- CTBUH

bantotia e S e a rC h P a p e r ctbuh.org/papers

A

|-‘

Title: Key Technologioes in the Structure of Shanghai Tower

Authors: Jian Gong, Chief Engineer, Shanghai Construction Group
Hong Zhou, Deputy Director, Shanghai No. 1 Construction Co., Ltd.

Subject: Structural Engineering

Keywords: Concrete
Foundation
Steel
Structure
Technology

Publication Date: 2012
Original Publication: CTBUH 2012 9th World Congress, Shanghai

Paper Type: Book chapter/Part chapter
Journal paper

Conference proceeding
Unpublished conference paper
Magazine article

Unpublished

o 0k w2

© Council on Tall Buildings and Urban Habitat / Jian Gong; Hong Zhou


http://ctbuh.org/papers

Key Technologies in the Structure of Shanghai Tower
FEFOREEH IR X BEERA

Jian Gong

Hong Zhou

Jian Gong

Shanghai Construction Group Co. Ltd.
No.666, East Da Ming Road
Shanghai, China, 200080

tel (F.3%): +86 21 55885959

fax (£ 7): +86 21 35100839

email (¥ F #f 4): gongjian.scg@qg.com
http://www.scg.com.cn

Jian Gong, Professor level senior engineer, Ph. D., chief
engineer of Shanghai Construction Group Co., Ltd, is
also the chief engineer in the project management
department of the Shanghai Tower. Mr. Gong was
engaged in construction of ultra high-rise buildings
such as the Oriental Pearl Tower, Jin Mao Tower and
Shanghai World Financial Center.

ES\kE, HRAEL, HL, BLEES, AHE
LERTEFALTRIF, RELEFOABELAR
HIEEIRITRS . ELmATARENE. &
BAR. LEARERTOFLEE TREAR,

Hong Zhou

Shanghai No.1 Construction Co. Ltd
No. 33, Fu Shan Road
Shanghai, China, 200120

tel (H#,1%): +86 21 58872243
fax (£ %): +86 21 58789337
email (¥ F i 4): zhouhong196898@163.com

Hong Zhou, Professor level senior engineer, deputy
director of the Technical Center of Shanghai No. 1
Construction Co. Ltd, is also the deputy chief engineer
in the project management department of the
Shanghai Tower and the manager of its Technical
Department. Ms Zhou was engaged in the construction
of high-rise projects, such as Shanghai World Financial
Center.

B+, HBEFFHL. AHELETE-RZAAR
NEABARFRRERE, RELEBFORBEEAGH
THEETRIF, ZAHNEE. Y5 LERKS
R OEEEETRERR.

Abstract

As the tallest building in China and the second tallest building in the world, Shanghai Tower is a
high-rise building with complicated structures which are very difficult to construct and require
innovative building solutions. With a view to providing reference for similar projects, this paper
gives a description of the construction process of the large scale ultra-deep foundation pits in
soft soil, construction of super-large volume of concrete and the steel-concrete structures of the

building and summarizes the key technologies for the construction of the project.

Keywords: Pile foundation construction, foundation pit construction, foundation
construction, concrete structure construction, steel structure construction, curtain-wall

steel structure construction.
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Brief introduction to the project

The 632-meter high Shanghai Tower includes
5floors underground and 124 floors above
ground (see Figure 1). The structure above
ground is a steel and reinforced concrete
system. The vertical structure consists of a
concrete core wall and mega-columns and
the level structure includes floor steel beams,
floor trusses, belt truss, outrigger trusses

and composite metal decks. The tower roof
is a steel framed spire. The exterior double
skin curtain wall system suspended by the
truss bracing system is equipped with clear-
tempered laminated glass.

