagonal length, t;,¢ is thickness
of wall, and A; is coefficient for calculation of band length of
equivalent bar. 0 is equivalent bar angle with x axis (FEMA-356,
2000).

Performance Evaluation

The performance of the sample structures was estimated by using
non-linear analyses. The non-linear force-displacement relation-
ship between base shear and roof displacement was considered.
In the analyses, the capacity curves of the models were sketched.
Figure 11 shows force-displacement curves obtained through
pushover analyses for the reviewed buildings, and Figure 12 pro-
vides a comparison. According to Figure 12, Model 1 has the
highest Vi/W ratio, while Model 5 has the lowest. Model 1 is 4-
story and has no soft story. Model 6 is 8-story and has a soft story.
In terms of ductility, Model 1 has the higher ductility while Model
6 has the lowest. The effect of a soft story on ductility is rela-
tively insignificant. Models without soft stories have higher Vi/W
ratios. Soft stories cause a significant behavior change. Com-
mon soft-story applications appear to cause damage in existing
buildings.
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Lessons Learnt from Recent Earthquakes
As defined in performance evaluation of the investigated RC
buildings, properly designed and constructed RC buildings meet
performance requirements. Considering the level of recent earth-
quakes in China, construction becomes a more important phase
for earthquake resistant buildings. Damages and collapses are
not due to major structural deficiencies from the design stage.
The main reasons of the damage are poor workmanship and
material quality, as well as inadequate reinforcement. Therefore,
existing RC buildings are in risk of heavy damage or collapse, in
possible future earthquakes. Construction characteristics, such as
project errors, poor quality construction and workmanship, and
modifications to the buildings, are the main concerns that need
extra-precaution in China.

CONCLUSION

This study presents a detailed seismic safety and risk assessment
for low- to mid-rise residential buildings in China for structural
risk control and integrated health monitoring and assesses the
reasons structural damage and collapse occurred in the recent
earthquakes. In the probabilistic seismic risk assessment part,
risk was considered in terms of probabilistic evaluation. Earth-
quake occurrence probabilities by using the Poisson model were
sketched. Various earthquake magnitudes were considered for
the analyses. Earthquake performance of typical low- to mid-
rise RC residential buildings was investigated using non-linear
approaches. Definition of structural behavior of existing buildings
is very important for mitigating the consequences of a future
earthquake. New buildings depend on many different param-
eters which are, reasonably, mostly construction and architec-
tural requirements. Soft stories are one of reasons for damage in
earthquakes. Consequently, avoiding the soft stories in buildings
would be an important step of assuring safer buildings against to
earthquakes.
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