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Abstract

Currently in China structural seismic design mostly focuses on design and
verification of member strength under minor earthquake. However, during actual
earthquakes, structural systems play a more important role in seismic collapse
resistance. Therefore, in order to find the influence of structural parameters to the
seismic collapse resistance, this paper designs 24 reinforced concrete (RC) frames
in 7-degree seismic fortification zone according to the Chinese Seismic Design Code,
which have different spans, storey heights and storey numbers. Incremental dynamic
analysis (IDA), recommended by ATC-63 Report, is implemented for the frames
based on fiber-beam element model to evaluate their seismic collapse resistances.
The result shows that structural parameters have a great influence to seismic
collapse resistance. The seismic collapse resistance of frames designed according
to the Chinese Seismic Design Code with different span has obvious difference. The
result could be referred for the further study of seismic collapse resistance.
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1. Introduction

Collapse resistance is the most important to ensure the safety of people’s lives and properties.
During Wenchuan Earthquake that happened in 2008, although seismic-designed structures shown
lighter damages, some structures designed according to the Chinese Code had still been seriously
destroyed 4R ! AKKZFISIHIE. . In current Chinese Seismic Design Codes, the seismic design is
focused on the design and verification of structural elemental strength under minor earthquake, while
the performance of whole structures under severe earthquake is mainly ensured by the detail design,
which is mostly depended on former earthquake experience and lack of quantitative evaluation £&i% !
AT HIE. . However, the Wenchuan Earthquake showed that frames designed according to the
Chinese Seismic Design Code which have different structural system parameters may have a quite
different seismic collapse resistance #i% ! R#kF|FI M. , such as the Xuankou School buildings %
Rl RKRB)FIHVIE. . The structural system parameters show a much more important role for the
collapse resistance of frames. Some disproportional collapse may happen in poorly designed
structures due to the damage of some weakest members. Thus, it is necessary to evaluate the
seismic collapse resistance on structural system level, and then find some quantitative indices that
could reflect seismic collapse resistance of structures.
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This paper designs 24 reinforced concrete (RC) frames in 7-degree seismic fortification zone
according to the Chinese Seismic Design Code 45k ! FKIRFIFIHPE. , which have different spans,
storey heights and storey numbers. Incremental dynamic analysis (IDA), recommended by ATC-63
Report, is implemented for the frames to obtain their collapse possibilities under different earthquake
intensities. Then, the influence of structural system parameters to the seismic collapse resistance is
analyzed.

2. Collapse possibility analysis based on IDA
2.1 IDA and collapse fragility
The collapse of buildings is a dynamic process. So the pushover analysis, which is widely used in
early performance-based earthquake engineering [5][6], is not suitable for the collapse analysis. On
the contrary, incremental dynamic analysis (IDA), which is proposed by Bertero [7], analyzes the time-
history transient elastic-plastic response of whole structure with step by step increased intensity,
which gives a more realistic simulation for the collapse process. However, the results of IDA are
highly depended on the selection of ground motion records. A rational set of ground motion records is
critical for IDA. So in this research, the 22 far-field ground motion records, which is proposed by ATC-
63 Project [8], together with EI-Centro record, which is very familiar for earthquake engineering, are
adopted to implement the IDA based collapse analysis. If the total number of ground motions are Ny,
and under a certain intensity (in this work S,(T}), which is the 5% damped spectral acceleration at the
structure’s first-mode period, is used to represent the ground motion intensity[9]-45#=! RILEI5|H
V. ), there are Neonapse ground motions induce the collapse of the structure. Then the collapse
possibility will be Nuapse / Nioal- BY increasing the intensity of ground motion, the relationship between
intensity and the collapse possibility can be obtained, which is the collapse fragility curve of the
structure. The collapse fragility curve could give a quantitative evaluation of seismic collapse
resistance.

2.2 Collapse margin ratio
A collapse resistance index that is referred as collapse margin ratio (CMR) [8] is proposed by
Applied Technology Council of USA, which is defined by

CMR = Sa(j])SO% (1)
Su (TI)MCE

where S,(T))s is the intensity that causes 50% of collapse according to the collapse fragility curve,
and S,(T)mce is the intensity of maximal considered earthquake (MCE), which can be found from
Table 5.1.4-1 in the Chinese Seismic Design Code.

