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stract
Background: There is a need for a good cooperation between the architects and structural experts in
creating of earthquake architecture. Through some ways in the design process, the architects can identify
and evaluate the vulnerability of the building from earthquakes. Unfortunately, there is no available

aluation method, so the alternative is adopting SVA (Simplified Vulnerability Analysis) method, a
limited engineering anasis based on the information from the architectur d structure drawings of
the existing buildings. The Japan Building Disaster Prevention Association (JBDPA) and Matsutaro Seki
developed the SVA, and then Seki adopted the SVA of |BDPA and adjusted it the international
earthquake regulation. In principle, the JBDPA and Seki SVA is a safe structure if the seismic structure
index = the seismic demand index. The modification of the JBDPA and Seki SVA in this research is that the
seismic structure index consists of ttﬂ column dimension index, column rigidity index, strong
column /weak beam index, redundancy index, and structure ductility index. Meanwhile, the seismic
demand index is the multiplication between seismic response index and the priority factors of building
functions. Methods: It is a quantitative research with experimental research method. The modified SVA
formulation was compared with the pushover analysis from other researchers. The results were then
tabulated, graphed and compared. Findings: For a model with less than 10 floors, the vulnerability
prediction between SVA and pushover analysis is relatively similar. While for a model with more than 10
floors, the vulnerability prediction between SVA and pushover analysis is relatively almost similar (within
the range of prediction of pushover analysis) influenced by the height of the building. Thus, SVA
procedure is more appropriate to evaluate the design vulnerability of low and middle rise building.
Applications: The SVA procedure can be used to underlie the potential status of the selected buildings and
subsequently there are a list of the buildings which needs more detailed vulnerability assessment
conducted by the structural experts.

Keywords: Earthquake, Irregular, Architectural design, SVA, Simplified Vulnerability Analysis.

1. Introduction

Indonesia is an earthquake-prone area, so the buildings
should have earthquake resistant constructions. In order
to create an earthquake architecture’ which is
aesthetically appea]ingnd structurally resistant to
earthquake, it needs a good cooperation between

architects and structural experts. The first step in
creating the earthquake architecture, in the design
process, is that the architects can identify and evaluate
the wvulnerability of the building towards the
earthquakes®.

Unfortunately, there is still no evaluation method
available, so the alternative is adopting the
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SVA (ﬁip]ified Vulnerability Analysis) method” which
is a limited engineering analysis based on the
information from architectural drawings and structures
of the exis buildings. Some of the developers of
SVA are The Japan Building Disaster Prevention
Association (JBDPA) and Matsutaro Seki’., Seki
adopted the SVA of JBDPA and adapted it to
international earthquake regulation. The purpose of the
developing SVA is the structural verification of
retrofitting hence the need for modifiGition in the
architectural design process when using it to identify and
evaluate the wvulnerability of buildings. The proposed
purpose of SVA in this research is to build the
procedures or methods&vhich can be used by architects
in evaluating the vulnerability of buildings to
earthquakes during the architectural design process (on
design development and detail engineering design/DED
steps), and which are in accordance with the conditions
in Indonesia. In the architectural design process,
dimensional structural elements and building geometric
forms can be controlled by this SVA. The research is
limited to the dimension and type of structure commonly
used in Indonesia (moment-resisting frame with 1 or 2-
way floor system), the middle rise maximum height (+
10 floors), and the regular-category building's geometric
form®.

In prBip]e, the SVA of JBDPA and Seki is a safe
structure 1f the seismic structure index (Is) = the seismic
demand index (Iso). The lateral force resistant system is
at least influenced by redundancy, column dimensions,
column rigidity, strong column / weak beam and
structural ductility’. The seismic s ture index consists
of the lateral force of the column defined as the ratio of
the minimum column area and the design column area
(Laca), redundancy is defined e period of structural
vibration (It), column rigidity is defined as the ratio of
the height and wid f the column (Icj), strong
column/weak beam is defined as the ratio of the nf{fiber
of columns fulfilling the criteria of the strong
column/weak beam and the total number of the columns
(Iscwsai), and structural ductility adopts the l\mutam
Seki's procedures by including the ratio of response
modification factor (R) and the over strength factor (€2g)
- (R/Qp). The modification of SVA of JBDPA and Seki
in this research is based on the explanation that the
seismic structure index (Is) is the multiplication of
column dimension index (Iaci), column rigidity index
(Ic.)). strong column/weak beam index (Iscws-i),
redundancy index (Ir), structure ductility index (R/€o) ,
irregularity index (Sp) and time index (T).The limited
geometric shapes are regular and considered ew
buildings. so it is assumed that Sp=1 and T=1. the
other hand, the seismic demand index (Iso) is the

