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Abstract

Per building design practice in China, structural engineer will carry on more detailed analysis in
design development stage when schematic design is approved. For a supertall building, when
its height exceed the code limitation, a structural engineer will mainly focus on performance
based seismic design which is required by China seismic code, and prepare seismic expert
review report in design development stage. It is a common method in the design to increase
structural stiffness and member size to meet seismic performance requirement, which will

in turn increase the seismic action. Therefore, it is necessary for a design engineer to carry on
structural analysis to minimize seismic force in order to achieve a rational, high- efficiency and
cost- effective structural design. In this paper the authors have studied the ways to reduce
seismic action to a value which is as close as to the minimum base shear force specified in the
code, through influence of mass, stiffness and damping of a structural system. The analysis result
using this method is provided for an example of 310m tall building in a strong seismic zone.

Keywords: Supertall building; Seismic Design; Seismic Action Reduction; Mass;
Stiffness; Damping
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Introduction

In China a building design is normally divided
into three stages — schematic design stage,
design development stage, and construction
documentation stage. In schematic design
stage the designer shall explore several
options and choose a best scheme according
to given design parameters, codes and
standards, loads, and materials. In design
development stage, more detailed analysis
will be carried out to optimize the structural
elements based on the scheme chosen. For
a building in seismic region, it is important to
perform analysis on seismic action reduction
to achieve a high efficient structural design.

For a supertall building under seismic action,
in addition to static analysis, dynamic analysis
and performance based design (including
linear, non linear elasto-plastic methods)

are also required in the design process.

The dynamic response of a tall building is
governed by several factors, including its
shape, intrinsic and supplementary damping,

RV

RU

o ERAIT R BRI H 7 E.
B fE TE BT B E =0 B
FEWBNTERERZ R EHK. A

.. HEREMME, RITEEER
EL2RLFREUR, RE-NSeREW
FE. MPRANEHTHEZEDHT

Wy RAR b, XS MR P SEAT R A A AR
o MHERER, ERG—IERE
MBI, FATRANR B2 2+ 4
EEN.

MMREATHESEER, RiKR#A
AT E RSN, LT R AR
MEERUEFHER (BFAE. 4
HEBESANT T E) . BEERN AR
MEEH/AERER, aEAF0Y

o BREASEE. FERREFH
RUERARAZ . HEEEAEMOHL
fEREEEEEESUETIEZR, &
EEEM T RAERNEM L, B HE
gHpE. MEMER, UREMEAR
HIR/NUR 77, FE AT A BT

ull



mass and stiffness. Therefore, in real design process of a supertall
building, in order to obtain a result which is close to minimum seismic
base shear force specified in the code a designer will use one’s
experience to adjust structural mass, stiffness and damping to reduce
structural seismic response.

One of the main issues in a supertall building design is to control
lateral deformation by providing a rational stiffness with minimum
construction cost under wind and seismic action. When a seismic
action takes control in the design, it is suggested to reduce the mass
and stiffness, and use simple and regular structural system. When

a wind load takes control in the design, it is suggested to increase
the mass and stiffness, and use linked structures when it is possible,
which could decrease the top level acceleration to meet comfort
requirement. When both take control in the design, a balanced
consideration shall be given to all relevant factors. For both wind
and seismic loads, the structure will get benefit to reduce lateral
deformation from increasing structural damping.

For a supertall building in a seismic region, in order to meet its

performance design requirements, the structural design criteria in

terms of concept, analysis, and detailing are more stringent than

that of a normal tall building. As a result, the supertall building cost

will be higher. Hence it is necessary to carry out special analysis on Figure 1. Section (Source: Buro Happold)
T L ) ) ) 1.4 4 % & (1 B: Buro Happld)

minimization of structural seismic response in detailed design stage.

Case Study

The project (see Figure 1, 2 and 3) is located in Xishan district of
Kunming city, China. It is a 310 m high (structural roof level is 298 m)
office building. The structural system using four strengthening levels
(three outriggers and four belt trusses) in refuge floors is comprised of
composite circular column (steel encased with high strength concrete)
and composite core wall ( concrete encased with steel columns)-a
mixed structural system. The floor is made of composite steel deck on
top of composite steel universal beam. The project is designed to resist
8 degree seismic fortification intensity (group 3). The basic design
acceleration of ground motion is 0.2g, the site soil classification

is type 3, and the characteristic period of the seismic response
spectrum is 0.65 second. The wind pressure in 50 years return period
is 0.3 KPa per China load code. The main member sizes and material
used are as described below.

