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Highlights:

e A building’s seismic performance can be expressed in an index called the seismic
index.

e The factors of strength and ductility are the determinants in the formulation of a
building’s seismic performance.

e Pushover analysis is more accurate since the investigation is carried out under
nonlinear conditions.

e A seismic demand index was determined based on the capacity spectrum method by
considering seismic hazard in Indonesia.

Abstract. Indonesia has often suffered major earthquake damage over the past 50
years. There are thousands of buildings in earthquake-prone regions that still need
seismic evaluation and rehabilitation. One method of evaluating the seismic
performance of an existing building is by assessing it using the Japanese seismic
index for structures. A basic seismic index can be calculated based on the strength
and ductility criteria. The strength and ductility performance of a structure can be
obtained by pushing a building until it reaches its maximum deformation capacity.
This paper describes a proposal to obtain a basic seismic index using pushover
analysis. Its adjustment to determine a seismic demand index by considering
seismic hazard in Indonesia was carried out using the capacity spectrum method.
Two existing buildings in Indonesia were evaluated. The evaluation result
indicated that both buildings were in safe condition. The proposal of the seismic
index method can be useful in determining the performance index of existing
structures. The ductility index can also be used to estimate the response
modification factor of a structure.

Keywords: ductility; existing building; pushover analysis seismic index; strength.

1 Introduction

Over the past 50 years Indonesia has often suffered major earthquake damage.
There are thousands of buildings in earthquake-prone regions that still need
seismic evaluation and rehabilitation [1]. It is difficult to precisely estimate the
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magnitude and number of earthquakes that will occur during the lifetime of a
building.

The Japanese seismic code for the assessment of existing buildings was used as
the main starting point in this study. The Japan Building Disaster Prevention
Association (JBDPA) published a code for the seismic evaluation of existing
buildings and guidelines for the retrofitting of existing reinforced concrete
buildings in 1977 [2]. In Japan, the seismic screening procedure mentioned in this
guideline is used as a practical tool to identify vulnerable buildings. This tool
became essential after a new set of rules and laws for the seismic design of
buildings was issued in 1981 and severe earthquake damage was recorded in
buildings constructed before 1981. The Japanese standard for the seismic
evaluation of buildings has since been widely used to evaluate the capacity of
existing buildings up to now. In 2001 an English version was published to
encourage engineers in other countries to take up the issue of seismic evaluation.
However, to enable the application of this standard in other countries requires
some justification and adjustment. The estimation of structural capacity and
demand load has a different approach through this code.

In this study, the determination of a seismic index for was obtained based on static
non-linear analysis, also known as pushover analysis. This analysis is a widely
used method for the seismic performance evaluation of buildings, where the
capacity of the structure is analyzed by considering its post-elastic behavior [3].
The purpose of this study was to obtain a seismic index for existing structures
based on pushover analysis and to determine a seismic demand index by
considering seismic hazard in Indonesia.

2 Methodology

A seismic index is an index that shows the performance of a building to see
whether it is in a safe condition if an earthquake occurs. The index is obtained
from the product of the strength index and the ductility index, called the basic
seismic index. Furthermore, the index is compared to the demand index, which is
a limit of safety. When the seismic index is greater than the demand index, the
structure is considered to be within the safety limit.

In this study, the first analysis was based on carrying out for the determination of
a seismic index in accordance with the Japanese seismic code [2]. A demand
index was also obtained based on the index of Japanese seismic code. The second
analysis consisted of calculating the seismic index by using a method derived
from pushover analysis. The demand index was estimated based on the seismic
hazard in Indonesia as indicated by the performance point of the design response
spectrum and the capacity curve.
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The methodology of this study has some limitations that need to be considered
carefully. The pushover analysis was carried out based on an equivalent lateral
force distribution assuming that the first mode response is predominant.

The cases selected in this study did not consider the irregularity of the structure.
However, higher mode effects should be considered for unsymmetrical
structures. A large displacement was not considered in the analysis and the
nonlinear behavior was modeled as a bilinear elastoplastic model.

2.1 Seismic index

The seismic performance of an existing building is represented by the seismic
index, denoted as Is in Japan [2,4,5]. The seismic index (I, ) is calculated with

Eqg. (1) for each story and each principal orthogonal direction of the structure. Eq.
(1) is defined as follows:

Is:Eo'SD'T (1)

where E_is the basic seismic index, T is the time index, and S, is the
irregularity index.

