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Abstract

Shanghai ifc, a landmark mixed-use development located in the heart of Lujiazui, Shanghai
includes a 250-meter multi-function tower (South Tower), a 260-meter office tower (North
Tower), a 100-meter hotel block, retail podium and 4-levels basement. The design of the

South Tower adopted a new structural system of mega columns in low zone, required to
accommodate the high-end office layout requirement, and an exterior frame tube to the

high zone that coincided with the hotel room layout. The combination of these two solutions,
together with a high level transfer structure, makes this building a unique design case delivered
within an active seismic zone. A performance-based design approach was adopted to address
the determination of performance objectives with consideration of risk of casualties, occupancy
interruption, and the economic loss that may occur as a result of earthquakes. This paper
describes the design approaches to meeting the challenges of this landmark project.
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Sai Cheong Edward Chan, Executive Director of
Building Engineering, Asia, has extensive experience
in the design and construction of large scale building
development projects, tall buildings, deep basements
and top down construction. He has worked for

consultants in United Kingdom, Canada, and Hong
Kong and has board knowledge and experience in
overseas projects. He is the author of some papers in
the field of tall buildings including “Performance-based
Design Approach for Seismic Design and Its Application
for Building Projects in China” for the 7 International
Conference on Tall Building.
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Wing Lok Leung, Technical Director of Building
Engineering, Asia, has over 20 years of practical
experience in structural engineering. He has
participated in the design, project coordination

and construction management of many buildings
construction in Hong Kong, Vietnam, and China. He
is the author of the paper “Performance-based Design
Approach for Seismic Design in China Projects” for

the 12 East Asia-Pacific Conference on Structural
Engineering and Construction.
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Introduction

Shanghaiifc is bounded by Century

Avenue, Middle Yin Cheng Road and Hua
Yuan Shi Qiao Road. The entire Shanghai ifc
development will have four million square
feet of floor area, including two Grade “A”
office buildings, a high-end shopping mall to
attract a variety of major international retailers,
a five-star Ritz-Carlton Hotel and serviced
apartments. This combination provides a
unique environment for work, leisure and
living for business people and the residents in
Shanghai.

The site is well located within Shanghai,
connected to the city through direct access
from the mall basement LG2 to Lujiazui
station of the Shanghai Metro Line 2. The
future Metro Line 14 Station is integrated
within the basement of the development. The
site, which gives easy access to the upcoming
Line 14, also provides 1,800 parking spaces.

The two Grade "A" office spaces comprise
200,000 square meters of gross floor area
fitted with advanced information technology
facilities. Panoramic views out overlook the
Huangpu River, Oriental Pearl TV Tower,
Lujiazui Central Park and The Green. The Ritz-
Carlton Hotel, within the 18 highest levels of
the South Tower, features 285 rooms designed
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to a contemporary style, with an emphasis on the decorative arts. All
of the rooms and restaurants offer views of the Bund. IFC is the first
commercial development in Shanghai to have achieved Leadership in
Energy and Environmental Design (LEED) Gold pre-certification from
the U.S. Green Building Council.

A wide range of international top-level shops and gourmet restaurants
are located within the IFC shopping mall. The mall was designed

with the needs of the fast-moving retail industry in mind, with large
span skylight roof to the atrium, a structural frame that allows for
different types of internal layout, building services, and equipment
arrangement.

Site Constraints and the Ground Condition

The entrances to Lujiazui Metro Line 2 on Century Avenue and Yanan
Road Cross River Tunnel are adjacent to the north boundary of the site,
while the Yin Cheng Road Interchange is near the east boundary. A
35-KV transform plant building and the Podong water treatment plant
abutting the west boundary (see Figure 1).

The site investigation found thick weak clay soil between the levels O
mPD to -35 mPD. Sandy soil was found between the levels -35 mPD
and 63 mPD, with coarse gravel found underneath the sandy soil.
The ground water table lies from approximately 0 mPD to -1 mPD.
Confined water at sandy soil stratum induces 3 to 11 meters water
head at that level.

