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Abstract

The anticipated fifth tallest building in the world will be reaching high before 2020 in the sky
of Indonesia, one of the most active seismic zones in the world. With its top crown, the tower
will reach 638 meters. The total area of its 111 floors, including 6 basement levels, is 550,000 m?.
Since it stands on very deep, soft soil layers of alluvial deposit, the tower has a complex seismic
behavior. Furthermore, it is very slender with some architectural setbacks at its corners. This
paper discusses the reasons behind the selection of the structural systems, as well as the use of
advanced structural analyses and design methods, including the Performance-Based Design,
which considers the risk-targeted MCE levels of seismic hazard. The site, as a part the SCBD
super block, is also going to be discussed with the urban design guidelines imposed on it.

Keywords: Seismic Zone, Alluvial Deposit, Slender, Performance Based Design, Urban
Design
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Overview

Indonesia has enjoyed steady economic
growth since the early 2000s. Along with
economic growth, there has also been an
improvement in infrastructure development,
notably the plan to build mass rapid transit
(MRT) systems. Jakarta is the capital and most
populated city in Indonesia with almost 10
million people (12,000 people/km? density).
Jakarta Metropolitan area consists of 4

other satellite cities, with each city having

a population between 1-1.5 million. The
development of Jakarta in the past 40 years
has tended to be horizontal and sprawling
into rural areas. The need to have higher
density development is crucial. The burden

of the city’s infrastructure is enormous,

with traffic congestion, waste and water
management. More concentrated and higher
density development will partly resolve the
city’s problems.

Indonesia has enjoyed steady economic
growth since the early 2000s. Along with
economic growth, there has also been an
improvement in infrastructure development,
notably the plan to build mass rapid transit
(MRT) systems. Jakarta is the capital and most
populated city in Indonesia with almost 10
million people (12,000 people/km? density).
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Figure 1. Sudirman CBD Plan 1992 with 88-storeys Tower (Source: Center of Urban
Design Studies — PSUD)
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Figure 2. Bird's-eye view of Signature Tower (Courtesy SRSSA)
F2. HEARLEHE (HE: Courtesy SRSSA)

Jakarta Metropolitan area consists of 4 other satellite cities, with each
city having a population between 1-1.5 million. The development of
Jakarta in the past 40 years has tended to be horizontal and sprawling
into rural areas. The need to have higher density development is
crucial. The burden of the city’s infrastructure is enormous, with traffic
congestion, waste and water management. More concentrated and
higher density development will partly resolve the city’s problems.

The Signature Tower is planned to accommodate those needs. It is
strategically located in the central business district of Jakarta, the
Sudirman Central Business District (SCBD). The location is accessible
by multi-modes of transportation. It is also adjacent to two of the
planned MRT stations. The original plan was a 88-storey high rise
building in 1992 (see Figure 1). The area has become one of the best
developments in Jakarta. The land owner then decided to build the
tallest tower in Jakarta (5th tallest in the world in 2020 — data from
CTBUH).

This 111-storey Signature Tower scheme was developed by Smallwood,
Reynolds, Stewart, Stewart and Associates to include retail, convention
and entertainment in the podium level, three zones of office, hotel and
observation level. Below the podium level are 6 floors of basement,
which are used mainly for mechanical room, back of house and
parking space. The total area of the development is approximately
550,000 m2 (see Figure 2 and Figure 3).

(b)

Figure 3. (a) Level 6 floor plan; (b) Typical office and hotel floor plans (Courtesy SRSSA)
3. (a)<EFElE, b)iFEnsAFEESETFEE (HE: Courtesy
SRSSA)
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Site Condition

As part of a 50 hectares SCBD development, an urban design guideline
for the area is applied to the development. The Signature Tower is
located in Lot 6 and 7 with future extension to Lot 8 (see Figure 4). The
site is designated as the landmark tower area. The total area of Lot 6
and 7 is 32,149 m2 The total area for the three lots is 50,674 m?. The site
is connected to the major road access; north-south and west-east axis
of Jakarta, adjacent to the Semanggi interchange. It is located within
the golden triangle area of Jakarta, where all the major development is
located (see Figure 5). North of the site is “Gelora Bung Karno” national
sports complex that consists of 400 hectares of land, mostly for sport
and recreational activities. It is connected to the future Jakarta MRT
and other public transportation. The site is relatively flat. It also has a
tunnel connection through the site, on the north and south part of the
Signature Tower site.

