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Economical & Efficient Structural Solutions

G T B N SRR T R

Dennis Poon (& F &), Yi Zhu (% %), Steve Pacitto & Steve Zuo (£ %), Thornton Tomasetti Inc. ( 75 5 74 %)

With the completion of the Ping An Finance Center (PAFC) in 2016, one of the tallest towers in China and the world will be unveiled. As more
and more tall buildings exceeding 500 meters are designed, we are entering a new age of megatall buildings and embracing a new level

of design challenges. This era presents the question of whether traditional structural systems and design approaches are still applicable, or
whether new design tools can improve the performance and sustainability of these structures. This chapter will touch on building shape
optimization and how a refined and comprehensive structural analysis leads to a more sustainable building.
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Structural System

PAFC's structural system consists of a reinforced composite concrete core with steel outriggers
connecting to eight composite super-columns at four levels.

The exterior frame is composed of seven double-layer belt trusses located at the mechanical
and refuge floors as shown in Figure 3.1, Figure 3.2, and Figure 3.3. The exterior belt trusses are
connected to a super-diagonal at each exterior face of the building (Figure 3.2).

Core wall thicknesses range from 1500 mm at the base to 400 mm at the top. Supercolumn
plan dimensions range from 6.0 meters by 3.2 meters at the base to 2.9 meters by 1.4 meters
at the top. The main lateral-force resisting system is designed for a 100-year return period
wind (strength limit state) and 50-year return period wind (serviceability limit state) based on
wind loads determined by wind tunnel testing.

The Importance of Wind Optimization for the PAFC

Shenzhen is located close to the South China Sea; a building of 660 meters will be exposed to
typhoon wind speeds of up to 60m/s or more. This emphasizes how important it is to refine the
massing to reduce the wind impact on the structure. With the support of RWDI's wind tunnel,
studies were conducted to investigate various exterior shapes of the tower. Small adjustments
such as chamfered corners and recesses in the facade contributed to a reduction in the wind
load. These alterations to the exterior fagade positively reduced the effect of cross winds
relating to the horizontal movement perceived by humans.

A final comparison of the various exterior tower studies was not made, however, a 32%
reduction in overturning moment and 35% reduction in wind load compared to China code
were achieved due to the optimization of the tower shape.

A building enhanced for wind usually exhibits improved seismic behavior as well since core
walls and column sizes can be smaller, and the number of outriggers and their size are smaller.
All of these points contribute favorably to a reduced overall mass of the structure which
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Figure 3.1. 3D view of a floor.
Figure 3.1. # 43D

determines, in combination with the ground
acceleration, the seismic load.

Shenzhen is located in a medium seismic
zone, with a return period of 50 years and
10% probability the peak ground motion of
0.1g falls into the design category 7 per China
seismic code classification. The numbers
inTable 3.1 show that wind and seismic
parameters were controlling the building
design for different design requirements.

The Importance of Lateral Structural
Optimization for PAFC

Various structural solutions were developed
by Thornton Tomasetti. Examples include

a Vierendeel truss scheme, to express the
architectural vertical rising facade lines, as
well as various hybrid solutions. Each scheme
was evaluated by comparing it to material
sustainability and availability, construction
budget, and construction schedule.

The final lateral load resisting system
chosen was a composite concrete, which
is connected to the supercolumns by
two-story outriggers located on Levels 25,
48,79 and 95. Seven double belt trusses
were added to serve a double role. The first

Figure 3.2. Plan view of a mechanical floor. (Source: KPF)
Figure 3.2. 4L =, 2 F & [& (KPFR i)
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Figure 3.3. 3D View of floor above Zone 6.

Figure 3.3.6[X b4 F3D#

function is to act as “virtual outriggers,” contributing to the lateral stiffness of the structure. The
second is to ensure that the supercolumns stay under compression by transferring the gravity
load at each zone. To keep the core wall thickness to a minimum, wide flange steel column
shapes were embedded within the boundary zones, which are the most highly stressed areas
of the walls. These columns serve two purposes. They strengthen the core and they provide a
cleaner load path for the outrigger forces into the wall. Due to the fact that core walls play a
critical role in resisting most of the gravity load and lateral load, and to eliminate any concern

about brittle shear failure when subject to a combination of high shear stress and axial stress,
embedded steel plates were used to reinforce the walls from foundation to level 12. These
plates both enhance ductility and permit a reduced wall thickness.

