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Abstract. An accurate evaluation of structural damage is essential to performance-based seismic design for the structure
across the earth fissure. By comparing the calculation results from three commonly used damage models and the experimental
results, a weighted combination method using Chen model was selected in this paper as the seismic damage evaluation. A
numerical model considering the soil-structure interaction (SSI) was proposed using ABAQUS software. The model was
calibrated by comparing with the experimental results. The results from the analysis indicated that, for the structure across the
earth fissure, the existence of earth fissure changed the damage distribution of the structural members. The damage of structural
members in the hanging wall was greater than that in the foot wall. Besides, the earth fissure enlarged the damage degree of the
structural members at the same location and changed the position of the weak story. Moreover, the damage degree of the
structure across the earth fissure was greater than that of the structure without the earth fissure under the same excitation. It is
expected that the results from this research would enhance the understanding of the performance-based seismic design for the
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structure across the earth fissure.
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1. Introduction

Earth fissures, occurred in many countries around the
world, have become a serious geological hazard ((Ayalew et
al. 2004, Jachens and Holzer 1982, Wartman et al. 2003, Yu
et al. 2010). They would cause the destruction of building
structures, road cracks and pipeline ruptures, which have a
great impact on the construction of urban projects and the
daily life of residents. Studies on the formation of earth
fissures have been widely reported since they were first
discovered in the United States. It is commonly accepted
that earth fissures were usually caused by the tectonic
activities and the ground water extraction ((Budhu and
Adiyaman 2012, Li et al. 2006, Peng et al. 2016, Rajendran
et al. 2003, Sancio et al. 2002).

In general, avoidance measures had been adopted to
reduce the harm of earth fissure to engineering structures.
With the development of existing earth fissures and the
appearance of new earth fissures, many structures which
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were not affected by earth fissures in the past, have become
vulnerable to the earth fissure damage. The influence of
earth fissure on structure was studied by many researchers
(Liu 2015, Wang et al. 2016, Xiong et al. 2018). Peng et al.
(2012) proposed that the damage degree of the underground
structure was related to the development of earth fissures.
Liu et al. (2017) proposed using flexible joints to reduce the
influence of earth fissure on a metro tunnel under
earthquake. Xiong et al. (2018) conducted a shaking table
test to analyze the seismic performance of a RC frame
across the earth fissure, and analyzed the influence of earth
fissures on the dynamic response. To date, many studies
have been carried out on the dynamic response of earth
fissure to surface structures or underground structures.
However, based on the authors’ knowledge, there is no
study on seismic damage for structures on the earth fissure
site (Xiong et al. 2019).

The assessment of seismic damage of structures is to
determine whether the structure under earthquake could
meet the requirements for seismic resistance. The seismic
damage would also affect the structural function and safety.
Therefore, it is necessary to estimate the seismic damage of
structure across the earth fissure.

In recent decades, performance-based design (Ghobarah
et al. 2015, Kostinakis and Morfidis 2017) has been widely
adopted for the assessment of seismic damage. There are
two major methods have been adopted: the integral method
and the weighted combination method. In the integral
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method, the structure is analyzed as a whole, and the effect
of local component damage on the whole structure is
neglected. In the combination method, the effect of local
component damage is considered and earthquake damages
in member-level, story-level and structure-level needs to be
assessed. The analysis steps of the weighted combination
method are as follows: firstly, the damage index of each
story is obtained by analyzing the damage of each story in
the structure; secondly, the damage index of the whole
structure is obtained by weighting combination according to
weight coefficients. In general, the weighted combination
method needs some assessment of earthquake damage in
member-level, story-level and structure-level. Many
damage models for different levels have been proposed by
many researchers, and most of them are commonly based
on normalized deformation, hysteretic energy or a
combination of both (Ayalew et al. 2004, Dong et al. 2018,
Ghobarah et al. 2015, Ghosh and Collins 2010, Li et al.
2017). Among them, a damage model with the combination
of deformation and hysteretic energy has been proved as a
better indicator of seismic damage of structures.

