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Application of Performance-Based
Fire Safety Design
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Youdi Shen, Shanghai Tower Construction & Development Co,, Ltd.
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Itis well known that fire problems in super high-rise buildings are common issues throughout the world. Fire technology covers fire
prevention, fire suppression, and fire safety engineering. The application of science and engineering principles can protect skyscraper
occupants from destructive fire. This chapter addresses some of the features of the Shanghai Tower and the fire safety challenges faced by the
Tower. It then describes the application of a performance-based approach and modern fire technologies in the tower.
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Fire Safety Challenges Faced by Shanghai Tower

Structure Safety Challenge

Structural safety is paramount to building safety and also the basis of design for structural fire
protection. The fire resistance rating of the main structures, such as the core with steel reinforced
concrete shear walls, steel reinforced concrete columns, steel trusses, beams, and curtain wall
supporting system each contribute directly to the fire safety of the tower (see Figure 4.5).

Safety Evacuation Challenge

It is proven through modeling and case studies that evacuation time is directly proportional to
building height and the occupant density of the building. The higher the building, the more
people it accommodates, which require more time for evacuation. Based on simulations and
quantitative analyses, the tower could reach an occupant load of 31,300 people. It will be very
challenging to evacuate this number of occupants in case of a fire.

Atrium Fire Safety Challenge

The innovative and sustainable design of the tower incorporates two separate curtain walls,
the exterior one is spiral-shaped, and the interior one is cylindrical. The space between the
curtain walls varies from 1.0m at the narrowest point to more than 10m at the widest, forming
12-15-story tall open space atria, which will house the landscaped sky gardens at each zone
throughout the building. The landscaped sky lobbies will be the social and retail hubs for each
zone. The fire resistance rating of the interior curtain wall, smoke control, fire detection, and fire
suppression system in the atria creates fire safety not only for the atria but also for the whole
tower.

Reliable Water Supply Challenge

It is practically impossible to ensure fire safety for the building without a reliable water supply,
because it is fundamental to water-based fire extinguishing system. How to transfer fire water to
the floors above 600m and how to reliably transport water to the top of the building directly
affects the fire safety of the tower and poses challenges to the design team.
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Figure 4.4. Exterior podium of the Shanghai Tower (Source: Gensler)
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Application of Performance-Based Fire
Safety Design in Shanghai Tower

For many buildings that are straightforward
in size, shape, and use, prescriptive codes

provide the designer with sufficient guidance.

The prescriptive codes, in which goals and
objectives are absent, set forth minimum
requirements for protection and are generic
by occupancy. Examples include spacing
requirements for fire compartments,
detectors, sprinklers, fire resistance ratings,
and maximum travel distances. It is relatively
convenient for designers and reviewers to
adopt the prescriptive codes.

Figure 4.5. Tower Structure (Source: Gensler, 2009)
4.5, K JE 4 # (5 JF: Gensler, 2009)
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However, prescriptive detection, suppression and smoke control requirements may not
adequately account for the range of thermal gradients and air flow patterns within the design
space. It may result in delayed detection or suppression response, or failure to control smoke
movement. Also, the prescriptive approach may not always meet the needs or expectations of
building owners, designers, or official reviewers, especially for more complex buildings, high-
ceiling or large-volume spaces, such as shopping malls, atriums etc.

In recent years, the concept of performance based fire safety design has been favorably
received as a means to address some of the disadvantages in prescriptive approaches. Generally
speaking, performance-based approaches usually solve fire safety problems involving fire
compartment isolation, safety evacuation, smoke control, structure fire protection, and fire
facility configuration in large-scaled space. Based on characteristics and the functions of
Shanghai Tower, a performance-based approach was mainly applied to solve the problems of
atrium fire protection and safety evacuation where the current prescriptive Chinese fire codes
cannot be followed.

Fire Protection for Atrium Building Structure

Applying the computational fluid dynamics software of Fire Dynamic Simulator (hereinafter
referred to as FDS), the analysis specifically evaluated the ambient temperature of fire in the
atrium from 2 design fires. Two fire scenario models are shown in Figure 4.6 and Figure 4.7.
Detailed FDS input parameters are shown in Table 4.2, where a duration of 20 minutes was
modeled. It was found from FDS modeling that a chimney effect is obvious in the atrium,
where there is 2m distance between the curtain walls, but the effect is reduced where the space
between curtains reaches 4m, as shown in Table 4.3. According to the FDS results, steel structure
components that include belt trusses; horizontal bracings and radial supports; and the top belt
trusses of the atrium, should be protected by fireproof coating in order to increase the steel
structure’s fire resistance rating to nothing less than 1.5 hours (see Table 4.2 and Table 4.3).