The basic seismic index (E,) is given as the product of strength index C and

ductility index F, which is calculated differently in the first, second, and third
level of the procedure. This study adopted the first-level procedure to calculate
the seismic index. Egs. (2) and (3), which are the formulas for determining the
basic seismic index of a structure with shear walls and short columns, are defined
as follows:

n+1

E, =——(C, +«C/)F, 2
n+1
n+1

Eo I (Csc + aZCw + aSCc) Fsc (3)
n+1

where n is the number of stories, C,, is the strength index of walls, C, is the
strength index of columns, and C, is the strength index of short columns. «, ,

a,, and «a, are the effective strength factors for columns, walls, and short
columns respectively.

F, Is the ductility index of the walls and F, is the ductility index of short
columns. C, And C, is expressed by Egs. (4) and (5) as:
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Cc zcz—w'ﬂc (4)
c,=late p 5)

In the above equation, 7 is the average shear stress at the ultimate state of the

columns, which can be taken as 1.0 N/mm? or 0.7 N/mm? in the case h,/D is
larger than 6.0.

h, is the clear height of the columns and D is the depth of the columns. 7 is the

average shear stress at the ultimate state of short columns, which can be taken as
1.5 N/mm?.

2.2 Irregularity

An unsymmetrical structural configuration of the building in either the horizontal
or the vertical direction is one of the main causes of structural failure during past
earthquake experiences.

The irregularity index Sp was introduced by JBDPA [2] in order to modify the
basic seismic index of structure Eo by quantifying the effects of the shape
complexity and the stiffness unbalance distribution and the like on the seismic
performance of a structure.

Methods of calculating the irregularity index consider the effect of horizontal
balance, elevation balance, eccentricity, and stiffness. The eccentricity of the
floor plan is related to the distance between the centroid of gravity and the center
of lateral stiffness.

The irregularity index is calculated as the geometric product of the degree of
incidence gi as calculated using Eg. (6), which is derived from grade index G; and
the range adjustment factor R;.

qi:[l—(l—G)xRii] i=a,b,... ]
Sp =0, X0, x..xq; 10 =[1.2—(1-G)xR;] i=h (6)
g =[1-1-G)xR,] i=In

The factors Rii or Ry should be used according to the classification of the
adjustment factors given in Table 1.
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Table1 Classification of grade index (G) and adjustment factor (R).

Gi (Grade index) R
1.0 0.9 0.8 R1li  R2i
. Regular Nearly Irregular
Regularity al reqular a2 3 1.0 0.5
Aspect ratio b=5 5<b=8 8<b 05 025

Narrowpart 08=c 05=c<038 c<05 05 0.25
Expansion  1/100=  1/200 =d <

Horizontal joint d 1/100 D<1/200 05 0.25
balance Well-style
Y€ es01 5<es8  03<e 05 025
area
i <
V%gflegg'lz fng f04&1  O4<forl oo
< .
area £2 <01 0.1<f2=03 0.3<f2
Undergroun < 05=h<
d floor 10=h 10 h<0.5 0.5 0.5
Elevation Story height < <
balance uniformity 08=1 07=1<038 1<0.7 05 025
Soft story No soft- Soft story Bec.soft 445 49
story story
- - < 01<ls
Eccentricity Eccentricity 1=0.1 0.15 0.15<1 1.0
Stiffness (Stiffness n=13 13<n=17 1.7<n 1.0

/mass) ratio

2.3 Pushover Analysis

The pushover analysis method has been developed over the past twenty years and
has become the preferred analysis for designing and evaluating building
structures. This method is most reliable for estimating the capacity of a structure
beyond the elastic limit [3]. Pushover analysis is a method where a structure is
subjected to gravity loading and a monotonic displacement-controlled lateral load
pattern is continuously increased through elastic and inelastic behavior until the
ultimate condition or collapse of the structure is reached. The lateral load can be
used to represent the range of base shear induced by earthquake loading and its
configuration may be proportional to the distribution of mass along with building
height or equivalent lateral force, mode shape, or other practical means. The
output is a capacity curve that plots a strength-based parameter against deflection.
For example, performance may relate the strength level achieved in certain
members to the lateral displacement at the top of the structure, or a bending
moment may be plotted against plastic rotation. The results will provide insight
into the ductile capacity of the structural system and indicate the mechanism, load
level, and deflection at which failure occurs.

