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Abstract

W-Project is 70-story mixed-use residential building complex project in Busan, South Korea. As
itis a high-rise building complex located at the coast, the residents have great ocean view from
the height. Though, there were many difficult challenges to be solved to secure structural safety

and meet the serviceability requirements.

As itis located on the reclaimed land, securing the foundation bearing capacity on soft soil is the
first issue to be solved for the stable structure. Soft soil tends to amplify earthquake load on a
structure, so dealing with earthquake load was one of the biggest challenge for W-Project. Busan
on the way usual track of typhoon, wind load on structure is also critical for structural safety and
serviceability for occupants due to wind vibration. The wind tunnel test is conducted to assess
various affect on structure due to strong wind load to check the serviceability requirements.

Keywords: Yonghoman Mixed-Use Development Project, W project, Outrigger, Belt Wall
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Introduction

W-Project is the multi-complex with four units
of 69-story- building. High-Rise residential
area is planned on each tower for dynamic
view looking over the ocean and Gwang-an
Bridge. South Korea is not categorized as

a strong seismic zone, but it located in the
middle of the passage of typhoon from Pacific
Ocean. Especially for Busan, as it is located
under the direct effect of typhoon, buildings
are required to resist greater wind loads than
any other places of South Korea. In this paper,
structural system for residential high-rise
building is addressed considering construction
cost and constructability (see Figure 1).

- Project : W-Project (Busan Yonghoman
Mixed-Use Development Project)

- Location : Busan, South Korea

« Occupancy : Residential Complex
- Size :490,481m? B6/69F

- Height: 246.4m
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Tower Structure System

To choose gravity load resisting system for high-rise buildings, the floor
height is the first consideration in many other issues. Flat Plate System
is chosen to reduce floor height and for easy construction, however

it gives lesser lateral stiffness to the structure. For W-Project, a Flat

Plate System of 250mm thickness is applied and shear reinforcings are
added to resist punching shear around the columns.

To resist the lateral loads, a core wall and outrigger system are applied
for W-Project. The core area for W-Project is about 18% of the floor area.
If lateral loads were resisted only by a core wall, the thickness of the
core wall should be 2,500mm.To give enough lateral stiffness of the
structure, an outrigger system with an outrigger wall and belt wall is
applied on the 30th and 57th story of each building. The lateral resisting
system will be handled on the next part of this paper (see Figure 2).

After comparing the construction cost of each floor system, reinforced
concrete beam-and-girder and flat-slab systems were selected to
provide gravity-load resistance in the podium area. RC Beam & Girder
System is 100 USD per square meter, and it is 85 USD for Flat Slab
system, which is 15% less than RC Beam & Girder System. Besides
construction cost, Flat Slab System reduces the floor height. Reducing
the floor height for the basement can save excavation cost. Below

is a summary of structural systems for W-Project. Flat Slab System is

Figure 1. Bird's Eye View.
E A

Figure 2. Tower Structural System.
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an economical way to form basement gravity load resisting system
like mentioned above, but it is difficult to have a Flat Slab System for
a non-moduled plan or downed level area. For the 1st ~3rd floors

of the W-project where various level differences are located and
resisting a relatively large load than other floors, RC Beam & Girder
System is applied. A Flat Slab System is applied to basement parking
area. Two different systems are applied to the W-Project podium area
considering their structural characteristics, and they share almost the
same portion of total floor area.

- Tower Lateral System: RC core wall + outrigger + belt wall

« Tower Gravity System: Flat Plate System (Typical floor slab Thk.
250mm, module 8x8m)

+ Podium Gravity System: RC Beam & Girder System, Flat Slab
System

- Tower Foundation System: RCD Pile system (dia. 2500mm)

Foundation System

W-Project is located in Yongho Bay which is landfill area. Even though
foundation is as deep as the 6th floor of the basement, the soil
condition of the ground is not enough to support 69 story buildings.
To support the loads from the high-rise tower above, a pile foundation
is required to support about 6,000kN per pile. The RCD piles with
2,500mm diameter are used with 40~60MPa high strength concrete.

The geotechnical investigation report showed the layer of the

ground changed radically where the tower is located, pile stiffness

and supporting capacity of bed rock are needed to be assessed
accurately. The pile stiffness could affect the displacement and the
design of mat foundation under the super structure. To design the
mat foundation, the finite element analysis of ground and pile is
conducted and is applied on the mat foundation design. When the
pile foundation was designed, the total vertical displacement of piles
was limited by less than 25mm (see Figure 3).

