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Application of Capacity Spectrum Method (CSM) for non-
symmetrical reinforced concrete high-rise buildings as a tool
for seismic design
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Abstract

The development of earthquake resistance design of structures in the
last decade has been critically changing from strength and ductility
to performance criteria, where the structure is decided for various
levels of structural performance. To understand the structural
performance because, at time, a large earthquake load on the
structure will experience structural yielding, non-linear analysis with
the capacity spectrum method will be performed. The relationship
between roof displacement and base shear force is described by a
curve that describes the structural capacity is a capacity curve. To
determine the behavior of the structures under review for a given
earthquake intensity, the capacity curve is then compared with the
performance demand based on various earthquake intensities. The
results of the case studies for reinforced concrete portals non-
symmetrical 3D concluded that the convergence obtained at the point
of the structure performance is a, = 0.236g and d, = 189 m. The
displacement results for the actual structure (A,,,f) were 286.71 mm

and building base shear coefficient was 15.46 %.
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INTRODUCTION

Indonesia is a zone region that often
experiences and the earthquake, so buildings will
be built must be able to survive when an
earthquake occurs [1][2]. The effect of an
earthquake on reinforced concrete buildings is
always carried out even studies on the influence
of ground motion patterns that cause a shift in a
building [3]. The building was built with reinforced
concrete, which caused damage to buildings due
to earthquakes. Reinforced Concrete (RC)
buildings with no seismic design exhibit degrading
behavior under severe seismic loading owing to
nonductile brittle failure modes [4][5]. Some
special engineering firms have used performance
based seismic design for rehabilitation [6]. Thus,
the damage that occurs most often owing to
design errors and the quality of materials is very
low. Current codes and provisions cannot cover
all structures located in active seismic zones, and

these structures cannot withstand seismic action
[7]. Finally, the overall seismic safety of a building
suffers from the level of damage observed from
the deformation capacity that occurs [8].

Recent developments in structural design
philosophy have tended to focus on performance-
based design concepts. This method is oriented
to the performance required for future user needs
of a building and then evaluates and verifies the
building assets [9]. Probabilistic Seismic Analysis,
which is often implemented in the first generation
of performance based seismic engineering,
quantifies the seismic behavior of structures with
the desired demand parameters considering all
anticipated earthquakes [10].

Structural Engineers realize that structural
safety does not merely depend on the quantitative
strength, but also on the performance-based
ductility demand and energy dissipation involving
the corresponding major earthquake. An improved
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capacity-demand diagram method that uses the
well-known constant-ductility design spectrum for
the demand diagram was developed and
illustrated by examples [11].

Performance Based Design (PBD),
primarily based on ductility demand under major
earthquakes, has been considered as a criterion
for measuring the safety of a structure. Seismic
performance evaluation of steel buildings with oil
dampers was performed using the capacity
spectrum method [12][13]. This performance-
based design uses nonlinear analysis techniques
based on computers to analyze various ground
motion intensities, and an approach based on
approaches based on the equivalent linearization
concept of the capacity spectrum [14, 15, 16].
Thus, it can be seen in a critical condition
performance and it can be anticipated that it does
not meet the necessary requirements. ATC-40
rules were applied in this study to determine the
performance of the building structure because the
rules did not formulate the equation SNI 1726-
2002.

To verify the structural performance in a
nonlinear manner, nonlinear static analysis is
required to predict the lateral displacement
accurately and conservatively. One way of
nonlinear static analysis has been proposed that
the most popular today is the Capacity Spectrum
Method (CSM) [17].

The CSM is a nonlinear static analysis
method, that which compares the global force-
displacement capacity curve of a structure with an
earthquake response spectrum in a graphical
shape [18]. For this, both the capacity curve and
the response spectra must be converted into a
spectral acceleration Sa spectral displacement SD
graph. Owing to this transformation, global
buildings will be reduced to an equivalent SDF
structure. Using a trial and error procedure, one
can estimate the performance point, which
describes the spectral displacement of the
building due to a given earthquake [19].
Deformation has been used as a key indicator in
seismic performance assessments of building
structures [20].