CMR is an index for the evaluation of seismic collapse resistance based on probability theory
which has already considered the influence of earthquake uncertainty. Therefore, although CMR
analysis still has some problems (e.g. whether the representative of ground motion records is
sufficient, whether the numerical model of collapse is reasonable), it provides a relatively reliable
standard to the collapse resistance evaluation of different structures.

2.3 THUFIBER program and collapse criterion

The collapse of structures is a complex nonlinear dynamic process. Traditionally, because of the
limitation of computational capacity, indirect methods, such as the ultimate inter-story drift, are
generally adopted as collapse criterion, which is not rational. For example, the ultimate inter-story drift
in the Code of different countries (e.g. China and America) may have a quite big difference. As the
computation method developed, nonlinear analysis program now can simulate the entire nonlinear
process of structural collapse accurately, with material nonlinearity, geometric nonlinearity and contact
nonlinearity considered. This paper adopts THUFIBER program, developed by Tsinghua University
based on MSC. MARC, to simulate collapse of structures 45! RIRBIFIHE. k! KLAI5H
J8. [15]. THUFIBER program can stably simulate the entire process of collapse of complex RC
structure during earthquake, whose details are shown in Ref #i# ! R[5 M. dn! REI5H
VY&. [15]. Therefore, this paper takes the real physical definition of collapse, which is: “Structure loses
so much vertical strength that it cannot preserve sufficient space for people to live in safely’ as the
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collapse criterion.

3. Structural models and parameters
24 RC frames, of which each has the equal spans and storey heights, in 7-degree seismic
fortification zone are designed according to the Chinese Seismic Design Code GB50011-2001 with
PKPM software. The concrete strengths of beams are C30 while the concrete strengths of columns
are listed in Table 1. The longitudinal reinforcements of beams and columns are HRB335 rebar
(f,=335MPa) while the stirrups are HPB235 rebar (f,=235MPa). The dead loads (DL) on the floor and
roof are both 7kN/m? (including the dead weight of the slab) while the live loads (LL) are both 2kN/m?2.
The major parameters of the 24 frames are shown in Table 1. Influences of span, storey height and
storey number to seismic collapse resistance of RC frames are mainly considered. Because the
frames have regular plane layouts, a typical planar frame is selected to buildup the nonlinear model
for analysis. The structural gravity loads are concentrated to the beams and columns with the load
combination of 1.0DL+0.5LL.

Table 1. Parameters of structural models

. . . Section Ma!ximur.n
M Storey Total height I Concrete Section size . design axial
odel height Storey - Span of structure Aseismic strength of of column size i
name 19 number  (m) grade 9 of beam compression
(m) (m) column (mmxmm) ratio of
(mmxmm)

columns
28 3 4 2.8 3 4 8.4 Third C30 400x400 300%550 0.39
28 3 6 2.8 3 6 8.4 Third C30 400x400 300%550 0.56
28 3 8 2.8 3 8 8.4 Third C30 400%400 300%550 0.73
28 6 4 2.8 6 4 16.8 Third C30 550%550 300x550 0.41
28 6 6 2.8 6 6 16.8 Third C30 550%x550 300x550 0.60
28 68 2.8 6 8 16.8 Third C30 550%550 300x550 0.77
28 9 4 2.8 9 4 25.2 Third C30 600%600 300%600 0.53
28 96 2.8 9 6 25.2 Third C30 600%600 300x600 0.76
28 98 2.8 9 8 25.2 Third C30 700x700 300x600 0.74
28 12 4 2.8 12 4 33.6 Second Storey 1~4: C40 600%600 300x600 0.52
28 126 2.8 12 6 33.6 Second Storeyy5~‘|2.' C30 600x600 300x600 0.75
28 12 8 2.8 12 8 33.6 Second ’ 700x700 300%x600 0.73
3.6.3 4 3.6 3 4 10.8 Third C30 400%400 300%550 0.40
3.6.3 6 3.6 3 6 10.8 Third C30 400%400 300%550 0.57
3.6.3 8 3.6 3 8 10.8 Third C30 400%400 300%550 0.74
3.6_6 4 3.6 6 4 21.6 Third C30 550x550 300%550 0.42
3.6_6 6 3.6 6 6 21.6 Third C30 550x550 300%550 0.61
3.6_6_8 3.6 6 8 21.6 Third C30 550x550 300%550 0.78
3694 3.6 9 4 324 Second C30 600x600 300x600 0.54
3696 3.6 9 6 324 Second C30 600x600 300x600 0.77
3698 3.6 9 8 32.4 Second C30 700x700 300x600 0.75
3.6_12 4 3.6 12 4 43.2 Second Storey 1~4: C40 600%600 300x600 0.53
3.6_12_6 3.6 12 6 43.2 Second Store 5~12’_ c30 600%600 300x600 0.76
3.6 12 8 3.6 12 8 43.2 Second y ) 700x700 300x600 0.75