Material Strength

Using higher strength material could make structural members more
slender and it can increase the axial capacity of vertical members to
increase the lateral stiffness of the building. The high strength material
is actively applied in various high-rise construction sites in spite of
increasing the cost of material recently in South Korea. But to secure
supply status and to qualify the materials on site, they need to be
checked by constructors and inspectors. The supply status of high
strength material can affect the construction schedule and cost. The
feasibility studies are conducted in terms of various combinations of
material strength. The characteristics of the Busan region were taken
into consideration when looking at the possibility of the high strength
materials being supplied directly on site as ordered by the constructor.
The ALT.2 shows having 10% less construction cost than the ALT.1.
Therefore the concrete strength is used up to 80MPa and the rebar
strength is used up to 600MPa (see Table 1).

Dynamic Performance

The Structural design of lateral system for a high-rise building is to
achieve sufficient lateral strength and stiffness of the building due
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Figure 3. Analysis Model of Foundation
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Table 1. Alternative Study of Material Strength.
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to wind loads and seismic loads. The wind base shear is higher than
seismic loads in this structure. Furthermore if the super structures
are placed in the soft ground, the seismic loads of these can be
increased due to ground seismic amplification effect. As a result, we
considered securing the lateral strength and stiffness for lateral loads
on the design of the building.

For the stiffness of wind loads, the vertical displacement is limited
within H/500 as 100yrs return period. The acceleration of wind is
checked in accordance with AlJ code (Japanese code) and ISO, in
order to ensure the comfortable index of occupants. For the strength
and stiffness of seismic loads, the special shear wall system and the
details are applied on the seismic design so that the ductility of
structure secure in the core wall.

The structural dynamic behavior is studied as below; 1st mode (X
direction) is 6.3 sec, 2nd mode (Y direction) is 5.4sec, 3rd mode (Z
rotational) is 3.8 sec. (see Figure 4).

With above results, W-Project shows the less lateral stiffness compares
to other high-rise buildings with similar stories. Especially for the 1st
mode(X direction), natural period is 15% longer than 2nd mode(Y
direction). It is resulted from the core shape of W-Project which is
having 15m length in X direction and 20m length in Y direction having
25% shorter core length in X direction.

Wind Load Evalution

For high-rise buildings in South Korea, wind loads tend to affect more
than seismic loads, evaluating wind load is critical to check lateral
stiffness of the building. A wind tunnel test was conducted to evaluate
accurately wind loads on the structure. The result shows that the base
shear force from the test is about 55~65% of the wind load evaluated by
the Korean Building Code 2009. For W-project tower structure, 80% of
the wind load evaluated by the design code is applied as it is restricted
for a wind tunnel test not to exceed 80% of code value (see Table 2).

As the windward area of X direction of the tower is larger than Y
direction, wind load in X direction is greater than Y direction by about
25%. The dynamic performance analysis above shows the tower
structure has less lateral stiffness in X direction than Y direction.
Considering both the wind load value and the lateral stiffness,
achieving the proper lateral stiffness in X direction of the tower
structure was the key issue in the design process.

Lateral System

Slab is holding the biggest portion (37%) of the tower structure from
the construction cost table categorized by member types. Moment
frame; combination of column and slab; of the tower is 54% of total
construction cost, but it only shows less than 5% of the lateral stiffness.
But the walls (core wall, outrigger wall, belt wall) show more than 95%
of the lateral stiffness of the tower with only 34% of construction cost.
Especially for the outrigger wall and the belt wall, these are not the
major part of wall elements, but 34~41% of lateral stiffness comes from
them. The outrigger system is the most efficient lateral system in the
W-Project lateral system (see Table 3 and 4).
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Figure 4. Modal Analysis
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Alternative Study of Outrigeer System

The Outrigger is located in two different floors - 30th and 57th story.
The lateral stiffness increases about 10% more when the outrigger is
located in two places than only one place. For about 70-story high-
rise buildings, lateral stiffness is not changing dramatically due to the
number of outrigger places. But as the refuge area and the mechanical
floor are required by the architectural plan, two outriggers are placed
in different floors (see Table 5).