MATERIAL AND METHODS
Capacity Spectrum Method Procedure

The capacity spectrum method is a graph
technique for determining the structural response
by finding the intersection diagrams from the
analysis of nonlinear static pushover and
acceleration response spectra  curves—
displacement [21]. The analysis of a nonlinear
pushover is a one component of performance-
based design that can be used to determine the
capacity of a structure [22][23]. The structure was

subjected to specified load pattern to reach the
target displacement [24].

In the CSM method, the structural capacity
curve (force vs. displacement) and response
spectra curves are used [25, 26, 27]. It must be
converted into acceleration spectra (SA) and
displacement spectra (SD). The conversion
pushover capacity curve was calculated based on
the mass coefficients of the effective modal and
modal participation factors because the CSM
method is a combination of several techniques or
procedures for seismic analysis, it will be too
broad to discuss in detail. Therefore, the
description below is given only a general
description given in the method with the required
number of equations. The procedure is
summarized as follows.

Capacity Curve

Estimate or calculate the capacity curve in
terms of roof displacement A and base shear, V,
(i.e., total lateral force at the base). The capacity
curve is determined by statically loading the
structure with realistic gravity loads combined with
a set of lateral forces to calculate the roof
displacement Ap and base shear V, which define
the first significant yielding of structural elements.
The yielding elements were then relaxed to form
plastic hinges and incremental lateral loading was
applied until a nonlinear static capacity curve was
created. The curve is created by the superposition
of each increment of displacement, and includes
tracking displacements at each story (ATC 1982).
This procedure is sometimes referred to as
pushover analysis.

Dynamic characteristics
Estimate or calculate modal vibrational
characteristics:

The Factor Participation Modal (I
The Factor Participation Modal (MPF) was
calculated for each vibration mode by using (1):

s, ~im
PEy = |—2 1)
ZN— i¥im
=1 g
Where:
PE, = Factor Participation Modal for mode to-
m
w;diml/g = floor mass to-i
Gim = mode amplitude to-m for floor to-i
N = floor N, The top floor of the structure

Factor participation modal for certain floors (modal
story participation factor):

PE, = PF,0im 73
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The Coefficient of Effective Mass (a,,)
The Coefficient of Effective Mass was calculated
for each vibration mode using (3):

s

— g

[Z{v 1Wl N Wl¢1,m (3)
g

The Acceleration of Capital Floor (a;,,)
The acceleration of Capital Floor was calculated
for each vibration mode using (4):

Qim = PFp®imSam (4)

Where:

a;, = acceleration of the floor at the level to-i for
the mode to-m

¢ = amplitude at the level to-i for the mode to-
m

Sim = Spectra acceleration for the mode to-m

The Lateral force of modal floor F;,

The lateral force (mass x acceleration) is
calculated for each vibration mode using (5):

Fim = PFm¢imSAmmi (5)
Where:
F,,  =floor lateral force to-i for the mode to-m
m; = floor mass at the level to-i
S.m = spectra acceleration for the mode to-m

Modal Shear Force (V)

The Modal Shear Force is calculated for
each vibration mode using (6), and the amount of
lateral force floor F;,, is equal to V,,,:

Vm: amSAmM (6)
Where:
Vn = total lateral force for the mode to-m
A = Effective mass coefficient for the mode
to-m
M = structure total mass

Spectral capacity engineering applications that
require response spectra and capacity curves are
plotted in the format of acceleration-displacement
(ADRS). Further below illustrates some of the
parameters to determine the factors reducing the
capacity spectra.
2

=L Sug (7)
Modal Shear Force (V,,,)

The Factor Participation Modal (MPF) was
calculated for each vibration mode using (6).
Modification of the damping factor (k) is the size of
the hysteresis behavior of the price of building.
These parameters are determined by the
assessment of the quality system structure under
earthquake loads in a certain time interval. In this
study, the structures were analyzed using the

Sai

lateral control system of the beam column
resistant frame, Therefore the damping factor was
modified as follows:

Kk = 0.67, Berr25% (8)
_ 0.4461 (aydyi— dyap;)
Kk=0.845— P Berr
> 25% 9)

Effective Damping (Beyss)

Effective damping is a modified hysteresis
damping with a damping modification factor (k).
While hysteresis damping is the damping refers to
the damping of an inelastic structure. The common
method used to determine the equivalent viscous
damping is to balance the energy dissipation in a
cycle of vibration of a system inelastic with an
equivalent linear system in Figurel.

