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Tianjin Goldin Finance 117 Tower: The Solution to a Slender
Geometry
KETRINIAE: WKERGEHBETE

Abstract

With an architectural height of 597m, the Tianjin Goldin Finance 117 tower will have the highest
structural roof of any building under construction in China, and will have a structural height-
width ratio of approximately 9.5, making it very slender. To satisfy earthquake and wind-resisting
requirements, the structure consists of a perimeter mega-braced frame and reinforced concrete
core with composite steel plates. Based on the new requirements from the latest Chinese
building seismic design codes, the design includes a number of new features and solutions in
overall stiffness control, material and component type selection which are further evaluated by
seismic performance-based design, mega-column design, robustness analysis as well as elastic-
plastic time-history analysis. The design overcomes various structural challenges and satisfies
the requirement of the architect and the client.

Peng Liu Goman Ho

Keywords: Mega Frame, Seismic Zone, Mega Column, Composite Steel Plate Shear Wall
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Dr. Peng Liu is an Associate Director at Arup and has
substantial experience in tall building and seismic
design. He is the specialist of structural optimisation in
Arup East Asian region and the structural team leader
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Dr. Goman Ho is a Director at Arup and visiting
Research Fellow at Hong Kong Polytechnic University.
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Mr. Chao Yin is a Senior Engineer at Arup. He has
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Engineering Background

Measured from the structural roof level, Tianjin
Goldin 117 will be the tallest building in
China. The tower is located in Tianjin, China,
and will include class-A office spaces, a 6-star
hotel and ancillary facilities with a gross

floor area of approximately 370,000m”. The
architectural height is approximately 597m

with 117 stories (total of 126 structural stories).

The project is financed by Goldin Properties
Holdings Limited.

The mega tower has a square plan which
reduces in size throughout the height and
follows a tapered shape in elevation. The plan
dimension is approximately 65m x 65m at the
ground level and gradually reduces to 45m x
45m at the roof level (see Figure 1).

Design Challenges

The structural height of the tower is 584
meters and the height-to-width ratio is
approximately 9.5, significantly exceeding the
limit of 7.0 imposed by Chinese seismic code.
Accordingly, approval from a National Expert
Review Panel is required.
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Figure 1. Perspective view (Courtesy of P&T Figure 2. Structural Arrangement Plan of Ground Floor Figure 3. 3D Illustration of Structural System
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Tianjin is located in Northern China with high seismic intensity EMEREHHERITH X

(Intensity 7, 0.15g) with soft ground conditions. According to Chinese
codes and practice, a more stringent set of controlling criteria had to
be adopted, leading to more challenging technical requirements and
conditions for the seismic design of the structure.

Development of Structural Systems and Member Design

Building Plan

By coordinating with the architect and the service engineer
throughout the design process, an almost bi-axially symmetrical
arrangement has been achieved for the structural plan and core, as
shown in Figure 2.

Perimeter Structure

To achieve the building arrangement and ensure structural safety, the
advantages of structural steel and reinforced concrete were maximized
for the best engineering value. The requirements imposed on the
mega tower by its height-to-width ratio led to the adoption of a more
efficient brace arrangement. Through coordination with the client and
architect, a cross brace pattern was finally adopted for all zones, except
the lowest zone which adopts an inverted K brace arrangement to

suit the main entrance requirements. This significantly enhances the
overall stiffness of the mega tower and maximizes element efficiency
to satisfy a series of technical structural requirements for seismic and
wind loading.

Since the stiffness of the perimeter mega frame exceeds that of the
core in most of the stories, outrigger trusses were determined to be
inefficient in improving overall structural stiffness. Thus, outrigger
trusses were not adopted in the final design.

The final structural stability system, as shown in Figure 3, comprises a
reinforced concrete core and a perimeter mega braced frame to form
a dual structural stability system (see Figure 4). This system provides

superior lateral stiffness and safely resists earthquake and wind loading.

