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Abstract | fFE

Steel braced frames combined with a concrete services core are widely used in tall building
design. To meet the special architectural design challenges in the Minmetals Capital South China
Tower in Shenzhen, such as the large, column-free spaces at the lower levels, notches in the
building elevations, building setbacks at the lower floors, and the unique sail-like building shape
of the tower, steel bracing, belt trusses, and moment frames, coupled to a concrete services core
were selected for the 150-meter-tall tower. Uniquely-shaped composite columns with embedded
steel are used to achieve the large clear spans. Due to the tight site area, shaped like a quadrant
of a circle, the tower is located close to the property line. Its columns are in line with the basement
wall, which serves as both the retaining wall and the support of the tower columns. A glass-

clad skybridge connects the podium (also sited on the property line) to the tower, opening up
additional street-level access. The podium features a long-span skylight structure which brings
natural light into the space. The skybridge allows for safe access to the podium by the office
occupants in incumbent weather.

Keywords: Belt Truss, Composite Columns, Dual Lateral load System, Moment Frames,
Skybridge and Steel Bracing
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Project Summary

Steel braced frames combined with a concrete
services core are widely used in tall building
design. To meet the special architectural design
challenges in the Minmetals Capital South
China Tower in Shenzhen, such as the large
column-free spaces at the lower levels, notches
in the building elevations, building setbacks

at the lower floors, and the unique sail-like
building shape of the tower, steel bracing,

belt trusses and moment frames, coupled

to a concrete services core were selected for
the 150-meter-tall tower (Figure 1). Uniquely-
shaped composite columns with embedded
steel are used to achieve the large clear spans.

Due to the tight site area, shaped like a

quadrant of a circle, the tower is located close

to the property line. Its columns are in line with

the basement wall, which serves as both the

retaining wall and the support of the tower

columns. A glass-clad skybridge connects fsi?)‘:rri;';?zxjgr:f;::;;g:::':;;‘th China Building

the podium (also sited on the property line) B HF4EAE (KE Pei Cobb Freed &
to the tower, opening up additional street- Partners)
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Figure 2. The plan of the project at the third level (Source: Leslie E. Robertson Associates)
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level access. The podium features a long-span
skylight structure which brings natural light
into the space. The skybridge allows for safe
access to the podium by the office occupants
in incumbent weather (Figure 2).

Finding the Structural Form

The Minmetals Capital South China

Building is a 29-story, 150-meter (490-foot)
tall building located in Shenzhen, China. The
project serves as a gateway site of a planned
business development in the Nashan District
of Shenzhen, and will provide a new regional
headquarters for one of the world’s leading
metal and mining companies. The tower and
the adjacent retail podium and basements
are designed by Pei Cobb Freed Architects
and structural engineers Leslie E. Robertson
Associates of New York. The local design
institute is Huayi Design Consultants. The
project features a variety of different usages
including office, retail, restaurant, parking,
and event floors. Due to the tower’s sail-like
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Figure 3. Event space located at the top of the tower
(Source: Pei Cobb Freed & Partners )
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Freed & Partners)

shape, each floor is unique, and much of the
structure slopes, with slope changes at each
floor, to accommodate the building’s
geometry. The tower is topped off with an
event space enhanced by structural bracing
(Figure 3). Indeed, much of the tower’s
structure is exposed to view, and is designed
to work harmoniously with the overall
architectural vision.

Early on in the design process, the structural
engineer worked closely with the architect

to establish a structural system that
represented the architect’s vision of a sail-like
structure (Figure 4). The tower is shaped as a
parallelogram in plan, and the curved facades
of the northern and southern sides appear to
be balanced by the vertically braced planes of
the adjacent sides. The overall effect results in

a building structure that appears to perfectly
balance a dynamic-looking form. Vision glass
wraps much of the exterior, and the structural
bracing is visible through the translucent glass.
At the lower portion of the building, stone
cladding is used to provide a sense of strength
and of permanence, and here the structural
design takes advantage of its opaqueness to
locate large concrete columns that are part of a
five-story-tall portal frame structure.