The outrigger wall could be formed in various systems, but the RC wall
is checked as the first option because the W-Project is an RC structure.
The ALT. 1 shows an outrigger wall of RC wall. The 1,000mm thickness
of the outrigger wall is placed in X direction to have sufficient lateral
stiffness in X direction and the 500~1000mm thickness of the belt wall
is placed around the perimeter. The structural behavior of outrigger
and belt wall is not similar to typical shear walls and massive amount
of stress will flow in these walls. Dense reinforcing in walls could

delay construction time of the outrigger wall. Some of these walls
might be required to pour lately considering column shortening. The
construction schedule for the W-Project is not planned yet as it is still
under the design phase. The construction of the outrigger floor in
high-rise building takes 30~45 days to construct, otherwise it takes
only 4 days for typical floor. Therefore, the construction time for the
outrigger floor is critical for determining whole construction schedule.

The ALT. 2 shows the outrigger and belt wall could be formed with
steel truss system. This option would save construction time of the
outrigger floor than the RC wall as steel system does not require
curing time. It could also be used to manage mixed construction
method because of the column shortening action. But it is essential
that the lifting equipment is prepared to erect heavy steel trusses

up to the high location for this option. The construction work might
become much simpler with this option, but construction cost would
be higher and the lateral stiffness is not enough when it is compared
with RC wall. As the W-project tower structure does not have enough
lateral stiffness, a small stiffness difference could affect the overall
serviceability level of the tower. The ALT. 2 is not a qualified option to
meet the serviceability limit of the tower.

To solve constructional problems while having enough lateral
stiffness, placing an RC fin wall in every floor is adopted as the ALT. 3.
Having an RC fin wall is very powerful to increase the lateral stiffness
by about 40% in X direction. The ALT. 3 can be the most reasonable
solution among all the options.

The architectural plan should be put first before other considerations
for residential usage building. The ALT. 3 is not a possible option
because it is almost completing the design phase. It is difficult to
change the location of the bearing wall considering residential usage.

As a result, the ALT. 1 is chosen for good lateral stiffness and

lower construction cost. As the ALT. 1 has poor constructability as
mentioned above, solutions will be made during design process to
minimize difficulties in construction.

Construction Outrigger Wall and Beltwall

Due to massive shear forces on the outrigger wall, the reinforcing
inside the outrigger wall is more complicated than usual shear
walls. The reinforcing inside the outrigger wall is decided due to the
horizontal shear force from the lateral loads and the vertical shear

Table 3. Volume of Structural Members.
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Table 4. Lateral Stiffness of Structural Members.
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Table 5. Alternative Study of Outrigger System.
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force from differential settlement (see Figure 5). Placing a delay

joint could be helpful to reduce vertical shear force, but it requires
complicated detail work on construction site (see Figure 6). To improve
the constructability, minimizing the number of delay joints is required. A
delay joint is placed only on the outrigger wall as the shear force on the
outrigger wall is much greater than the belt wall. Also the outrigger wall
is located inside the building; it does not cause construction time delay.

Health Monitoring System

As there are many residents living in high-rise buildings, problems in
structural system might be resulted into a serious happening. It is very
important to secure safety of the structure all the time through the
whole life cycle of the building. To secure safety of residents in high-rise
building, Health Monitoring System is applied for the W-Project.

With various sensors attached on structure, the manager can monitor
the real time behavior of the structure due to any other impacts from the
outside. Monitored results can be checked by the maintenance manager
and used to compare the current status of the structure with the
designed status to evaluate safety and integrity of the structure in real
time. And a part of sensors is supposed to be managed by government
such as the seismic accelerometers and wind anemometers.

Supervisor can alarm residents when structural behavior is
considered to be abnormal. Monitored results also can be used to
verify various assumptions and theoretical approaches made during
the design process.

Figure 5. Analysis of Outrigger.
HE5 138 & a7

Figure 6. Alternative of Delay Joint of Outrigger Wall For Construction
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Conclusion

To live in a tall building has some disadvantages from comfortable
living aspect to complication of vertical transportation and stability.
However, the residents on the tall building could have attractive
merits such as a great view and convenient facilities even though they
have disadvantages as | mentioned above. For this reason, high-rise
structures are expected to be expanded in the future considering to
population density of South Korea.
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