The work carried out herein aims to estimate the damage
degree for the frame structure across the earth fissure under
the earthquake. A proper method to evaluate the damage
will be proposed through analysis and comparison of
shaking table test results. The effect of earth fissure on the
seismic structural damage will be discussed and evaluated
through numerical analysis.

2. Damage indices
2.1 Damage indices in member-levels

Generally, seismic damage of a structure is
accumulating under a moderately strong to a very strong
earthquake, it needs a proper assessment of the damage in
structural members. In the performance-based seismic
design method, ‘damage index’ was proposed to evaluate
the seismic damage in a structure under the earthquake. In
most cases, damage indices are dimensionless parameters
intended to range between 0 (for an undamaged structure)
to 1 (for a fully damaged or collapsed structure), with
intermediate values giving some measure of the degree of
partial damage. The most widely explored damage indices
were based on displacement and energy. Park and Ang
(1985) proposed a damage index for reinforced concrete
structures in member-levels and story-levels, which
consisted of normalized deformation and hysteric energy
absorption, as shown in Eq. (1).

D=n,p b
- Xcu IB I:yxcu (1)

where x,, is the maximum deformation under earthquake;
Xcu 18 the ultimate deformation under monotonic loading; £
is the energy dissipation factor; Ej is the absorbed hysteretic

energy; and F), is the yield strength.

Niu and Ren (1996) defined a damage index with a
nonlinear combination of the maximum deformation and
hysteric energy absorption, which was based on the actual
earthquake damage in RC frame structures and the
statistical analysis of the data. The damage index iin Eq. (2)

D= Xm Eh B
- Xcu + a(Eu) (2)
where Eu is ultimate hysteretic energy; o and [ are the
combination factors; the definition of other parameters are
the same as in Eq. (1).
Later on, Chen et al. (2010) proposed a modified
damage model to solve the issue of convergence on the
boundary of the Park-Ang damage model, as follows

— Xm Eh B
D=-"+a(g) ©)

Ccu u

where X, is the yield deformation of a member; the
meanings of the other parameters are same as in Eq. (1). (1-
p) and S in the improved model were used to describe the
ratio of deformation and energy to structural damage, so
that the damage index is not more than 1.

To find out the most suitable damage assessment
method for the structural members across the earth fissure,
all three models discussed above will be used to evaluate
the seismic damage in story-levels of structures across the
carth fissure and the results will be compared.

2.2 Damage indices in structure-levels

There are two kinds of methods which could assess the
structure damage, known as the global methods and the
weighted combination methods. Global methods are to get
the damage index by analyzing the response characteristics
of the whole structure under the earthquake, such as the
attenuation of the vibration frequency of the structure and
the degeneration of the stiffness; weighted combination
methods are to get the damage index of the whole structure
by weighting the damage index of the structural members as
mentioned above.

2.2.1 Global methods

To evaluate the structural damage, a global model with
considering the change in the fundamental period of the
structure before and after the earthquake was proposed by
DiPasquale and Cakmak (1987)

D=1-—25 @

where fiis the fundamental period of the structure after the
earthquake; fy is the fundamental period of the structure
before the earthquake.

Ghobarah et al. (2015) adopted the static elastoplastic
method and proposed a global damage model which is
based on the stiffness degradation of structures before and
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Table 1 Damage state corresponding to different damage index

Value for global damage value D

State description

Park-Ang Ghobarah Niu (Ou) Chen (Ou)
No damage or small local cracks D<0.1 D<0.15 D<0.2 D<0.2
Slight damage, small cracks 0.1 <D<0.25 ’ 0.2<D<0.4 0.2<D<0.4
Medium damage 0.25<D<0.4 0.15<D<0.3 0.4<D<0.65 0.4<D<0.6
Severe damage 0.4<D<1 0.3<D<0.8 0.65<D<0.9 0.6<D<0.9
Collapse D>1 D>0.8 D>0.9 D>0.9
after earthquakes o e e ?
D - 1_ Kfinal (5) § i i i Earth fissu;e
Kinitial 05 A L T S -

. . 8 2| | Hanging walll Ii Footwall |
where K, is the stiffness of the structure after the B R e =
earthquake; K, is the stiffness of the structure before the g } } } }
earthquake. @ i i i i

\ | | \

2.2.2 Weighted combination methods —rEm—— e ‘
Based on the damage in member-levels proposed by R T
Park and Ang (1985) a structural damage model is defined I 5 : 1

as

D= Xi:Wi D, (6)

Ei
Wi = Z E (7)

where D;is the damage index of member j; where w; is the
weight coefficient which means the proportion of energy
consumption of members in the total energy consumption of
the structure.

