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Performance-Based Design and Optimization
ETHRNZIT 54

Jiemin Ding, Xin Zhao, Kun Ding & Fang Xu, Tongji Architectural Design (Group) Co., Ltd.
THR R, TRIRF, (FAFZEAR AL (EH) FIRA A

Performance-based structural design often includes performance requirements for safety (structural safety, fire safety, earth quake resistance
and so on), health, serviceability, energy efficiency and environmental impact. Building performance is an indicator of how well a structure
supports the defined needs of its users. To satisfy the requirements for performance-based structural design, the engineers should choose
suitable technical solutions. With the increasing development of supertall buildings, performance-based design optimization techniques

for supertall buildings are in high demand, as it can not only decrease cost and construction period, but also improve the performance of
structures. A systematic performance-based design framework, critical optimization measures, and an assessment of the effectiveness and
applicability of those measures for the Suzhou Zhongnan Center are chronicled in this chapter.
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Introduction

The concept of performance-based structural design was gradually accepted by designers and
researchers in Europe, America and other developed countries after World War Il. The performance-
based design approach is not proposed as an immediate substitute for design to traditional

codes. Rather, it can be viewed as an opportunity to enhance and tailor the design to match the
objectives of the community's stakeholders. It is an approach that focuses on the objective of a
building asset, in order to prescribe desired results, as opposed to dictating a method to get things
done. In a performance-based approach the focus of all decisions is on demand requirements and
on required performance in use. As seen in the case of the Suzhou Zhongnan Center, it represents
the development direction of structural design in the future (see Figure 3.12).

In performance-based design, any measure and tool can be used to achieve multiple
performance requirements, providing a chance for new materials, architecture, and design
methods to be applied in structural designs. The structural optimization design is consistent
with the performance-based structural design, which can decrease the cost and construction
period of structures without changing the structural performance.

The performance-based optimization design method has drawn attention in engineering
practices. Huang et al. (2012) developed a novel computer-based optimization technique for
wind-induced serviceability design of large-scale tall buildings, and the optimization technique
has been used in a tall building project in Hong Kong. Zou et al. (2002) developed a systematic
and comprehensive design optimization technique, which could minimize the construction
cost or life-cycle cost during the lifetime of building structures, subject to deterministic and
non-deterministic seismic design constraints, while simultaneously satisfying multiple levels of
practical seismic performance requirements.

Liu et al. (2003) presented a multi-objective optimization procedure to solve a performance-
based structural optimization problem that involved objectives related to initial construction
expense (material weight), the number of different steel sections used in the design

(diversity), and future seismic risk associated with story drift resulting from both frequent and
infrequent ground motions. Zhao et al. (2011) developed a sensitivity vectors algorithm (SVA)
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to figure out the optimal quantities and
placements of outriggers subjected to the
story drift constraint under wind loads. Based
on the engineering practice, this chapter
presents a short review of the performance-
based wind-induced and seismic designs
and some critical optimal member-design
measures are proposed.

Performance Based Design

Performance-based wind design should take
into consideration the design requirements
in both construction and operation phases,
such as human comfort, building deflection,
member strength and structural stability. The
three levels of the performance-based wind-
induced design are defined as follows:

The first level: Basic wind pressure with a
return period of one to five years. Evaluate the
human comfort performance of structures

by checking the wind-induced responses

of structures, and check the comfort
performance criteria defined.

The second level: Basic wind pressure with

a return period of 10 years. Control the peak
vibration acceleration and avoid the damage
of nonstructural members. The second level

Figure 3.12. Top of the Suzhou Zhongnan Center (Source: Gensler)
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Table 3.3. Performance matrix of structures under wind loads
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Figure 3.13(a). Uniform pile arrangement (b). Variable stiffness pile arrangement (Source: Jiemin Ding)
3,13 (a). A A AL (b). BRI EAHE GRIF: TER)

is mainly used for limiting the vibration severity under the occasional typhoon, preventing
damage of local maintenance members caused by violent vibration.