multiplication between seismic response index (lcs) and
the priority factors of building functions (I.).The
problem in the proposed procedures is to[ghat extent the
accuracy in evaluating and assessing the vulnerability of
buildings in the design process. In order to find out the
validity of building vulnerability assessment procedure
in this design process, the procedures will be compared
with the more detailed wulnerability assessment
procedure from other researchers called the pushover
analysis.

1.1. Seismic Structure Index (Is)
In general, JBDPA and Seki define the formulation of
the seismic structure index as follow:
Is = Eo.Sp.T (1)
In which, Is = Seismic structure index; Ey = Basic
seismic structure index; Sp = Irregularity Index (regular
building SD=1};= time index (new building T=1).The
modification of the seismic structure index (Ep) is
based on the concept that the resistance of the column in
resisting the lateral load of the earthquake is defined into
column dimension, influenced by column rigidity, forms
strong column/weak beam, good structure ductility and
the unity of the whole structural elements (redundancy).
The formulation is as follow:
n+l R
Eg= — Ui dejdscwpidr)-—] (2)
n+i Qp
In which, n = the number of building levels the; i =
The evaluated level(s). Where the first level is given

n+1
number 1 and the followings are given n; ——= the

n+i
modification factor of level shear capacity. It follows the

B d

distribution of — " Iacq = column dimension index
of the evaluated level; Ici = column type index of the
evaluated level; Iscwsi = strong column/weak beam

index of the evaluated level; It = structural vibration
period index, Te=Tna=2Ir=1 and Te>T a2 Ir = 0; Te =
structural vibration period based on the software
calculation (seconds); Tma = The maximally allowed
structural vibration period (seconds) based on the article
7.8.2 of SNI 1726:2012" or on the formulation 25 of SNI
1726:2002"; R/Qu= structure ductility, R = The
modification factor of moment-resisting frame (table 9
of SNI 1726:2012 or table 3 of SNI 1726:2002), {u =
The overstrength factor of moment-resisting frame based
on the table 9 of SNI 1726:2012 or the table 3 of SNI
1726:2002.
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The concept of column lateral force (Iac.i) assumed
as the ratio of design column area (> Ac) and minimum
column area (3} Ac min) is described follow:

A
c
Tpei = (3)
ZAC min

In which, Y’ Ac= total design column area (m%); YA¢
min=total minimum column area (m?) 0.15% of the
cumulative area of column load'', in which the
minimum column area is 0.09 m” or 0.3x0.3 m.

The concept of column rigidity (Ic.;) assumed as the ratio
of the average of column types (Nex0.7-1.0) and total
columns (3 Nc) is described below:

(N g¥0T) + (N 308) + (N x10)

Ie (4)

Ne
In which, Nc..= total of column types —a (Table 1);
Nc.= total of column types—b (Table 1); Nec..= total of
column types-c (Table 1); index of column types of a, b
& c (I)=0.7,0.8, 1.0 (Table 1); > NC= Total columns.

which is the ratio of the design and minimum lateral
seismic loads. The design lateral seismic loads is based
on the spectral responses of Ss and S; for those using
SNI 1726:2012 or coefficients of Ca and Cv for those
using SNI 1726:2002 in each building site; while the
minimum lateral seismic loads is based on seismic zone
division FEMA 155" which is a low seismic zone with
Sg =0.25 g and 5,=0.1 g or zone 2A according to UBC
1997, The concept of seismic demand index or lateral
seismic load index (Iso) is the multiplication of seismic
response coefficient index (Ics) and the priority factors
of building function (I). Meanwhile, the seismic
response index (Ics) is the ratio of design seismic
coefficient (Cg) and the minimum seismic coefficient
(CSmin]-

o= "1 (. Te) 6)
2n—i+1
c
s
Igg = @
€ S min

In which, Iso = seismic demand index; n = number

Table 1. Index of combined shear stress average and ductility index of structure elements (Source: processed from #~)

