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High-Performance Floor System Design
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The floor system is important part of a supertall building structure. It not only supports the vertical load, but also connects the lateral-load
resisting system as a whole. In this chapter, the key points of the design and optimization of high-performance floor systems of supertall
buildings are summarized in four aspects, and the influence of the floor system on the cost of supertall buildings is analyzed as well. Finally, the

ideas for floor-system optimization of supertall buildings are illustrated through three case studies.
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Overview

The floor system is an important part of the gravity system of supertall building structures. Floor
systems sustain the floor loads by bending and shearing, transmitting the loads to the vertical
supporting members. Meanwhile, the floor structure also connects all vertical members into

a whole and serves as the lateral support of the vertical structural system. It is important to
stabilize the lateral load-resisting system and optimize its performance (Shen, 2003).

The reinforced-concrete floor system and steel-beam composite floor system are common
types of tall-building floor systems. The slab of the composite floor system, specifically, can be
divided into three forms, namely, the open-trough profiled deck system, the flat-profiled deck
system, and the steel-bar truss deck system.

The cost of the floor system accounts for 209%-30% of the total construction cost in supertall
buildings, and the self-weight of floor system accounts for 20%-50% of the total weight of the
buildings in reinforced-concrete tall buildings. Thus it is of great importance to reduce the cost
and self-weight of the floor system. On the other hand, floor thickness affects the structural
performance of sound insulation and fire protection directly. Floor-system design plays an
important role in assuring the structural flexural capacity, stiffness, durability as well as the wind-
resistant and seismic performance. Therefore, design and optimization of floor system is of great
importance due to its significant economic and social benefits.

High-Performance Design

Horizontal Framing Layout

The overturning moment of supertall building is very large under lateral loads. Therefore, the
weight of the floor should be transmitted to the outmost members, so that the tension caused
by overturning moment can be offset by the pressure produced by the weight of the structure.
That is to say, the long-span floor system should be chosen to span as far as possible and
facilitate the removal of inner columns (Lin & Stotesbury, 1999).
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As for the floor beams, the layout principle

is as follows: 1) Arrange orthogonally or
radially to the extent possible, to make the
load transfer directly; 2) Control the depth

of the beams to meet the requirement of
clear height; 3) Arrange to ease equipment
and pipeline crossings; 4) Set the spacing of
beams to be equal to the extent possible. The
spacing of steel beams is determined by the
unsupported construction span of the steel
deck, while the spacing of concrete beams is
determined by the span of the floor slabs.

Floor Slab Design

In mainland China, a reinforced-concrete floor
system is usually used in tall buildings with a
height below 250 meters, while a composite
floor system is adopted in tall buildings with
heights above 250 meters, in consideration

of construction duration and building costs.
Based on the form of the deck, the floor slab
of the composite floor system can be divided
into an open-trough profiled deck floor system
(see Figure 3.12a), flat-profiled deck floor
system (see Figure 3.12b) and steel-bar truss
deck-floor system (see Figure 3.12¢) typically.

The open-trough profiled deck system has
feature of light weight, low cost and easy
construction, and is proven to be mature

Figure 3.47. Tower Main Lateral System (Source: Thornton Tomasetti)
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and reliable. The maximum unsupported construction span of the open-trough profiled deck
floor system is about 3.0 to 3.3 meters. The thickness of a composite floor, however, is about

30 to 40 mm larger than that of a flat-profiled deck floor system or a steel-bar truss deck floor
system, though it has superior fire-resistance capability. The flat-profiled deck floor system

is thinner and has better fire-resistance performance and aesthetics. The cost of installing
equipment and pipelines can be reduced due to the unique suspension system. However, the
maximum unsupported construction span of a flat-profiled deck floor is generally no larger than
3 meters. The steel-bar truss deck composite floor system has better mechanical performance,
and is often used in areas with complex stresses, such as in mechanical floors. The maximum
unsupported construction span of a steel-bar truss deck composite floor system can be as long
as 3.6 meters. But its construction is more complicated and its cost is higher.

Floor Structure Design

Floor structure design includes composite beam design and composite slab design. The steel
beams in composite floor systems should be designed with consideration of the combination
action of steel beams and slabs, and thus be designed 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. Over-pre-cambering should be avoided; 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.

The composite slabs should be designed according to the flexural capacity limit state and

the serviceability limit state in both the construction stage and the service stage. The decks

of the open-trough profile and flat-profile systems bear the self-weight of concrete and the
construction loads as temporary forms during 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 resist the 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 tall buildings commonly need to meet the
fire-resistance requirements of Class 1 — a heat insulation limit of at least 1.5 hours. In this
situation, the concrete thickness beyond the rib of open-trough profiled decks 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.

Human-Induced Vibration

The issue of vibrations in floor systems has gotten more and more attention in recent

years. Because of the low vertical vibration frequency, human activities can induce the

vertical vibration of long-span slabs or cantilevered slabs in tall buildings, making people
uncomfortable. In the design of the floor system, the vertical vibration frequency of slabs
should be controlled to be not less than 3 Hz. Alternately, the peak ground acceleration (PGA)
of slabs'vertical vibration can be controlled in the proper range through time-history analysis or
simplified calculation. As for residences and offices, the PGA is to be limited to not more than 5
Gal (Lu, et al. 2012).