Figure 2. Typical floor pan(Source: Buro Happold)
P2, A7 v = 4 # 7 & B (4 B2 Buro Happld)

For composite column, the corner column size changes from 2400mm
diameter at the bottom level to 1200mm diameter on the top level,

and the other column changes from 2000mm diameter at the bottom
level to 1000mm diameter on the top level. Steel grade is Q390GJ and
concrete grade is C60. The columns on top one-third part are inclined.

For composite shear wall, the exterior wall thickness changes from
1300mm at the bottom level to 400mm on the top level, and the interior
wall thickness changes from 500mm at the bottom level to 300mm on
the top level. Steel grade is Q345B and concrete grade is C60.

For composite steel beam on typical floor, its height is 500mm and
Q3458 steel is used. For slab, 150mm concrete slab is placed inside
the core, 110mm composite deck slab is placed outside the core, and
180mm composite slab is used in outrigger level and adjacent levels.

The composite spandrel beam is 1000mm in height and Q345 steel

is used. Figure 3. Site construction (Source: Buro Happold )

3. .37 4 # # (4 & Buro Happld)
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For the bottom strengthening level, only belt truss is placed (as
required by expert review comments). For other three strengthening
levels, both belt truss and outrigger are placed. Q420GJC steel is used.

The design is governed by seismic action, and the wind load can

be ignored as it is relatively small. Seismic performance objective is
Class C, and seismic performance levels for all structural members are
defined accordingly per China codes (reference 1, 2).

Both SATWE and ETABS software are used in linear analysis for frequent
seismic (50 years) and moderate seismic (475 years) events, and
ABAQUS is used in non-linear elasto-plastic dynamic analysis for rare
seismic (2475 years) event.

Seismic Action Reduction

The analysis of the dynamics of structures is based upon the use of

a set of linear second-order differential equations. For a structural
model with n degrees-of-freedom, the equations can be written in the
following form:

[misci+ [e ]+ ki = ~[m1 }x, @©
Where:

[m]:nwssmanw

[c]= damping matrix

[k]: stiffness matrix

[x] = vector of displacements

These equations are a statement of Newton’s Second law involving
all of the DOFs which are chosen for the model. The coefficient
matrices are mass, damping and stiffness. The inertial force is caused
by ground acceleration.

Using superposition, the total response of the MDOF system can

be obtained by solving the n uncoupled modal equations and
superposing their effects. The time domain solution is expressed

by the Duhamel integral. Per China seismic code (reference 1), mode-
superposition response spectrum method is the basic method for tall
building in seismic analysis. The standard value of seismic force on mass i
caused by mode j without considering coupling can be expressed as:

F, =a7;%: G, 1=12,..n; j=12,...n

i

i :ZinGi/ZijiGi
i=1 i=1

In which:
Fji = Lateral seismic force standard value caused by mode j on mass i

O!J- = Seismic influence coefficient due to mode j. It is related to

seismic intensity, site classification, seismic group, structural period,
and damping ratio
Xji = Lateral displacement caused by mode j on mass i

7/1- = Mode j participation coefficient

According to above equation, following methods could be taken in
order to reduce seismic action on a structure:
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- Reduce its mass

- Reduce its stiffness (but must meet displacement and comfort
requirements), which will increase period and reduce seismic
influence coefficient.

« Increase its damping (intrinsic and supplementary), which will
reduce Seismic influence coefficient.

Therefore, when a structural system is determined, minimum seismic
action specified by the code can be obtained by reducing structural
mass and stiffness, or by increasing its damping ratio in structural
analysis. For a performance based seismic design, this minimum
action shall include frequent earthquake, moderate earthquake, and
rare earthquake.

Thus the seismic action minimization problem can be simplified in
following forms:

min f (X)
X el

h(X,)=0
S(X;)=0

f (X ) = objective function. Calculate the values of the objective
function in different cases, and then compare all of them to find out
the minimum value of the objective function. X e Q =a set of
constraint. h(X;)=equality constraint. S (X ;)=inequality constraint.

The purpose for this project is to obtain a minimum value of seismic
action on the structure, which will minimize the structural material
consumption and construction cost.