When analyzing frame objects, material nonlinearity is assigned to discrete hinge
locations where plastic rotation occurs [6,7]. Beam and column components are
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modeled as nonlinear frame elements by defining plastic hinge at both ends of
the elements. As shown in Figure 1, the plastic hinge properties have five points
(labeled A, B, C, D, and E) that define the force-deformation behavior. The same
type of curve is also used for the moment and rotation relationship. The values
assigned to each of these points vary depending on the type element, material
properties, and section size.

M A b —

My | 3

~
>

a
Figure 1 Moment-rotation relationship of typical plastic hinge.

The linear response is related to a line between a point A and an effective yield
point B. The slope from point B to point C is typically a small percentage (0% to
10%) of the elastic slope and is included to represent phenomena such as strain
hardening. Point C has an ordinate that represents the strength of the element and
an abscissa value equal to the deformation at which significant strength
degradation begins (line CD). Beyond point D, the element responds with
substantially reduced strength until point E. At deformations greater than point
E, the seismic element strength is essentially zero [6].

The application of the conventional pushover procedure explained in ATC-40 [3]
has some limitations for unsymmetrical structures. This procedure produces a
capacity curve representing the first mode response of the structure based on the
assumption that the fundamental mode of vibration is the predominant response.
Furthermore, it is essential to take into account the higher mode effects to
accommodate the irregularity. Several researchers have proposed a pushover
method that considers structure irregularity and higher mode effects [8-12].

Chopra studied the effect of irregularity to estimate the floor displacement by
introducing a modal pushover analysis [12]. In general, the procedure of the
modal pushover analysis (MPA) for linear elastic systems is identical to the
response spectrum analysis (RSA) but for inelastic systems; a non-linear static
analysis is conducted separately for each modal mode. First, a modal analysis for
linearly elastic vibration is conducted to determine the period, mode shape, mass
ratio and participation factor for each mode. The independent pushover analysis
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for each mode is conducted separately by using the lateral force distribution
calculated by Eq. (7).

s, =mg, (7)

where m is the mass and ¢ is the mode shape in n-mode. The independent
pushover analysis for each mode is conducted separately. The result of the
capacity curve will be produced for each mode as many as the n-th number of
analyses. The sum of the absolute value (SAV) or the root sum square (SRSS) or
the complete quadratic combination (CQC) can be used to combine the response
of each analysis.

Vv C=VIW
Vue F.Cy = Ce{------------ B
ﬁ’; c
Vy /“' Cy ,,,,, A ‘ﬁ b
vstfoL Cs [/ i
— ‘ s, E
As Ay Aue Au A A Ay Aue Ai=pdue A

Figure 2 Converting the capacity curve into an elastoplastic curve by the
constant energy principle.

A procedure for seismic index calculation by using the capacity curve of a
pushover analysis is proposed in this paper. The left side of Figure 2 shows a
capacity curve and an idealized bilinear elastoplastic curve. The right side of
Figure 2 shows a curve that describes the constant energy principle to get the
relationship between the ductility factor (F) and the ductility index (). By the
constant energy principle, the area of triangle ACB is the same as the area of
rectangle CDEG. The ductility index is derived as follows,

1
E(Aue _Ay)'(ce _Cy) = Cy(/UAy _Aue)

1
S(FA~A)(FC,~C,)=C,(uA,~FA,) -

1
EAy.cy(F -1’ =C,.A,(u—F)

F=2u-1

The step-by-step procedure of the calculation can be described as follows:
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1. Convert the capacity curve into an elastoplastic curve based on the concept
of equal energy:

a. Calculate elastic stiffness ( K, ) based on the ratio between shear strength
and displacement at elastic conditions K, =V /A .
b. Calculate the displacement of A, at the intersection of the linear curve

with a gradient of K., where A =V /K. In the bilinear elastoplastic
idealization, the elastic shear strength (V, ) is considered to be equal to

the ultimate shear strength (V, ).
2. Determine the ductility factor ( z) at the displacement of maximum shear
strength (A, ) over (A,), u=A,/A,.
3. Calculate ductility index ( F ) with the concept of constant energy by Eq. (6),
F=\2u-1.
4. Estimate the ultimate elastic shear strength (Vue) by using ductility index (F)
with equation V,, =FV, and calculate the displacement on the ultimate

shear strength elastic (V,, ) with the equation A, =V, /K, .
5. Determine the total weight of the structure and convert the shear strength to
a shear ratio, where V, , V,, are C, C,. respectively.

