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Abstract

The frame core tube structure is the main form of super high-rise building. The core tube wall
bear large vertical gravity load, but also bear the wind load and horizontal seismic action.
Although the compressive bearing capacity of the concrete wall is high, but the tensile and
shear performance is low. In addition, the large thickness of the core tube wall will increase the
weight of structure and earthquake effect; at the same time occupy more usable space.

In this paper, the stress behavior and structure of steel concrete shear wall, steel plate composite
shear wall and steel plate shear wall were studied. Significant progress has been made in the
steel reinforced concrete shear wall, composite steel plate shear wall and steel plate shear wall,
the results has been successfully applied in Shenzhen Kingkey 100 building, the Olympic Tower,
green space in Wangjing center, Tianjin international financial Conference Center projects.

Keywords: Steel Reinforced Concrete Shear Wall; Steel Plate Composite Shear Wall; Steel

Plate Shear Wall; ,Research; Design
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Introduction

With the rapid development of our economy
and advancement of urbanization, super high-
rise buildings have got rapid development in
recent years. Shanghai Tower, Shenzhen Ping
An Finance Center, Tianjin high silver financial
117 building are all over 600 meters. Because
of the great height of super high-rise building,
the high aspect ratio can reach above 7 t0 8,
which makes the lateral stiffness of structure
small, determines the structure’s characteristics
of “high, narrow, soft’, and leaves wind and
earthquake as the main factors to be controlled
in the designing and building process.

In the design of super high-rise building, how
to fully guarantee strength and ductility of
structural members is the basic premise of
structural safety. By limiting the inter story
drift, the lateral stiffness of the structure can
be ensured, the cracking caused by wind and
frequent earthquakes can be avoid, and the
normal operation of the building can thus

be guaranteed. While controlling the peak
acceleration of the building under wind load,
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the degree of comfort of occupants can be secured. How to increase
the lateral stiffness and ensure sufficient ductility of the structure is the
primary problem to be solved in the design of super high-rise building
(Fan et al. 2011).

Because the gravity load of super high-rise building is large, the
representative value of the gravity load can reach hundreds of thousands
of tons, vertical component to bear huge axial force. Due to lighting
and functional requirements, generally high-rise building will have the
public facilities, service rooms, elevator shafts located at the core region
of the floor, where more convenient accessibility has and where the
light would not be blocked by stairwells. . Core shear wall arrangement
is usually combined with vertical shaft transportation and equipment
room. In addition to bear large vertical loads, the core shear wall plays
an important role in the resistance to wind and seismic. For the most
common steel-concrete mixed structures in super high-rise buildings,
core tube shear wall can bear about 50% of the total overturning
moment, take more than 80% of the total base shear. Thus, as the main
component to resist lateral force, shear wall has a very important role to
ensure the safety of super high-rise building (Nie et al. 2013).

The concrete core tube is still the mainstream form because of the great
stiffness, high seismic resistance, good fireproofing, high technology
maturity, and the relative lower cost of the cast-on-site concrete shear wall.

Steel - concrete composite shear wall enjoys the merits of both steel
structure and concrete structure, which means it can effectively
increase the strength and ductility of the member, reduce the section
size, and improve the fire performance. Thus, it has been used more
and more in recent years in super high-rise building. How to secure the
collaboration of steel structure and concrete structure while avoiding
unnecessary duplicate or complicate construction process is the mean
dilemma that needs to be carefully and appropriately handled.

The research of steel plate shear wall has attracted much attention in
recent years, and has been applied in some major projects. Because
the features of steel, high strength, good toughness, good energy
dissipation capacity, light self-weight, have been given full play in

steel plate shear wall, steel plate shear wall has excellent seismic
performance. Component form of optimization of steel plate shear
wall, fire protection and construction installation technology, and need
to accumulate through the engineering practice.