The third level: Basic wind pressure with a return period of 50 or 100 years. Ensure that the
displacement, strength and stability of structures satisfy the requirements.

The idea of performance-based seismic design is that the structure should have specific
performance levels under given seismic loads during the period of service and that it has a
minimal cost for the whole life cycle.

Four performance objectives are specified for the seismic design of supertall buildings in
Chinese codes. They are determined by three seismic performance levels under frequent,
moderate and rare earthquakes. Performance states and levels of expected damage are
specified for each seismic performance level. In general, performance-based seismic design for
supertall buildings contains the overall structural design and component design. The overall
structural design mainly concerns structural strength and stiffness criteria such as story drift and
shear-to-weight ratio. As for component design, the role components perform in the seismic
design should be measured by the internal force and load capacity. The crucial members need
to be improved in the performance objectives due to structural safety. They are required to

be elastic in the moderate earthquake, while common vertical components and dissipative

components can be designed based on appropriate secondary seismic performance objectives.

Supertall buildings are supposed to meet the appropriate performance requirements under
wind loads and earthquakes with various return periods. In the construction phase, the
structures are time-dependent and should meet the requirements of deformation, strength
and stability. In the operation phase, structures should meet the performance requirements
of human comfort, deformation, strength and stability. The performance requirements under
different levels of wind loadings and earthquake actions are shown in Tables 3.3 and 3.4.
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Figure 3.14. Punching lines of rectangular columns
(Source: Jiemin Ding)
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Table 3.4. Performance matrix of structures under earthquake
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Critical Optimal Design Points

Pile Foundation

The variable rigidity design method for settlement adjustment is appropriate for pile foundation
design. For supertall buildings, the settlement and capacity of pile foundations are emphasized
in conventional design, while the interaction among superstructure, pile caps and soil is
ignored. If the piles are of uniform length, the settlements of foundation and reaction forces are
dome-shaped and saddle-shaped, respectively. Based on the variable rigidity design method,
the stiffness of the foundation, pile caps and foundation piles is modified to coordinate with the
distribution and reaction of loads. Therefore, the settlements become uniform, with optimized
moments, punching force and shear force. The optimization method modifies the length and
distribution of piles according to the loads and foundation deformations (Figure 3.13).

The length and dimension of piles can be adjusted to suit the optimal scheme. When the
modified value of a single pile’s load-carrying capacity (side friction plus end-bearing capacity)

is larger than the load-carrying capacity, it can be optimized via increasing the pile’s concrete
strength and reducing the amount of rebar. Rebar with two different diameters can be utilized to
reduce the steel consumption. Large-dimension rebar will be truncated in the lower part of piles.

Rafts

In an optimization exercise, the thickness and rebar can be optimized for the optimal design of
raft. The thickness of raft is controlled by the punching capacity. All the lines connected with the
boundary of the piles in the first row, and piles in the 45° direction of rafts should be checked
for the punching calculation. The detrimental position derived by the punching lines can be
obtained as shown in Figure 3.14. The punching loads for columns (walls) should deduct the
reaction force and water buoyancy of pile-soil in the broken cones. However, the interaction
between the piles, the water buoyancy and weight of rafts are commonly not considered in
practice; only the reaction force in the broken cones is deducted. The reaction force is the actual
force of piles and can be calculated roughly as 809-90% of modified pile load-bearing capacity.
The amount of rebar is determined by the bending moments of rafts.

Core

The typical layouts of central service cores are the nine-grid square layout, 16-grid square
layout and triangular layout. The shear walls should be arranged along the main axis of the
structure. The optimal design of the core structure has to consider comprehensively different
requirements, such as vertical transportation, planning organization, fire evacuation, MEP
pipeline arrangements and MEP facility rooms. In general, the 16-grid square layout is better
than the other layouts for buildings with apparent plane shrinkage along the building height.