Wu and Ou (1993) improved the Park-Ang damage
model by considering the effects of weak story and number
of stories on structural damage, as shown in Eq. (8) and Eq.

9).

D:;mq 8)
_ (n+1-j)D,

Y (n+1- j)D, ©

=1

where D; is the damage index of story j; w;is the weight
coefficient of story j; n is the number of storys in the
structure; according to this theory, the lower the story is, the
greater the proportion of members in the overall structural
damage. Among them, the damage indices of stories could
also be calculated by Eq. (1) - (3). In this formulas, the Xm is
the maximum story drift under earthquake; X is the
minimum limit displacement of columns under monotonic
loading; En is the energy dissipation of all the members at a
story; S is the energy dissipation factor for a story; and Fy is
the yield shear force of a story.
RC structures usually allow a certain degree of damage.
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Fig. 1 Configurations of the prototype structure (unit: mm)

It is therefore important to precisely determine the
damage state for a structure; definitions on damage index to
damage states for global structure were proposed in their
studies, which are shown in Table 1 (Chen et al. 2010,
Ghosh and Collins 2010, Niu and Ren 1996, Ou et al. 1999,
Park and Ang 1985).

3. Development of the damage index of structures
across the earth fissure

3.1 Experimental testing program
The test model considered in the studies is a five-story

RC frame structure across the earth fissure in Xi’an, China
(Xiong et al. 2018). The dimension of the prototype
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Fig. 3 Configurations of soil sites (unit: mm)

structure is 18 m x15.6 m and the height of each story is 3.6
m. The structure is regular in plane, with uniform
distribution of stiffness and mass. The layout of the
structure is shown in Fig. 1

Fig. 2 shows the deformation of the earth fissure under
tectonic action. The earth fissure divided the soil site into
hanging wall and foot wall. The hanging wall was above the
earth fissure, and the foot wall was below the earth fissure.
Under the tectonic action, vertical settlement would
occurred in the earth fissure. And the settlement of the
hanging wall is always greater than that of foot wall,
forming the uneven settlement (Liu ef al. 2017, Xiong et al.
2019).

This study is focused on the earth fissure under
earthquake. Based on the geotechnical investigation report
(Wei Cai Ping et al. 2013), the width of earth fissure was
0.1-5 mm, which are stable in static load. As shown in Fig.
3(a), the soil layer of the earth fissure zone is divided into
three layers from top to bottom: loess layer, paleosol layer
and silt clay layer. The soil was divided into hanging wall
and foot wall with an inclination of 80° by the earth fissure.
For comparison, a site without the earth fissure was also set
up, as shown in Fig. 3(b). The material properties of the soil
were shown in Table 2.

Based on the test conditions and structural
characteristics, a scaled model was used and the scale ratio
of the model is determined to be 1:15. The size of structure

Table 2 Material properties of the soil from the ground
fissure area

. . Unit weigh Moisture Cohesion In'ter.nal Shear
Material (kN/m3) content (kPa) friction  modulus
(%) angle (°) (MPa)
Loess 16.8 23.5 48 27.6 110.49
Paleosol 17.8 22.9 49 27.3 139.45
Silty 19.0 252 45 26.6 163.34
Clay
Table 3 Similitude scale factors
Value
Physical quantity ~ Relationship Model Model
structure soil
Length Si 1/15 1/15
Elastic Se 0.1677 215
modulus
Stress So 0.1677 -
Strain Ss/ Se 1 -
Equivalent density S, = Se /(Si-Sa) 1.258 1
Mass Sm=35,S° 5.592x10 -
Duration St=\/s1/sa 0.183 0.183
Frequency Sw = 1/St 5.47 5.47
Acceleration Sa 2 2

< S /

Fig. 4 Test model

is 1200 mm x 1040 mm x 1400 mm. Based on the
Buckingham 7 theorem, the similarity relationship among
the physical quantities could be deduced, which shown in
Table 3 (Krawinkler and Moncarz 1981).