Calculate the basic seismic index ( E, ) with the equation E,=C .F .
Determine the seismic index of a structure by using Eqg. (1).

3 Case Study

Calculation of the seismic index based on the JBPDA method and pushover
analysis will be described in the following case study. Two buildings were
evaluated in this study. Both buildings were located in Indonesia and were
designed using the Indonesian seismic design code.

These buildings were selected for evaluation because they were designed with
the old seismic design code [13,14]. Currently, the standard has been updated
[15]. The updated standard changes the demand capacity of existing buildings. In
a particular location the demand capacity may decrease while in other locations
it may increase. The earthquake-resistant standard design for buildings can be
updated again due to the development of new seismic hazard maps of Indonesia
[16-19]. Problems will arise when the demand capacity increases. Therefore, a
re-evaluation of existing buildings against the new earthquake load regulations is
needed.
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The first building is a five-story apartment building, referred to as building A.
The second building, referred to as building B, is a four-story office building.

Table 2 Material properties of building A and B.

Concrete Longitudinal Rebar Transversal Rebar
fc’ Ec fy fu Es fy fu Es
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
250 2.0E4 390 560 2.0E5 235 382 2.0E5

Building A has an area of 1360 m? per floor. The structure is a space frame that
has compressive strength concrete (fc’) of 25 MPa as shown in Table 2.

o [T A
4m WHCL LT llIlIIIIIlIIIIII i ||muu|.m_||

(a) Perspective view of building A

H—————+—+—@5 m x 16+—+—+—+—+—+—-H
(b) Plan view of building A

Figure 3 Perspective and plan view of building A.

There are two types of columns in this building. Type 1 has a rectangular section
of 500 x 600 mm? (C1) and type 2 has a square section of 350 x 350 mm? (C2).
The layout of the building has a typical floor plan for every story.

The floor height is identical on the 1% until the 5" floor as shown in Figure 3. The
beams also have two types, namely B1 and B2. Beam B1 has a size of 300 x 500

mm? and B2 beam has a size of 200 x 300 mm?2. The detailed beam and column
dimensions can be seen in Table 3.
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Table 3 Beam and column dimensions of building A.

Column Column Beam Beam
(C1) 500 x 600 mm (C2) 350 x 350 mm (B1) 300 x 500 (B2) 200 x 300
N N
N N

Longitudinal rebar: Longitudinal rebar: Longitudinal rebar: Longitudinal rebar:

Top 3.D19 Top 2.D16
8.D19 8.D16 Bottom 5.D19 Bottom 3.D16
Transversal rebar: Transversal rebar: Transversal rebar: Transversal rebar:
D10 — 100 mm D10 — 100 mm D10 — 100/150 mm D10 — 100/150 mm

The floor plan area of building B is 1008 m? for each floor. The structure is made
of reinforced concrete using a space frame system with fc’ of 25 MPa.

(a) Perspective view of building B
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(b) Plan view of building B

Figure 4 Perspective and plan view of building B.
The columns of building B have a typical rectangular section of 400 x 500 mm?2,

The detailed beam and column dimensions can be seen in Table 4. Building B
has an irregular floor plan as shown in Figure 4. The planar irregularities were
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investigated by the effect of the non-coincidence between the center of mass
(CM) and the stiffness center, also known as the center of rigidity (CR).
According to ASCE 41-13 [6], the torsional effect is not very significant since
the distance between the center of mass and the stiffness center is less than 20%
of the building width in either plan dimension. As shown in Table 5, the distance
of center mass and rigidity was 0.29, 0.55, 0.68 and 0.77 m respectively for story

1 to story 4.

The average of eccentricity was around 2%. An eigenvalue analysis was
calculated for structure B to confirm the response to the higher mode effects. In
Table 6, the result shows that the first mode is the predominant response since

Alex Kurniawandy & Shoji Nakazawa

the equivalent mass ratio (Rho) is 90% (ASCE 7 [20]).

Table 4 Beam and column dimensions of building B.

