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Abstract | fFE

Due to huge investment amounts, supertall residential buildings are commonly developed as
luxury properties whose building performance requirements are high. Typical requirements
include large interior spaces, broad vision, expansive balconies, and indoor swimming pools,
etc. The structural design for the lateral system of supertall building is commonly controlled by
stiffness and human comfort performances under lateral loads for which the aforementioned
requirements are disadvantageous. The developers manage the construction costs to increase
yield rate. However, these requirements reduce the structural efficiency, and thus increase the
construction cost control difficulty. The discrepancies between performance, efficiency and cost
have to be resolved by introducing proper performance upgrading and optimization methods. A
supertall residential building cluster located in Xiamen, namely Dijingyuan project, is employed
to investigate these methods which cover various aspects, such as loads, materials, systems,
structural layouts, vibration control devices, optimization algorithm, model parameters, and
connection upgrading etc.

Keywords: Human Comfort, Lateral System and Stiffness Performance, Performance
Upgrading, Structural Optimization, Super Tall Residential Buildings
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Following the high growth of the economy
and fast improvement of the urbanization
level, there will be several hundred million
rural immigrants pouring into cities. A large
amount of residential buildings need to

be provided to meet the need of housing.
Compared with the horizontal extension of
low-rise buildings, the vertical extension of
supertall residential buildings makes a high
density living mode possible, which is more
suitable for the shortage of land resources

B TEBEE BsEENENSESE
SGLREFTRE Y. BANETOE, B

in China. Accompanied by the increasing
requirement of dwelling environment, a
growing number of super high-rise residences
are emerging in first and second tier cities.

In comparison to common residences, the
vertically spreading space within supertall
residential buildings can bring a refreshed
and open-minded mood to the residents.

The characteristics of low humidity, excellent
ventilation, more sunlight and good air
quality make it pretty suitable for living. As the
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advanced supertall residential buildings lay
more stress on the residential experience, the
requirements for architectural performance
are usually higher, such as large interior
spaces, broad vision, large cantilever balconies
and indoor swimming pools.

On the one hand, the lateral system design
of supertall structures is generally controlled
by indicators of stiffness and human comfort
under lateral force. And the aforementioned
architectural performance is unfavorable

for these indicators and will remarkably
reduce the efficiency of structures. On the
other hand, the developers expect that the
construction cost can be controlled, strictly
aiming to a higher investment yield. Hence

a huge contradiction is generated among
performance, efficiency and cost, the solution
of which can be sought in performance
upgrading and optimization methods.

In this paper, the architectural and structural
performance requirements of supertall
residential buildings are discussed, and a
performance based optimal design method
is introduced. The case of the Dijingyuan
project in Xiamen is chosen for the research
of architectural performance improvements
and structural performance optimization,
which includes loads, materials, structural
systems, structural layout, vibration absorbers,
optimization algorithms, model parameters
and member joints.

Theoretical Basis

Performance Requirements

Architectural Performance Requirements
For supertall residential buildings, not only
vertical transport, fire safety and evacuation
should be satisfied, but space beautification
also needs to be pursued further to create
a peasant residential mentality. The typical
requirements are listed below.

« Large interior spaces and broad vision
A space of small area, low height
and closure will make people inside
feel depressed. On the contrary, a
space of large area, great height and
broad vision can bring a comfortable
and pleasant residential mentality.
To achieve that effect, large interior
space areas, great net ceiling heights
and unobscured sights are required.
The advantage of super vertical
height renders the inhabitants a
panoramic view of the urban scene
outside. However large interior spaces
and broad vision will lead to flat
beams and demolishing columns,