Two types of curtain walls are used for the interior wall, namely B1 and B8. The B1 wall, which

is an aluminum unitized curtain wall with laminated tempered glass and fire resistant glass, is
installed in locations where the environment temperatures do not reach 240 °C (in case of fire),
from level 4 to the top of each atrium, and in areas protected by a window sprinkler system. The
B8 curtain, which is an aluminum unitized glass curtain wall with hollow fire resistance glass,

is installed in locations where the temperature exceeds 240 °C on the bottom 3 floors of the
atrium. Theses designs were proven correct and reasonable by the results of fire tests conducted
by Tianjing Fire Research Institute.

Figure 4.6. Fire Scenario - Model A (Source: Gensler, 2009)
4.6, K 5 7% — #ALA (R I Gensler, 2009)

Figure 4.7. Fire Scenario - Model B (Source: Gensler, 2009)
V4.7 k 573 % — # &I B (3 J&: Gensler, 2009)

86 | Environmental Controls and Safety

L5404 S K AR IR SR F1.5h L R4.2 K&
#43) o

SEAF BN RS, KB fBSE i
AR, P, BIEBXASESLT
REBES, HBHF S KRB (PR
M) +CHE B K FH (EAM) , % T KKHF
BT R e E AT & RK240F KB, B
BOAFRERAREEFEHXEK, FHE
B MR P i BSFE 4 KR ANAE TR
BEE, FEEIBRMBE ACER KHK
B, RTAKRAETHRGRETHATE
K240 X33, BN W 2 RHFBHI3NET
A B A 5T B BEAT B K 90R I 45 R
B, XERRITRLATAEN,
TR RENTEE

WRELT KRt o F R R, ¥4
NEB RAENE AR, TTAEELR
BTSN E ., A ERHTE +
BRI ERARK R, B—AE
TR RAE T E AR B
#r, IMXBHENKZEFES = ER
B ARBERKKANMER R, HKIEKE
M e R BE R B B AR 1 Om s B T 22
A, R E AR ETRE, JEAE T E10m
MR E A NREEEE AR KRS,
DR B o B K AR A B B ROK B R
Fo v F M,

YR & FEFo A RS R R
BHRBRAK KRB E A A, FHE
HE P RENEE T AR, BAITERE
HEFERM, X ERER RS AR A
FIHAT I ENEI ., RIBFOSHEMZE
FodE KR, PEHFEETESN
220,000m’/h, FB FHTHES, B
T A B R TR R R & Bk B LR HE
YERALBEAT HEXE, o o B i 30 20 AT AL A A
P

FH L ARBARIT
MFE#EFOAERN, BTEAET,
ANRMWE, BRARLLEHEUA N XE.
FEEOABNRYE, EZAFER
U STEPS 1 B ALBE LR FDSHE UK 5% 37
SR b, MARREN T E, HTRN

=%

B, REZAGRAAAKELIT LS
B, KEFEER, hEA, AR
%, FUE2ERIT19E MM, 3. 4EHIT
V7B, SERITI6ESEME, 62X IT7E



Fire scale K T(%E *ﬁ
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smoke generation rate
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¥
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Fire B position jﬁ?{;};ﬁ(’ Pl 4m distance between two

B & curtains P 4% 3 2 |8
B BE By 4m

Fire grid size j( WJ R‘j' 0.1m (ﬁi’() x0.Tm (?K)
x0.1m (*)

OutinO[ temperature % °C

STy ©

Ipdopr temperature jﬁj W C

Jm & 2

smoke extraction volume ﬁ}:— 220000m?/h 3T ﬁ X/

* ﬁg ;I:R /J\ E]rj

make-up volume ¥ R | 110000m¥/h 3T 77 2/
JINE
Table 4.2. FDS input parameters
FA42 HAMNSH
Height # & Temperature 3 & (°C)
Scenario &
5m (k) 10m (k) 55m (k)
Fire A 500 250 240
KBA
Fire8 500 200 180
KEB

Table 4.3. FDS modeling results
F43. FDSHM 4R

Fire Facilities Designed for the Atrium

Performance based design results in a comprehensive fire protection strategy in which all fire
protection systems are integrated rather than isolated. Equipping the atrium with an efficient
fire alarm and fire extinguishing system is a key issue. In response to simulation results, every
atrium is designed with three layers of air sampling detection systems, for the purpose of
improving the availability and reliability of fire detection and alarming systems. The detectors are
located at the bottom, in the light rail 10m from the atrium floor, and at the middle and top of
the atrium. An automatic water fire extinguishing system is also provided 10m above the lobby
floor, in order to increase the level of fire protection for the tower.