A practicable method in the design is to minimize seismic force under
frequent seismic action, then to check the performance objectives
under moderate and rare seismic action. For a member that can't

meet the performance objective, it can be strengthened by increasing
its size, reinforcement ratio or other methods. The building structure
behavior is in elasticity under frequent seismic action, so linear method
applies to frequent seismic analysis, commercial structural software can
be used in minimizing seismic action process (see Figure 4).

The key index in output for assessment is that the seismic force
calculated by the software shall be as close as the minimum value
that can be measured by the base shear force over mass ratio given

by the seismic code. The other indexes (constraints) will be checked
to meet the code requirements to make sure the structure will not go
extreme in irregularity and complexity , including top three primary
frequencies(normally two translation and one torsion), inter-story drift
to control lateral displacement, ratio of maximum displacement over
average displacement of the plate to control torsion effect, wall and
column axial compression ratio to provide suitable ductility, stiffness
ratio between adjacent story to prevent “soft story”, shear capacity ratio
between adjacent story to prevent “weak story’, torsion period over
primary period ratio to ensure torsion capacity is relatively strong, and
shear force taken by exterior frame for a frame- core wall system to
ensure frame can work as secondary seismic resistant system. If the
result can't meet the design requirement, the engineer will revise the
input parameters (geometrical and physical) and run the model again.
This process will be repeated until the seismic shear force is close to
the minimum value given by the code.

2
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Figure 4. Minimization seismic action process
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Source of | Column | Shearwall | Beam Slab SDL 50%LL Sum
mass

3 397 % HER | BK HimiER | 50%ER | 43
& KR
Mass (t)

41,000 65,000 22,000 | 46,000 | 44,000 26,000 244,000
&

Table 1. Mass from Different Sources

R EM R E B R

Influence of mass

The project is located in a high seismic intensity zone and the seismic
force is large. As the base shear force will increase with the mass, so it
is necessary to reduce the mass, especially the mass on top levels, to
reduce the seismic action.

The mass used in seismic analysis is composite of column, wall, beam,
slab, partition, facade, super imposed dead load, and 50% live load (see
Table 1). Following rules are found in the structure analysis model:

- For shear wall, due to wall thickness variation the mass on each
floor is reduced from 1250t at the bottom level to 500t on the
top.

- For column, due to size variation the mass on each floor is
reduced from 780t at the bottom to 300t on the top.

+ The mass of beam and slab is about 300t for typical floors. The
top floor is 200t due to gradually reduction of floor area on top
part of the tower. The mass on MEP/refuge level is significantly
larger than that on typical floor.

+ The mass due to super- imposed dead load and live load is
proportional to the area of each floor plate.

Using above method and following a pattern that the stiffness of the
structure varies from large to small along its height in order to resist
lateral load efficiently, i.e. the shear wall and column size shall be
decreased gradually along the structural height. Considering all
constraints, the seismic force calculated by the software shall be as close
as to the minimum base shear force measured by the force over mass
ratio given by the seismic code. In this case, the shear force to mass ratio
is about 2.7% which is a slightly larger than 2.4% of the minimum base
shear force to mass ratio stipulated by the code (see Table 2).

Owing to the total mass reduction by about 7.8%, the base shear force
is reduced by 8.3% in both directions.

Influence of Stiffness Due to Different Outrigger Configuration
Structural stiffness is a key factor in a supertall building design in high
seismic intensity zone. For a structure when its stiffness is decreased,
which means smaller vertical member, less mass and less seismic force,
the structure may not meet the requirements of lateral resistance.
When its stiffness is increased, which means it will attract more seismic
force, the structure may not cost effective. In this case, configuration
of outriggers will be studied as it has a great impact on structural
stiffness, and a best structural scheme will be obtained through
analysis on different configuration of outriggers. Considering all
constraints, the seismic force calculated by the software shall be as
close as to the minimum shear force measured by the force over
mass ratio given by the seismic code.

Outrigger configuration study is performed after many time revisions
of vertical structural member size (core wall and column) to reduce
structural seismic response. Following the minimization seismic action
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Model Original model Optimization model
A B RER R R
Mass (t)
244,268 225,213
KRE
Period (s) T1(s) 5.5587 5.4348
A% T2(s) 5.4757 53318
T3(s) 3.128 3.2857
Max. displacement (mm) | X 415 413.5
RAGS Y 416.7 410.5
Max. inter-story X 1/550 1/540
displacement angle
BAEGEA Y 1/543 1/560
Base shear (KN) X 67,163 61,620
BRNA Y 66,574 60,871
Shear/Mass ratio X 2.75% 2.74%
WEI Y 2.73% 2.70%