Long bored cast-in-place piles with diameter
of 1000 mm and length up to 86.65mare used
for the tower, while long bored cast-in-place
single pile below the column with diameter of
700mm and length up to 62mm are adopted
for the podium. The underground structure is
a reinforced concrete framed structure. Top-
down construction method was introduced
from the tower to the podium area. The depth
of excavation of the foundation pit of the
tower is 33.1 meters which is supported by

6 pieces of reinforced ring beams and round
diaphragm wall with inner radius of 121m,
thickness of 1.2m and depth of 50m. The
depth of excavation of the foundation pit for
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Stratum No. Name of stratum Thickness of stratum Gravig'%(kN/ m?) Peak value of setting Lateral permeability | Vertical permeability
iawy | LREK L - ik el o
C (kPa) ¢ (°)
@ )rg%d*grid clay 0.3~1.61 18.6 19 19.5 1.83x10-7 1.17x10-7
2.80
silt and powered clay 4.00~5.21 17.7 9 21 3.49x10-7 1.73x10-7
W TR B R 650
sand and powdered clay
*BFk L
@ silt cl)e%l 6.60~7.89 16.8 10 13 1.15x10-7 5.19x10-8
WV R 9.10
®1a ;&lﬁl’_ 2.50~3.74 17.6 12 125 1.31x10-7 6.27x10-8
5.20
®1b %}}\%i?’id clay 2.00~4.22 18.2 16 17 1.27x10-7 6.75x10-8
9.00
©® g»o}\%(}glid clay 1.40~4.16 19.7 45 19 1.33x10-7 8.27x10-8
5.30
(@] powdered soil and powdered silt 5.30~7.96 18.8 4 34.5 1.86x10-4 1.44x10-4
B FH KM D 12.00
@2 silt 26.90~32.16 19.1 3 355 8.66x10-4 5.41x10-4
e 35.80
o sandy silt 5.80~8.92 18.9 4 35 1.69x10-4 1.22x10-4
DKt 12.50
Note: pressure-bearing water for Stratum No. (7 are linked with that for No.©). There are about 5 meters long of the foundation for the tower located at the pressure-bearing water. While
only one meter long of the foundation for the podium located at the pressure-bearing water..
&% #O. FOEREAKEME, TAEMRRASENRESKZHAS. 000, HEHRRAFNFEEAE D

Table 1. Table of Strata
RLMESHEK

the podiums is 26.7 meters. The diaphragm wall for both podiums and
the tower, with thickness of 1.2m and depth of 48m, was used in this
project. The thickness of the reinforced concrete foundation slab for
the tower is 6 meters which employs concrete C50R90.

Hydro-geological conditions of the project (see Table 1)

The key construction technologies for deep bored cast-in-place
piles

The construction technologies for the bored cast-in-place piles in
deep sand bed

Both positive circulation and reverse circulation boring are introduced
for the bored cast-in-place piles in this project. Positive circulation
technology is adopted in the course of boring for upper clay bed
(within the depth of 25 meters) from ground, while pump suction
reverse circulation boring is employed for the lower clay bed. High-
quality bentonite is used for grouting material. The sand removing
from the grout is done by a ZX-250 type sand-removing machine. The
GPS-20 boring machine and drill bit with tri-winds and double-stirrups
are used in the construction in order to meet the requirement for both
depths of boring and the straightness within 1/150.

The pile-end post grouting technologies

During the grouting, both the quantity of cement and the grouting
pressure were properly controlled. The grouting amount and grouting
pressure per pile is 4T and 3MPa respectively. Three grouting pipes
were pre-placed in the pile which also plays the role of ultrasonic
detection pipes (two in service, one standby). The bottom of grouting
pipes was connected with a one-way grouter, which was put together
with a steel cage into the trench. Meanwhile, the pipes are filled with
water so as to prevent leakage of the mortar.

The construction technologies for the construction of super deep
diaphragm wall

Construction Technologies of grabbed and milled diaphragm wall
Since the average value of specific penetration resistance Ps for 2 layers
in foundation soil @ is 26.91MPa, grabbing and milling trench forming

Figure 1. Structure of Shanghai Tower

El LwfokBEEY

WRRIEERL/IS0EHEEZER,

B K TH A
KRERE. EREAFERN, BAERFATAR, EREN
3MPa. #EHHAREIMERE (FREFKRINE XA, 2H14%)
, ERETHEERMRAERBAHE, MWK ERN TR, HE
EHEKUTBHIRE.