In addition to reducing the weight of the exterior walls, the nine-cell, 32 meter by 32 meter

square core was reduced to a five-cell core above zone six by eliminating the exterior four

corner cells (Figure 3.3). This wall reduction increased the valuable office floor space at the

upper zones. This is a common solution in the design of megatall buildings today.

However, distinctive cut-back corners provided a unique opportunity to introduce a chevron
brace system, which connects the two corner columns between the belt trusses, increasing the
exterior frame stiffness of the tower perceptibly. As a result, the engineers were able to deplete

the steel material on the outriggers and belt trusses considerably and was able to simplify

connections to the core wall and supercolumns.
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Base Reaction of PAFC ¥ [ fr4-mk o0 & K K A1
Load direction 7 %% 77 4] X Y
Frequent Base Shear(kN) #t i 57 /7 68,919 70,213
e Base Moment(kN-m) £ i & 45 19,862,018 19,844,231
Seismic Medium Base Shear(kN) # JZ 5] 77 189,451 192,914
R R Base Moment(kN-m) % & % 4 55,499,627 55,447,930
Rare Base Shear(kN) # & & # 348,928 351,195
FIL Base Moment(kN-m) # & & 45 104,134,022 104,070,056
100 year design wind Base Shear(kN) #t & & 77 98,641 98,957
1004 %+ R Base Moment(kN-m) £ £ & 45 36,978,739 36,797,355

Table 3.1. Link beam performance.
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New seismic design requirements were introduced in 2010 and needed to be incorporated
into the design. One of them was that the exterior frame must not only be designed to take
20% of the total seismic load, as usually required by international standards, but it had to resist
6% of the total base shear at every floor based on its stiffness as well. A very efficient way to

do that was to provide a second inner layer of belt truss (double belt truss) and an exterior
superdiagonal that was connected with all belt trusses. These changes were seamlessly
incorporated into the architectural and structural design to achieve additional redundancy and
a higher stiffness contribution of the exterior frame system.

The typical floor framing is a traditional composite steel beam design with a 125 mm-thick
concrete slab on metal deck. Only at the mechanical and refuge floors was a special horizontal
steel diaphragm introduced to tie the outrigger and belt trusses back to the core, in case the
concrete slab diaphragm experienced cracks under severe earthquake conditions.

Considering the importance and scale of this building, more sophisticated analysis approach
was performed to understand the seismic behavior. Performance based design (PBD) becomes
more and more important and common in the design of supertall buildings in medium

and high seismic zones. It gives the designer a better understanding of how the building
behaves non-linearly during unique seismic events. The results are then compared to different
performance levels (immediate occupancy (10), life safety (LS) and collapse prevention (CP),
which are based on the ASCE 41-06.

The PAFC was evaluated for a rare earthquake, defined as a quake that occurs every 2,475
years, by using two synthetic (man-made) and five recorded ground motions. These time-
history curves were then applied to a very complex 3D computer simulation, which took into
consideration the non-linearity performance of material.

Figure 3.4 shows how the performance of important structural elements was evaluated for the
PAFC on the basis of the link beam. As can be seen, only 2% of link beams exceed the life-safety
performance level for one of the sets of ground motions (US787), while all other link beams
perform within the life safety performance level or better.

Figure 3.4. Link beam performance level
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Figure 3.5. Connection of super column and outrigger

Figure 3.5. BLAE Fo fe B A7 28 Y 3%

The analytical results of the PBD provided the design team with very useful information on
building performance ensuring the desired level of safety while maintaining an economical
building design.

The information obtained was then used to design many of the complicated steel connections.
International and China building codes have rigid requirements related to strength design for
the frequent seismic level. However, to evaluate medium or rare seismic events, a finite element
analysis (FEA) was used to perform the connection design.

The following is an example of how a connection of a super-composite column (SC), an
outrigger truss (RT), a double-belt truss (DBT) (one interior truss and one exterior truss), and two
diagonal megabraces (MB) were modeled and analyzed. Design details of the connection are
shown in Figure 3.5 & Figure 3.6.

In addition to the detailing information shown in Figure 3.6, it was assumed that welds and
bolts would not fail before connection elements, so they were not specifically modeled. This
assumption is consistent with the traditional design philosophy where welds and bolts have
capacities at least equal to the capacities of the members connected. The corresponding finite
element model (FEM) is shown in Figure 3.7 and Figure 3.8. The model also conservatively
ignores any contribution of typical reinforcing bars, since many of them are potentially subject to
being interrupted at the joint by steel connection plates. All load combinations gravity, wind and

48 | Structure

FEEWEENGE R TEE TN
R EEwWE3S, EH36F .