Geological Condition

The capital city Jakarta is located in the Jakarta basin. It is known that
this basin is mostly dominated by alluvial deposits which consist of
relatively compressible clay, sand and gravels associated with young,
highly weathered volcanic rock of tuffaceous clay and sand. For the
purpose of this project, the geological subsurface condition was
identified through detailed field exploration drilling to 200 meters
deep. Standard penetration test (SPT), cone-penetration test (CPT),
and pressure-meter test (PMT) were conducted. Undisturbed samples
were conducted for index properties, compression or modulus, and
shear strengths laboratory testing. Seismic downhole test (SDT)

was also carried out to identify shear wave velocity profile of the

site. In addition, groundwater monitoring and pumping test from
pumping wells and several observation wells were also conducted for
dewatering design purposes of the six levels of basements with a total
depth excavation of 23.5 m.

The soil exploration indicated that the subsurface consists of the
following six soil-layers: 8 meters soft to medium stiff clay, 5 meters

of medium stiff to stiff clay, 20 meters of hard silt and very dense sand
over about 15 meters of very stiff clay. These layers are underlain by
about 75 meters of hard clay over 75 meters of hard silt and very dense
sand. The average groundwater level is 10 meters below the existing
ground surface.

Since the tower weight will be relatively very high and the subsurface
layers are considered to be compressible, particularly for the clay layers
from 35 - 120 meters depths with average N-SPT values in the range
of 30-40, then both comprehensive consolidation and shear-strength
tests were needed. Both undrained and drained triaxial tests were
required to obtain the corresponding shear strengths. Constant rate
of strain consolidation tests were conducted in order to accurately
identify pre-consolidation pressure and compression index of the
compressible clay layers.

Site-Specific Seismic Design Criteria

Due to many recent large earthquakes in Indonesia, a detailed
seismic hazard analysis needs to be conducted to determine seismic
design criteria for the tower. These design criteria are based on a

new concept that considers both seismic hazard of the site and
integrating it with the fragility of the building to derive the so called
risk-targeted maximum considered earthquake (MCER). This MCER is
defined as a 1% probability of the building collapsing within 50 years.

Figure 4. Sudirman CBD Plan 1992 and the surrounding area (Source: Center of Urban
Design Studies — PSUD)

E4. 1992F AKX Sudirman® £ H F X R ALK (B EH: HTRITARFQ
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Figure 5. Sudirman CBD Public Transportation and Access
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The MCER is developed by calculation of risk-integral, consisting of
hazard curves of maximum considered earthquake (MCE). It is defined
as a 2% probability of exceedance (PE) in 50 years resulting from a
probabilistic seismic hazard analysis (PSHA) of the site and fragility
function of the building. The seismic criteria are also made for Service
Level Earthquake (SLE), defined as a 50% PE in 30 years. The seismic
design criteria are conducted in conformance with Pacific Earthquake
Engineering Research Center (PEER) Tall Building Provisions (2010) and
American Society of Civil Engineer (ASCE) 7-10.

Seismicity of the site was investigated through PSHA, considering
subduction zones and shallow crustal faults as well as background
seismicity within 500 km radius of the site. Seismicity data around
the site indicate seismic events that occurred from the year 1900 to
date and seismic source zones as presented in Figure 6. Maximum
magnitudes and seismic parameters for each seismic source zone
are identified. The most recent ground motion predictive equations
(GMPE) for each of the subduction, shallow crustals, and background
sources are adopted in the PSHA. Results of the PSHA are hazard
curves of both level hazards of MCE and SLE at reference subsurface
rock, having shear wave velocity (Vs) of 760 m/s (SB). MCE is further
integrated with fragility function of the tower to obtain MCER .

Comprehensive analyses through logic-tree formulation and sensitivity
analyses on maximum magnitudes of the seismic source zones were
performed. De-aggregation analysis has been conducted to identify
dominant events corresponding to the levels of probabilities and
oscillatory periods of interest near the natural period of the tower.
Seismic input motions for both SLE and MCER at reference rock SB
were generated. Seismic input motions were generated through
spectral matching techniques to target the spectra derived from the
de-aggregation analysis.