Seismic Performance Design Requirements Component | Assembly Global
FimRIERE HER Requirements | Requirements | Requirements
EHER BAER
Component strength | #{452 5 Strength | 52[F N
Component stability | #3¢Fi2E Stability of structural members v
HEFREY
Component ductility | F3{4-5E 1% Compressive axial ratio of columns v
and walls
. AEHELL
Component stiffness | #{-NIE Shear deformation | BJ{J25 7 v
Multiple guard lines | £ &[54 Proportion of frame shear to v
story shear
IMEAIBE L
Overall stiffness | Z2{ANI|E Story drift | Z 81142 v
Overall strength | B2{A58 & Shear-weight ratio | BJELt, N
Overall regularity | AN 14 Torsion displacement ratio v
f2:l22vz 244
Overall regularity | BAAN 1 Lateral stiffness ratio | #EMIENIE L v
Overall regularity | Z{AAIN 1% Shear capacity ratio | #£/Z#&F, /Itt N
Figure 1. Seismic performance requirements (Source: Yaomin Dong)
B JIEMEEER (RJE: Yaomin Dong)
which reduce the structural efficiency & Uas. MEE. MEMUNAAZ BIFE
and increase the construction cost. FIE, %%Lﬂéﬁﬁ"]’|”fﬁ€?%ﬂ‘$mjﬁf{i§

Large cantilever balconies and indoor
swimming pools

With the courtyard space regressing
and evolving in modern architecture,
it gradually draws more attention in
the design of supertall residences. For
instance, staggered floor balconies as
a set or part of a volume are excavated
to acquire a full height of two floors;
plane dimension is amplified to gain a
larger activity space. The existence of
large cantilever balconies and indoor
swimming pools can help construct

a livable atmosphere and draw closer
to the natural environment. But the
large cantilever and huge load will
doubtlessly consume a mass of material
and raise the construction cost.

Structural Performance Requirements

The lateral load applied on the supertall
structure is relatively greater. The overturning
moment caused by the lateral load and the
axial force in the vertical members caused by
the overturning moment are in proportion to
the square of the structure height. Therefore,
the lateral load becomes the controlling factor
in the design of supertall residences. The
requirements of seismic and wind-resistant
performance are listed below.

« Seismic performance requirements
According to the goals of seismic
performance requirements, a series of
indicators should be satisfied by the
structures including global, assembly
and component aspects (Figure 1)
(Dong, 2015).
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« Wind-resistant performance
requirements
According to the goals of wind-
resistant performance requirements, a
series of indicators should be satisfied
by the structures including global,
assembly and component aspects
(Figure 2) (Dong, 2015).

Performance Based Optimal Design

On the basis of the initial design, the
optimal design team uses experience based
structural optimization, sensitivity analysis
based optimal design, numerical structural
optimization, and integrated optimization
method to get a more optimized design.
The whole process can be named as optimal
design. The main difference between
traditional design and optimal design is that
the former mainly focuses on the feasibility
of the design, while the latter mainly focuses
on the optimization of the design on the
premise of the feasibility of the design (Zhao
&Liu, 2015).

Experience Based Optimal Design
According to the performance requirements,
the designer proposes a design scheme
with reference to similar engineering design
firstly. Then the designer modifies the design
scheme and checks strength, stiffness and
stability performances repeatedly to get a
more optimized design. The optimization
results and efficiency are mainly up to the
experiences and understanding of the
structure of the designer.

Sensitivity Analysis Based Optimal Design
Sensitivity coefficient is taken as a reference
index for structural member optimization

in sensitivity analysis based optimal design.
According to the sensitivity coefficient of
members, the designer can adjust the material
distribution directly to reduce the structural
economic costs on the premise of meeting
all the performance requirements. Compared
with experience based optimal design, the
sensitivity analysis based optimal design is
easier to be mastered by engineers and more
efficient, providing a clearer optimization
direction (Choi & Kim, 2006).

Numerical Optimal Design

The core of numerical optimal design is
establishing the mathematical relationships
between optimization variables, design
constraints and optimization objective (Zou,
2002). Once the mathematical relationships
have been established, numerical
optimization algorithms such as optimality
criteria method and sequential quadratic
programming method can be used to
optimize the structural member size. Based
on rigorous mathematical and mechanical
theory, numerical optimal design is more
efficient and easier to get an optimal solution
than the first two optimal design methods.