Moreover, a laminar shear box was used as the model
soil container. To reduce the boundary effect on vibration
direction, and some rubber foam plastic plates were pasted
on inner layer of the container. The test model is show in
Fig. 4.

As shown in Fig. 5, the test model was set with 40
transducers to measure displacements and accelerations. To
record the dynamic response of the model structure, the
accelerometers and displacement meters were fixed at each
story. To find the effect of the earth fissure on the dynamic
response of model soil, the accelerations were measured
with accelerometer arranged in the soil. And the input base
acceleration could be measured by the accelerometer posted
on the shaking table. Based on the data of the displacements
and accelerations, the interlayer shear and the interlayer
deformation of model structure could be calculated, which
are necessary to establish the damage index.

In the test, Jiangyou, El Centro and Cape Mendocino
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Fig. 5 The positions of the measuring transducers

Table 4 Test cases for the shaking table tests

PGA (9)
se(;rueesr:ce Input Model Prototype
structure  structure
1 White noise 0.050 0.025
2 Jiangyou record 0.100 0.050
3 El Centro record 0.100 0.050
4 Cape Mendocino record 0.100 0.050
5 White noise 0.050 0.025
6 Jiangyou record 0.200 0.100
7 El Centro record 0.200 0.100
8 Cape Mendocino record 0.200 0.100
9 White noise 0.050 0.025
10 Jiangyou record 0.300 0.150
11 El Centro record 0.300 0.150
12 Cape Mendocino record 0.300 0.150
13 White noise 0.050 0.025
14 Jiangyou record 0.400 0.200
15 El Centro record 0.400 0.200
16 Cape Mendocino record 0.400 0.200
17 White noise 0.050 0.025
18 Jiangyou record 0.600 0.300
19 El Centro record 0.600 0.300
20 Cape Mendocino record 0.600 0.300
21 White noise 0.050 0.025
22 Jiangyou record 0.800 0.400
23 El Centro record 0.800 0.400
24 Cape Mendocino record 0.800 0.400
25 White noise 0.050 0.025
26 Jiangyou record 1.200 0.600
27 El Centro record 1.200 0.600
28 Cape Mendocino record 1.200 0.600
29 White noise 0.050 0.025

seismic waves were selected as the input motions. The first
two seismic waves were from the surface while the last
seismic wave was from the bedrock. An earth record from
the bedrock was added to consider the effect of high-
frequency components of seismic waves on the dynamic
response of the test model. To investigate the damage
degree of the model structure in different intensities, these
ground motions were scaled to seven levels (0.1, 0.2, 0.3,
0.4, 0.6, 0.8 and 1.2 g), which were input from the shanking
table. Before and after each series of ground acceleration
inputs, white noise tests were conducted to establish the

natural frequencies of the structure. The test cases are
shown in Table 4.

3.2 Test phenomena

Fig. 6 presents the local crack patterns after earthquake
excitation. When the peak ground acceleration (PGA) of the
input seismic wave reached 0.2 g (small earthquake), there
was a slight concrete spalling occurred at the top of a
column of the structure at the fourth story on the hanging
wall (Fig. 6(a)). At the same time, some small vertical
cracks occurred in a beam of the model on the fourth story
(Fig. 6(b)). When the PGA reached 0.4 g (moderately strong
earthquake), the structure shook obviously, and the existing
cracks continued to expand along the cracking direction.
Vertical cracks were observed at some beam column joints
on the first and second story (Fig. 6(c)), and tiny cracks
were found at the top of a column on the fifth story (Fig.
6(d)). When the PGA reached 0.8 g (strong earthquake),
crack transfixion appeared at some beams and columns,
resulting in the separation of beams and columns from
plates (Fig. 6(e) - (f)).

During the test, cracks appeared earlier in the hanging
wall area than those in the foot wall area and the cracks of
members on the hanging wall developed acutely than those
on the foot wall. In addition, the development of cracks was
more obvious at the lower story. Overall, under the
carthquake action, the frame structure across the earth
fissure on the hanging wall suffered more serious damage
than that on the foot wall, and the damage of the lower story
was more serious than that of the higher stories.