Steel Reinforced Concrete Shear Wall

Characteristic of Steel Reinforced Concrete Shear Wall

Steel reinforced concrete shear wall is usually constructed with steel
structure attached to both ends of concrete structure or with steel
structure installed as the embedded brace while other parts formed
by reinforced concrete wall. The collaboration of concrete structure
and steel structure in steel reinforced concrete shear wall is ensured by
the installation of shear key on the surface of the profile steel. Research
on steel reinforced concrete shear wall is mainly concentrated in

the aseismicity performance, to observe influence of the shear span
ratio, axial compression ratio, concrete strength, steel configuration,
concealed column constraints. Because the steel concrete composite
members give full play to the advantages of steel and concrete, it has
good deformation capacity and ductility. In the structural design of
super high-rise building, the main effect of steel reinforced concrete
shear wall is to enhance the seismic performance of the structure,
reduce the section size of members, and increase the lateral stiffness
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of the structure. Note that properly adjusting the equivalent modulus
of elasticity component mode in structural calculation is tied to the
accuracy of profile steel’s role. Compared with pure steel structure,
steel, covered by concrete, has the advantage of fire-proof, heat
preservation and sound insulation.

Usually stud is used as the shear key in the design of steel reinforced
concrete shear wall. However, how to ensure the joint work of steel
and concrete, simplify the reinforcement connection, avoid the
complexity of construction, and ensure the quality of concrete pouring
are still fatal challenges in practical situations . Due to the excellent
performance of steel reinforced concrete member under the seismic
performance, it has been widely used in super high-rise building areas.

Engineering Application of Steel Reinforced Concrete Shear Wall
Shenzhen Kingkey 100 buildings located in the Caiweiwu financial
center of Luohu District, the total area is about 280000 m?, with 98
levels on ground and 4 levels underground, the total height of the
building is 441 meters; it is a large high-rise building that combined
with office space, bank, six star luxury Business Hotel and other
facilities. The building is shown in Figure 1. The structural system of this
project is composed of reinforced concrete tube, concrete frame giant
square tubular column and H type steel frame beam. The building

is equipped with 5 waist truss as horizontal strengthened story, 3
outrigger trusses along the short side, and mega braces to both end of
the short side, thus form the three lateral force resisting system.

The maximum thickness of steel concrete shear wall in Shenzhen
Kingkey 100 tower is 1.9 m, because of adopting the design of built-
in Wang shaped steel reinforced, so that the structure is balanced.
Figure 2 shows reinforcement structure of core tube steel reinforced
concrete shear wall. At present, the design method of this wall is not
yet included in the Chinese standard. The design principles of steel
reinforced concrete shear wall are as follows:

1. Increase the thickness of protective layer of steel concrete,
set studs on the surface of steel, steel and concrete work
together, stirrup anchor on the restricted area formatted by
steel stud, avoid setting a lot of holes in steel;

2. Considering the maximum thickness shear wall reaches 1.9 m,
steel component is arranged in the end of components with
wing wall, so the value of restrained edge member range, also
consider the requirements of anchorage length of horizontal
distributed reinforced;

3. Taking into account the role of steel, properly reduce the ratio
of longitudinal reinforcement on the restrained edge member
end;

4. Reinforcement ratio and structural measures of longitudinal
reinforcement and stirrup follow “Technical specification for
concrete structures of tall building” (JGJ3-2002) regulations.

In order to adapt the specific situations of the ultra-thick shear wall
and the steel connection in the shear wall, three separated H type steel
frame beams are adapted in the design.

In addition, the feasibility of steel component processing,
transportation, installation, and reinforcing bar connection, concrete
pouring quality control need to be taken into consideration.
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Figure 1. Shenzhen Kingkey 100 building (Source: Zhong Fan)
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Figure 2. The structure of steel reinforced concrete shear wall (Source: Zhong Fan)
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Steel Plate Composite Shear Wall

Characteristic of Steel Plate Composite Shear Wall

Steel plate composite shear wall is a steel plate embedded in reinforced
concrete wall, by setting shear key on the surface of the steel plate

to guarantee the steel and concrete work together. The structure of
common steel plate composite shear wall is shown in Figure 3.