Customizing the Structural Systems

The Chinese Building Code requires the use
of dual lateral load resisting systems, and
stipulates minimum building shears that are
to be resisted by the perimeter lateral system.
As well, for a building of this height, the Code
requires a maximum inter-story drift of H/800
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Figure 4. The tower’s perimeter structural systems (Source: Leslie E. Robertson Associates)
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under either wind or earthquake loads. To
meet these Code requirements, many
engineers use moment frames; however,
perimeter-braced frames are more cost-
effective. Early in the design process, the
structural engineers drew from their experience
in designing other tall buildings and selected
perimeter steel bracing for its stiffness and
more efficient use of materials. The architect
was pleased that the perimeter bracing system,
resembling battens in a sail, accentuated the
sail-like form, with the added benefit of fewer
perimeter columns and lighter perimeter
spandrels. Where the architectural concept
allowed, the perimeter bracing was adopted.
At some locations where the perimeter
bracing was not architecturally desired, steel
moment frames and relatively closely spaced
columns were used. Reinforced concrete walls
around the services core carry a majority of the
building’s gravity and lateral loads.

Belt trusses are located at the top tower

floor and at MEP floors in the middle of the
tower. The main function of the belt-trusses

is to reduce the perimeter column sizes;
moreover, they help provide lateral resistance
and increase structural redundancy. The belt
trusses transfer loads from the intermediate
exterior columns to the composite columns,
minimizing the intermediate column sizes and
reducing differential vertical displacements
between the adjacent columns. Serving as
“virtual outrigger trusses, the belt trusses also
reduce the overturning moment carried by the
concrete core, hence reducing the thickness
of the core walls, and increasing the overall
lateral stiffness of the building. Strengthened
floor diaphragms are provided at levels where
the top and bottom chords of the belt trusses
are located to further improve the lateral load
resistance of the building.

The perimeter systems are tied to the
reinforced concrete core wall through the floor
diaphragm. The typical floor-to-floor height is
4.5 meters with a floor to ceiling clear height
of 3.2 meters. So as to minimize the tower’s
weight and in keeping with the script of a light
sail-like structure, the office floors of the tower
are steel framed with slab on truss deck. For
this building, a key advantage of a steel floor
framing system is the reduction of the building
weight, and hence the amount of loads which
are required to be transferred at the fifth-floor
setback. The lighter weight of the steel-floor
system results in smaller columns, and in
increased usable floor areas. Further savings are
achieved due to the smaller foundation loads.
Additionally, the use of steel framing enables
increased flexibility for future modifications,
such as the addition of stairs, shaft openings,
high-density filing, and the like.

Figure 5. Overlay of composite corner column sizes at various levels of the tower at the southwest (top) and the
southeast corners (bottom) (Source: Leslie E. Robertson Associates)
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The primary columns of the structure are

a composite of embedded structural steel
shapes and reinforced concrete. Where the
bracing diagonals and belt truss members
connect to the composite columns, the
embedded steel shapes are of a size capable of
fully transferring the vertical component of the
load. The work points of the steel shapes are
offset from the centerlines of the composite
columns. This layout simplifies the steel-to-steel
connections of the embedded steel shapes to
the perimeter structural systems — perimeter
braces, moment frames, and belt trusses — but
requires careful study of how the embedded
shapes and their work points are positioned
within the concrete columns (Figure 5). The
structural engineer worked with the architect
to develop custom concrete column shapes
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that met the desired aesthetic, while also
creating column shapes that aligned between
floors without offsetting the locations of the
embedded steel columns. For example, the
corner column changes shape from circular to
trapezoidal and the embedded steel shapes are
arranged to fit within these shapes at all floors;
the arrangement informs how far inboard the
structural braces, belt trusses, and moment
frames are set from the slab edge.