T 7 A EB6H YA ME B LA, BEEf

YA (B N A B BN R

I, BTl e A HaE R e ok, X#
W8 5 ST % (B8 Ak iR
BAEDGEBEM AR AR, AR
HIRTTHER (FEM) 0 E3.7, 38R, i

ABEAL b, (R SF B R TR A R, B
X AR A K % B T R AR E AR AT
Wr. IEESN, KNk, MEFKNIA
HHEAGHESTFHE R, EEEAZ
] B9 79 A7 U)K T A2 A e o ELRLSE R
RE 38 AT HY SR AR AE AL P IR B R



Figure 3.6. Connection of super column, belt truss and super diagonal

Figure 36. B4, ikt A A B 44 B9 & 45

seismic loads are considered in the analyses. Member forces applied to the connection model
were extracted from the tower study based on both time-history analyses and China code
spectrum analyses.

The Importance of Sustainability

Usually the construction, structure, and the envelope of a building consume more than 50% of
the overall Embodied Energy (EE) Figure 3.9. EE played an important role in the tower design, and
is defined as the total primary energy consumed from direct and indirect processes associated
with a product or service and with the boundaries of cradle-to-grave.

The very comprehensive structural analysis and optimization of the PAFC led to a substantial
increase in efficiency of the structure, which is again reflected in the reduction of the EE.

On the material side of energy savings, the following items were implemented in the structural
design, allowing for significant savings in steel and concrete.

1. Areduction in wind load led to smaller structural sizes, which in turn reduced the
seismic forces.

2. The use of an outrigger system to engage the entire footprint of the building (to
increase lateral stiffness by creating a larger lever arm to resist the overturning
moment) reduced the concrete core wall sizes.
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Figure 3.7. Finite element model of connection

Figure 3.7. # B A iy A IR T A AL

3.

The use of recycled material, such as concrete and steel, was specified in the project
documents.

4. Cement substitutes such as fly ash and granulated blast furnace slag was

5.

recommended.

Mainly local materials were used to reduce manufacturing and transportation energy
costs.

In addition to the construction items mentioned above, the long-term sustainability of the
building was taken into consideration as well.

1.

A center-core option was chosen to maximize the daylight exposure, and main
structural components have been located on levels with low occupancy.

. The use of a recycled-water cooling tower bleeds off grey water, which reduces

potable water use by 30%, but required the structural design to provide additional
openings in floors and structural walls, which needed to be coordinated closely within
the design team from the beginning of the design.

. To achieve natural ventilation by taking in cooler, drier air from a higher altitude,

special attention needed to be paid to the design of the supercolumns.

. The use of an Ice storage system in the basement levels provided a savings of 4% of

the total annual energy consumption. The structural design was adjusted to provide
support for multiple heavy ice tanks in these areas.

. The structural integration of mechanical openings and shafts for lighting control

in areas that cannot use natural daylight saves about 4% of the annual energy
consumption.

. The roofs of the podium have been structurally designed to incorporate special

rainwater collectors to reduce the consumption and operation of the green roofs. That
led to 100% water savings during the summer irrigation needs.

The items listed above will contribute to PAFC's pending LEED certification.
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Figure 3.8. Right: Stress contour of connection under severe seismic
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Figure 3.9. Embodied Energy Chart of a typical high-rise by Cole & Kernan 1996
Figure 3.9. B 1L &k 4% (EE) & ( Cole & Kernan 1996)

Conclusion

In the relentless pursuit to improve architectural form and structure, the design team used new,
advanced analysis tools, enabling them to improve and achieve a new level of precision in design.

By enhancing the form and aerodynamic properties of the PAFC tower, the engineers were
able to achieve a more efficient structural system, which reduced the overall material without
comprising the structural integrity of the edifice. These efforts made a big contribution towards
a smaller carbon footprint for a greener world.

Therefore it can be noted that:

- By architecturally adjusting the massing of the building with the support of wind
tunnel tests, structural loading can be reduced considerably when compared to code
design loads.

- With the help of more advanced analysis tools, structural elements can be further
optimized to reduce weight and material.

- Repetition, cleaner forms and reduction in complexity, in combination with using less
material and designing shorter construction times, will lead to less embodied energy
consumption.
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