Column Beam Beam
(C1) 400 x 500 mm (B1) 300 x 500 (B2) 250 x 400
N N N

Longitudinal rebar:

8.D19

Transversal rebar:
D10 — 100 mm

Longitudinal rebar:

Top 3.D19

Bottom 5.D19
Transversal rebar:
D10 -100/150 mm D10 —100/150 mm

Longitudinal rebar:

Top 3.D16
Bottom 5.D16

Transversal rebar:

Table 5 Floor plan eccentricity of building B.

story XCM YCM XCR YCR ?:':At?g‘g Ecce(r;/tr)icity
m (m m m  (m) °
1 285 10.88 285 10.60 0.29 1.2
2 285 10.88 285 10.34 0.55 2.3
3 285 10.88 285 10.21 0.68 2.8
4 285 10.88 285 10.11 0.77 3.2

Table 6 Floor plan eccentricity of building B.

Mode X_—direction Y_—direction
Period (s) Rho Period (s) Rho
1 0.76 0.89 0.62 0.89
2 0.26 0.08 0.21 0.08
3 0.17 0.01 0.14 0.02
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4 Results of the Seismic Evaluation

4.1 Seismic Index

The calculation of the seismic index for buildings A and B was determined based
on the Japanese seismic code. The seismic index was calculated for each story
and multiplied by a story modification factor. As an example, the modification
story factor for the 5" floor (Cs) was calculated as follows:

cs=2*1 3t 44 9
n+i 5+5
where n is the number of stories in the building and i is the observed story. A
similar method was applied to the other floors. Secondly, the strength index of
the vertical elements was determined. In the case of building A, the only vertical
elements for resisting lateral load were the columns.

Since there were two types of columns, the total strength index can be calculated
as follows:
~ 1.0x2.0E07 y 0.7x4.2E07

. 112+ =220 4112 =161 (10)
1.6E07 1.6E07

The basic seismic index of structure E, for the 5" floor determined with Eqg. (2),
was calculated as follows:

E, =0.6(0+1.0x1.61)x1.0=0.97 (12)

The time index T was taken as 1.0 since no reduction factor was considered. The
irregularity index S, was taken as 1.0 since no reduction factor of the irregularity

of the floor and sectional plan was considered. The seismic index for the 5" floor
of building A following Eq. (1) is described with Eq. (12):

|, =0.97x1.0x1.0=0.97 (12)

The same procedure as shown in Egs. (7)-(10) was applied to the other floors of
building A. Table 7 show the seismic index of building A for each story. As
shown in Table 7, the maximum seismic index for both directions occurred for
story 5.

The result of the seismic index in the transversal direction was higher than in the
longitudinal direction. This was because the ratio ho/D in the transversal
directions was smaller than 6, while in the longitudinal direction it was larger
than 6. Therefore, the average shear stress in the columns in the transversal
direction was 1 N/mm?, while it was 0.7 N/mm? in the longitudinal direction.
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Building B (Table 8) had irregularity index (Sp) equal to 1.0, the same as building
A.

Table 7 Seismic index of building A.

Direction Story E, S, T I

° 5 097 1.00 100 0097
S 4 054 100 1.00 0.54
3 3 040 1.00 1.00 0.40
S 2 035 1.00 100 035
- 1 032 100 1.00 0.32
= 5 089 1.00 1.00 0.89
S 4 049 1.00 1.00 049
2 3 037 100 1.00 037
g 2 032 1.00 100 0.32
- 1 030 100 1.00 0.30

Table 8 Seismic index of building B.

Direction Story E, S, T I

3 4 066 01 100 053
g 3 038 01 100 0.30
g 2 029 01 100 023
= 1 026 01 100 021
N 4 066 01 100 053
£3 3 038 01 100 0.30
S35 2 029 01 100 023
- 1 026 01 100 021

The effect of the unsymmetrical floor plan was calculated with Eqg. (6) as shown
in Eq. (13). The eccentricity of 2% has a grade index (G) of 1.0 and produced no
significant irregularity index.

Sp, =[1-1-G) xR, ]=[1-(1-1.0)x1.0] =1.0 (13)

As shown in Table 8, Building B has the same basic seismic index in both
directions. The average shear stress of the column was equivalent in the
transversal direction and in the longitudinal direction.

