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ABSTRACT

Researches have been conducted to study Shearwall-frame combined with belt
truss as structural system (SFBT), in which the post-elastic behavior and ductility of this
structural system are explored. A 60-story SFBT building, with a ductility set equal to
3.75 (value for fully ductile cantilever wall) is considered. The Elastic Response
Spectrum used for design is taken from Zone 2 of Indonesian Seismic Map. Capacity
design method according to Indonesian Concrete Code is employed. The seismic
performance is analyzed using static non-linear push-over analysis and dynamic non-
linear time-history analysis. Spectrum consistent ground motions of the May 18, 1940
El-Centro earthquake N-S components scaled to maximum accelerations of various
return periods (50, 200, and 500 years) are used for analysis. The results of this study
show that plastic hinges mainly developed in beams above the truss, columns below the
truss, and bottom levels of the wall. The building shows no indication of structural
instability.

Keywords: ductility, shear wall frame—belt truss, static non-linear push over analysis,
dynamic non-linear time history analysis.

INTRODUCTION

Outrigger structural system has been used sucsessfully to reduce lateral
displacement of tall building, unfortunately the installation of outriggers restrict the
utilization of the floors occupied by the outriggers. Nair [1] proposed to use belt truss
instead of outrigger and named the system virtual outrigger. Nair [1] showed that shear
wall belt truss structure, although not as good as outrigger, could effectively reduced the
lateral displacement in the elastic region. Adhi and Tengara [2], and Lumantarna et al
[3,4] considered shearwall-frame belt truss (SFBT) and showed the same behavior.

Belt Truss as Virtual Outrigger

Belt truss is a system of trusses installed at the perimeter of Shearwall — Belt Truss
structural system. Nair [1] introduced the belt truss as virtual outrigger due to the fact
that it is not connected directly to the core, but still maintain the function of an
outrigger. Location of belt truss in a high rise building can be seen in Figure 1.
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Figure 1. Tipical Belt Truss Location in a Highrise Building [1]

In order to keep the function as outrigger, this system requires the floor diaphragm
to convert the core overturning moment due to lateral load into a couple of horizontal
forces (Figure 2a). Further, this horizontal forces will be converted as axial forces in
exterior columns (Figure 2b).
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Figure 2. (a) Conversion of Core Overturning Moment into Coupled Horizontal Forces
(b) Conversion of Coupled Horizontal Forces into Axial Forces in Exterior Columns

Post elastic behaviour of SFBT

Pudjisuryadi and Lumantarna [5,6] studied the post elastic behavior of a 30 story SFBT
structure (Figure 3) assuming a structural ductility of 3.75 (reduction factor, R=6.0) [7].
Ductilily is defined as the ability of a structure to undergo repeated plastic deformations
while keeping adequate strength and stiffness to maintain overall stability. Ductility (n)
of a structure is expressed as the ratio of near collapse displacement (3,,) with respect to
displacement at the first yield (3y), which in the current Indonesian Seismic Code [7], is
expressed as Equation 1.
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In the code, both Shearwall-Belt Truss and Shearwall Frame—Belt Truss systems are not
categorized. The most similar system is the Shearwall Frame system, which has
ductility value ranges from 3.4 to 4.0. Failure (damage index >1.0) appeared in the short
beams connecting the structural walls to adjacent columns.
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In subsequent study, Prasetio and Sumendap [8] studied similar 30 story building with
some structural modification to eliminate the short beams (Figure 4). Results showed
that there is no elements failure (damage index < 1.0) in the building. This study intends

to further explore the adequacy of value 3.75 as ductility in SFBT system by doubling
the building height.

30th floor
20th floor
30g3.5m f bt
© @ & @
17 r ’ - - a @
+ ©
+
. L - L 1 j;u J<)444> X
101010+ 101010+ 101010+
(@) Interior Frame (b) Exterior Frame (c) Building Plan

Figure 3. The 30-Story SFBT Building Considered by Pudjisuryadi and Lumantarna [5,6]
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Figure 4. The 30-Story SFBT Building Considered by Prasetio and Sumendap [8]



BUILDING AND LOADS CONSIDERED

In this study, a 60 story building with SFBT as lateral resisting system is
evaluated. The building consists of five spans (ten meters each) in both direction, and a
three story belt truss is installed at two third of building height (Figure 5). Dimensions
of structural elements used can be seen in Table 1. The building is design according to
the current Indonesian Seismic and Concrete Codes [7, 9]. Seismic zone 2 and soft soil
condition are used for this study. Ductility value of 3.75 (R =6.0) is assumed in the

design.
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Figure 5. Plan and Belt Truss Location of the Building.
Table 1. Dimension of Structural Elements
Element Remark
0,30 x 0,90 m*, and
e Beams; fc’ =30 MPa ; fy = 400 MPa 0,50 x 1,00 m?
e Belt Trusses; fc’ = 50 MPa ; fy = 400 MPa 1,00 x 2,50 m?
e Columns (Story 1 — Story 20); fc’ = 50 MPa ; fy = 400 MPa 1,40 x 1,40 m?
e Columns (Story 21 — Story 40); fc’ = 40 MPa ; fy = 400 MPa 1,20 x 1,20 m?
e Columns (Story 41 — Story 60); fc’ = 40 MPa ; fy = 400 MPa 0,9x0,9 m?
o Floor Diaphragm thickness 0,12m
e Shearwall (Story 1 — Story 20); fc’ = 40 MPa ; fy = 400 MPa 0,60 x 10,00 m?
e Shearwall (Story 21 — Story 40); fc’ = 30 MPa ; fy = 400 MPa 0,40 x 10,00 m?
e Shearwall (Story 41 — Story 60); fc’ = 30 MPa ; fy = 400 MPa 0,30 x 10,00 m?