3.3 Acceleration response of the model soil

Fig. 7 shows peak acceleration magnification factors of
the model soil in the earth fissure areas, in which the
acceleration meters are buried in the model soil. As shown
in Fig. 7, the magnification factors of model soil at different
measuring points were basically greater than 1. The
amplification factors of measuring points were the largest at
H12, which were closed to the earth fissure. Generally, the
magnification factors in the hanging wall were obviously
greater than these of the foot wall with same distance from
the earth fissure. In addition, as the PGA of input waves
increased, the peak acceleration magnification factors
decreased, which was due to the softening and stiffness
degradation of the model soil.

It is noted that the intensity of the seismic waves would
increase after the propagation of the waves in the soil with
the earth fissure, which was different from that in the
unfissured site. And the levels of dynamic magnification
were related to position of measuring points in the earth
fissure site. The intensity of the waves were different in the
hanging wall and foot wall, formatting the non-uniform
excitation for the engineering structures in the earth fissure
site.

3.4 Damage analysis on story-level

Park-Ang model, Niu model and Chen model were
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Fig. 6 Damage on the model structure
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Table 5 Damage indices of local stories at different seismic waves
PGA=0.2 g PGA=0.4¢ PGA=0.8 g

Selsmic wave Story Park-Ang Niu Chen Park-Ang Niu Chen Park-Ang Niu Chen

5 0.141 0.243  0.129 0.340 0.451 0.320 0.650 0.755  0.624

4 0.132 0.242 0.127 0.290 0.401 0.284 0.558 0.658  0.551

Jiangyou record 3 0.174 0.284 0.164 0.407 0.515 0.397 0.637 0.736  0.626

2 0.227 0.338 0.213 0.475 0578 0471 0.832 0.926  0.809

1 0.247 0.359 0.235 0.513 0.613 0.510 1.011 1.100  0.982

5 0.117 0.214  0.106 0.282 0.394  0.267 0.552 0.658 0.533

4 0.106 0.214  0.100 0.270 0.381  0.265 0.478 0.581 0.474

El-Centro record 3 0.166 0.275 0.155 0.381 0.490 0.370 0.596 0.696  0.587

2 0.194 0.304 0.183 0.432 0.540 0.422 0.807 0.903 0.786

1 0.246 0.357  0.233 0.484 0.586  0.483 0.933 1.025 0.905

5 0.143 0.243  0.130 0.370 0.481 0.342 0.624 0.729  0.599

Cape Mendocino 4 0.133 0.237  0.122 0.322 0.434  0.307 0.560 0.664  0.546

record 3 0.191 0.298 0.176 0.432 0.543  0.408 0.734 0.834 0.710

2 0.248 0.354  0.227 0.517 0.627  0.492 0.870 0.967 0.839

1 0.270 0.381  0.253 0.553 0.657 0.538 1.037 1.131  0.997
selected to evaluate the seismic damage of the structure at damage indices of stories were calculated. It is noted that
each story. Based on the basic information of structural Eh in the experiment is based on the area of the interlayer

members and formulas mentioned under Section 2, the displacement-interlayer shear curve. Table 5 shows the
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Fig. 8 The seismic damage index on the structure calculated by different methods

damage indices of local stories under different seismic
waves.

As shown in Table 5, the damage index calculated by
Niu model is the largest and Chen model is the smallest. In
addition, there is very small difference of the results
between Chen model and Park-Ang model. The damage
index of the structure was the largest in the first story and
smallest in the fourth story, which indicated that the frame
structure across the earth fissure suffered serious damage at
the first story under the earthquake.

According to the damage state corresponding to
different damage indices in Table 1, the damage degree of
the structure was evaluated under three damage models. As
shown in the calculation results using Chen model, the
structure at the first story suffered slightly damage, medium
damage, severe damage under the seismic wave with the
PGA of 0.2 g, 0.4 g and 0.8 g, which was consistent with
the experimental results. However, the damage states of the
model structure through calculation results using Niu and
Park-Ang models were exaggerated comparing to the
damage states observed from the experimental phenomena.
Therefore, Chen model was selected to estimate the seismic
damage on the structure across the earth fissure for the
structure-level.