The seismic input motions were adopted in a non-linear time-domain
wave propagation analyses from reference rock (SB) to ground surface.
The shear wave velocity profiles were obtained from the combination
of seismic down-hole test and ambient noise micro-tremor survey,

to characterize the reference subsurface rock to ground surface, to a
depth of approximately 500 m. The reference rock SB with shear wave
velocity of 760 meter/second was identified at a depth of 300m from
the ground surface. Figure 7 shows the shear wave velocity profile
from ground surface to 300 m depth. Wave propagation analysis
based on the Vs profile and seismic input motions, scaled at various
oscillatory periods from 0-10 seconds, have been conducted. The
results recommended ground surface Design SLE and Design MCER in
the form of response spectra as shown in Figure 8.

Wind Tunnel Test

For super blocks and high-rise buildings of more than 50 floors (200 m
height), the Jakarta municipality requires a series of wind tunnel tests
to be carried out. For this purpose, a series of wind tunnel tests was
conducted at the Rowan Williams Davies & Irwin Inc (RWDI)'s 2.4 m x
2.0 m boundary layer wind tunnel facility in Guelph, Ontario, Canada.
Wind tunnel tests were done on a 1:500 scale model, including its
proximity surroundings within a 600 m diameter, and measured using
a very sensitive High-Frequency Force Balance (HFFB) test. Figure 9
illustrates the wind tunnel test conducted in the laboratory. The wind
climate model was scaled so that the magnitude of the wind velocity
for the 100 year return period corresponded to a mean hourly wind
speed of 40 m/s at gradient height in open terrain. The summary

of predicted peak overall structural wind loads is shown in Table 1.
The base shear and the overturning moment from the wind tunnel

Figure 6. Distribution of main-shocks seismicity data around the tower site
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Figure 7. Shear wave velocity (Vs) profile of the site based on seismic downhole test,
microtremor test, and N-SPT correlation
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Figure 8. Ground surface response spectra of recommended SLE and SD = 2/3 * SMax
MCER resulted from SSRA
FE8. M SSRA%H | e 7 P #ySLEFuSD=2/3*SMax MCERMt & R AL 1%

analyses are around 46% - 60% and 69% - 80%, respectively, when
compared to the seismic load. Therefore, this tower's lateral system is
governed by the seismic load.

The predicted peak accelerations for the 1-year return period and the
10-year accelerations with 1% critical damping ratio are 6.0 milli-g and
13 milli-g, respectively. These values are still below the 1-year return
period International Organization for Standardization (ISO) limit value
for office and residential buildings and the 10-year acceleration limit
under the RWDI's criteria for an office tower and residential building,
respectively. Therefore, the predicted accelerations are acceptable for
human comfort in an office building. The wind tunnel tests were also
used to measure the cladding wind load, stack effect and pedestrian
comfort.

Structural Design Concept

The building is located within one of the most active seismic zones

in the world; a prudent selection of seismic resisting system is very
crucial. Classified as Seismic Design Category D (ASCE 7-10), Signature
Tower presents great challenges to engineers because of the high
seismic reactions and extremely soft soil conditions.

Foundation

Drilled shaft bored piles with a mat foundation system was used

for this project to support the weight of the building and resist
overturning moments from wind and seismic loads. The tower mat is
relatively thick (6.5 m to 7.5 m) to distribute vertical loads from columns
and core to the bored piles. The drilled shaft pile foundation under

the tower-mat is 1.2 m in diameter, with an effective length of 90 m to
transfer the axial load of the tower to the hard silt and very dense sand.
The bored piles develop their load carrying capacity through both

skin friction along the perimeter and end bearing of the toe. Since the
bored pile is relatively long, the working load will be mostly carried by
its skin friction capacity. The piles, with 3.6 meter spacing, cover the
80-m-square mat to resist the axial load of the tower's weight. The total
number of bored piles within the mat are also needed to resist the
wind and seismic loads to acceptable limits of lateral deformations.