Figure 5(a) and (b) show a graph of the seismic index for each story. The strength
index was the same for both directions in building B. Therefore the graph for the
longitudinal direction coincides with transversal direction, as shown in Figure
5(b).
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Figure 5 Seismic index of buildings A and B.

4.2 Seismic Index Base on Pushover Analysis

The pushover analysis of a structure produces a capacity curve. The capacity
curve plots the displacement of the top floor on the x-axis and the base shear on
the y-axis. The modeling parameters for nonlinear hinge properties use a
generalized force-deformation relation of concrete elements, where the flexural
type of deformation controlled behavior is considered for both beams and
columns. The plastic rotation angle at maximum plastic capacity (see Figure 1)
was taken as 0.025 radians for the beams and 0.035 radians for the columns [6].
The target of displacement magnitude of both buildings was equal to the
allowable story drift multiplied by the total height of the structure.

Table 9 Lateral forces in buildings A and B.

Building A Building B
Story Height Lateral Height Lateral
(m) Force (KN) (m) Force (kN)

5 21 4,308.75

4 17 3,369.58 17 2975.95
3 13 2,466.16 13 2134.47
2 9 1,607.71 9 1353.45
1 5 811.33 5 653.42

The allowable story drift was taken as 0.025 by considering risk category | based
on ASCE 7-10. An equivalent seismic load in accordance with SNI 1726-2002
and ASCE 7-10 [14, 20] was used as the lateral force in both buildings. The
equivalent static acceleration was modified by a seismic coefficient depending on
the seismicity of the location, the soil properties and the natural period multiplied
by the total mass of the structure to get the base shear force [21,22]. The detailed
lateral load can be seen in Table 9. In this analysis, the lateral load in both
directions was assumed to be the same.
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The conventional pushover analysis has some limitations in estimating the
response of irregular structures like building B. The modal pushover analysis
(MPA) is an advanced pushover method for irregular structures, as described in
the previous section. In this study, because of the dominant response of building
B in the first mode, the planar irregularity of this building was not considered, by
introducing the assumption that the horizontal displacement of each floor is the
same. In this case, the effect of irregularity is not very large.

In order to determine the seismic index based on the capacity curve, the capacity
curve was converted to a bilinear curve (elastoplastic) using the procedure
described in Section 3.2. A linear line with a gradient equal to the elastic stiffness

(K, ) can be determined by the value of step 1 of the pushover data, as shown in
Table 10.

Table 10 Capacity Curve of Buildings A and B

(A) Longitudinal ~ (A) Transversal (B) Longitudinal  (B) Transversal

. Base . Base . Base - Base
Displ. Force Displ. Force Displ. Force Displ. Force
(m) (kN) (m) (kN) (m) (kN) (m) (kN)
0.0 0.0 0.0 0.0 0.00 0.0 0.00 0.0

0.06 7,248.1  0.05 7,578.0 006 2,771.8 0.06 3,361.5
0.08 9,717.7  0.06 9,341.5 0.13 59610 0.12 6,954.1
0.11 11,003.8 0.10 11,2478 022 7,7486 0.22 9,487.9
0.16 11,775.0 013 11,9446 028 83748 031 105781
0.20 12,0194 033 14,2310 031 85293 035 10,8929
0.42 12,707.4 0.38 14,676.7 035 8,793.1 041 11,2408
0.58 13,116.6 057 153257 043 91269 042 11,283.7

The maximum elastic strength (V, ) is divided by the total weight of a structure
to obtain the strength index (C, ). Calculation of the seismic index for building
A in the longitudinal direction was done as follows:

V./ 72481/
K, = AS_ 4.06 ~131418.6

~A/ _056/ _
M= Ay— 0.09 = >83

F=\2u-1=+2x583-1=327

C, =V% =12,730/80,240 = 0.16
E,=C,xF =0.16x3.27 = 0.52
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Figure 6 Seismic index (Is) of buildings A and B.

The bilinear curves for buildings A and B in both directions from Table 10 were
plotted in graphs, as shown in Figure 6. Table 11 summarizes the calculations for
buildings A and B for both directions.

Table 11 Seismic index using pushover analysis.