Integrated Optimal Design

Compared with the initial design, the design
with passive energy dissipation system is
called performance upgrading design. The
performance has been promoted and the
loss cost caused by disaster is smaller than
the initial design; nevertheless, passive
energy dissipation systems are expensive.
Thus, for the entire lifecycle of the structure, a
performance upgrading design may increase
the total cost. The structural responses under
wind load and seismic action can be reduced
due to additional damping generated by
installation of a passive energy dissipation
system, and sectional dimensions of structural
components can be optimized. The method
to optimize the main structure based on the
performance upgrading design is integrated
optimal design (Zhao & Zhang, 2014). The
integrated optimal design not only enhances
structural performance, but also can save
overall structural costs for the entire lifecycle.

Case Study

Case Introduction

The Dijingyuan project, sitting on the first-
line lake view of Yuandang Lake, is the first
supertall and ecological housing group

that is of steel structure and with a height

of almost 250 m in China. The project is
composed of five 244.75 m high residential
buildings and two commercial buildings. The

Wind-Resistant Performance Design Requirements Component Assembly Global
FINMERE HHER Requirements | Requirements | Requirements
HIFER HHER BAEER
Component strength | ¥9{38& Strength | 38/% v
Component stability | #{4F3E Stability of structural members V
HRREME

Component stiffness | #a{+-RIIE Shear deformation [EJtJJZ5 2 v

Overall stiffness | E{KNIE Story drift |[Z B} A v

Overall human comfort | Z{A&FiEE | Peak acceleration | TR S ILEE v

Figure 2. Wind-resistant performance requirements (Source: Yaomin Dong)
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planning area is 54,287 m? and the building
area is 550,065 m?.

The total plane layout of the project adopts

a mode of staggering and single rows to
achieve unobscured sight and broad vision in
residences of every building. For the housing
programming, the height of the standard
floor is 3.6 m, and the area of penthouses
range from 400 to 600 m?. Every dwelling size
of the penthouse is north—south transparent
and both ventilation and day lighting are
good. Staggered floor balconies and large
cantilevered indoor swimming pools are set to
acquire a courtyard space of two floors height.

Each of the five residence towers has 62
stories above ground and three stories
underground, and adopts the steel frame-
supporting system with strengthened
stories. Among the system, frame columns
are rectangular SRC (steel tube concrete)
columns, and lateral force-resisting members
are composed of steel braces and steel plate
shear walls.

For the tower buildings, the 2nd, 3rd, 22nd,
43rd and 60th floors are set as strengthened
stories to improve the whole rigidity of
structures. The 1st floor underground is
chosen as partial fixing. The gravity load is
supported by the steel-concrete composite
floor system and is transferred to the frame
columns through floor beams, floors labs and
braces. Only the 1st, 2nd and 3rd buildings
are discussed in this paper, as the 4th and 5th
buildings are same as the 2nd one.

Approaches to Optimal Design

Due to the high requirements of architectural
performance, the flat beams, demolishing
columns, and large cantilevers and lack
support, which is extremely unfavorable

for the stiffness and human comfort control,
and will reduce the structure efficiency.

The construction cost will inevitably be high
if the structure is designed as per traditional
methods. This research provides a solution
by introducing proper performance
upgrading and optimization methods. The
approaches of structure optimization are
shown in Figure 3.

Calculation Parameter Optimization
Calculation parameter optimization is

one of the experience based optimal
design methods. The margin of structure
optimization can be improved by adjusting
the calculation parameters reasonably. It

is divided into two approaches, including
weight reduction and stiffness increases.

performance, and
increase margin of
structure optimization.
TBUESIUER [B)%
. ReEMTEE,
BN RE

Approach Calculation Parameter | Increasing Stiffness of | Sensitivity Analysis Viscous Damper
Ei-iii Optimization High Zones Based Optimization Integrated
HESEU REEXNIE ETLREBMEMML | Optimization
RN R
Rt
Optimization Increase the margin of Decrease story drift Reduce the steel Make stiffness and
Objective structure optimization of control region, in consumption human comfort meet
A=t BEeEmitRE crease the comfort PRSI RINE the code