The effects of smoke spread and smoke exhaust is closely related with air distribution, building
shape, and the location of the fire in the atrium. Therefore, using the CFD, a simulation for smoke
movement and smoke control was conducted for the atrium before the smoke control method
was selected. Based on the CFD results and suitable fire scenarios, the capacity of smoke
extraction in the atrium was recommended to be 220,000m?*/h. Additionally, it was found that
the ideal location for ventilation systems are at the top of the atria, while the make-up air supply
should be located at the bottom of each atrium in the tower.
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Vertical Evacuation Methods Designed for
the Building

Safety evacuation is a hot topic for Shanghai
Tower, because of its height and its large
number of occupants. The safety evacuation
design was improved and perfected for the
tower using a performance-based approach
that relied on results from the design

of fire scenarios from the FDS and from
computer simulations of evacuation using
the Simulation of Transient Evacuation and
Pedestrian Movements (hereinafter referred
to as STEPS) software.

First, adequate egress stairs are designed for
the tower according to the floor space and
amount of occupants. Due to large floor
space within the podium in zone 1, there
are 19 stairs designed for level 2, 17 stairs for
level 3 and level 4, 16 stairs for level 5, 7 stairs
for level 6, and 4 stairs for level 7. For zone 2
to zone 4, 4 egress stairs are provided. Based
on floor area, egress stairs are reduced to 3
inzone 5 and 6, and 2 in zone 7 to zone 9. In
addition to the stairs provided above, there
is also one additional egress stair for each
atrium sky lobby to the refuge areas located
onlevel 7,21,36,51,67,83,100 and 116 in
the building (see Figures 4.8-4.10).

Second, shuttle elevators are designed for
supplemental safety evacuation. Based on
the case study and simulations by STEPS,
the conclusion shows that it will take about
138 minutes to evacuate every occupant
from the building by stairs. In order to
improve the efficiency of evacuation, 13
high-speed shuttle elevators are allocated for
use during emergency evacuations. These
elevators, which are designed to be fire-
proof, water-proof, and have smoke-proof
shafts and a dependable power supply, will
be driven to the respective refuge floors to
take people to the ground level in case of a
fire, or emergency evacuation, reducing the
evacuation time to 108 minutes.

Third, in order to improve evacuation
efficiency, Shanghai Tower is designed
with a centrally controlled intelligent

fire emergency lighting system which is
coordinated with the fire alarm system and

88 | Environmental Controls and Safety

Figure 4.8. Arrangement of Stairs in Zone 2 (Source: Gensler, 2009)

FE4.8. [X 382 9 # 4 A B (R JR: Gensler, 2009)

Figure 4.9. Arrangement of Stairs in Zone 5 (Source: Gensler, 2009)

4.9, X385 A # # 47 B (5 JR: Gensler, 2009)

Figure 4.10. Arrangement of Stairs in Zone 7 (Source: Gensler, 2009)
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automatically changes the direction of evacuation signs based on fire information from the
fire alarm system. Traditional fire emergency lighting and evacuation indication systems do
not allow the evacuation direction to change with the situation in an event of a fire as they are
single point units, and as a result may affect safe evacuations.

Gravity Water Supply System Applied in the Building

A combination of a gravity-fed water supply and temporary high-pressure water supply is
provided in Shanghai Tower. The gravity-fed water supply is used for level B5 to level 115 and
the temporary high-pressure water supply is used from level 116 to the top of the tower. The
gravity-fed water tanks and transfer pumps are located on basement 5, level 20, 50, 83, and
116.There is also one roof water tank on level 128. These 6 water tanks are further connected
in series by a 200mm water pipe, adjacent to the transfer pipes, as redundancy will improve
the reliability of the water supply. Additionally, two independent stainless pipes are provided
between the fire department connection on the ground and fire hydrant outlets on every
floor to supply compressed air foam from fire trucks, for the convenience of the fire fighting
operation.

Conclusion

Fire safety of super high-rise buildings is a very complicated systematic engineering problem
covering fire prevention and fire suppression. A performance-based design should be used to
solve unusual and unique problems in large-scale projects where fire requirements are not fully
addressed by codes or where strict compliance with codes compromises the function of the
building for the purpose of ensuring the safety of occupants and the building itself.
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