Case u F C, E,=C,-F I
A_Long 5.83 3.27 0.16 0.52 0.52
A_Trans 5.50 3.16 0.18 0.58 0.58
B_Long 2.26 1.88 0.19 0.35 0.35
B_Trans 2.27 1.88 0.22 0.42 0.42

A seismic index comparison using the first-level procedure of the Japanese
seismic code and a seismic index based on pushover analysis can be seen in Table
11. The seismic index value for the entire structure is represented by the index
for the 1% floor from the level-1 calculation.

As can be seen in Table 12, the result of the seismic index from the pushover
analysis was larger than the seismic index based on the Japanese seismic code.
Due to the fact that the calculation of the structural capacity was carried out until
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post-elastic conditions and was stopped when the ultimate capacity was reached,
whereas the calculation based on the Japanese seismic code for level 1 was only
based on Egs. (2) and (3). The shear stress value used was the average value of
0.7 to 1.0 N/mm?.

Table 12 Seismic index comparison.

Case I, (Level1) I, (Pushover)
A Long 0.30 0.52
A_Trans 0.32 0.58
B_Long 0.26 0.35
B_Trans 0.26 0.42

4.3 Evaluation of Structure Performance

The seismic demand index ( |, ) was taken as 0.8 based on the Japanese seismic

code. This demand index was estimated based on hazard conditions due to
earthquake loads in Japan. The response spectrum at specific locations other than
Japan can be determined based on the code of that location. The response
spectrum then becomes a demand curve, which can be compared to the capacity
curve in the acceleration-displacement response spectrum (ADRS) format. The
intersection of these two curves is the approximation of the performance point of
the structure.

In this study, the performance points of buildings A and B were investigated
based on Indonesian seismic loads. The demand response spectrum of spectral
acceleration is 1.4 at 0.2 seconds and 0.6 at 1 second in Padang city. The site
coefficient was taken as 1.0 and 1.5. Figure 7 shows the performance points of
buildings A and B.

A similar procedure for determining the seismic index can also be applied in
determining the seismic demand index. The seismic demand index is given by

the product of the strength index (C, ) and the ductility index ( F ). The ductility

index (F) is equal to the ratio between A(,S;,,Sg) and B(,Sy,,S5) as
shown in Figure 7.

In Figure 7, point A is the acceleration response on the demand curve and B is
the acceleration response at the performance point. The seismic demand index

I, was taken equal to E., since no reduction factor was considered. Using this

method, the seismic demand index was smaller than the seismic demand based
on the Japanese seismic code.
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Figure 7 Performance points of buildings A and B.
Table 13 shows the evaluation of the structure’s seismic performance for both
buildings. The seismic index value (I,) as shown in Table 12 is larger or equal
to the seismic demand index (I, ) in Table 13, so that the buildings are in safe
condition.
Table 13 Evaluation of seismic performance.

A B F I,
Case 0 0 pp pp Cy
(454 45p) (4S871450) (A/B) (E,=F-C))
A_Long 0.540 0.210 257 0.16 0.41
A_Trans 0.580 0.225 2.58 0.18 0.47
B_Long 0.370 0.195 1.90 0.18 0.35
B_Trans 0.420 0.255 1.65 0.22 0.36
5 Conclusion

Two existing buildings were evaluated in this paper. The first building had five
stories while the second building had four stories. Both buildings consisted of a
moment-resisting frame system made of reinforced concrete. An index
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represented the seismic performance of the existing buildings according to the
Japanese seismic code. The index is a function of strength and ductility. The
structure had different seismic indexes in the lateral and transversal directions
because of the difference in stiffness in both directions. According to the
evaluation result, building A had a seismic index in the transversal direction
larger than in the longitudinal direction. Meanwhile, building B had the same
seismic index in both directions.

The application of a seismic index based on the Japanese seismic code needs
adjustment for other countries. In this paper, a set procedure was proposed to
determine the seismic index for Indonesia based on the result of a pushover
analysis. The result of the seismic index was higher than the one obtained using
the Japanese seismic code, because the calculation of the structural capacity was
carried out until post-elastic conditions, whereas the calculation based on the
Japanese seismic code for level 1 is based on the average shear stress on the lateral
force resisting elements. Furthermore, the Indonesian seismic demand index was
smaller than the Japanese seismic demand index. The final assessment of the
seismic performance by the proposed method indicated that both buildings were
in safe condition.

The method proposed in this study can be useful in determining the performance
index of existing structures with a seismic index. In addition, the ductility index
can also be used to estimate the response modification factor for the structure.
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