RLEARIEMEFEEE
FmRAEER

Optimization

Select rational

Increase lateral stiffness

Optimize the member

Utilize additional

model of steel plate and
concrete shear-wall
elements per to overall
elastic modulus method;
consider the nodal rigid
zones; build the model
of structure above the

top of the double deck
housing in 2nd building
and add frame beams in
the structure corners.
SXNELERE
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?DB?FE SHRNESR
Boist, AR

BT SR
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methods to optimize
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constraint redundancy
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of displacement
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EIMRITABRAE,
KB ET
=, ReILENE

Figure 3. Approaches of structure optimization (Source: Jiemin Ding)
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Figure 4. Frame beams added in corners above 30th floor
in 2nd building (Source: Jiemin Ding)
E4. 2SRE30EL L AIERIZERR CRR
:taﬁ)
/B8

« Weight reduction
Deducting the region of slabs
overlapping walls and columns
can reduce 5% of structure weight.
Compared with equivalent thickness
methods, the model of steel plate
and concrete shear-wall elements per
overall elastic modulus methods can
reduce self-weight effectively and
appears more reasonable.

Stiffness increasing

Due to the big size of columns and
strong action of joints, node rigid
zones should be considered when
analyzing. This project is positioned
as luxury properties in which the
dwelling size is large and there are
less partition walls, so the period time
deduction factor can be adjusted
from 0.85 to 0.9. Only the structure
above the partial fixing is taken into
consideration in the analysis of the
whole structure response.

Increase Stiffness of the Upper Zone
Increasing stiffness of the upper zone is
another experience based optimal design
method. It is accomplished by determining
the reasonable stiffness distribution through
the conceptual design principle and then
readjusting the stiffness. As no concrete is
cast into the steel pipe columns of upper
zones (45-62nd floors) in the 1st, 2nd and
3rd buildings, the maximum story drifts occur
in these zones. So, casting concrete into the
steel pipe columns of these upper zones can
improve stiffness.

In addition, the east and west sides of the 2nd
building feature double-deck housing, whose
living rooms occupy the two floors. There are

Figure 5. The variation of story drift under wind load
after increasing stiffness of upper zones in 1st building
(Source: Jiemin Ding)
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no frame beams connecting in the structure
corners. Now the owner adds the floor slabs
above the 30th floor, and frame beams should

be added in the corresponding floor corners
(Figure 4).

After casting concrete into steel pipe columns
of these upper zones, the self-weight
increases as every single building is less than
5%, and there is a significant addition of
stiffness and an obvious decrease of story drift
and peak acceleration. Take the 1st building
as an example; the variation of story drift
under wind load is shown in Figure 5, and the
variation of story drift and peak acceleration is
shown in Figure 6.

It should be noted that the structural peak
acceleration is related to the structural natural
vibration period and structural vibration mode
shape. In this case, after casting concrete into
steel pipe columns of these upper zones, the
lateral stiffness of high zones increase and the
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Figure 6. Comparison of structure response under wind load before and after increasing stiffness of upper zones in 1st

building (Source: Jiemin Ding)
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Figure 7. Result of member sensitivity analysis in 1st and 2nd buildings (Source: Jiemin

Ding)

7g 12 SR BURME DT AE R CRR: TO&E8R)
structural vibration mode shape component
of top floors decreases. Although after casting
concrete into steel pipe columns of these
upper zones, both the structural self-weight
and the structural natural vibration period
increases; the increase of structural natural
vibration period is less than the decrease of
structural vibration mode shape component
for the top floors. Therefore, the structural
peak acceleration is reduced.