3.5 Damage analysis on structure-level

To find out an optimal method for evaluating the seismic
damage on structure-level for the structure across the earth
fissure, a global method and two weighted combination
methods were adopted to compare the advantages and
disadvantages of each method.

Fig. 8 depicts the structural damage index obtained by
different methods. Among them, the natural frequency
attenuation method was selected as a global model defined
as Method D to evaluate the structural damage. The
weighted combination method proposed by Park and Ang is
defined as Method P, and the combination model proposed
by Ou is defined as Method O.

When the natural frequency attenuation method is used
to evaluate the damage degree of the whole structure, the
damage index from the calculation would underestimate the
damage degree of the structure when the PGA is small. The
Method P would overestimate the damage degree of the
structure when the PGA is large. Comparatively, the
damage degree of the structure derived by the O Method
was most close to the testing results. Therefore, the O

o~ £

(a) Constitutive relation of concrete

Cl

O €

(b) Constitutive relation of rebar

Fig. 9 Constitutive model for concrete and rebar

Method was chosen to carry out the damage analysis on the
structure across the earth fissure for the structure-level.

4. Numerical simulation
4.1 Numerical modelling

In order to study the influence of earth fissure on
seismic response of frame structure, the finite element
model of the structure in earth fissure site and that in the
site without earth fissure were established by wusing
ABAQUS software, which is based on the size of the
prototype structure.

For the purpose of this study, beam elements were used
to simulate beams and columns of the model structure; shell
elements were used to simulate slabs; solid elements were
used to simulate the soil. Considering the tensile strength
and damage degradation, UConcrete02 model was adopted
as the constitutive model for concrete structures under
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(a) The structure across the earth fissure

Fig. 10 The finite element model

(b) The structure in the site without the earth fissure
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Fig. 11 Peak acceleration comparison of the structure across the earth fissure

earthquake. The perfectly elastoplastic model for rebar was
used in this study (2009). Fig. 9 presents the constitutive
model for concrete and rebar.

During the establishment of soil model for earth fissure
site, the hanging wall and foot wall were respectively
established. The soil profiles from earth fissure were
defined laterally unseparated before earthquake loading in
the simulation. And the hanging wall and football would
contact or separate under earthquake. Earth fissure action
was simulated by setting an appropriate contact surface
between hanging wall and foot wall. The normal action was
set to hard contact, and tangential action was simulated by
setting penalty friction. After the model structure and the
model soil were established, the finite element model
considering the soil-structure-interaction was established by
coupling the frame structure and the soil. Along the
direction of the input seismic wave, boundaries with infinite
element were set on both sides of the soil, which could
solve the reflection and scattering effects of seismic waves
at the boundaries (Zhao et al. 2013). Moreover, Rayleigh

damping was adopted in this numerical simulation, and the
damping ratio was set as 5 %. The finite element models are
presented in Fig. 10. The distribution of soil layer in the site
without earth fissure was consistent with the distribution of
the soil layer in the footwall of the earth fissure site.

4.2 Comparison between numerical and experimental
results

In order to verify the numerical model, the maximum
acceleration of the structure across the earth fissure at each
story in the numerical and experimental results was
analyzed and compared under earthquake. It was noted that
the experimental results were converted for the prototype
structure according to the similarity relationship. Fig. 11
presents the peak accelerations of the model structure
comparison between numerical results and experimental
results.