Based on this concept, the ideal hysteresis
damping is calculated as follows:
1 Ep

Bo= —

4m Es,

(10)

Where :

Ep = disipation of energy by damping

E,, =the maximum strain energy

From the broad equality of calculation Ej, dan Ej_,
the equivalent viscous damping (hysteresis
damping) is given as:

Bo =

63.7K(aydpi—dyay;) 11)
apidpi

Taking into account the viscous damping inherent
in reinforced concrete structures by 5% so the total
equivalent viscous damping:

63.7k(aydpi—dyapi)_l_5

,Beq = :80 + 5= (12)

apidpi

A

[ +op—o)

/\’\C'\’

Force

u, u

Deformation
Figure 1. Equivalent viscous damping relation
hysteresis energy dissipation
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The modification factor should be modified given
to calculate imperfect hysteresis loops so that the
effective structural damping is expressed in (12)

(Bers)-

Acceleration reduction factor
Velocity reduction factor (Sgy)

In this capacity spectrum method, the
reduction factors for the equivalent elastic system
are given as:

(Sga) and

3.21-0.68In(Befr)

2.12
3.21-0.411n(Befr)

1.65
Capacity spectra peak acceleration (SA) and
Angle period (TS):

Capacity spectra peak acceleration related
hearing with trial performance point a,; d,;, given
as:

SR, = (14)

SR, = (195)

Sy = 2.7065 Sp, Ca (16)

“(Equation 16)” using factor "2.7065" because
responsive design spectra constructed using
Newmark-Hall procedure. When using the design
response spectrum normalized average factor
"2.5" is used (ATC-40). Capacity spectra angle
period is given:

— _SrvCy

S 25SRaCa

7

Determining the loading capacity of the Lateral
Displacement Structure (Non-Linear Static
Pushover Analysis)

After the configuration of static lateral load
was applied to the structure, the intensity
gradually increased (push-over). Capacity curve is
then generated as the structure of the scheme is

shown in Figure 2. The Pushover curve should be
determined by 4 points (Point A - Point D) which
represent the relationship between roof floor
displacement (4,,,;) and lateral shear force (V).

Pushover capacity curves conversion and
Spectra Response AT

To superimpose structure capacity diagram
on diagram spectra so abscissa (X-axis and Y
axis) in pushover capacity and Spectral response
curve must be converted to spectrum
displacement (SD) and spectra acceleration (SA).
The transformation of the structure capacity curve
using (1) and (2) in shown in Figure 3. The
transformation of this response spectra using (7)
and shown in Figure 4.

Each point on the spectrum response curve
represents the unique values of the acceleration
spectra, S,;, velocity, S,,;, and dispacement, S;;. To
change the spectra from conventional form S, vs
T become ADRS form S, vs T to the ADRS form,
every point on the curve SA vs. T needs to be
changed to SD.

Determine the point of structural performance

Performance Point is determined by plotting
the capacity diagram and the amount of spectrum
capacity of ADRS format. The capacity diagram
intersection and spectrum capacity of a damping
value represents a strong demand on the
structural response due to lateral earthquake
loading. The point performance calculation
process is basically the procedure trial and error
mode or uses a graphical approach, as shown in
Figure 5.

4000 [
3000 |
. E PrB
- F Pt A
§ 2000
oh C
2 :
= 1000 [
0 1

=

5

10

Roof Displacement. Agp

Figure 2. Capacity Curve with the performance point
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Figure 3. Capacity spectra method: Capacity curve transformation
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Figure 4. Spectra capacity Method: Response spectra conversion
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Figure 5. Spectra capacity Method: Response spectra conversion

Method

The method used in this research is to
analyze with design parameters of reinforced
concrete structure non-symmetric with three-
dimensional portal review can be seen in Figure 6
below. Structural dimensions: 4@8m x 3@8 in
plane and 3m in height for each story, fc’=30 Mpa

and Fy = 350 MPa. Table 1 presents a section of
the building structural elements. Typically, all
storeys of the building have constant three meters
height. These structures were analyzed using the
spectrum capacity method.
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Table 1. Detail of the Frame Structure

Description of Asymmetrical Building Member Used

Number of Storeys

Number of Grid Lines in X - Direction
Spacing of Grids in Y-Direction (m)

Bottom Storey Height (m)
Typical Storey Height (m)