Sensitivity Analysis Based Optimization
Sensitivity analysis provides an effective

way to understand the integral constraints
controlling design. Through this method, the
designers can determine the contribution

of members to the integral constraints. The
overall structure efficiency can be effectively
improved by transferring the material

from inefficient regions (the members
whose contribution is small to the integral
constraints) to the high efficiency regions (the
members whose contribution is large to the
integral constraints).

Through the sensitivity analysis on constraint
condition of story drift of then 1st, 2nd and
3rd buildings, the relative value of sensitivity
coefficient can be obtained (Figures 7 &

8). As the sensitivity coefficient of support
and beam:s is relatively large, the size of
partial beams can be enlarged. During the
optimization progress, the size of beams

and supports should remain unchanged as
much as possible. The optimization object
should be concentrated on the shear walls
of middle and upper zones and columns of
middle and upper zones. The optimization
progress should be conducted, combining
with the constraint condition redundancy and
sensitivity coefficient of related members.

Viscous Damper Integrated Optimization

« Former damper design
The former structure design intends
to add viscous dampers to control the
wind-induced vibrating comfort. For

Figure 8. Result of member sensitivity analysis in 3rd building (Source: Jiemin Ding)
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floors 45-60 in the 1st building, 8
dampers are set in Y-direction at
every story, and there are a total of
128 dampers. For floors 45-60 in
the 2nd building, 8 dampers are set
in both X-direction and Y-direction
at every story, and there are a total
of 256 dampers. In a structure
stiffness analysis of these 3 buildings,
additional damping is not taken into
consideration. The location of the
former damper design is shown in
Figure 9, and the layout is horizontal.

Viscous damper optimization

The horizontal layout of the former
damper, of which, the seismic
reduction efficiency is low and
quantity is large, occupies a residential
story and can exert unfavorable
influence on the residents. By adopting
devices of displacement amplification,
the efficiency of energy dissipation
can be increased to 2—4 times as
before under the same deformation
of structural elements. This way, the
number of dampers can be reduced
and the additional damping will not
decrease (Taylor & Tonawanda, 1999).
In this case, the main advantages

of the device of displacement
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Figure 9. The location of the former damper design (Source: Jiemin Ding)
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amplification are: the deformation of
the damper amplified to 2-4 times
and efficiency improved; quantity

of dampers reduced under the

same additional damping; dampers
set centrally on service levels and
influence avoided; and convenient for
overhauling and maintenance. The
form of displacement amplification
device in this case is toggled, and the
space below can be set aside for a
door opening as shown in Figure 10.
Through optimization of geometrical
parameter, quantity and location, 24
displacement amplification devices are
adopted in the Tst and 2nd buildings
and 28 in the 3rd. The damper quantity
is shown in Figure 11, and the unit
price of the damper is calculated as
150,000 yuan.

« Main structure integrated optimization
The member size of the main structure
is mainly controlled by stiffness. For the
main structure, taking the additional
damping provided by viscous dampers
into consideration, not only can this
solve the problem of comfort at
top floor, but it can also reduce the
dynamic response under wind load

Figure 10. Displacement amplification device in toggle type (Source: Jiemin Ding)
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and seismic action. Thus, a margin
is provided to the global stiffness
index and further main structure
optimization can be conducted.

Optimization Result
The optimization result of every building is
shown in Figure 12. In total, the steel, damper

Figure 11. The optimization result of viscous dampers (Source: Jiemin Ding)
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Figure 12.The optimization result of the 1st, 2nd and 3rd buildings (Source: Jiemin

Ding)
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quantity, and cost saved are respectively 15,600
tons, 308 and 202 hundred million (Figure 12).

Conclusions

- Architecture performance
requirements for supertall
residential buildings are high and

design, sensitivity analysis based
optimal design, numerical optimal

design and integrated optimal design.

- This paper has discussed the

optimization design of the Dijingyuan
project. The performance based
optimal design can improve the
structure performance and control
the construction cost. The results
obtained from this study provide
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disadvantageous for stiffness and . .
references for similar projects.
human comfort performances under
lateral stiffness. The requirements will
reduce the structural efficiency, and
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