As shown in Fig. 11, change trends of the maximum
acceleration of the structure at each story predicted by the
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Fig. 12 The seismic damage index on structural members

numerical model were consistent with those obtained from
the experiments. The maximum acceleration of each story
increased gradually along the height of the structure under
each earthquake wave. In addition, the maximum
acceleration at each story from the experimental results was
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a little more than that from numerical results.

under Cape Mendocino wave
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The

deviations between the numerical and experimental results
were small and did not affect the variation pattern.
Therefore, the finite element model is reasonable to predict

the response of the structure across the earth fissure.
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Table 6 Damage indices of each story in two cases

Structure across the earth fissure

Structure without the earth fissure

Seismic wave Story 0.1g 02¢g 04g 0.1g 02¢g 04g
5 0.120 0.092 0.132 0.099 0.076 0.107

4 0.111 0.088 0.122 0.128 0.099 0.123

Jiangyou record 3 0.139 0.129 0.147 0.138 0.139 0.149
2 0.171 0.139 0.163 0.198 0.181 0.201

1 0.205 0.192 0.218 0.160 0.162 0.162

5 0.327 0.250 0.331 0.246 0.198 0.256

4 0.323 0.247 0.323 0.313 0.240 0.340

El-Centro record 3 0.389 0.303 0.370 0.361 0.287 0.359
2 0.445 0.392 0.435 0.443 0.410 0.463

1 0.459 0.446 0.491 0.404 0.346 0.419

5 0.543 0.517 0.556 0.459 0.453 0.476

. 4 0.537 0.501 0.550 0.496 0.483 0.516
CapereMceori‘é"cmo 3 0.635 0.617 0.672 0.597 0.565 0.632
2 0.741 0.715 0.793 0.795 0.763 0.818

1 0.887 0.842 0.908 0.698 0.663 0.755

5. Numerical simulation damage analysis
5.1 Damage analysis on structural members

According to the deformation and plastic energy
dissipation of structural members at each story obtained by
the numerical simulation, the damage index of each
member was calculated based on Chen model. Fig. 12
depicts the damage index of structural members under the
seismic waves with the PGA of 0.4 g (strong earthquake).

Damage indices of beams in the middle span were
smaller than those in the side span, and the damage indices
of interior columns were larger than those exterior columns.
The damage indices of the beams were larger than those of
the columns in general, which indicates that the damage
degrees of beams were more serious than that of the
columns under the same seismic wave. This finding was
also observed in the testing.

For the structure across the earth fissure, the damage
indices of members of beams and columns showed obvious
laws of hanging wall and foot wall. The damage indices of
structural members located on the hanging wall were larger
than those located on the foot wall. Along the direction of
story height, the maximum damage indices of the structure
were found in the ground story, and damage indices
decreased from the ground story to the fourth story.
However, the damage indices of members at the fifth story
were a little larger than those at the fourth story. The results
showed that the structural members experienced the most
serious damage at the first story whereas the structural
members experienced the minimum damage at the fourth
story.

For the structure on the site without earth fissure, there
was little difference in damage indices of members along
the longitudinal direction. Along the direction of story
height, the maximum damage indices of the structure were
found in the second story, and damage indices decreased
from the second story to both sides. This indicated that the
structural members experienced the most serious damage at
the second story.

By comparing the two cases, it was found that the
damage indices of the members of the structure across the
earth fissure were larger than those of the structure on the
site without earth fissure at the same location. For the
structure across the earth fissure, the damage of structural
members was related to the location on the earth fissure
site, and the damage of members in the hanging wall was
greater than those in the foot wall. The existence of earth
fissure would significantly amplify the intensity of the
seismic wave propagating to structural foundations. The
intensity varied at different positions under the earth fissure
site, resulted in a non-uniform seismic excitation for the
structure across the earth fissure. Generally, the intensity of
the seismic excitation was greater in the hanging wall than
that in the foot wall with the same distance from the earth
fissure.

5.2 Damage analysis on story-level

Based on Chen model (Chen ef al. 2010), the damage
indices of each story were calculated under seismic waves
with the PGA of 0.1 g, 0.2 g and 0.4 g, as shown in Table 6.
In the calculation, Eh is the energy dissipation of all the
members at a story, which colud be directly obtained in the
simulation results.

From Table 6, it can be seen that the damage indices of
each story were different under different seismic waves, but
the overall change trends were consistent. The damage
indices on story-level of the structure across the earth
fissure were larger than those of structure without the earth
fissure at the same story, indicating the existence of earth
fissure would significantly amplify structural seismic
response.