The concrete provide lateral supporting for steel plate, which can
avoid steel plate’s premature buckling deformation, thus give full play
to characteristic of steel plate. Meanwhile, it also can avoid serious
degradation of stiffness and bearing capacity of shear wall under

the rare earthquake. Similar to steel concrete shear wall, steel plate
composite shear wall give full play to the advantages of steel and
concrete, it has good ductility, good fireproof performance.

When compared with steel reinforced concrete shear wall, steel plates
composite shear wall change discrete steel to continuous steel plate.
The thickness of the steel plate shear wall is smaller; the strength

of steel is higher than thick steel plate, thus effectively improve

the utilization rate of the steel. In addition, with good out-of-plane
stability, steel plate composite shear wall is not sensitive to the initial
imperfection. The M-N curve of steel plate composite shear wall under
eccentric tension, eccentricity is shown in Figure 4.

It should be noted that the rebar structure of steel plate composite
shear wall is complex, meaning that the construction is difficult. In
addition, due to the low early strength after the initial setting, concrete
is easy to crack during construction because shrinkage deformation of
concrete is constrained by steel plate.

Application of Composite Shear Wall

Greenland of Wangjing center is located in Beijing business district
1008-627 plots. The project includes a high-rise tower and a retail
podium building, 5 floors underground, 55 on the ground floor, building
height 260 m, total construction area of 172700 square meters. Tower
adopts the frame - core tube structure, column with steel reinforced
concrete, the framework uses H type steel beam, and between 42 and
43 layer has a two-story cantilever truss in order to enhance the lateral
stiffness of the tower. Cast-in-place reinforced concrete - composite slabs
with profiled steel sheet is used as floor Figure 5.

In order to resist tensile stress of shear wall under earthquake,

setting shear wall in the following 6 layer height to improve the
tensile properties of wall limb. Clearly put forward the construction
requirements of shear wall in the design,and the steel plate shear wall
test was carried out. The project achieved good effect by adopting
improved concrete mixture ratio, strictly control the concrete
component surface and internal temperature difference, careful
construction, maintenance (Fan et al. 2012).

The Olympic Tower is located in the central area of the Olympic Park
in Beijing, the main building adjacent to the landscape avenue. The
viewing tower consists of 5 single towers, diameter and height of
each tower is different, and the maximum height is 248 m. Each single
tower is composed of cylindrical tower and the top crown shaped
landscape platform. Because height span ratio of each single tower

is large, so it cannot meet the requirements of wind resistance and
seismic resistance. In order to enhance the integral lateral stiffness of
the structure, set up four connected trusses between five single towers
along the height direction, forming a combination of tower structure.
The problem that Single tower height to width ratio is too large is

582 | CTBUH 2014 Shanghai Conference

Figure 3. The structure of steel plate composite shear wall (Source: Zhong Fan)
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Figure 4. The computing of steel plate composite shear wall (Source: Zhong Fan)
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solved, greatly improving the capability of resisting overturning; meet
the comfort requirements under wind load, so as to ensure that the
structure meets the safety requirement under rare earthquake. The
Olympic Tower is shown in Figure 6.

The structure of Olympic Tower is cylindrical shell system composed

of concrete filled steel tubular column, H beam and cross support. For
the convenience of setting hole in the wall, the structure change cross
bracing to shear wall in the range of the entrance hall, thus greatly
improve the fire prevention performance and increase the stiffness ratio
of the lower and upper parts of the structure. Circular steel composite
shear wall at the bottom of the Olympic Tower is shown in Figure 7, which
is the first application of circular steel plate shear wall in engineering.