The urban planning authority and the client preferred to reduce the
visual impact of the cross-bracing. The braces were thus offset inboard
from the perimeter beam-column sub-frame which also added the
benefit of simplifying the gravity load path (see Figure 5).
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Figure 5. lllustration of Mega Frame and Mega Brace connection - double-story truss
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To prevent potential progressive collapse if the lower part of the
columns of the sub-frame is damaged, an alternative load path for the
upper portion is provided by connecting the columns with the belt
truss above via a long slotted joint which will be activated if a lower
column were ever to fail (see Figure 6). The belt truss is designed for
high horizontal/vertical seismic load combination demand, and this
simple structural detail enhances the robustness and safety of the
gravity system without extra cost.

Core

The core extends from the top of the pile cap up to the roof of the
mega tower, passing through the full height of the building. The core
is rectangular in plan with dimensions of about 34m x 32m at the base,
and an approximate square on Level 67 up to the roof.

The core adopts steel-reinforced concrete shear walls with embedded
steel sections. At the low zone, alongside steel sections, steel plates are
added to form composite steel plate walls (C-SPW) to prevent shear
failure of the concrete walls in case of a severe earthquake, as shown in
Figure 7. This system has been widely adopted for supertall buildings in
China since its first introduction in the China World Trade Centre Phase
3A project. Once the wall is proved to be strong in shear, the ductility
of a reinforced concrete shear wall can be guaranteed. At the same
time, this kind of C-SPW will not induce any sound during oscillation
like a pure steel plate shear wall. The use of this type of composite

wall increases the compressive and shear capacity of the element,
efficiently reducing the self-weight of the structure and hence the
mass.

The core wall thickness gradually reduces from 1400mm thick at the
base of the tower to 300mm at the top. Steel plate arrangements
within the wall panels vary from two 35mm thick steel plates at the
base to a single 25mm steel plate at about Level 32.

Mega-Columns

Mega columns are strategically located at the four corners of the
building plan and extend to the top of the tower, connecting beams,
transfer trusses and mega braces at each zone. The plan shape of

the mega columns satisfies the architectural profile and structural
connection requirements, resembling a six-sided polygon with a cross
sectional area of about 45m? at the bottom (see Figure 8). The mega
columns reduce in size at zones along the height of the tower with the
exterior face of the columns held flush.

The mega columns are connected to the transfer trusses and mega
braces. Initial designs of the columns were envisioned to be steel
reinforced columns (SRC), however it was determined that polygonal
concrete filled tubes would ultimately be required. The normal practice

Figure 6. Elevation of perimeter frame and slotted joint at the top
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of discrete steel sections in SRC columns was considered to have
insufficient ductility based on results of previous tests in other projects.
The requirement of a full-height inter-connection of all steel sections
resulted in a closed continuous steel. The final design is an external
steel plate enclosure with internal inter-connected plates forming
separate chambers in accordance with the detailing requirements

(as shown). The six-sided polygonal concrete filled tube composite
member has sufficient capacity to resist axial, bending and shear forces
generated by earthquake and wind loads.

The overall steel percentage of the mega columns outside the
connection zone is about 4~6%, using Q345GJ (or Q390GJ) grade steel
with high-strength concrete infill of grade C70~C50. Reinforcing steel
is distributed within each compartment, enhancing the strength of
the member while minimizing the undesirable effects of creep and
shrinkage of concrete. Vertical stiffeners are arranged symmetrically on
the inner face of the compartments, and linked with reinforcement ties
to restrain out-of-plane buckling of the steel plates.

The structural design of the mega columns was a compromise
between various factors including architectural arrangement, overall
structural stiffness, element performance under loading, connection
design, construction cost, production and constructability, and
achieving the best overall economic and technical performance.

Mega Brace and Transfer Issues

The mega braces are arranged on the four elevations of the tower,
using welded steel box sections and are connected to the mega
columns. Since the mega braces are separated from the perimeter
beam-column frame, lateral support was provided for in the floor
system to restrain out of plane buckling of the mega braces.

Transfer trusses were coordinated with architectural and services
requirements and were located at mechanical and refuge floors. There
are nine sets of trusses, distributed evenly at approximately every 12
to 15 floors. The transfer trusses resist the gravity loading from each
zone and transfer the loads to the corner mega columns. The transfer
trusses also create a frame with the corner mega columns, enhancing
the torsional stiffness of the tower. Under severe seismic activity,

the transfer trusses are a vital component of the structural system

in preventing progressive collapse of the floors and ensuring safety.
Vertical earthquake action has also been considered for the long-span
trusses and its performance criteria has been increased to prevent
yielding under severe seismic activity.