8

~ oo N

. . 21
(-]
o«
s ot
i
-—‘ ) L
I 4 @F;D i : Friid FPI7 o s d
Building Plan Elevation A-A
Figure 6. Typical Building Plan
Mon-Symmetnc
Building mMadel
for Analysis
Pushover
ROA ‘ ‘ Curve
Capact
Seledtion ofthe A
P atern of Laeral
Load Distrbution E quivali zation of the Evalugion of
Stucture to SDOF Sydem Structural
Perfarmance
Equivalization of the Demand
Structure to Linier System Curve

Figure 7. The Procedure chart of the analysis by method of capacity demand curve

In this analysis will be found an intersection
between the demand curve and the capacity curve
for the largest top displacement. The main
procedure of the analysis is shown in Figure 7.

RESULTS AND DISCUSSION

In the analysis of the asymmetric building
under review, the calculation of dynamic
characteristics is carried out using the principle of
mass distribution in the structure of the software

application, which is shown in Table 2 and the
calculation of dynamic characteristics is also
completed using the Lumped Mass principle,
known as the Holzer or Stodola method, which is
shown in Table 3. The distribution of static seismic
forces on the joints is presented in Table 4. The
distribution of lateral static forces along the height
of the building of mass and height of each floor is
shown in Figure 8.

Table 2. Distributed Mass Vibration Mode

Mode 1 2

3 4 5 6 7 8

Vibration Period, T (sec)
Ratio Vibration, T/Tm

0.933 0.864 0.753
1.000 0.916 0.816 0.479 0.425 0.407 0.386 0.357

0.45 0.413 0.379 0.397 0.342

Table 3. Lumped Mass Vibration Mode

Mode

Vibration Period,

T (Sec)

Vibration Period Ratio,
T/Tm

1 2 3
0.915 0.856 0.743
1.000 0.912 0.813
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Table 4. Distribution of Static Seismic Forces on the Joints

> Midspan Midspan Endspan Endspan
w Beam Column Frame Frame Frame Frame
& Fi(kN) Dimension Dimension ~ Front/ Front/
5 ,bxh,mm ,bxh, mm Back Center Back Center
Joint Joint Joint Joint
1 241.43  500x900 700x700 10.65 17.35 7.27 10.47
2 514.35  500x900 700x700 24.01 37.26 14.37 24.02
3 631.67  500x800 600x600 38.49 64.02 24.09 39.98
4 952.75  500x800 600x600 55.36 91.51 34.59 56.37
5 1208.32  500x800 600x600 69.76 112.49 43.83 71.49
6 1008.41  500x700 500x500 83.05 142.95 52.29 83.1
7 1137.06  500x700 500x500 97.49 163.18 57.27 97.76
8 1146.22  500x700 500x500 97.27 163.85 59.09 97.42
> 6840.21
1146 22 KN sy
1137.06 KN s
1008.41 KN s
1208.32 KN sy
952.75 KN e
63167 KN ==
514.35 KN =3/
241.43 KN =¥

e

Figure 8. Static Earthquake Diagram for each Floor

From the application of the design total
base shear force Vb = 6840.21 KN which is
distributed over 124 joints with the load intensity
increasing gradually through pushover analysis,
the displacement capacity curve of the structure is
produced as shown in Figure 9.

Table 5 provides information about the
displacement behavior and base shear force that
occur in each pushover steps carried out through
the ETABS software structure. The capacity
analysis did not indicate the collapse mechanism
or plastic joint destruction occurred only at the
bottom of the column base floor. This means that
the structural design accommodated the capacity
concept of weak beam-strong column. The

Iz

L= 1]

maximum performance of the structure, A, gks 1S
792 mm, and the next stage is shown in Figure 10.

At point A (V= 5100 KN, A=216 mm)
indicates the beginning of the plastic hinge
mechanism, and at point B (V= 6300 KN,
A =279 mm) initial failure occurs on some
structural elements. Point C (V= 7450 KN,
A =525mm) occurs at the midpoint of strain
hardening. For point D (V= 8550 KN, A =792 mm)
the displacement limit occurs where the structure
is on the verge of collapse or is undergoing local
collapse, reaches maximum curvature.