Table 2. Results Influenced by Revision of Mass
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Scheme Scheme 1 Scheme 2 Scheme 3
IR R FR2 FR3
Outrigger floor 10, 22, 34,46, 58 22,34,46,58 34, 46,58
RmBEERE et e T
Total mass (1) 241,749 241,143 240,665
HAKRE ' ' '
Periods (s) T1(s) 5.5325 5.6285 5.828
A T2(s) 54911 55917 5.7616
T3(s) 2.8069 2.8672 2.9207
Max displacement (mm) X 4141 4245 442.3
BALH Y 412.7 421.8 4339
Max story drift angle X 1/505 1/505 1/502
RARGBA Y 1/529 1/526 1/523
Base shear (KN) X 70,811 68,854 66,533
ERHN Y 70,599 68,446 67,093
Shear/Mass ration X 2.93% 2.86% 2.76%
HEw Y 2.92% 2.84% 2.79%

Table 3. Comparison Results of Different Outrigger Numbers

FIAFHEMBETRNHTERLE

process, first the number of outrigger is studied and then its location.
After studying on five, four and three outrigger configurations, it is
found that three outrigger configuration can not only meet the design
requirements, but also has the most effectiveness (see table 3). Based
on three outrigger configuration, four different schemes have been
studied (see table 4). It can be seen by sensitive study that the seismic
force of scheme 3 gives smallest value. In this case, the shear force to
mass ratio in X- way is about 2.76% which is a slightly larger than 2.4%
of the minimum base shear force to mass ratio stipulated by the code.

The result from performance based seismic design using elasto- plastic
time-history method shows that the optimized structure can meet the
performance objective in moderate and rare seismic levels.

Influence of Damping

Damping is the degree of energy dissipation that a structure can
provide, helping to reduce build-up of the resonant response. It
comes from two main sources: intrinsic and supplementary. All
buildings have intrinsic damping - from the structural materials, the
foundations, the cladding, etc - but it is very difficult to calculate.
For a supertall building, the intrinsic damping of buildings has high
variability, and the trend is for expected damping to reduce with
building height according to reference 3.

Increasing structural damp will decrease seismic influence
coefficient, thus decrease seismic force and reduce construction

cost. Supplementary damper has been more and more commonly
used to increase structural damp in recent years. Viscous Damper
and BRB (Buckling restrained brace) are two kinds of dampers in the
market. By adding an engineered supplementary damping system
to a building, it is possible to reduce dependence on the low and
uncertain intrinsic damping. This improves the reliability of dynamic
response predictions and, by supplying higher levels of damping,
substantially reduces the required stiffness of the building and at the
same time improving the performance.

The total stiffness of an energy dissipation structure is sum of structural
stiffness and effective stiffness provided by the damper. The total
damping ratio of an energy dissipation structure is sum of structural
damping ratio and effective damping ratio provided by the damper.

Scheme Scheme 1 Scheme 2 Scheme 3 Scheme 4
e ZR T R2 7R3 R4
Outrigger floor 22,46, 66 10, 34,58 34, 46,58 22,34,46
RinERE o o o o
Total mass (1) 240,482 240,511 240,665 240,660
HALRE ' ’ ' '
Periods (s) T1(s) 5.8322 5.8228 5.828 5.6767
Lt T2(s) 5.7461 5.746 57616 5.6346
T3(s) 2.8491 2.878 2.9207 2.8915
Max displacement (mm) X 440.3 4433 4423 4395
RAGH Y 429.4 433.6 433.9 4325
Max story drift angle X 1/485 1/477 1/502 1/487
RARGH A Y 1/510 1/502 1/523 1/510
Base shear (KN) X 67,995 67,868 66,533 68,005
ERHA Y 67,736 68,592 67,093 67,544
Shear/Mass ration X 2.83% 2.82% 2.76% 2.83%
WER Y 2.82% 2.85% 2.79% 2.81%