At the initial stage of the project, the appropriate planning
considerations for the site constraints were taken into account.

Foundation Design

With a vast amount of data available for Shanghai, the design
parameters including soil friction and end bearing resistance in

each layer of soil had been well published and even included in the
Shanghai Foundation Code. In order to obtain more accurate site
specific data, we conducted a detail soil investigation, together with
in-situ and laboratory testing on different soil layers, and thus verified
and improved in the design parameters. We also carried out trial
piles testing to verify the design approach and justified the highest
possible pile load carrying capacity, achieving design optimization in
foundation.

With good rock strata set at over 120 to 150 meters deep, pile
foundations usually take the form of friction piles, with the more
common pile types cast in place concrete piles with diameters varying
between 600 to 1,000 mm. For a high-rise design, the pile foundation
will usually be designed to found on Layer 7 soil or below with length
usually over 60 to 70 meters.

Recent developments in small diameter cast in place design pointed to
a base grouting technique that was initially designed to compensate
the possible inability to achieve maximum design end-bearing
resistance, due to tricky workmanship essential to thoroughly clean
and concrete the pile tip. Such base grouting technique not only
ensured the end bearing resistance, but could also enhance the pile’s
load carrying capacity.

The mechanism of grouting relied on stiff soil bulb formed with grout,
sediment and soil at founding level which could effectively transfer
and spread the loading. Voids between the soil particles were filled by
the grout, meaning that the bearing capacity and modulus for the soil
at founding level were enhanced.
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Figure 1: Site Plan (Source: Project Information)
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Instrumented pile testing was performed to utilize and to verify the
effect of toe grouting to the in-situ bored piles. As the vanguard in
Shanghai, strain-gauges together with computerized recording were
used for the assessment of shaft and end bearing performance and
thus the pile capacity.

Based on test data before and after post-grouting on pile (see Figure
2), the load/displacement relationship of the piles showed more elastic
characteristics, and the pile tip resistance increased after the grouting.
The settlement of pile decreased by 50% and lateral friction resistance
improved, the maximum friction resistance increased by 20%.

The performance of the foundation shows substantial increase of
capacity, reduction of settlement and reduction of concrete used, and
provides for sustainable design and construction.

The significant increase in pile load carrying capacity and the reduction
in settlement not only resulted in a cost saving, but also addressed the
rather difficult local ground conditions, in particular for the challenge
of the design of a tall building. This, beyond code advancement, also
set the stage for other local developments, and also alleviated concern
of the impact of the building settlement to the adjacent Metro
underground station.

Determination of the Tower Scheme

The multi-functional design of the tower has to accommodate both
office and hotel usages. While the office floors called for a mega
column arrangement providing the best open view and columnless
floor configuration, the hotel floors allowed for smaller intermittent
columns aligning with the room layout.

Different structural schemes were examined. The chosen scheme was
based on better seismic performance, lighter weight, economy and
meeting the functional requirements (see Table 1).

The chosen scheme has a mega-column arrangement at the lower
floors with columns spacing at 21 and 24 meters. The upper portion of
the tower, the hotel floors, has columns aligning the 4.8 meter room
module, with a transition through a transfer truss structural system. This
high level transfer is critical in seismic design. Structural implications of
change in stiffness, the drift and rotational effect, structural continuity
and joint stress performance all needed special attention.

An advancement and breakthrough in structural arrangement was
required. The design considered a balance of functional, architectural,
interior design and constructional requirement and constraint.

Application of Performance-based Seismic Design

As the towers exceed the China Tall Building Code allowance in
several aspects, a performance-based seismic design approach was
adopted for the project. This approach designs the building with an
understanding of the risk of casualties, occupancy interruption, and
economic loss that may occur as a result of earthquakes. It addresses
the specific project characteristics and performance requirements.