The post elastic behaviour of this building is evaluated using static non-linear
push-over analysis (PO) and Dynamic non-linear Time History analysis (NLTH). The
load pattern used for static non-linear push-over analysis is the building’s first mode.
Spectrum consistent ground acceleration is used for dynamic non-linear time history
analysis. The spectrum consistent ground acceleration is modified from the North-South
Component of El Centro 18 May 1940 using RESMAT a program developed at Petra
Christian University [10]. The original ground acceleration is shown in Figure 6, while
the modified ground acceleration consistent with a 500 years return period spectrum of
Zone 2, soft soil, in accordance to the Indonesian Earthquake Code SNI 03-1726-2002
[7] is shown in Figure 7. Figure 8 shows comparison of respons spectra given in the
code, EI-Centro N-S Component, and the Modified Ground Acceleration. The modified
ground acceleration (Figure 7) is then scaled down to earthquake with 50 and 200 years
return period levels by using PGA factor given in [11]. The behavior of the building
subjected to three levels of ground acceleration (50, 200, and 500 years return period) is
analysed. Both PO and NLTH analysis are performed using SAP2000 [12].
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Figure 6. Original Ground Acceleration of El Centro 18th May 1940 North-South Component

Modified Ground Acceleration of El Centro 18th May 1940 (N-S)
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Figure 7. Modified Ground Acceleration of El Centro 18th May 1940 North-South Component
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Figure 8. Respons Spectrum of El Centro 18th May 1940 North-South Component
RESULTS

The behaviour of the structure in terms of lateral displacements, lateral drifts, and
pattern of plastic hinges formation and their damage level are determined. The
displacements and lateral story drifts are shown in Figures 9 and 10 respectively. In
these Figures, PO and TH indicate static non-linear pushover analysis and dynamic non
linear time history analysis respectively. The numbers following either PO or TH are the
return period of the earthquake level. It can be seen clearly that results of displacements
and lateral story drifts from PO are significantly larger than those from NLTH.

Story Displacement

Story Level

0 0.2 0.4 0.6 0.8 1 12

Displacement (m)

Figure 9. Displacement of the structure
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Figure 10. Lateral Story Drift of the structure

Figures 11, 12, and 13 show the plastic hinges formation of the structure as analyzed
using static non-linear push over analysis, it can be seen that the plastic hinges mainly
develop in beams of stories below the belt truss. Hinges are also seen at a few beams in
stories above the belt truss, a few columns just below the belt truss and at the bottom of
the structural walls. On the other hand, results from dynamic non-linear time history
analysis (Figures 14, 15, and 16) show plastic hinges mainly above the belt truss,
although hinges are also seen at some columns just below the belt truss, and at a few
beams and structural wall at bottom stories.
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Figure 11. Plastic Hinges Formation Analysed by Static Non-Linear Push Over with 50 Years
Return Period Earthquake.
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Figure 12. Plastic Hinges Formation Analysed by Static Non-Linear Push Over with 200 Years
Return Period Earthquake.
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Figure 13. Plastic Hinges Formation Analysed by Static Non-Linear Push Over with 500 Years
Return Period Earthquake.
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Figure 14. Plastic Hinges Formation Analysed by Dynamic Non-Linear Time History with 50
Years Return Period Earthquake.
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Figure 15. Plastic Hinges Formation Analysed by Dynamic Non-Linear Time History with 200

Years Return Period Earthquake.
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Figure 16. Plastic Hinges Formation Analysed by Dynamic Non-Linear Time History with 500
Years Return Period Earthquake.
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DISCUSSION AND CONCLUSIONS

Static non-linear push over analysis is a simple alternative method in evaluating
structure behaviour under dynamic loading. In this study, with the complexity of
vertical stiffness distribution with the existance of belt truss, static non-linear push over
analysis shows its limitation. Lateral story drifts from dynamic non-linear time history
analysis show a more logical results. The lateral story drifts significantly decrease at the
level of belt truss and at the story 23rd where overturning moment of shearwall drops
(as shown in Figure 17). Dynamic non-linear time history analysis is able to show this
behavior but not the static non-linear push over analysis.
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Figure 17. Required and Nominal Moments at Shearwall (Response Spectrum Analysis)

In term of damage, static non-linear push over analysis show more plastic hinges
developed at the lower part of the building. The dynamic non-linear time history
analysis shows smaller lateral displacement due to stiffer lower part of the building.
This explains the extremely large displacement difference of both analysis. The
performance level of the building according to Asian Concrete Model Code [13] in
terms of drift ratio and damage index can be seen in Tables 2 and 3 respectively. The
grey shaded area in the Tables indicate the desired performance level of the building.



Table 2. Building Performance Level According to Drifts specified by ACMC

Performance Level
Return Period - —
( | Serviceability | Damage Control Safety Unacceptable
years
Limit State Limit State Limit State | Limit State
50 PO-TH
200 TH PO
500 TH PO
Maximum Drift
0,5 1 2 >2,00
(%)
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Table 3. Building Performance Level According to Damage Index specified by ACMC

Return Period

Performance Level

First Serviceability | Damage Control | Safety Unacceptable
(years) Yield Limit State Limit State Limit State Limit State
50 PO-TH
200 TH PO
500 TH PO
Maximum >0,1 0,0-025 [0,25-04 04-100 |>1,00
Damage Index

A more detail observation indicates that maximum damage index at beams is only
0.334, while columns and structural walls show an even smaller ratio (lower than 0.1). It
can be concluded that overall performance of the building shows satisfactory results,
and no sign of instability. According to this study, the ductility value, p=3.75

(equivalent to seismic reduction factor R=6) can be used for the considered shearwall
frame—belt truss system.
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