Table 4. Comparison Results of Different Outrigger Configuration
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Seismic 50256 50257 58651 58652

records
WER X Y X Y X Y X Y

Without
damper

KRB

With damper
RERBE

1/342 1/448 1/653 1/740 1/712 1/801 1/570 1/633

1/464 1/489 1/833 1/803 1/1081 | 1/971 1/784 1/672

Reduction 35.67% | 9.15% | 27.57%

ratio

BIRHF

851% | 51.83% | 21.22% | 37.54% | 6.16%

Table 5. Maximum Story Drift Angle
K5 EEMBARAE

Seismic 50256 50257 58651 58652

records
WER X Y X Y X Y X Y

Without
damper

BB

70,327 | 47,622 | 42969 | 39,915 | 41,566 | 39,730 | 54,787 | 54,449

With damper
RERBE
Reduction

ratio 19.58%
WIRFR

56,557 | 49,161 37,360 | 28,848 | 37,332 | 37,388 | 44,788 | 49,696

-3.23% | 13.05% | 27.73% | 10.19% | 5.89% | 18.25% | 8.73%

Table 6. Maximum Base Shear Force ( KN)
F6. ERH AR AME (KN)

60 viscous dampers are placed on 5 refuge levels. On each level there
are 8 dampers are placed in X direction and 4 in Y direction.

Four frequent seismic intensity records are input in time- history
analysis, and the result of story drift angle and the base shear force are
compared with that of a model without supplementary damper (see
Table 5 and Table 6).

It can be seen that adding damper to a structure is an efficient way to
reduce seismic force. Since more dampers are placed in X- direction
the reduction of structural response is more obvious. The engineer
shall study damper number, location and design parameters according
to one’s experience in seismic design.

Though structural analysis in seismic zone in regarding to mass, stiffness
and damping are separately discussed above, all these factors can be
considered together in design process. The degree of convergence will
much depend on engineer’s experience and knowledge. Therefore, there
is no unique solution for minimization of seismic action.

Conclusion and Recommandation

In order to minimize structural seismic action, a practical analysis
method based on model analysis has been studied with a supertall
building in high seismic intensity zone in design development stage.
The preliminary conclusion and suggestion are:

A B AT B W R
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R, MERWUAR, UKBGEF R, EFHREMARELM

T, REEUHHEIBMERNHEY A ZEANEERATNY
Eib.
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DL/ R R BT B 2R A b AT Y. 3 BROAR T BT BUR R/ HUR 1B
RAHRE, BEENAFNRERERTON, KB EMEHRT
. AWK FSE, 4EF3HE R EHATERIL, 3EME
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X3 AT ZE AR E T RO ER AT k) . B
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24%H BN E

AR B B B LR 1 b B AR AR A 1 3SR R A AR B LR M RE A
H, MBI ERATREES AT, REHENAB AL
HAr. ERKHAME MR E RGN T 2% R IR AR
E Ko

ML % v
MEREMMEERUNEE, FHT RO EMAENFRTHH®
WA, CREFAFE: EHERMSEE, FTHENEA
B AR kSR, Eah, SRS, EREAHITH.
RIE B3R, EemERANETERLEARA, THA
(RS RLRAN A <F AN

BAEMWER, SEREGRHERE, ATTLHEN. &
FRBKBE R T ERRFEEREREAEMNER. B
BRI R B AN A RSN R Bl B X, BA
A ER B RA, P LA D 3 B/ o A T g LR IR B AR
o RERAWSHERAR 2R W) A oA £ E, 1 HRK
T HEMMERENTR, REEHIREEE.
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SMMAERERLMER; B EMF BT TR LR LT
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JEH B AL A R B it B RAATHR L&RS, &6) o

PR A5 2 s/ HUR R R R R R . | T X7 R E R
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. Structural seismic action reduction can be achieved through
modification of mass, stiffness and damping.

. Outrigger configuration has impact on structural seismic
action. Study on outrigger configuration is suggested to
reduce seismic force.

. Adding dampers onto a structure can reduce seismic force. A
damper manufacture consultant shall be engaged early in the
project to explore different options, and potential benefit of
using damper device.

. More study on seismic action reduction is recommended,

R HREN

AXEe—NEHENERNERTEN N TERG, MEHE
TRMF AW B, KRR E L AR R A oy %M 52 A 447
Fik, MR/ ERBREERLATT AR, WFERMEN

T

1.

B E, N EMERKRE, URNES L#H
RIER.

SR ELERTENEMMEERNT —EORHE.
B HAATHRME LM, DR R .

especially in considering elasto- plastic analysis for a supertall 3
building in seismic design.

C WESEELR B AN R R RRAL . B
EHEREEFFRTEA, HAKRNTETEMETE
R A 3

4. BPA RS AT EEM BN HE AR, FAlE

£ M0 R B M AT I BOR DN HUR R B9 B
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