In general, the shear walls of the low zones are controlled by the axial compression ratio, while
shear walls of high zones are controlled by the stiffness or shear-strength requirements under
rare earthquakes. For calculating the axial compression ratio of shear walls, connected shear
walls could be treated as a whole to reduce the axial compression ratio. The intersections of
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Figure 3.15(a). SRC columns (b). CFT columns (Source: Jiemin Ding)
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Figure 3.16. Interaction of core and outriggers (Source: Jiemin Ding)
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core shear walls are embedded with steel in order to increase ductility and reduce the potential
shear-wall tension stress under moderate and rare earthquakes. The main reinforcements in the
boundary columns of the core shear walls also contribute to the tensile bearing capacity.

Megacolumn

With the development of composite materials, composite columns, especially composite
megacolumns, have been widely used in supertall buildings. The two materials — steel and
concrete — in the composite columns complement each other and exhibit a good
mechanical performance.

Two types of commonly used megacolumns are listed as follows: 1) Steel-reinforced-concrete
(SRC) columns, which are used in Shanghai Tower, Ping An Finance Center (Figure 3.15(a)),
Shanghai World Financial Center and so on; 2) and Concrete-Filled Tube (CFT) columns, which
are used in Goldin Finance 117, Taipei 101 (Figure 3.15(b)), KK100 and so on. For large-scale
megacolumns, the SRC columns have an advantage compared to CFT columns, from the
perspective of lifting and installation.

Outrigger Truss

The outrigger trusses are commonly installed in mechanical floors to reduce the story drift for
supertall buildings (taller than 300 meters). Outrigger trusses connect frame columns and core
tubes effectively to reduce the maximum story drift of the tower. Outrigger systems are very
efficient and cost-effective solutions to reduce the overall structural deformation and story
drifts. The working principle is shown in Figure 3.16. The arrangement of outrigger trusses along
the structural height will have different effects on the structure. For example, the outrigger
trusses set on the upper zones are effective for reducing the story drift but may increase the
structural period. It is desirable to optimize the quantities, placements and structural form
during the optimization design of outrigger trusses. Furthermore, considering the economy and
construction period of the project, the number of outrigger trusses can be reduced.

Belt Truss
Belt trusses have two functions in megastructure. One function is to act as the transferring
members for all the secondary floor systems, and the other function is to engage all the
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perimeter columns in the resistance to lateral loads. The belt trusses support all the gravity
columns and transfer the load in the floor from the belt trusses to the megacolumns, thus
decreasing the pulling forces in the megacolumn due to wind load or earthquake. (Figure 3.17).

There are four belt-truss types in engineering practice, namely, ordinary single truss, L-type
single truss, U-type single truss and double truss. The performance of the belt truss depends
greatly on its stiffness. Thus the belt truss stiffness has to be carefully optimized for better
megastructural performance.

Floor System

Considering structural cost and ease of construction, a reinforced concrete floor system is
commonly used in tall buildings with a height of less than 250 meters, while composite floor
systems are typically applied in tall buildings of more than 250 meters. Composite floor systems
mainly include three types: the open-trough profiled deck floor, the flat-profiled deck floor,

and the steel-bar truss deck floor systems. The open-trough profiled deck is most cost-effective
and easy to construct; however, it is about 30-40 mm larger than that of flat-profiled deck floor
systems and steel-bar truss deck floor systems, considering the fire-resistance performance.
The maximum unsupported construction span of the open-trough profiled deck floor system is
about 3.0 — 3.3 meters.

The composite slabs should be designed according to the bearing capacity limit state and
serviceability limit state in both the construction and service stages.

Open-trough profile and flat-profile decks bear the self-weight of concrete and construction
loads as temporary forms in the construction stage. In the service stage, the deck bears the
working loads, partly or fully replacing the steel bars. The deck of the steel-bar truss composite
floor system only serves as a supporting form in the construction stage and will not bear loads in
the service stage. As long as the thickness of the floor slab meets the minimum requirements, the
composite slabs can meet the fire-resistance performance requirements without fire protection.
The slabs of the tall buildings commonly need to meet Class 1 fire-resistance requirements, for a
heat insulation limit of at least 1.5 hours. In this situation, the concrete thickness beyond the rib
of the open-trough profiled deck should be no less than 80 mm, while the total thickness of flat-
profiled slabs and steel-bar truss composite slabs should be no less than 110 mm.