The shear strength and consolidation tests of the soil layer between
125 to 200 meters indicated that the layer is overly-consolidated.
The strength and consolidation tests for the soil layer between 50 to
125 meters indicated that the layer is slightly over consolidated. The
pile effective length of 90 meters is required to limit the total and
differential settlement to acceptable limits due to compressibility of
this soil layer. The consolidation settlement analyses were conducted

Figure 9. Wind tunnel study model (Source: RWDI, 2012)
E9. REMIREA (i E: RWDI, 2012)
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Table 1. Summary of predicted peak overall structural wind loads at the ground floor
(Source: RWDI, 2012)
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using computer programs UniSettle (UniSoft Ltd) and TCON (TAGA
Ltd). The estimated net load acting on the foundation is 4,449,000 kN.
The results of our analyses indicate that the tower's foundation would
settle on the order of 170 — 180 mm (Langan International, 2012).
About two thirds of the settlement would occur during construction.

Slurry Wall Construction of 1.0-1.2 m thick is used for the entire
perimeter basement wall. The working condition for the slurry wall is
separated in two stages: during the construction stage to retain the soil
and top-down construction implications and at the service stage to
resist the soil at-rest pressure, the groundwater pressure and dynamic
seismic lateral earth pressure.

Upper Structure

Since Indonesia is located at the circum-Pacific seismic belt, a lateral
load resisting system needed to be appropriately selected for the
design. The tower utilizes a “Core-Outriggers-Mega Frame” system.
Itincludes a hybrid concrete core, outrigger trusses, hybrid super
columns and an exterior mega frame, which consists of super columns
and belt trusses. The hybrid concrete core is linked to the eight super
composite perimeter columns through two(2)-story high steel
outrigger trusses at three locations along the building height. These
structural components are intended to be the primary lateral load
resisting system of the tower. The secondary system consists of a
mega frame with its super columns and belt trusses, which are placed
at six locations along the building height (see Figure 10).

The reason for selecting the above lateral load resisting system can be
described as follows: The square concrete core with 31m wide faces
efficiently encloses numerous elevators and stairs needed to service
tower occupants, but it is not sufficient by itself to resist extreme
overturning moments generated by lateral wind and seismic loads, as
well as to control deflections and drifts to the required comfort level.
The most economically feasible approach to resist overturning and
improve stiffness is to engage outer columns to benefit from a longer
moment arm. Hence, three sets of two-story outrigger trusses aligned
with flange core walls are used to tie the core and exterior super
columns together. The two-story outrigger trusses are located between
levels 33~35, levels 58~60, and levels 91~93. A one-story head truss

is located at levels 109~110 to control the drift at the tower's top. In
addition, the tower is wrapped by a mega frame consisting of nine belt
trusses linking the super columns together and transferring secondary
column gravity loads to super columns. The one-story belt trusses are
located between levels 10~11, levels 22~23, levels 47~48, levels 72~73,
levels 83~84 and levels 109~110. Two-story belt trusses are located
between levels 33~35, levels 58~60, and levels 91~93. The thickness of
the core walls at the ground level is 1.1 m and decreases to 0.6 m at the
upper floors in order to maximum the usable areas. The dimensions of
the super columns are 3.5 m x 5.0 m at the ground level and decrease
to 1.5 m x 1.5 m at the upper floors. These columns are straight at the
lower floors and slope gradually at the upper floors to fit the tower's
profile.

As part of the gravity system, the floor consists of composite floor
decks with steel beams and girders. These composite floor decks with
concrete solid slabs on top of metal deck are used to expedite the
construction and decrease building self-weight. The tower's gravity
load on every floor is supported by the core, super columns and much
smaller gravity columns. The gravity forces in the gravity columns are
collected by belt trusses and transferred to the super columns. This
load path not only reduces the accumulated gravity forces taken by
the gravity columns, but also helps to reduce tensile forces in the super
columns due to lateral loads. At the top of each zone, gravity columns
are connected to the bottom of belt trusses with vertically slotted
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Figure 10. (a) Tower isometric view and (b) Detail of each lateral resisting system
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connections to release potential stresses due to creep, shrinkage and
differential movements.

Since a core wall outrigger system is not listed in the lateral system

in ASCE 7-10, the designer was required to use Performance-based
Design as an alternative analysis method. The Performance-based
Design incorporates a series of time history analyses with seven sets of
acceleration records in order to evaluate the building's performance
under different levels of seismic hazard, in addition to the conventional
code-based design. By carrying out this design method it is hoped that
an efficient and safe structure can be achieved.