Types of Lateral Elements Requirements
. Index (D)
Columns Clear nghtaulumn Definition h(yD
Depth: h0/D
a). Slender columns 6=h0/D 0.7
b). Normal columns 2<h(/D<6 0.8
hO
c). Short columns h0/D=<2 1.0

2
The concept of s.trong column/weak beam (Iscwg.i)
qgumed as the ratio of the number of columns fulfilling
the criteria of the strong column/weak beam (Nscwg) and
total columns (3 N¢) is described below:

Nscwr

Iscwri = (5)
INe

In which, ¥Nc= total columns, Nscws= number of

columns fulfilling the criteria of the Wp column =

1.2xWp beam, Wp=plastic modulus, Wp=0.25xbxh?,

b&h= dimension of width and height of beam or

column'?, Height of beam =1/10 — 1/14xL, L= span.

1.2. Seismic Demand Index (Iso)

The concept of column lateral capacity (Iac.i), the ratio
of the design column area and minimum column area, is
also applied to the lateral seismic load (Iso) concept,
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of building levels; i = evaluated level(s), where the first
level is given number 1 and the followings are given n;

+i . . -
"7~ modification factor of seismic demand of the

2n—i+1

& b

levels, following the distribution of © % Cg =
Seismic response coefficient of the design based on the
formulations 21-25 of SNI 1726:2012 or on the
formulation 26 of SNI 1726:2002; Cspn = minimum
seismic response coefficient Ss=0.25g and S§,;=0.1g
based on FEMA 155 or zone 2A of UBC 1997; Ics =
seismic response coefficient index; I. = the priority
factors of building function based on the table 1 & 2 of
SNI 1726:2012 or based on the table 1 of SNI
1726:2002.
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Table 2. Recommendation for the evaluation of potential seismic vulnerability based on the seismic performance (source

:modification of procedure”)

Seismic vulnerability evaluation Potential level of damage Seismic performance-FEMA 273 (FEMA 273)°
Is > Iso Light Damage <05% 10 (Fmmediate Occupancy)
05lg0<ls< g Moderate Damage <1 5% LS (Life Safety)

Is <0.51s0 Heavy Damage <25% CP (Collapse Prevention)

1.3. Seismic Structure Index (Is) vs Seismic
Demand Index (Isp)
The concept of ratio of seismic structure index (Is) and

seismic demand index (Isp). Structure is safe if:
Is > Iso (8)

In which, Is = seismic structure index; Iso = seismic
demand index. For other ratios, evaluating the
vulnerability of building structures can be done by
comparing the seismic structure index towards the
seismic demand index, and each level can be identified

for its possible level of damage (table 2).

2. Research Method

This research is an experimental research. In order to
verify the proposed procedure, it will be compared with
the result of pushover analysis conducted by other
researchers, so the result will be more objective.
Although the proposed SVA procedure is to analyse the
vulnerability of building with a middle rise maximum
height (+ 10 floors) but the validity limit of the observed
model was determined up to 14 floors. The data of
earthquake zones and structures were collected from the
research'®?! in table 3 and 4. The calculation steps are
as follows:

d.

b.

C.

capacity of each floor, based on the data from table 3
and 4 calculate the column dimension index - Iaci
(formulation 3), calculate the column type index -
lei  (formulation 4) and calculate the strong
column/weak beam index-Iscwp. (formulation 35).
Obtain a Te and compare it to Ty specify the index
of the structural vibration period (I1) and obtain R
and Qg values from table 9 of SNI 1726:2012 or
table 3 of SNI 1726:2002 calculate the structure
ductility Rau. Multiply all values (formulation 2)
so that the basic seismic in f structure (Eg) can
be obtained. Multiply the basic seismic index of
structure (Eg) with the irreguay index (Sp) for
regular building Sp=1 so that the seismic capacity
index of structure (Is) can be obtained (formulation
2).