Floor System

Qutside the core of the tower, a composite floor system is adopted
with simply supported steel beams that are spaced at 3 meters on
center with spans ranging from 6 meters at the top of the tower to 13
meters at the bottom of the tower. The office slab floor is 120mm thick
and the hotel floor is 130mm thick including the metal decking.

To ensure reliable transfer of diaphragm forces between the core and
external frame, the main tower and the podium wings, and the main
structure and the basement, specific floors were strengthened by
thickening to 200~300mm and by introducing in-plane bracing.

Foundation System

Underneath the 4-story 26-meter deep basement, the tower is
supported by a 6.5m thick raft which is in turn supported by 941 cast-
in-situ bored piles. The raft is 86m x 86m in plan with C50 concrete
strength. The piles are one meter in diameter and are founded at 100
meters below ground, while the effective length is approximately

76 meters. Post pressure grouting for pile shaft and toe was used to
increase the pile capacity and reduce the settlement. Piles were zoned

Figure 7. Diagram of composite steel plate shear walls.
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ES. JREEE MR E R A4 R E A 3R T

MER, RERREEEEFHAME,

ERAXHAEHME
ERXERETARENGWEETE L, XRARERAYREE?,
EERMGER, EARESHRERERIT, AREARRGET
0y S DA ] BB SO T T S o
HEMRRAEARAN LT L BR, RETHERRZEE. &9
EREBEIIEAA M. BRMRAELEREEERRT
RIFFAEBREAL, FESDANERERRAER, REHLN
MRZE, EmAEOHEER. EFERET, BRGEERA
Wik R AR, HREEWNERM MG, TFRT RAELEME
MHEER, REEERLRITAREARTER.

Bk R

BB, BERERA T ELNAGERER, HEN=
K T HNE, BEHSERAAN6~13n, WRKE, W
FEAEFE A3, BELSBEARENNEEREESABEN
120mm. 7 5 4% 2 %7 130mm.

ABBAFHAEZCHGIMER. EEEGEMEE DR E RS
HaAn 25 # K R 4 2 (A B °] S 15 3%, AR E R R B 4 200~300mm.

itk %

G EAIERT T, I2HEL26K. AR R 45T B FEE TR R &
WA, B R T Y 86m*86m, F 6. 5m, i 5 + 52 CH0. T &
AEF9AIR, A AT K A76m, AEF Im, % + 5 ECH0. ¥t — iR
BB A TR MR R R T BEER, EAEBR TR
B MR A, EAR R ARA KA KK, ERAETRAE
A 7ACHR A7 A E 3£ B 16507 LA 40 B o 4 KB IR T R

804



with different design capacities in which the maximum characteristic
value of single pile capacity is 16500kN.

Elastic Analysis of Overall Performance

Basic Parameters

The design reference period and working life recurrence interval is
50-years, and the durability design recurrence interval is 100-years. The
seismic fortification intensity is 7.0 with a design peak acceleration of
ground motion at 0.15g.

The wind loading for the main tower is determined by wind tunnel
testing with wind speeds of 50-year and 100-year return periods for
displacement and strength checking, respectively.

Seismic Performance-Based Design Requirement

Since the structure exceeds prescriptive code requirements
considerably, seismic performance objectives have been established
for the overall structural behaviour and element performance
according to performance-based design principles and numerous
discussions with the expert review panel. Elasto-plastic time-history
analysis was used to confirm that the seismic performance objectives
were met for severe earthquakes.

Elastic Analysis

For the elastic analysis, ETABS and MIDAS were used. For elastic-plastic
analysis, LS-DYNA was adopted while ABAQUS was selected by the
independent review engineer.

The first three modal periods of the structure are 9.06s, 8.97s and 3.46s,
with the first two modes being translational modes and the third being
a torsional mode.

Overturning Moment, Story Shear and Shear-Gravity Ratio

The distribution of shear under frequently occurring earthquakes

and wind is shown below. The seismic story drift, scaled according

to the minimum base shear, was found to be larger than the wind
load. Accordingly, it was determined that seismic loads controlled the
design (see Figure 9).