It includes the determination of performance objectives, the
identification of critical elements, the design approach of the building
structure and the study of elastic and elasto-plastic performances to
satisfy the various levels of seismic protection implied in the code.
With the consideration of the above and after detail discussion with
the expert review panel, performance objectives for each tower were
established.
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Figure 2: Settlement Curve before and after grouting (Source: AECOM)
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Figure 3: Shanghai ifc South Tower (Source: Project Information)
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Shanghai ifc - South Tower: (see Figure 3)

250 meters
53
RC core wall-composite frame structure

Tower height:
Number of stories:
Structural system:
Key characteristics:

» Mega-columns arrangement at 24 meters space for low zone
(office zone) and columns at 4.8 meters space for high zone
(hotel zone)

o Transfer truss structure at high-level to accommodate the
different usage requirement.

» Two layers of outrigger trusses and belt trusses act as a bracing
structure.

Performance objectives were chosen with the following key
requirements:

« Core wall at strengthen zone designed to be elastic at basic
seismic case

« Transfer truss designed to be elastic at basic seismic case

» Qutrigger trusses designed to be un-yielded at basic seismic
case

« Belt truss designed to be un-yielded at basic seismic case

« Under rare seismic case, the allowable design capacity of the
concrete section for the core wall should be larger than the
design shear force.

Shanghai ifc - North Tower: (see Figure 4)

260 meter
58
RC core wall-composite frame structure

Tower height:
Number of stories:
Structural system:
Key characteristics:

» Megacolumns arrangement at 24 meters space for the whole
tower

« Two layers of outrigger trusses and belt trusses act as a bracing
structure.

Performance objectives were chosen with the following key
requirements:

» Core wall at strengthen zone designed to be elastic at basic
seismic case
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Figure 4: Shanghai ifc North Tower (Source: Project Information)
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« Qutrigger trusses designed to be un-yielded at basic seismic
case

 Belt trusses designed to be un-yielded at basic seismic case

 Under rare seismic case, the allowable design capacity of the
concrete section for the core wall should be larger than the
design shear force.

Overall seismic performance of the towers

» The core wall at strengthen zone is designed to be elastic at
basic seismic case. With consideration of the load factor, this
vertical element will be nearly elastic under un-factored load at
rare seismic case.

 The transfer truss is designed to be elastic at basic seismic case.
With consideration of the load factor, this transfer element,
which is controlled by the gravity load, will be nearly elastic
under un-factored load at rare seismic case.

« Qutrigger trusses are designed to be un-yielded at basic seismic
case. With consideration of strength, this bracing element,
which is controlled by seismic load, will be partial yield or
yield under un-factored load at rare seismic case. However, no
sudden failure will happen. This means that the deformation
may increase, but the overall integrity and stability will remain.

o The belt truss is designed to be un-yielded at basic seismic case.
With consideration of strength, this bracing element, which is
controlled by seismic load, will be partial yield or yield under
un-factored load at rare seismic case. However, no sudden
failure will happen. This means that deformation may increase
but overall integrity and stability will remain.

« Under rare seismic case, the allowable design capacity of the
concrete section for the core wall should be larger than the
design shear force. This clearly indicated that no brittle failure
mode will happen at this critical element.

With the Performance Base Design approach, the more critical
structural elements would need to be identified and considered to be
designed for higher seismic loads. These elements include core wall
and columns which are main skeleton of the structure to resist seismic
force, outrigger and belt-truss which are major seismic fortification
measures, transfer truss which are related to the overall stability of the
high zone. For example, at the lower zone (strengthen zone) of the
towers, the vertical elements are designed for additional load factor of
20% to 30% higher than that at the high zone.

As shear failure is one of the most unfavorable failure modes in the
structure under seismic force. The shear capacity for the core wall has
to be increased to the value which is sufficient to resist the rare seismic
case. The design has to address the formation of plastic hinges and
allow dissipation of energy during high intensity earthquake.