Calculate the modification factor of level seismic
demand of each floor, based on the data from table
4, calculate the Cs and Csmin values, and then input
them to formulation 7 to obtain Ics value. Obtain L.
value from table 1 and 2 of SNI 1726:2012 or table
1 of SNI 1726:2002 for the office function of I.=1.
Input the values of modification factor of seismic
demand, Ics and L. to formulation 6 to obtain the
seismic demand index (Iso) value.

Compare the Is and Isp values based on the

Table 3. Data of building structure of the models (source : ' N

Model | Number of floors/levels | Beam Dimension Column Dimension Building Dimension | Module
(height-m) (cm) (cm) (m) (m)
65X65 (1°-3" floor),
40X80 (15-4" floor), 40X70 (5%-  [80X80 (1*-5" floor),
b 14 (4 m) 9" floor), 30X60 (10°-14" floor) | 70X70 (6”-10" floor) 30X30 5X5
th
E th
40X60 (main beam), 30X60 80X80 174" floor),
10 (4&36 24X24 8X8
¢ (¢ m) (subsidiary beam) 70X70 (5"-14* floor)
d 5(4m) 35X60 60X60 42X32 6X8
30X45 (1°-3" floor), 30X40 (4"
e 4(4&3.5m) floor) 45X45 18X 18 45X4.5
f 12 (4 m) 40x60 G0X60 42X42 6X6
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provisions in table 2 so that the level performance is can be seen in table 5 and 6 on column SVA. While the
possible to find. Then, compare the level result of pushover analysis on model a — f can be seen in
performance of SVA results with the level table 5 and 6 on column pushover analysis.

Ee{)ri?lt'r;:’a?oe (;J]fLEIIHI'}(l‘JVCI' analysis SAP2000/ETABS Table 5 and 6 showed the calculation result of SVA
escarc .

. model a, b, d, and e on all floor are 10O except rooftop.

The processes above are tabulated to describe the : : : p p

. i This means the dimension of column and beam, and the
calculation and comparison.

height and width of building ratio has been designed

Tabel 4. Earthquake zone data of the model (source : '6-2)

Model | Code Earthquake Zone Site Class Structure system le

a SNI 1726-2002 Zone 6 Moderate Soil Special moment-resisting frame !
Ca=0.35Cv=054
Zone 6 . . - 1

b SNI 1726-2002 Soft Soil Special moment-resisting frame
Ca=038Cv=095
Zone 6 1

c SNI 1726-2002 Hard Soil Special moment-resisting frame
Ca=033Cv=042

d SNI 1726-2012 Banyumas Hard Soil Moderate moment-resisting frame !
Ss=0.7g 51=0.25¢

e SNI 1726-2002 Tematc - Zone 4 Moderate Soil Special moment-resisting frame :
Ca=0.28, Cv=0.42

f SNI 1726-2012 Bobong City Moderate Soil Special moment-resisting frame :
Ss=1.355 g, 51=0537 g

carefully ensuring rigidity, strength, and ductility on the

3. Results and Discussion event of earthquake and will only lead to light damage or
I0 (Immediate Occupancy). However, SVA of rooftop
The calculation result of formula 1 — 8 on model a — f lead to LS (life Safety) / medium damage or CP

Table 5. Comparison performance level (10, LS or CP) and drift ratio (%) between SVA and pushover analysis models

a,band c.
Model a Model b Model ¢
Floor A Pushm.;c:lrl SVA PUShOYC;r SVA Pushover analysis'
analysis analysis