Displacement

As shown in Figure 10, the maximum inter-story drift is 1/667 for a
50-year wind event, while inter-story drift under frequently occurring
earthquakes, magnified per the allowable shear-gravity ratio and
considering vertical earthquake response, is 1/516 (1/614 before
magnification) at Level 97, which is within the 1/500 limit of the
Chinese code.
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Elastic Time-History Analysis of Level | =
1 Seismic
Seven sets of earthquake acceleration
records have been studied in the

A\
frequent seismic dynamic time-history 0e3 i ——‘k\ :
analysis, in which two sets are artificial Y
records and five sets are natural i - ma
records. All seven sets of records have i S T
base shears greater than 65% of that P ' =

obtained from the response spectrum
analysis, with an average value greater
than 80%, which satisfies Code

—  Storey shear

requirements. In the structural design,
an average value of the story shear has
been used to magnify the story shear

obtained from the response spectrum
analysis. P X -

Shear and Overturning Moment Shippikedy

distribution between Internal and
External Frame

The external tube carries over 70% of
the story shear on typical floors, which
is considerably greater than that taken by the core (see Figure 11). At
the strengthened floors, the sudden increase in stiffness of the external
tube results in a sharp increase in shear force taken by the external
frame with a horizontal force transfer between the internal and the
external tube.

E11.

About 80% of the total overturning moment is taken by the perimeter
structure.

These distributions of shear and overturning moments between the
internal and external tube indicates that the perimeter mega-structure
provides the majority of stiffness while the internal core becomes a
“secondary” system. The advantage of this arrangement is that the core
can be designed for a relatively low demand.

Wind Comfort Analysis

Wind tunnel tests for the tower were independently completed by
BMT Fluid Mechanics and Shantou University Wind Tunnel Laboratory.
Results from both laboratories are consistent and indicate an estimated
peak acceleration of 20.3mill-g at the highest occupied level, which
satisfies the national code requirements.

Axial Shortening Analysis

Tall buildings will shorten under the gravity load, elastically as well

as under the effect of shrinkage and creep. An initial construction
program simulation analysis was carried out to estimate the amount

of the axial shortening and evaluate the additional forces incurred. The
internal forces of the mega braces were found to be increased due to
the shortening of the mega columns which has been allowed properly
in the member capacity checking.

Elastic-Plastic Time-History Analysis of Level 3 Seismic

To achieve the seismic performance objective of no collapse under

a severe earthquake, the design adopts the member plasticity
development limits and analysis methods and procedures suggested
in FEMA356 and ATC40. The non-linear seismic analysis was carried out
with the general non-linear dynamic finite element analysis software
LS-DYNA considering geometric non-linearity as well as material non-
linearity.

As for the composite steel plate shear wall, the steel plates and
reinforced concrete shear walls are separately modelled as non-linear
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Figure 11. Distribution of shear and overturning moment between internal and external frame
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shell elements in space with common nodes, ensuring compatibility
between the steel plates and reinforced concrete. Parameters such
as overall mass and period of the elastic-plastic model under severe
seismic activity are calibrated with the ETABS results to ensure the
elastic compatibility of the dynamic properties.

Figure 12 indicates the inter-story drift response in the X and Y
directions for the seven sets of time-history records under severe
seismic activity, and each response satisfies the code requirement of
1/100.

Design Study and Recommendations

Overall Stiffness Control and Selection of Structural Form

The structural height of the tower reaches almost 600 meters. The
overall stiffness of the tower, therefore, was key to resisting the
demanding wind and earthquake loads, and was driven by the
stiffness-gravity ratio, shear-gravity ratio, inter-story drift, and peak
acceleration of the top level under wind (comfort). The major design
effort was focused on reducing the structure self-weight and to
improve the structural efficiency. The steel-reinforced concrete
composite structural system adopted for the tower maximizes the
technical advantages of a steel structure, provides superior structural
stiffness and fire proofing resistance, while taking advantage of

the relatively low cost of concrete. All of these characteristics are
advantageous when compared to a pure steel structure, and ultimately
provides an economical and reasonable structural form.

Material Selection

Analysis revealed that 30% of the seismic mass originates from

the concrete core, and that the shear wall is controlled by axial

stress throughout the height of the building. Considering ductility
requirements, the concrete grade was kept no higher than C60 for the
shear wall. As a result, steel plates were added to provide composite
action and to increase overall stiffness, shear resistance and ductility.