The Podium structure located beside the Signature Tower was
designed to resist the lateral forces by mainly employing concrete
moment frames. Special moment resisting frame (SMRF) was selected
as a lateral resisting system above the ground floor and moment frame
with shear wall was designed to take lateral loads at basement floors.
Thus all moment frames on this structure have been designed to
satisfy special moment frame requirement stated in ACI-318. The high-
rise tower structure and the podium structure have different structural
behaviors, so expansion joints are an effective way to separate the
structures to avoid the structural interference between dissimilar
structures. Expansion joints were placed between the tower and the
above-ground podium.

The podium’s gravity framing system is mainly a one way concrete slab
system with concrete girders and filler beams on typical bays. Concrete
slab thickness varies from 125 mm to 180 mm, depending upon the
floor's usage. A steel truss system was selected for supporting the roof
structure, which is accessible and public space with a garden. Steel
trusses on the roof makes a spacious area of 56 m x 88 m, without

any columns at the floor. The steel trusses are combined with steel
sections embedded in concrete columns and some horizontal bracing
on the roof level. These help diaphragm the forces spreading out to
other frames.

Closing Remarks

The 111-story Signature Tower will be reaching high in the sky of
Indonesia prior to 2020. The designers dealt with a series of design
challenges, including the soft soil conditions and high seismicity,
by using extensive site-specific earthquake hazard investigations, a
rigorous soil testing program and state-of-the-art analysis methods.
These are highlighted by:

» New Concept Of Risk-Targeted MCE from Site-Specific
Earthquake Hazard Analysis has been adopted for seismic
design criteria for this tower.

» The Performance-Based Design incorporates a series of time
history nonlinear analyses with seven sets of acceleration
records in order to evaluate the building's performance under
different levels of seismic hazard.

» The 90 m effective deep bored pile foundation, below the
lowest tower-mat, is designed to sufficiently penetrate into a
very stiff to hard overly-consolidated clay layer for stability and
to limit the settlement of the building.

« "Core-Outriggers-Mega Frame” system is the most appropriate
lateral load resisting structural system and gravity load resisting
elements for the tower in this seismicly prone area. Structural
analyses show that the tower meets all design criteria as
required by the current design guidelines and standard of
practice.

Ba:ify ]
HFHERTETMTHRAFEMES, REEAL R TR RE—
ANEEEMRR RN TR, ERXA B
ME-EAER” R4, CaFHAENKARELZOH, 4
HEME, WERHERARESBEMERRNERIMERAR. ZO
R ERGE FAA BN D E M EARATES \ARERA 4
HEAEE, KEHEREAEBREENRMAKRE, EBNE ¥
T AR R 2 B R AR A A T B 77 e A B A N AT AR A R
(ILE10) o

HELTRFMAGCFHERGET: BKIKHFHRELZ,
WEAE N ERER E R EN RS, EUARS R
M e R A B A BT R IR KB 4R, AR ERE AR
8] o0 4% i 4T 1E JE ok, R E LB R B W R A AT
WHERMKIBZIENTEAE. Ak, RE=EHEZ&mi
RN R, $ROEMIBEEREE—R, FESBOE—RT
1. T B & 0 S B H7 22 - B 4L F33~35 B . 58~602. 91~93E
ZH, FEAATI00~110EME —EEWiEHE, A THEGSE%
WML H . s, BB —NERELCES, ZELHINKF
WH RS Z MENEREAR, FEAENTEELITFHE
FHMERE, —BEEBATRENELALTIO~I1E., 22~23F . 47
~48 2 . T2~T3 . 83~84 EA109~110Z z 6], T # 2 & W 3F 4
M2 AL T33~352, 58~60F. 91~93 B |5, EHEImEHA
WZOHEREERL 1K, Bl EHEEEEERD 206K, MUE
BARERmERATH., EHEFEANER AR T 23, 5%
5.0, B EHHEFRDE 5k x 1.5k, REEERKEE
ARRAW, B g R R A, LE MK,

EAEARRN—Ha, BRERELAERAFNEEK. A
AP e A AAR AR L b R AR R AR, ¥ DU R
IHEMEAFBROEREE. EREENENFTHILLH, E
HRBNRTWEAEI A, EAELWEN TR IATHE
HEStHBREEAL. BRRBETRERT HEIENANER
R, MELRBRNERERTMEERII LS. £
BB THER, B AF 8 it 2 B 7 () Y T A8 7 2 4 B3R AT R R
#, UBHET®EE., WEMR MG R BEN .