Ist (0.5%) 10 (0.61%) 10 (0.5%) 10-LS (0.85%) CP (25%) LS-CP (1.78%)
2nd (0.5%) 10 (0.61%) 10 (0.5%) 10-LS 0.85%) CP (2.5%) LS-CP (1.78%)
3rd (0.5%) 10 (0.61%) 10 (0.5%) 10-LS (0.85%) CP (25%) LS-CP (1.78%)
4th (0.5%) 10 (0.61%) 10 (0.5%) 10-LS (0.85%) CP (2.5%) LS-CP (1.78%)
Sth 10 (0.5%) 10 (0.61%) 10 (0.5%) 10-LS (0.85%) CP (25%) LS-CP (1.78%)
6th - - 10 (0.5%) 10-LS (0.85%) CP (25%) LS-CP (1.78%)
Tth - - 10 (0.5%) 10-LS (0.85%) CP (2.5%) LS-CP (1.78%)
§th - - 10 (0.5%) 10-LS (0.85%) CP (25%) LS-CP (1.78%)
9th - - 10 (0.5%) 10-LS (0.85%) CP (2.5%) LS-CP (1.78%)
10th - - 10 (0.5%) 10-LS (0.85%) - -

11th - - 10 (0.5%) 10-LS (0.85%) - -

12th - - 10 (0.5%) 10-LS (0.85%) - -

13th - - 10 (0.5%) 10-LS (0.85%) - -

Rf LS (1.5%) 10(0.61%) LS (1.5%) 10-LS (0.85%) CP (25%) LS-CP (1.78%)
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Table 6. Comparison performance level (IO, LS or CP) and drift ratio (%) between SVA and pushover analysis models

d,e and f
Model d Model e Model f
Floor SVA Pushover SVA Pushover SVA Pushover analysis’!
1 analysis’ analysis”
Ist (8 (0.5%) 10 (0.31%) 10 (0.5%) 10 (0.6%) LS (1.5%) 10-LS (1.36%)
2nd (8 (0.5%) 10 (0.31%) 10 (0.5%) 10 (0.6%) LS (1.5%) 10-LS (1.36%)
3rd O (0.5%) 10 (0.31%) 10 (0.5%) 10 (0.6%) LS (1.5%) 10-LS (1.36%)
4th 10 (0.5%) 10 (0.31%) - - LS (1.5%) 10-LS (1.36%)
5th - - - - LS (1.5%) 10-LS (1.36%)
6th - - - - LS (1.5%) 10-LS (1.36%)
Tth - - - - LS (1.5%) 10-LS (1.36%)
8th - - - - LS (1.5%) 10-LS (1.36%)
9th - - - - LS (1.5%) 10-LS (1.36%)
10th - - - - LS (1.5%) 10-LS (1.36%)
11th - - - - LS (1.5%) 10-LS (1.36%)
12th - - - - - -
13th - - - - - -
Rf LS (1.5%) 10 (031%) CP (25%) 10 (0.6%) CP (25%) 10-LS (1.36%)

(Co]]aps Prevention) / heavy damage. It happens
because strong column/weak beam is not constructed as
the result of discontinued column which leads to the
condition of column that weaker than the beam.
However, this condition will not affect the mechanism of
entire frame. It is important in detailing the column well
to avoid critical strength degradation on plastic joint™.
Model ¢ in table 5 showed the SV A calculation report on
all floors are CP. This is caused by the structure
vibration period index (It)=0 since T¢=0.69 seconds >
Tmax=0.5 seconds which resulted in wvery flexible
structure. In fact, the dimension of columns and beams
has been designed very carefully but it should be
combined with shear wall ensuring strength, ductility
and rigidity. Rigid building (Te<Twma) is a requirement
for safety of architectural elements, comfort of residents,
and prevention of structure damage. Architectural
damage caused by flexible building such as broken glass
on windows or door, and excessive vibration especially
on upper floor lead into residents” anxiety™ . Meanwhile,
the structural damage occurred is the weakening of
structure followed by the formation of plastic joint and
lead to sudden collapse™.

Model f on table 6 showed the SVA calculation
result on all floor is LS except rooftop. This happens
because the column and beams do not have good design.
The building has sufficient rigidity and ductility but it
has insufficient structural strength. This will lead into
medium damage or LS in the event of strong earthquake.
Column dimension is one of important parameters on
lateral structure strength. Thus, Ersoy!'! proposed the
minimal dimension of column is 0.15% of the
cumulative area of column load or 0.3x0.3m. Rooftop

SVA model f is CP because strong column/ weak beam
are not constructed, as explained above.