Shaking Table Test and Joint Tests (see Figures 5 and 6)

In order to ensure the seismic safety and reliability of the high-rise
structure, in addition to the analysis and design measures, it was
necessary to perform shaking table tests for the irregular structural
system. The purposes of a shaking table test are the measurement of
natural periods, mode shapes and damping. The test simulates the
structure under frequent, basic and rare seismic cases. Displacement,
acceleration and extent of damages are measured under different
seismic conditions. By visual examination of the seismic performance, a
deeper understand of the behaviors of the structure was provided. The
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analytical results were compared with the findings from the tests.

Destruction mode was analyzed for some of the major stress
components including core wall, mega columns, belt truss, and
high levels transfer structures, enabling tests exploring whether the
whole structure can meet the seismic fortification requirements.
The comprehensive analysis of test results can inform adaptions for
improvement, validation and optimization of structural design.

Test load conditions were performed in accordance with the intensity
of frequent case, basic case and rare case in a Grade7 seismic zone and
a Grade 8 seismic zone, including seismic wave input at different levels
before and after the white noise sweep on the model, measuring of
natural vibration frequency, vibration mode and damping ratio. During
the seismic tests, El Centro wave, Pasadena wave and SHW2 wave were
applied. Seismic wave duration, on a similar relationship for the in situ
shock wave compression of 1/11.79, entered into a two-way or one-
way direction of the level of input. The shaking table input acceleration
peak simulates different earthquake levels.

The shaking table test data analysis demonstrated that the overall
structure met current seismic code Grade 7 security requirements.
However, taking into account the rare seismic in Grade 8 zone, certain
parts of structure could experience serious damage. The detailing of
closed spaced column and high zone and the transfer truss were thus
adjusted to improve the ductility. The shaking table and joint test in
this project not only to verify building performance but also facilitate
design to extremity without unnecessary reserves.

Wind Tunnel Test (see Figure 7)

In addition to the code defined wind load requirement, the results
from the wind tunnel test, which was based on historical climatological
data, which take into account not only the strength but also the wind
directions, were considered in the analysis of the tower.

The wind tunnel test was conducted at the Boundary Layer Wind
Tunnel Laboratory (BLWTL). It included

« Site Proximity Wind Analysis
« Force Balance Test for structural loading

o Peak Pressure Measurement on the external surface for use in
the design of windows and cladding

« Predications of Wind Environment in pedestrian areas around
the site

The 260 meter tower, the 250 meter tower and the Low Block were all
tested, with all three of the towers present (configuration 1) (see Figure
8). In order to simulate the phased completion, the 250 meter tower
was also tested without the 260 meter tower present (configuration 2)
(see Figure 9).

Winds in Shanghai with two basic types of weather systems: non-
typhoon and typhoon winds. For non-typhoon winds, a design
probability distribution of gradient wind speed and direction had
been previously developed for the area on the basis of full scale
meteorological records from the Longhua and Minhang weather
stations in Shanghai. For typhoon winds, a simulation technique is
used, involving thousands of simulated hurricanes matching the
characteristics of actual recorded typhoons that happened within a
500-kilometer radius of Shanghai.

The Shanghai combined non-typhoon and typhoon wind model
predicts 10-year, 50-year and 100-year return hourly mean wind speeds

Figure 7: Wind Tunnel Test Model (Source: BLWTL)
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Figure 9: Wind Tunnel Configuration 2
(Source: BLWTL)

Figure 8: Wind Tunnel Configuration 1
(Source: BLWTL)
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of about 36 m/s, 44 m/s and 48 m/s respectively at a height of 500 mm
above ground. The corresponding hourly mean wind speeds at a
10-meter height are about 23 m/s, 28 m/s and 31 m/s for the 10-year,
50-year and 100-year return periods respectively.

Design Verification and Optimization

The design process has gone through various design verification to
ensure that it satisfied the established performance criteria. Results of
the wind tunnel test and the seismic shaking table test together with
the joint tests provided design parameters and data. Numerical analysis
including elastic and elasto-plastic analysis have been performed for
different seismic levels. An optimization process has been included in
the design process to fine tune the structural design to achieve cost
effectiveness and the required safety standard.