Table 5. Structural Capacity in Displacement and Base Shear Force and Base Shear Force

Step Displacement Base Force A-B B-IO I0-LS LS-CF CP-C C-D D-E >E TOTAL
0 0.000 0.000 394 0 0 0 0 0 0 0 394
1 0.092 2215.162 394 0 0 0 0 0 0 0 394
2 0.184 4308.713 394 0 0 0 0 0 0 0 394
3 0.216 5150.242 399 2 0 0 0 0 0 0 394
4 0.283 6397.568 299 98 0 0 0 0 0 0 394
5 0.297 6397.568 292 107 0 0 0 0 0 0 394
6 0.385 6903.128 278 68 68 0 0 0 0 0 394
7 0.489 7421.945 254 89 36 53 0 0 0 0 394
8 0.721 8162.457 213 58 62 78 0 0 0 0 394
9 0.861 8486.385 213 54 51 102 0 0 0 0 394
10 0.897 8926.863 213 39 57 107 0 8 0 0 394
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Then, structure performance intersection results
can be seen in Figure 11.

The performance point was derived from
the intersection diagram of capacity structure and
spectra capacity curve. The results of the
spectrum capacity method in Figure 11 shows that
the convergence performance derived at the
structure performance point,a, is 0.23g and
displacement spectra is 189 mm. Based on the
displacement spectra, the actual displacement of
the structure was 286.71 mm and the building
base shear coefficient was 15.46 %.

Figure 10 shows the stages of performance
that occur in a structure and are shown step by
step. The four performance points on the capacity

curve shown in the force vs displacement curve
represent a stage up to the threshold of collapse.
At point A is the beginning of a plastic hinge
mechanism by starting an incident on the upper
floor of the building. At point B begins the
occurrence of a local collapse on some structural
elements, this indicates that the mechanism stage
has begun to occur. At point C is the point where
strain hardening occurs. Meanwhile, at point D is
the occurrence of a maximum performance
structure that is on the verge of collapse. Then
further shows that the maximum performance of
the structure that occurs is in the position
Apnaks 192 mm.

«10° Displacement {mm)

950
855
7B . Vb = 6840.21 KN,

Ay =216 mm

Base Reaction, ¥ (kN)

-llllIlllllIlIlIIIIIlll!llll!lIlIllIIlIl'IIIIlUIIII

90, 180, 270. 360, 450. 540. 630. 720, 810. 900, x103
Figure 9. Vertical Non-Symmetric Structural Capacity Curve (V vs A)
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-
----
.
s
.

76073
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5.70 4 . .,““6.‘}".(5;100,215)

.
"""
.

Base Reaction, ¥ (kN)

=0 v Vv v
IIlI|lIlIIIIlI'llllIl|II‘II'III'II'IIIIIIII!'IIII

a0’ 180! 270! ‘360! ‘450! ‘540! ‘630! 720! ‘g0’ ‘%00 w103
Figure 10. Force Curve vs Displacement
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020 Lo N
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Figure 11. Structure performance intersection result
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The concept of structure performance
design the CSM is basically a performed to obtain
the actual displacement of the building structure.
The actual displacement obtained from these
results show a structure the floor displacement.
Thus, this method can be used as an alternative
design of seismic resistance structure.

The advantage of the CSM method is that it
does not require the determination of specific
basic parameters. Thus, according to the results
of the studies on irregular high-rise buildings
published in this article, this CSM method can
accommodate various types and configurations of
structures, including irregular structures. This
article displays some information about the
performance points shown in the capacity curve in
Figure 9. Thus, it can be seen that the maximum
performance of an irregular structure approaches
collapse [26][27]. Furthermore, the results of this
CSM analysis did not indicate the occurrence of
local collapse in the structure being reviewed.
These results indicate the need for this article as
a reference for future on different analytical
methods.

CONCLUSION

The results for the non-symmetric
reinforced concrete structure in this study are in
the category of Immediate Occupancy
performance level. This implies that the structure
was designed to secure the conditions. Thus, the
CSM can demonstrate the performance of a
seismic resistance structure. The results of the
analysis using the CSM method showed that there
was no local collapse mechanism on the ground
floor columns. These results indicate that the
structural design accommodates the weak beam
strong column concept. The capacity curve
generated in the CSM method is a representation
of the stages in which the plastic hinge mechanism
begins to form, the global elastic limit of the
structure, the center point of strain hardening, and
the maximum performance limit where the
structure approaches collapse.
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