Figure 1. Comparison betwe tween SVA and pushover
analysis model a,b,c,d,e & f

Floor
Ist Ind 3nd 4th 3th Rf

0.00%
0.20%

0.40%

0.60%
0.80%
L00% 4

Performance level

1.20%
1.40%

1.60%

Model a

1st
2nd
b 3nd
dth
Sth
EORP

0.00%
0.20%
0.40%
0.60%
0.80%
LO0%
1.20%

Performance level

——SVA
L40% o Prshover
1.60%

Model b
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Floor Table 5, 6, and figure 1 showed thmparison of SVA
st Ind 3rd 4th S5th 6h Th Sth Ot RS and pushover analysis on model a, b, ¢, d, e, and f.
0.00% generally, it has similar pattern of flat linear except
0.50% rooftop. The difference is on how the plastic joint
- ——5VA formed. In SV A, the plastic joint will be formed when
5 oo ——Pushover the column and beam dimension does not fulfill strong
é 1.50% column / weak beam criteria which lead into LS or CP
& _ e —— damage. However, in pushover analysis, the plastics
£ 200% joint occurs within column and beam is not only because
2.50% — et t—t—t of its dimension but also because its ratio and
reinforcement detail .
Model ¢ Another difference is, on model with more than 10
floors, the vulnerability of SVA and pushover analysis is
o bﬂ””' . - . closely similar (within the pushover analysis range). On
0.00% model with less than 10 floors, if column dimension -
030% Iaci>1, beam dimension 1/10-1/14*L, slender column -
oao | = = = = . Ic=0.6, strong column/weak beam — Iscwg.i=1, structure
T e ’ \ vibration period — Ir=1 and ductility — R/ =17
£ oo (moderate moment-resisting frame) or 2.7 (special
E v . moment-resisting frame) and width and height of
£ 100% ——SVA _— . . e
e e Pushove building ratio < 2 then its vulnerability is close to [O or
Lave light damage. For model with more than 10 floors and
- having similar criteria, its vulnerability is almost LS or
Model d medium damage. This happens since a low building with
relatively small mass and relatively big rigidity will
Floor result in short vibration time. However, a high building
1at 2ud 3d Rf with conversely condition will result in long time
0.00% vibration or flexible structure™. So, for a high rise
050% 4 building and considering its efficient design, the level of
* vulnerability is allowed until level CP or heavy
T Lo damage™’. But the proposed SVA is still in the design
E s process and is still within the elastic limit so that the
E _ —m—SVA ideal and permitted vulnerability is 10.Thus, SVA is
E 200% 1 e Pushover more appropriate on evaluating the wvulnerability of
250% 1 multistory building with maximum +10 floors or middle
rise.
Model e
4. Conclusion
Floor
000 s EE82¢2¢ g 2EEz Based on the results of the research, there are some
conclusions as follows:
_ 0 a. The prediction on the proposed SVA procedure for
£ 1o00% | maodel a (6 floors), d (5 floors), and e (4 floors) has a
E L5 relatively similar result to which have been conducted
E by other researchers on the building models.
£ 2008 —=—5VA b. The prediction on the proposed SVA procedure for
250% —+— Pushover model b (14 floors), ¢ (10 floors), and e (12 floors)
200% J has a relatively close result to which have been
conducted by other researchers on the building
Model f models.
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c. For the buildings with moment-resisting frame < 10
floors, the building performance is dominated by the
dimensions of beam, column, and the ratio of height
and width of the building, while for the buildings = 10
floors, the building performance is dominated by the
dimensions of beam, column and the height of
building.

The purpose of the prediction on SVA procedure
here does not look for exactly similar results to the more
accurate results of the procedure analysis such as
pushover analysis, but the result of SVA prediction is
one level higher or lower than the accurate calculation is
considered adequate because according to * the result of
the SVA procedure can be used to underlie the potential
status of the selected buildings and subsequently there
are a list of the buildings which needs more detailed
vulnerability assessment conducted by the structural
experts.
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