BMERTEL R IEA

MGE AN THESEEIEA

BT HE L @22 R N A PsF 31826, 91MPa, K I 4E4 A
WEELY, F#3mttdk (©@RRULELE) , FAEDKEN
HENE,; ) 3mEEUT (DIERD L) B, FARESE
PRl (FIKBC32FIBCA0) . #f @A T (86T) , XAlE
100t BH mAIL G260t B TR R, AP ODELESE V7
B EESL, B bR SR

136



technologies were adopted in the process of the construction. For the
upper part of the soil (soil at ®) layer and above), the grabbing trench
forming machine was used; for the soil deeper than 30m (below silt
sand at layer D), the hydraulic milling trench forming machine (BC32
and BC40) was used. One 400-ton crawler crane and one 260-ton
crawler crane were adopted for the hoisting of the reinforced cage
with weight of 86 tons. Meanwhile, a V-type steel plate connected with
locking pipe was used to prevent bypassing of concrete.

New Techniques for Over-cut Construction

Over-cut technology was successfully tested in the construction of
the circular diaphragm wall for the tower. Trenching of Stage 1 was
implemented first and then trenching of Stage 2 was cut in between
two trenches of Stage 1. The cutter was used directly to cut the
concrete of the constructed trench and the connector was formed.
This construction technology greatly reduces the possibility of water
leaking during the construction.

The key construction technologies for large-scale ultra-deep
foundation pits employing top-down & bottom-up methods

The construction technologies for ring-form supportless
foundation pit employing top-down method in the middle of the
tower

In order to properly control the confined water at the tower area, 12
confining pressure wells with the depth of 55 meters were arranged
inside the circular diaphragm wall, while 14 wells of the same kind
with the depth of 55meters and 65 meters were respectively arranged
outside the circular diaphragm wall. 12 confining pressure wells

were then opened inside when the excavation reached -17.5 meters
underground. 23 wells of the same kind were then opened outside
when excavation reached -28.8 meters underground. The wells were
shut 7 days after completion of concrete casting of the base slab.

Four soil borrow platforms were symmetrically setup inside the
diaphragm wall for the tower, and the excavations were symmetrically
carried out in 4 sections of the foundation pit. Each platform was used
for the excavation earthwork in one section of foundation pit (see
Figure 2). Both construction methods of basin earthwork excavation
and island earthwork excavation were adopted in the excavation of
foundation pit with 7 layers of soil deposit. Excavation with Grade-2
slope was conducted when the height of layered soil deposit is over 4
meters. Basin earthwork excavation was mostly applied for No. 1, No. 2
and No. 7 layer of soil deposits, while island earthwork excavation was
mostly adopted for No. 3 through No. 6 layer of soil deposits.

The construction technology for the podiums employing bottom-
up & symmetry method

At this area, the earthwork excavation in each section was carried out
simultaneously. Before the excavation at four corners commenced,
the cross-type supporting system (see Figure 3) was accomplished,
which effectively controlled the deformation of the diaphragm wall
and its effects on surrounding condition and underground pipes.
Open excavation was conducted for the first layer of earthwork in
each section, which was adjusted according to the traffic route for the
construction of the tower. Underground basin earthwork excavation
was conducted for the soil deposits through No.2 to No.6 layers. Basin
earthwork in the crossing area was symmetrically excavated; the

skirt of basin earthwork was reserved as wall supports. The concrete
cushion was constructed simultaneously, and then the structural
bracing system was constructed subsequently.When the structural
bracing system was completed, the earthwork excavation at four

Figure 2. Excavation of the foundation pit of the tower
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Figure 3. Excavation of the foundation pit of the podiums
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corners commenced. The temprory diaphragm wall for the tower was
demolished by sections as the excavation progressed.

28 confining pressure wells were arranged outside the diaphragm

wall of the tower for the purpose of control of confined water and

18 confining pressure wells with the depth of 45m were added at
different spots of the podiums based on characters of these spots. The
confining pressure wells were opened when the excavation reached
-19.7m and the number of wells was increased with the variation and
depth of excavation location. In the end, 32 wells in total were opened.
The wells were gradually shut one month after completion of concrete
casting of the base slab.

The technology for casting the high-strength concrete to the
foundation slab by one time

The technology for controlling the crack in concrete with super
large volume, extra length and ultra thickness

The base slab with the length of 121m and thickness of 6m was
constructed in this project, which employed a total of 60,000 m3
concrete and used middle- and low-heat cement, large amount of fly-
ash and mineral additives as well as high performance poly carboxylate
water reducing agent. The consumption of the water was controlled
by 160kg/m3. In the concrete curing process, two-layer of films and
two- layer of sacks were placed in intervals at the top and real-time
temperature was measured so as to guide the construction.