Steel Plate Shear Wall

Characteristic Steel Plate Shear Wall

Steel plate shear wall is a new type of lateral force resisting structures
developed in twentieth Century; its main function is to provide the
lateral stiffness, shear strength and ductility of the structure. Steel plate
shear wall is composed of surrounding frames and embedded steel
plate; it has the characteristics of light weight, convenient installation.
Research shows that the characteristics of the steel, good ductility,
energy dissipation capacity can be give full play by steel plate shear
wall. The steel plate shear wall which has the characteristics of large
lateral stiffness, good ductility, good seismic performance, is a super
high-rise building resist lateral force component that has broad
prospects for development.

The external stiffness of steel plate shear wall without reinforcement
is very small, prone to buckling deformation, and may make sound.
The installation of steel plate shear wall should be delayed, because
the steel plate shear wall main subjected to horizontal shear force,
and cannot assume the vertical pressure. But this will often conflict
with the progress of construction and interior decoration; it is difficult
to avoid bear part of gravity load. With the vertical stiffening rib, steel
plate wall can avoid premature buckling deformation. There is a lack
of theoretical analysis and experimental study of the vertical stiffening
rib plate wall stress mechanism and design method at home and
abroad. There are no specific regulations about how to set the vertical
stiffening rib of the steel plate shear wall form and space.

The Steel Plate Shear Wall with Vertical Stiffener

In order to improve the stress performance of steel plate shear wall
under the control of construction cost, a very practical way is to
arrange stiffeners in plate. The main effect of stiffener is reflected in the
following aspects:

1. To improve critical load of steel plate shear wall, delay the
shear buckling, reduce the out of plane deformation and
avoid the thrum of the steel plate buckling;

2. Itimproves the vertical buckling under critical loads providing
a part of vertical bearing capacity of a steel plate shear wall
and avoids the plate buckling during the installation while
meeting the construction schedule;

3. Italso improves the hysteretic behavior of a steel plate
shear wall and overcomes the hysteretic curve “pinching”
phenomenon of steel, and improves the ductility and energy
dissipation ability of the component;

Figure 5. Steel plate composite shear wall (Source: Zhong Fan)
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Figure 6. The Olympic Tower (Source: Zhong Fan)
6 T Ban 0 iy minegr 2

4. The steel plates prevent the tension area formed by acting
directly on the frame column, thereby protecting columns
from tensile failure;

5. Improves the lateral stiffness of steel plate shear walls,
and controls the lateral deformation of high-rise building
structures.

The optimal arrangement principles of stiffening rib can be in
accordance with the “steel plate shear wall buckling does not precede
yield” goal, also can follow the principal that “stiffened plate buckling
stress is equal to the grid plate buckling stress”.

In order to effectively play the role of stiffening rib stiffener, the
relation of the bending stiffness and the thickness of steel plate need
to controlled. The definition of the vertical stiffener rib stiffness ratio
during the design as follows:

—_ EI S

Where E is the elastic modulus of steel plate; D is stiffness of steel

plate; |S is the moment of inertia of single stiffener; bis the space of
vertical stiffening rib; is the thickness of steel plate; V is the Poisson’s

ratio. E'[3

D= —
12(1-v?)

Use single-layer single span frame with embedded steel plate shear
wall as the analysis model. The pulling stress on the top and button of
the steel frame beam are approximately balanced to the intermediate
layer of the shear wall, so the frame beans can be regarded as a rigid
rod, which means the compressional stiffness EA and flexural stiffness
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Figure 7. Steel plate composite shear wall of Olympic Tower (Source: Zhong Fan)
7 Wiz KR e B AR A B A 4

RIZFEEEFENERE LA, HENE G R XL EE KN
HRAER. EANDRTHERN, $RXXXERARNRELT A
B, ETEHBGELIRERD, AARET ZAMEHET KK
B, ARHATEMTHE LMAREL., B2 LRI HE
FRRA T A E7R, XEREAMRRAET AHET
72 E R B A

MBI A 3%

WY A0 38 0 R

AR BT 77 5 R 20 2708 KA SRR AW — M H R UM A 4, H
FRERARREEMAMERE., ATREMTRELEE. WRY
NEHEAAERMARRREL, EFEER. ZRTEFH
Ro BHREH, WRHAETT UL KIERM LS. FaEH
AEEFR, SHMERER, WELEEERSE, AFHENR
Rige, 2—fMAAS WARAFNERTEZRAGLMA M.