Floor Systems and Building Cost

Because there are many floors in supertall buildings, a slight change in floor systems has a
significant impact on the structure’s height, floor weight and floor cost.

Taking a 60-story building as an example, each floor height increase of 30 cm will make the
structural height increase 18 meters, and the wind load and earthquake action will increase
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Figure 3.48.The change of structural cost with structural height (Source: Lin T.Y. &Stotesbury, S.D.)
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significantly. In addition, the cost of elevators, wall decorations and other mechanical and
electrical facilities will also increase accordingly.

For supertall buildings in a seismic region, the weight of the floor system should be decreased in
order to reduce the seismic action of the structure, so that the rebar consumption of the lateral
load-resisting members can be reduced. There are lots of methods to decrease floor weight,
such as using steel-composite floor systems, using lightweight concrete floors, using rational
building surfaces and lightweight partition walls, and so on. In addition, the reduction of floor
weight is beneficial for controlling the vertical component size and the foundation cost. In the
soft-soil ground area, the cost of underground structures (including foundations) accounts

for about 30% of the total structural cost. Therefore, reducing the weight of floor systems is
significant for saving construction costs.

In mainland China, reinforced-concrete floor systems are commonly used in tall buildings with
heights less than 250 meters, from the perspective of structural cost control. On the contrary,
steel composite floor systems are used in tall buildings of more than 250 meters'height, for
reducing the structural weight and easing construction. With the increase of structural height,
the cost of floor systems basically remains unchanged, while the cost of lateral load-resisting
members increases quickly, so the proportion of the floor system cost relative to the total cost
gradually decreases (see Figure 3.48).

Case Studies

150-Meter-High Supertall Building

In a 150-meter-high supertall building, the original design scheme arranged two rows of
columns for the frame-tube system. The internal columns were ineffective because they were
too close to the core wall. The optimization design scheme cancels the internal columns and
adopts a ribbed-beam floor system that transmits vertical loads to the external columns and
balances the tension created by horizontal load efficiently (see Figure 3.49). This optimization
proposal saves about 3,700 cubic meters of concrete, 300 metric tons of rebar, and provides an
additional 560 square meters of usable floor area.
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Figure 3.49. Floor systems layout optimization — Optimization design scheme (Source: Xin Zhao)
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Figure 3.50. Floor systems layout optimization - Original design scheme (Source: Xin Zhao)
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220m High Supertall Building

In a 220-meter-high supertall building, the original structural system was designed as a frame-
core lateral load resisting system and reinforced-concrete floor system. The secondary beam
and the main beams cross in the corner of the structure, while the indirect force transmission
leads to the large section of the main beams and corner columns. After the optimization, the
thickness of cantilever slab was reduced to 110 mm from 200 mm, and the section of the corner
beams and columns and steel ratios of corner columns were all reduced, compared to the
original scheme (see Figure 3.50).

Suzhou Zhongnan Center

Different types of composite floors were comparatively studied for the Suzhou Zhongnan
Center. The total cost and weight of the open-trough profiled deck composite slabs, flat-profiled
deck composite slabs and steel-bar truss deck composite slabs were compared (see Table 3.29
and Table 3.30). As a result, the total cost of the open-trough profiled deck composition slabs
was 7% less than the others, and the weight of the open-trough profiled-deck composite slabs
was 3% less than the others.

On account of the floor thickness, complex forces and high performance requirements, the
steel-bar truss deck composition slabs are the most appropriate for use in mechanical stories.
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Type Open Trough | Flat Profiled | Steel-bars Tvpe Open Trough | Flat Profiled | Steel-bars
yp Profiled Deck | Deck Truss Deck yp Profiled Deck | Deck Truss Deck
s FHRIH THRBR | SRR = FHRIH FHRBR | AR

Deck unit cost Thickness of
A 80 o8 110 deck 1.0 mm 0.9 mm 0.5 mm
Additional rebar e
fees 35 32 16 Total thickness
VN TR of slab 155 mm 120 mm 120 mm
Seal plate and BREER
stirrup 10 5 0 Weight of
EEAR R composite floor | 304 kg/m2 314 kg/m? -
Transportation ARBEREE
t
??S s 6 6 12 Additional
z% rebars weight 8 kg/m? 8 kg/m? _
Total cost 131 141 138 I
Total weight
Table 3.29. Different composition slabs cost comparison (Unit: RMB/m?) (Source: Xin Zhao) 312 kg/m? 322 kg/m? 320 kg/m?
K320, Z R AM G AN (AL T/ R) GRIE: BT RE
Table 3.30. Different composition slabs weight comparison (Source: Xin Zhao)
#3.30. Z M A B E E X GRIE: RIT)
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The design and optimization of supertall building floor systems is a comprehensive subject
that directly influences the construction cost and building weight. In order to select the
optimized floor system, comparison of multiple design schemes is needed, based on
mechanics, cost, use and function, construction management and other factors. Several
conclusions can be drawn:

1. Due to the large number of building floors, the floor system will significantly

contribute to the cost and weight of supertall buildings.

2. High-performance design of floor systems can be arrived at by considering the
horizontal framing layout, floor slab design, floor structure design and human
induced vibration.

3. Considering structural cost and ease of construction, reinforced concrete floor
system is commonly used in the tall buildings with building height of less than 250
meters, while composite floor systems will be applied in tall buildings with building
heights of more than 250 meters in mainland China.
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