Design and Construction of Key Steel Elements

The structural performance of the towers hinged on the design and
construction of the mega columns, outrigger trusses, and transfer
trusses (see Figure 10).

Various design options were studied and compared for the design

of the mega columns, including steel composite (H or crucifix form),
concrete fill tube (CFT), reinforced concrete and steel. The choice of
composite steel for this project proved to be most cost effective. While
providing a saving in sizes, it is also more flexible in adjusting size along
the height of the building. The design also takes into consideration the
hoisting capability of tower cranes with a balance between it and the
steel section percentage.

The outrigger trusses are critical to couple the mega columns and

the building’s core. The use of a cross bracing arrangement, together
with connected top and bottom chord within the wall of the core wall
provided an effective arrangement to mobilize the mega columns

in lateral stability. The outriggers are rigidly connected in stages to
alleviate stress build-up due to differential shortening.

The transfer trusses transfer gravity load while providing additional
rotational stiffness to the building. The connection to the mega
columns below and the upper smaller columns required a continuous
section approach to achieve the same higher design level that of the
transfer trusses.

The differential shortening between the core wall and the exterior
composite columns during construction was one of the key issues
needed to be considered in the design. For this complex behavior,
detail analysis to predict the creep, shrinkage and temperature effects
was done to calculate the elastic and long term deformation for the
core wall and the exterior columns.

In order to achieve the tight program, close relationship coordination
with the contractor was required. The construction sequence of the
core wall of the tower was constructed at around 4 floors ahead of the
structural frame. The core wall and the structural steel construction is
followed by the composite deck placement, the floor slab concreting,
the MEP installation and finally the exterior cladding system
installation.

Construction Sequence

To achieve fast track construction and an earlier delivery of the South
Tower, the construction was divided into three major areas (see Figure
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11). The South Tower area (Zone 2) was the first to be excavated and
constructed. The smaller area enabled the period for excavation be
controlled and shortened. The W Hotel area (Zone 1) was the second
to be excavated. This area also contained the future Metro L14 Station.
The station structure was integrated into the basement structure,
with the track level requiring a pit in pit excavation. With the physical
separation between Zone 1 and Zone 2, the excavation was carried
out with an overlapping program. Zone 3, consisting of the North
Tower and the retail podium, was excavated with an overlapping
sequence with both Zone 2 and particularly Zone 1. The intermediate
temporary dividing wall had to be assessed with different scenarios
and excavation.

In order to assess the sophisticated behavior of ground movement, a
3D model of the ELS system was applied to study the interaction of
different shoring systems. Since the operation of the Metro Line is very
sensitive to any movement, a grout curtain next to the diaphragm
wall was carried out to control leaking and movement. During the
construction, close monitoring for the movement adjacent to the
basement was an essential requirement.

Conclusion

The success of the Shanghai ifc project is a result of strong
collaboration with the local design institute (ECADI) and contractor
(Shanghai Construction), and the support from Sun Hung Kai
Properties Ltd.

The advancement in pile capacity design and verification satisfactorily
tackles the difficult local soil condition and with a cost effective result.
Using of base grouting to enhance the performance of pile foundation
in this project also become a successful example to demonstrate

the combination of computer analysis and test verification can allow
thorough understanding of individual element performance and the
design to extremity.

The design of Shanghai ifc through its detailed design and analysis
together with model testing demonstrated the effectiveness of

the new hybrid structural system in a seismic sensitive zone. The
application of Performance-based Design Approach in the seismic
design for the mega column arrangement with a high level transfer has
pioneered the acceptability within the concept of the Chinese design
codes, and thus provided as reference for other designs.

Metro Station
underneathto
be constructed

Zonel

Figure 10 Construction of trusses (Source: AECOM)
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