ESETRY T ERA T mBNE MR A5, MRERE SN E
AN, BHRERBEF, AEALIRTIRLANYEE. BT
RGN ERAZATHA, TAEEmEN, AHEILEF
FERWER%, EHTHRERTIRHEREANRBRETE, %
DLitt S AEE - S A B S AT B, R R A e A 2 R AR AR 5 T DA
BEMREFHIEG AN . B Rl E s H A % w2 4R
WG ZANE G R T Lk Z ZARMBR )T ERBFR.
A B E AT M BT AL o TR AR BT A i Rt e R R AL
MR AR E L MY K 5 EFE R TR R,

W R 1 e 30 B B AR 3 Ay 3
NEEGEE AN R TRENIEN S A ERE, MR LA
BEmsh 2 — A d L AN TR mIBMWER EZERAALEUT
JUANF @



El are all infinite. To the frame column, when the size of sectional
dimension is much larger than steel plate thickness, it's flexural stiffness
can be considered infinite. The vertical stiffener use square shape
formed by double channel, with a size of 120%* 240 * 10. A comparison
of the first shear buckling mode of 20 mm thick steel plate shear wall is
shown in Figure 8. The buckling modes of steel plate wall under shear
have great relation with the stiffness and space of the stiffener. When
stiffness ratio of ribbed plate is about 30, the buckling mode of steel
plate shear wall is that the plate and stiffener both reach buckling, and
the buckling deformation of stiffener and plate is the same, then the
deformation limit of shear buckling that vertical stiffening rib act on
the steel plate is moderate.

In the design of steel plate shear wall, refer to the current ‘code

for design of steel structures” GB50017 regulations about directly
subjected to dynamic loads on the crane girder constructional
stiffener, the maximum space of steel plate shear wall that have vertical
stiffening rib is determined by:

b 235
=80 | ——
t, f,
Where b is the net distance between the steel plate shear wall
stiffener; is the thickness of stiffener; is the yield strength of steel.

Steel Plate Shear Wall with Opening

In order to meet the function requirements of open window, open
hole, open channel and pipeline focus traversal, and the need to
reduce its seismic effect by adjusting the shear stiffness in structural
design, the proposed scheme is to use open hole steel plate shear
wall as the main component to resist lateral force. Through numerical
analysis and experimental study of open hole steel plate shear wall
force mechanism, the main factors affecting the mechanical properties

Figure 8.The steel plate shear wall with vertical stiffener; shear buckling model (Source:
Zhong Fan)
VEI8 7 S i fm Bh A AR AR B9 A7 5 B A AR B0 U0 el AR A

1 REWRGABOAT RS EFTR, EET R
RAE, BNEEERRESNETR &, #E2RAER
PR b & Y

2. REWRITAENEREdlERER, TURESSE
WAKRE T, BRMRA LR HIE S, %2k
B 5 SERE K

3. REWART KA E I RE, TR T Am 2 B B ARAR U
WA ER AL, REwtmEE 5,

4. BrARSRARTY REGH A W EBERALARRE £, RIFET

TR A B,
5. RS ARWEMRE, S RRE SN
.