For the structure across the earth fissure, the damage
indices on the ground story were the largest, indicating the
ground story was the weakest story of the structure. The
second story was the weakest story of the structure without
the earth fissure. This indicated that the weak story of the
structure was changed due to the effect of earth fissure.
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Table 7 Damage indices of the structure in two cases
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Damage index

Case Seismic waves
ISmic wayv 005g 0l1g 0159 029  03g  04g  06g
The site with the earth Jiangyou wave 0.119 0.172 0.296 0.421 0.537 0.752 0.899
fissure El Centro wave 0.097 0.154 0.282 0.380 0.483 0.718 0.861
Cape Mendocino wave 0.131 0.178 0.334 0.429 0.579 0.783 0.959
The site without the Jiangyou wave 0.095 0.163 0.271 0.391 0.492 0.680 0.822
earth fissure El Centro wave 0.085 0.156 0.247 0.341 0.450 0.649 0.791
Cape Mendocino wave 0.117 0.166 0.297 0.406 0.541 0.716 0.893
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Fig. 13 The seismic damage index on story-level and structure-level
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5.3 Damage analysis on structure-level

Based on the weighted combination method proposed
by Ou, the damage indices at structure-level were calculated
under different seismic waves, which show in Table 7.

It is noted that the maximum inter-story drift ratios
under the Cape Mendocino wave were larger than those
under the Jiangyou and El Centro wave, which illustrated
that the seismic damage degree of the structure was related
to the type of seismic waves.

Under Cape Mendocino wave with the PGA of 0.1 g
(small earthquake), the damage indices of the structure in
two cases were less than 0.2, indicating that the structure
was basically intact. Under Cape Mendocino wave with the
PGA of 0.2 g (moderately strong earthquake) and 0.4 g
(strong earthquake), the structure in the two types of site
was in the state of medium damage and severe damage.
However, the damage indices of the structure across the
carth fissure were larger than those without the earth
fissure. Under Cape Mendocino wave with the PGA of 0.6 g
(extremely strong earthquakes), the structure without the
earth fissure was still at the state of severe damage whereas
the structure across the earth fissure had collapsed.
Therefore, the earth fissure would enlarge the damage on
structure-level for the structure across it.

Fig. 13 depicts the results of the damage on structure-
level and story-level for two cases. Among them, the
damage on story-level was calculated by the Method O
using Chen model. For the structure across the earth fissure,
the weakest story of the structure was the ground story, and
the curve of the damage indices on structure-level was very
close to the curve of the damage indices of the ground
story; for the structure without the earth fissure, the weakest
story of the structure is the second story, and the curve of
the damage indices on structure-level was very close to the
curve of the damage indices of the second story. Therefore,
the existence of earth fissure would change the position of
the weak story, which controlled the seismic performance of
the structure. Compared with the structure without the earth
fissure, the seismic performance of the structure across the
earth fissure degraded under different seismic waves with
the same intensity.

6. Conclusions

To estimate the damage degree of the RC frame
structure across the earth fissure under the earthquake
excitation, damage indices of the model structure were
calculated based on some common damage models. By
comparing the calculation results using different methods
with the experimental results, a weighted combination
method using Chen model was selected in this paper as the
seismic damage evaluation. Then the influence of earth
fissure on structural damage was analyzed by numerical
simulation. Some conclusions drawn from this study are
presented below:

» Based on different damage models, the experimental

observation and the damage states corresponding to the

damage indices were compared under different seismic
waves. The Chen model, together with the method

proposed by Ou, constitutes an integrated damage
assessment system for the structure across the earth
fissure.

* The acceleration response of each story calculated
from the finite element model matches well to those of
the experimental results.

* For the structure across the earth fissure, the damage
of structural members was related to the location in the
earth fissure site, and the damage of members in the
hanging wall was greater than that in the foot wall. In
addition, the damage degrees of members of the
structure across the earth fissure were larger than those
of the structure without the earth fissure at the same
location. Therefore, the existence of earth fissure would
change the distribution of structural damage, and
enlarge the damage degree of members at the same
location.

* The earth fissure would change the position of the
weak story, which controlled the seismic performance of
the structure. Under the same earthquake intensity, the
damage degree of the structure across the earth fissure
was greater than that of the structure without the earth
fissure.
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