Selection of Structural Form for External Frame
The overall stiffness of the external frame is significantly greater than
the internal tube due to the cross mega brace configuration.

Similar flexural deformations for both the perimeter structure and the
internal core occurred because of the increase of the external frame’s
stiffness, which provided further confirmation that the external frame
dominated the overall tower stiffness. Accordingly, outriggers were
determined to be unnecessary due to this deformation consistency.

Performance-Based Design

For seismic design of code-exceeding buildings in China, the code-
based prescriptive method, or “seismic concept design’, is still the major
design method used which is supplemented by the verification from

a nonlinear elastic-plastic analysis and shake table test for the severe
earthquake event. Important members were identified and designed
for the elevated design criteria. For example, different criteria in severe
earthquakes have been considered for various components of the
mega columns, transfer trusses, core walls and mega braces were
designed to remain elastic under the fortification level earthquake. In
the axial-moment analysis of mega columns under various internal
force combinations, mega columns are in compression for the
fortification earthquake event (1 in 475 years), the frequent earthquake
event (1in 50 years), and the 100-year return period wind event. Under
severe earthquake, compression in the mega columns is overcome

by axial tension induced by lateral action, and the mega columns are
under a tension-bending state for most height. This phenomenon
happens in high-rise buildings in high earthquake intensity regions

L24

114

e To.1 artificial
Lo) time history
=== No.l artificial
thme history
M0
—  No.l uatural
time history
B0 -

No.Z natural
time histery

|

No.3 natural

60 time history

No.4 natural
thme history
No.5 natural
tlme history

Limit

Average

Stovey diift

{ 17200 1140 ST 1)

Figure 12. Overall inter-story drift under severe earthquake elastic-plastic time-history
analysis

El12. ZFRAFREME N EE LA EAERE E A

BIREAZ” WEXT, BHEMEREES, XA LM
ABRF AR RA R AREER. 2HEERRXAN-R
HEReEM, ARAGRRRBELATES, RAAERNEME
HAGHXEERELENHES BN R, FHNELR, BX
MReH, SHMEMELETADNGEE, KA T ERRAENF
BB EMT K.

Mk E

Zoit, BHHEREN0%RETRELZOH, FAERE
WERA R 2T EREET. FR-TNERER, REL
AR E R AR AECE0, HM NN XA E, RET 440
BRRIE. U5 FAEM R

SMEREMPALE
HTEBRFAERERFIXXENEMH KX, SMERERNE
HEATHHE.

SAERERE AR, ERWIHEABERTHEHNRE, FE
TRAAR R, EEAT R R R ER, EE
HRIE LT T TER .

MRE R I
EAEERRAERT, RAREMQSR T HHUFEHRE T HEN
ML B RER R & R EA T BT E&ERERN
RRITERM %, S TERMHFNEERRNWRESRS LXK
REGHRREEEER. Al AERERE, HBRMRERHFELR
ARMERE, TMRQH GUEE) fnE B A N R b R MRS AT
¥, NTERENUETHERE, NaAFERT ME. ¥&
UREERERTRBAALSE, MERRET, SHEETRET
EHRERFENEL S, EMEEREEAT & EREN D
PZW TR, MEMRRHTAAKENEZRSE, BRXERE
BRA PR ERA R R RO ERIEE R, BWE
B AR o AL 40 Fu 4 A (5] AR BB AR AR 4 R AR R S AR A AN

807



after the seismic force magnification and would possibly become the
controlling criteria for element design. The steel section and rebar
have been checked to resist this tension force and relevant stiffness
degradation is modelled in a non-linear analysis.

Conclusion

For the structural design of the slender tower of Tianjin Goldin Finance
117, the Chinese codes, together with the prescriptive performance-
based design principles, guided the entire design process. Extensive
linear and non-linear spectrum-based and time-history-based analyses
have been carried out for different levels of earthquake events as

well as wind events to ensure that the structure meets performance
objectives. There are still obstacles within the code system and

within the industry before a true performance-based design can be
performed and accepted. However, we understand that the current
approach is pragmatic in the current environment in China of fast-track
construction of supertall buildings.
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