7im %h i v g o A B R U DL IR ARAR 3T 7 3 R e N B TR IR A
AW EAT, W DU BRI 20 0RE AL A7 % T KA AR JE i BT
71" B AR

AT AREFE IR, FER RS R E 5 8R
BEEW xR, ERATHRD A3EE, =% &2 e i
R Z e T

—_ EIS

"~ bb
HHE AR B T B D SR BRI
R AR, b Ay 5 e Am 5 Bl el e B

3
D= Et
12(1-v?)
AATHERRF 2R AR . T EAAR
¥, WHER L. TAHZ R A AEACRE, T LA AR R
WAL A M AEAT, BUAAE B HLERE Fai B WIE 48 L5 K.
TR, YHESEERTEATHKEZN, XRTRE
TRHTLHF A Kamzhh R A FAERY RO HEE, R+
A1 0120x240x10, 20mm E By 4R AR BT 77 35 89 470 87 — B o A58 25 %
Pt B8 AT R o 7K % B I 1F i BN AR AR % B R e AR 25 5 Aim 20 Bl e R
FEHEEXFRA, YHMRNEL #3040, EiESNRE
S g EREEY, BRI E SR EE A
B, B 1] A 2 Bl 2 AR AR BT U0 i R R B 2 SRR R O

AR 3%t SRREIT CREG IR
GB50017 %} H £ & % o 71 # 8 FF R B A 38 m 20 A o AL 2 4
s AR BT 7 4 1 B B 1 A 2 AR OA (B BE A T A

b _gy (255

oo

e, b——WRT A BB F B FE, HRREEE, A
AT B AR R

TEIE WA B A5

AR TEZERFRARRKFERTER, FITH. TRESELE
o RS O R T RE, DA RS M BT P B SR B A 3 W SR R
HEMREAGTE RET R TE R RR G 3555 47107
Mt R B HOE AT A AR BT 8 1 TT R SRR B A B e % A
MEBHAT TR, R F MM EREFHAT T HIT, HZ
REMMBH TENARET 555,

MNTBIE TR AL, T RE P Z F AR R RE B # R,
EEFWEET, WHERFANBRRS. H T AREHMN =R
e, ARAFHER—MEREAFMELER. EEEEST
B, BREFREDER, RMHHATILEME.

;A B 3h B e A&

20144£CTBUH_F# 21X | 585



were discussed, it provides references to such kind of structural
components of engineering application. (Nie et al. 2013)

The coupling beams between the upper and lower edge of an
opening hole on a steel plate shear wall has a concentrated
deformation. They will yield very early. To secure the lateral stability

of the structure, horizontal lateral beams need to be set beside the
opening hole on the floor side. It is better not to have coupling beams

on the first floor or the top floor, unless they are significantly enhanced.

The stress state of coupling beam of steel plate shear wall with
opening and reinforced concrete structure has a certain degree of
similarity. Due to its concentrated stress and large deformation, it is the
first line of defense in structure anti-seismic, thus playing a significant
role in ensuring the structure ductility, as well as improving the

energy dissipation performance. The design method and construction
requirement for coupling beams is close to energy dissipation area

of eccentrically braced steel frame beam. The axial force of steel plate
shear wall coupling beam is small through calculation and analysis.

Coupling beams are identical in function and shape as the frame
beams in a steel plate shear wall with the same span. However, they
have quite different construction requirements. To minimize the
bending stiffness of coupling beams, in addition to avoiding too large
of a frame column section area, designers should consider narrowing
the section area on purpose.

In the calculation of bearing capacity of coupling beams, a shear type
calculation model element will be better, and avoid directly connects to
the frame column. The ratio of free extended length of beam flange, b1
and its thickness tfshould be consistent with equation below. In order to
coordinate the width and frame beam of other steel plate shear wall, the
flange near opening can be narrowed. The structure of steel shear wall

with opening and Mises stress under horizontal force is shown in Figure 9.

b, /t, <8,[235/f

Conclusion

Super high-rise building is an important direction of vertical city
development in the future, application of new type of shear wall in
super high-rise is of great significance to sustainable development of
structure design. Application of steel concrete shear wall, steel plate
composite shear wall and steel plate shear wall with vertical stiffener
and with opening, greatly improve the seismic performance and
efficiency of structure, also effectively increase the usable space.
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Figure 9. Steel plate shear wall with opening; Mises stress Under the action of horizontal
force (Source: Zhong Fan)
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