The design of steel beams in composite floor systems should consider the combination action
of steel beams and slabs that act as composite beams. The strength, deflection and shear
connections need to be checked. Pre-cambering can be used to reduce the large deflection
of steel beams. It is not appropriate to pre-camber too much; otherwise, the slabs will be
uneven after construction. Commonly, the pre-cambering amount is below 1/1000 of the
span and less than 2 cm.

Case Study

The structural optimization measures and results of Suzhou Zhongnan Center are briefly
introduced in this part.

Piles and Rafts

This chapter describes the optimization of the pile and raft of Suzhou Zhongnan Center.
Optimization has been made by making a comparison of pile length, pile diameter and strength.
The longitudinal reinforcement, stirrup and post-grouting of piles have also been optimized. The
thickness of the raft is 6.3 meters after optimization, while the original design thickness was 7 meters.

Core
By considering the relationship between megacolumns, corner columns, the central service
core and outriggers, a total of four plane layouts were investigated for the Zhongnan Center

Figure 3.17. Belt truss (Source: Jiemin Ding)
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Figure 3.18. Core layouts of Suzhou Zhongnan Center (Source: Jiemin Ding) (a). 9-grid layout (b). 16-grid layout (c). 16-grid layout (without web walls) (d). 16-grid layout (without web
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project (see Figure 3.18). The scheme of 16-grid core layout, with eight widely-spaced
megacolumns and four corner columns is the best, considering the cost of structural materials,
construction period and the need to accommodate building services. The axial compression
ratio of the core and the global stabilization of the shear wall are checked. The core shear wall
thickness has also been optimized.

Megacolumns

SRC columns with embedded open steel, box steel and rectangular steel tubes are analyzed for
the mechanical performance, project cost, fireproof performance, construction performance,
joint construction and overall quality. It was found that an SRC column with embedded steel is
the most effective. The steel ratio is kept at 4% and the protective thickness of embedded steel
meets specification requirements. The steel thickness is effectively decreased after appropriately
increasing the flange length and web width.

Outriggers

A sensitivity vectors algorithm (SVA) was employed to obtain the favorable quantities and
placements of outriggers under period and story-drift constraints. The optimization target is to
minimize the material consumption. The first vibration period, shear-to-weight ratio and story
drift are constraints for the design according to code specifications. The sizes of members are
optimized using in-house-developed structural optimization software.

Belt Trusses

Single trusses, double trusses and double composite trusses are compared on the basis of
flexural rigidity, torsional stiffness, effective width and torsional efficiency of the joint core

area shear interface. Optimization results show that the double composite truss is the most
economical and effective scheme. Sizes of belt truss members are optimized by using in-house-
developed structural optimization software.

Floor Systems

Open-profile steel sheeting, closed-profile steel sheeting and steel-bar truss floor systems

are compared in different aspects such as the cost, weight, construction performance and
application. It was found that the flat-profiled deck floor system is suitable for the ordinary floor
and the steel-bar truss floor system is suitable for the mechanical floors. The structural framing
plane of every typical floor is also optimized.
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Conclusions BEKRRAAML
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The advanced optimization measures developed from performance-based design were applied THGERLEAS EHE, BT EBRE

Performance-based structural design provides a unified approach to designing buildings and
fosters predictable and satisfactory performance in case of adverse events.

to piles, rafts, core tubes, shear walls, megacolumns, outriggers, belt trusses and floor systems SE A O R R AR . hnaE 2 R R A A
of the megatall Suzhou Zhongnan Center, illustrating the effectiveness of performance-based mRARH T E, A EX A EHRET
design framework and optimization measures. PHAT A E,
i
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