The scheme for the concrete delivery and casting

Depending on the site conditions and the capacity of concrete supply,
it was decided to deliver the concrete to the site at a rate of 1000 m3/h
s0 as to shorten the time of concrete casting. It was considered to
employ 6 mixing stations at the same time and 405 mixers in a non-
stop way so as to finish casting in 60 hours.

Based on the scheme of concrete casting from the center to the
surroundings, eight auto pumps with the length of 8 meters and six
mounted pumps were arranged at the round foundation pit. Four auto
pumps with the length of 56 meters were arranged at the soil borrow
platforms (see Figure 4). The foundation concrete was poured from
center to edges, which effectively reduced the flowing distance of
concrete. Concrete casting was finished first from middle and east part
of foundation area and was ended in the west part of the area.

The key construction technology for the rigid shear steel plate at
the core cylinder

Two points at one end of the reinforced steel plate were set for
installation by one tower crane, and sliding wheel was used to insure
the stability of component lifted by the crane.

For the proper concrete flow, several holes with diameter of 150mm
atinterval of 1,500mm to 2,000mm were drilled in the form of plum
blossom in the steel plate. The total area of holes was controlled to
be less than 15% of the steel plate, and a reinforced ring was installed
around the hole.

The key construction technology for integral steel platform frame
system of the core cylinder

The integral steel platform system was adopted in the construction
for the core cylinder of the tower (see Figure 5) , which consists of
a support system, power system, steel platform system, scaffolding

Figure 4. Concrete casting for the base slab of tower
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system and formwork system. The platform can support a great mount
of materials and facilities during the construction. Its integrative design
and closed structure greatly improved the stability and safety of the
platform during the construction. The whole process of the work can
be monitored by the real-time survey system.

The supporting systems are connected with the core wall. The platform
can be raised once the concrete casting is complete. Workers can

stay on the platform during working hours. Materials such as steel

bars and facilities can also be placed on the platform. The scaffolding
system is located below the platform, which can provide more working
space and facilitate the workers to conduct works of rebars binding,
formwork installation.

The key technology of concrete delivery by concrete pump

The design principle of concrete mix ratio

The concrete mix ratio was designed according to different pumping
heights, and specific ratio was taken among 3 different sections. At
the first section, from level 1 to level 14, the elevation of which is 0 to
65.8 meters, the self-compaction concrete was supplied. The high-flow
concrete was supplied to the second sections with levels from 14 to
84, elevation of which is 65.8 to 393.3 meters. The self-compaction
concrete was supplied above level 84, with the elevation of 393.3
meters.

The arrangement techniques for pump pipes and the selection of
pumping equipment

Based on pumping to the top only by one pump pile, the concrete
delivery was carried out by different pumps. Two trailer-type pumps
and two pump pipes were serviced on the ground for concrete
delivery, one more pump and pump pipe were standby. One-way
valves were installed near the outlet of pump pipe as well as horizontal
pipe close to the connection of vertical and horizontal pipe. The
vertical pipes were setup in turning pattern so as to reduce the vertical
pressure. During the construction, for the pumping level less than

200 meters, the HBT90CH-2135D type pump was adopted; while for
pumping level over 200 meters, the HBTO0CH-2150D type pump with
discharge pressure of 50MPa was used. The theoretical delivery height
of an HBT90CH-2150D type pump is 1,000 meters.

The construction technologies for concrete casting

Two sets of concrete spreaders were symmetrically set on the steel
platform for concrete delivery in the course of core wall construction.
Tremie Pipe was also set with the concrete spreaders to deliver the
concrete to desired positions. Mega-column and floor slab was casted
simultaneously. Rigid tube was placed in the floor; construction joint
was set at the edge of mega-column. When the concrete poured to
the mega-column is initially setting, pour the concrete to the floor
slab. Concrete pumping technique with water cleaning function was
employed. The concrete was delivered to the construction platform
via water so as to reduce waste of concrete and the pollution to the
environment caused by project construction.

The key installation technologies for extra-large steel structure
with complex form

The selection of large tower crane and accessories

For this project, about 100,000 tons of structural steel members and
parts were used. The weight of the heaviest structural member is
about 94 tons. The steel installation at tower area was conducted by
using four sets of M1280D tower cranes and two sets of 300 tons track
cranes. The maximum crane radius and lifting capacity of the cranes
are 52.5 meters and 100 tons respectively.. The tower cranes were

Figure 5. Integral steel platform
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installed inside the core wall. The 300-ton crawler crane is located on
site to assist the steel installation. The tower cranes are supported by
trusses tilted steel bars and steel cables.