4. Calculation results and discussions
4.1 Typical modes of collapse

The typical collapse modes of frames are shown in Fig. 1 (plastic-hinge regions are plotted by
grey contour and marked with O). When frames collapse, plastic hinges have already appeared on
every beam, which reflects that the principle of ‘strong column and weak beam’ could basically be
achieved in these frames if the enhancement of floor slab and over-reinforcement of beam are not
considered.

With seismic intensity increasing, more plastic hinges appear on columns gradually. Collapses all
start from the compressive failure at the feet of middle columns of bottom story (indicated by ellipses
in Fig. 1) which are under small eccentric compression. By comparing Fig. 1(a)(b)(c), it could be found
that the quantity of plastic hinges on columns becomes less when the span increases. The frame with
8m span only has plastic hinges at the feet of bottom columns and there are almost no column hinges
in above stories, which results in much smaller energy dissipation capacity compared with the frames
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with 4m or 6m span. Therefore, the frame with 8m span has the worst seismic collapse resistance.
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(a) 4m span (b) 6m span (c) 8m span
Figure 1. Deformation and plastic hinges of typical frames during collapse

4.2 Collapse fragility curves

The collapse fragility curves of different frames are shown in Fig. 2~4. According to ATC-63
Report [8], in order to achieve the objective that the collapse possibility of structure under maximal
considered earthquake is less than 10%, the acceptable value of CMR should be larger than 2.30
(based on the numerical models in this work), shown as the vertical dash lines in Fig. 2~4.

4.2.1 Comparison for different spans

All 24 frames are divided into 8 groups to compare the influence of span to the fragility curves, as
shown in Fig. 2. It can be found that the collapse possibility becomes larger as span increases. The
reason is that the increase of span leads to the increase of total gravity loads, which results in larger
axial compression ratios of columns (shown in Table 1). For these columns under small eccentric
compression, the bending strength and ductility decrease with larger axial compression ratio, which
makes the column feet crush before the ductility of whole structure could be fully developed. In
Wenchuan Earthquake, many classroom buildings with large span collapsed while office buildings and
residences with small span shown less damage. It may be due to this reason #5i%! RIRBF| .
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4.2.2 Comparison for different storey numbers
The frames are divided into 6 groups to compare the influence of story number, as shown in Fig.
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Figure 2. Comparison for collapse fragility curves of frames with different spans

3. Generally higher frames with larger axial compression ratios are more vulnerable to collapse.
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Figure 3. Comparison for collapse fragility curves of frames with different storey numbers

4.2.3 Comparison for different storey heights

The frames are divided into 4 groups to compare the influence of story height, as shown in Fig. 4.
Most frames with 3.6m storey height have better collapse resistances than those with 2.8m storey
height, especially for frames with smaller span or storey number. It is because storey height has two
aspects of effect on the seismic collapse resistance of frames:

(1) Positive effect: Structures with different storey height has almost the same axial compression
ratio of column, which results in close rotation capacity of plastic hinges at the ends of columns.
Therefore, as storey height increases, ultimate deformation of column increases so that the energy
dissipation capacity of structure increases. Then the seismic collapse resistance of whole structure
increases.

(2) Negative effect: As storey height increases, the lateral displacement of structure will result in
larger of P-A effect of the whole structural system and P-6 effect of single column. Then the seismic
collapse resistance of structure will be weakened.