BT AL AN T 2R AR R AEASCE T-108 M B4 /1 RS P %A
A s, BHEE RIS T TR BT, B
TEGHETAEH LT, RITARKRATEREILTARES
M EFAT R AT, DOF R R B A E K E TR 2 i
MegE, B LmX—WIT T E, BEEI—AARAIEIREAN
B 8

B 4iSignature S AR B 45 £ B B M L AE 24K R R
M Ao WA RERFHRNEAEL (SMRF) 18 43 E L _E B HL
MARE, BE-HHEERZAEN BT ENRMAKRE, ik,
it R 45 A 22 B9 3% T 0 BE 7 R ACT-318 A A B AR S IE 2 E
Ko BEMEMMEFENERTRNERERE, Fit, RE W%
BR—FTZHERN T EFREG AR EEZ AT, Bk
BT L EEE 2,
EEHENGRAZTERRBELI RRRBRELEARRGHR. R
BEREE 5125 ZREI80Z XK, EEFRATHRNA L, &
M AR AE RN AL S EN. BTN 2T UH R
B A56Kkx SSKMLHEATH. ML EEETRELEFTH
RARtEE, FETERERTRE, AHTHRRAEHEESR
F

e

1112 8947 36 K B H T 20204 BT A2 B R Ak o BTV 2 B AT — &
FIBcit LRgdkik, R IMELGMEMEAMR S, B
A E AR AR R EF I O £ ) R e A s R S

591



Acknowledgments MO T ERBARTT BFATIE, ERAE:

The authors gratefully acknowledge the significant contribution of . ERXEEBRERENTRATAMEA R ERE
the developer team’s PT Grahamas Adisentosa, and all parties who are M AT B E A A, R 45 #IMCE.,

ihe developer teams T Grefamss
involved in this prestigious project o BRI R R TE IR — AR, DT
R AT B R R T S B
o B R R TRO0K A R AT, (R A
GiHEF L EAE A E A LR, DR A
Bl
. ERAMEERERE, RO EE-EAER" B
SEMBM AR R EARE, BHAFRT, TR
T LN S

£
1E# *fPT Grahamas Adisentosatf X A Fupr g ATH £ 5 # # Y
B TR R R Rt

References (3% H# H):

American Concrete Institute (2008). Building Code Requirements For Structural Concrete (Aci 318-08) And Commentary, American
Concrete Institute, Farmington Hills, Mi

American Society Of Civil Engineers (2006). Asce/Sei Standard 41-06, Seismic Rehabilitation Of Existing Buildings, Reston, Va.
American Society Of Civil Engineers (2010). Asce 7-10 Minimum Design Loads For Buildings And Other Structures, Reston, Va.

International Organization For Standardization (2007). Bases For Design Of Structures - Serviceability Of Buildings And Walkways Against
Vibrations, Iso 10137:2007

Langan International (2012). Geotechnical Investigation Proposed Jakarta Signature Tower Sudirman Central Business District Lots 6 And
7 Jakarta, Indonesia, Project 731566901, San Francisco, February 2012

Pacific Earthquake Engineering Research Center (2010). Guidelines For Performance-Based Seismic Design Of Tall Buildings, Report Peer-
2010/05, Pacific Earthquake Engineering Research Center, University Of California, Berkeley, Ca.

Rowan Williams Davies & Irwin Inc. (2012). Signature Tower Jakarta-Indonesia. Draft Report Wind Induced Structural Responses, Project #
1100805, February 2012, 53 P.

Sengara, W, Sumiartha, P, Handayani, G.M. And Yulman, A. (2012), Probabilistic Seismic Hazard And Site-Specific Response Analysis To
Derive Seismic Design Criteria For Signature Tower - Jakarta. PT. Georeka Indonesia, February 2012, 38 P.

592