The installation technology for the main parts of steel structure
The weight of the heaviest piece for the mega-columns is over 94
tons, and its height is over the height of 2-floor buildings. For the steel
structure installation at each floor, the steel member for the mega-
column was firstly installed and the rest parts of the steel structure
were installed afterwards.

The process of steel installation for floor trusses is as follows: The inside
part of floor truss was installed by integral lifting, and then the floor
steel beam was installed. The cantilever beam at outside part of floor
truss was also installed by integral lifting. The wire rope and lateral
support were used for temporary fixation, and then the installation of
the inclined bar was supplemented. For the belt trusses, bottom chord
bar of both inner and outer truss belt was installed by integral lifting
first; then vertical bar was installed; next, the inclined bar and middle
beam were installed from two ends towards the middle, respectively.
Finally, top chord bar of both inner and outer belt truss was installed by
integral lifting.

The process of installation for outrigger trusses is as follows: For the
outrigger truss inside the core wall: the bottom chord bar was installed
firstly, after the concrete was casted, the rigid reinforced steel column,
the middle chord bar and top chord bar were installed subsequently.
For the outrigger truss outside core wall: the bottom chord bar esd
installed firstly, then the mega-column, the tilted bar, the middle chord
bar and top chord bar were installed successively. To properly control
deformation, the specific parts for outrigger trusses outside core wall
are connected temporarily at an early stage. When the deformation
stabilizes, all parts for outrigger truss should be tightly connected.

The installation process for the spire of the tower is listed as follows:
Install the octagon steel frame for the truss, then install the steel floor
member, accomplish the concrete casting for the main part of core
wall and install the reinforced steel structure, finally install the vertical
truss and horizontal belt truss successively.

The construction technologies for the flexible suspended steel
supporting system of exterior curtain wall

The tower consists of nine zones and eight outrigger trusses. The
exterior curtain wall system is fixed with a curtain wall steel structure
support system suspended below the floor truss. The curtain wall
support system consists of three sections; each is constructed from
center to edge (Figure No.6). On the top of the outrigger trusses, a
small crane with working arm was installed; On the bottom of the
outrigger trusses, the safety operating platform of the hoistable lift
was set. The curtain wall support system is installed by the hoist on the
operation platform. In a top-down process, the curtain wall support
system for each floor is installed as the operation platform moving
down.

To meet the requirements of both design and subsequent construction
after structural construction, the analysis on the pre-deformation for
steel supporting structure of the curtain wall was conducted, which
considered the whole construction processes of the curtain wall
system.

Conclusion

This paper describes and summarizes the key construction
technologies adopted for the construction of Shanghai Tower with a
view to providing reference for similar projects in the future.
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Figure 6. Curtain wall of steel structural support

E6. FIEW I ELEN

AR A AT R, BB EREET: K& FR TR,
HRRELRAE, BREHERE. BAFR EZAF, BOfS
EleEHR, MRERZREET: £HE TR, AERKK
fRERMAE, HEHRMET. PER. LRZIF. FRELH
=H, AR R A AR B e, R
HREGEHBTRLEE.

EMERZE, £RaxRmffRUTHN\AEREN, RFEMEN
HENEN, TRECHRXBRELREA, BLEXWMRIE
EAGEM, BRI R 3% 5 SORAT 2R DR AT R AT R

T RESIFENCER TR
ATBREMAINKEESNIMUMGRE, ABRBRAAERTRET
BMIRERANBIENEM T ERRAATE R . SREER
Ga R3INKE, BEMREHFERERLReTEET (FILE6
) o EHTIX B EHAKMRETH, RENENFEF, £ L
AT R ERE, REFNFENZLRETE, REHE
BEAHE P REREHELZL2BEETFEFHRTLRER. #KE
BRXERZ2RETFEEETRE, NEETRET K.
AHREME T TR EHERRITEETHETER, HEN
XEEME TR AR oA, SREFEE Tr AR AH
e Rl # TF — A% R,

S
AXRET ATIEAELE P RBEHA, UHARKXTEEHE
(=

140