For frames with small span and storey number, the positive effect is more obvious, while for
frames with large span and storey number, the negative effect reduce the positive effect, which
makes the influence of storey height less obvious.
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Figure 4. Comparison for collapse fragility curves of frames with different storey heights

4.3 Collapse possibility under severe earthquake and mega-earthquake

Collapse possibilities of frames under severe earthquake (maximal considered earthquake in the
Chinese design code) and mega-earthquake are shown in Table 2. ATC-63 Report [8] proposes 10%
of collapse possibility as the acceptable criterion for the structural collapse resistance under MCE. It
can be found that for frames with 4m span, the collapse possibilities under MCE are all smaller than
10%. But the collapse possibilities under MCE of most frames with 6m or 8m span are larger than
10%. And the results of frames with 8m span are especially worse.

Table 2. Collapse possibilities of frames under severe earthquake and mega-earthquake

Storey height: 2.8m Storey height: 3.6m

Span: Span: Span: Span: Span: Span:

4m 6m 8m 4m 6m 8m

Storey number:3 4% 24% 34% 0% 14% 43%

Server earthquake Storey number:6 6% 19% 48% 0% 2% 19%
Sa(T1) =Sa(T)mce Storey number:9 0% 8% 16% 2% 4% 15%

Storey number:12 4% 9% 21% 0% 5% 6%

Storey number:3 28% 61% 85% 5% 52% 87%

Mega-earthquake Storey number:6 40% 70% 90% 0% 27% 67%
Sa(T1) =2.08(T1)mce Storey number:9 13% 52% 65% 18% 40% 60%
Storey number:12 20% 61% 75% 19% 58% 62%

Because of the economic limitation in China and similar developing countries, the structures may
experience earthquakes that are much larger than the maximal considered earthquake in currently
Chinese design code. For example, the seismic fortification intensity of most heavy damaged areas in
Wenchuan Earthquake is 7 degree, which means the intensity of designed maximal considered
earthquake is 8 degree, but the actual intensity of some areas reached 9~11 degree. Therefore, it is
necessary to analyze the seismic collapse resistance of structures under earthquake that is larger
than the maximal considered earthquake. In this work, earthquakes whose intensity is twice of the
MCE (Si(7)) =2.08(T))mce) is considered as the mega-earthquake. And from the collapse fragilities
curves, the collapse possibilities of frames under mega-earthquake are shown in Table 2. Collapse
possibilities of most frames with 4m span under mega-earthquake are less than 20%, while collapse
possibilities of most frames with 6m or 8m span are over 50%, especially for those with 8m span.
Therefore, it is necessary to do some further research on improving seismic collapse resistance of
Chinese structures under mega-earthquake.

4.4 Collapse margin ratio

CMR of each structure could be obtained from Eq (1) and the collapse fragility curves in Fig. 2~4.
The CMR of different frames are shown in Table 3. According to ATC-63 Report, considering the
influence of uncertainty, the limitation of CMR should be 2.30 to ensure that the collapse possibility of
structure under MCE is less than 10%. It can be found that CMR of most frames with 4m span are
larger than 2.3, which means their seismic collapse resistances could meet the request. But CMR of
most frames with 6m or 8m span are smaller than 2.30, which mean their seismic collapse
resistances are not enough.
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Table 3. Collapse margin ratios of frames

Storey height: 2.8m Storey height 3:.6m
Span: 4m | Span: 6m | Span: 8m | Span: 4m | Span: 6m | Span: 8m
Storey number: 3 2.7 1.5 1.2 4.0 1.9 1.2
Storey number:6 2.2 1.6 1.0 4.8 2.7 1.5
Storey number:9 2.6 1.8 2.0 4.2 2.2 1.7
Storey number:12 3.1 1.6 1.4 3.1 1.9 1.5

5. Conclusions

This paper analyzes seismic collapse resistances of 24 RC frames in 7-degree seismic
fortification zone, which have different spans, storey heights and storey numbers, designed according
to the Chinese Seismic Design Code. The result shows that although all designed according to the
Code, frames with different structural parameters have great differences on their seismic collapse
resistances under severe earthquake and mega-earthquake. The reason is that the frames with large
span or storey number have larger axial compression ratios of columns, which results in smaller
bending strength and ductility of columns, as well as the energy dissipation capacity of the whole
structure. So controlling the axial compression ratio will be critical to improve the collapse resistance
of Chinese frames.
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