Exceeding the Chinese Building Code

Several aspects of the architectural design

of the tower led to structural systems that
exceeded the restrictions of the Chinese
Building Code or were not common Chinese
construction practices. This required special
review and multiple meetings with panels of
experts. These aspects included the following:

Figure 6. Structural challenges of the architectural notches (Source: Leslie E. Robertson Associates)

Bl B MITRETRNEHIE COR: EREN TIZEHBRAR)

+ The notches along the sides of the
building do not allow for continuity
in the perimeter lateral load
resisting system;

Due to the very tight site area, the big
composite columns on one side of the
tower are supported by the diaphragm
basement walls; and

Most importantly, the building
footprint steps in dramatically at the
sixth level, necessitating a change in
the building’s lateral stiffness.

To address these Code exceedances, the
structural engineer developed specific
solutions for the Minmetals Capital South
China Tower. To address the discontinuity of
the perimeter lateral systems, the structural
engineer introduced steel plates at local areas
in the floor diaphragms (Figure 6). The plates
locally replace the truss deck and are placed
on top of the steel beams but below the
slab, and are used to properly tie the braced-
frame lateral system to the moment-frame
lateral system.

Due to the restraints of the site, some of the
tower columns land directly on the site’s
diaphragm wall. The tower columns are
eccentric to the piles at the perimeter of the
foundation, resulting in additional moments
that need be de-coupled and resolved by
the tower’s pile foundation (Figure 7). This is
not common in China, and required careful
review considering the possible construction
tolerances, review of possible differences in
concrete strength, as well as getting local
contractors on board.

The Chinese Building Code stipulates that Figure 7. Challenges of diaphragm wall construction at the tower columns (Source: Leslie E. Robertson Associates)
the building’s perimeter system attract a E7 S S N R A — RIS Tk (ORI T2 EIRAS)
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Figure 8. Structural challenges of the tower’s setback at the sixth level (Source: Pei Cobb Freed & Partners )
El8. BETENRIEFETERIVEMEL (R Pei Cobb Freed & Partners)

minimum of approximately 15 to 20 percent
of the building’s story shear at any level. The
perimeter bracing system addresses well this
requirement at the higher floors; however, at
the lower floors of the tower, the northern and
southern sides of the building dramatically
step inwards resulting in a setback of the
floors below the sixth level (Figure 8). To
address the discontinuity in the building’s
perimeter stiffness, the sixth floor is a transition
zone for the structural system where the
perimeter-braced frame is transitioned to

a mega-portal frame, and lateral loads are

also designed to transfer to an inner set of
moment frames below the sixth floor. Even
with these measures, the perimeter system
between the first and sixth floors attract

less than the Code recommendation. These
systems are nevertheless designed with a
sufficient capacity for the recommended loads,
in keeping with the intention of the Code. To
prove the reasonableness of the design, the
structural engineer provided Performance-
Based Design studies, which were approved by
the panel of experts.

Wind and Earthquake Engineering

The wind loads control the design of the
primary structural systems of the tower;
however, due to the unusual nature of the
building’s setbacks, considerable studies were
done for the building’s performance under
seismic loading.

The building has multiple features that did not
fitin well with the earthquake restrictions of
the Chinese Building Code. To demonstrate
the suitability of the proposed systems, the
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Figure 9. Building and core story shears for wind loads and response spectrum earthquake loads (Source: Leslie E. Robertson Associates)

E9. BRI OESENTEAMEEEER THRED N CBR: BHENTIREHERAS)

structural engineer used performance-based
design (PBD) of the tower for frequent,
medium, and rare earthquake events, in
addition to analyses of the Code-prescribed
Dynamic Response Spectrums, Real Time
Histories, and Artificial Time Histories. With
the results of our studies, the seismic experts
approved the structural design.

A review of the story shears showed that there
may be considerable load transfer between
the concrete core walls and the perimeter
structural systems, as indicated by the change
in story shears in the core between adjacent
floors (Figure 9). As expected, the load
transfers are most pronounced at the chord
floors of the belt trusses, due to the ability of
the belt trusses to act as “virtual outriggers’”
Thicker slabs are used at the belt truss floors,
and the floor diaphragms throughout the
building are designed to carry diaphragm
forces with additional safety factors as defined
by the Chinese Building Code. The thicker
200-millimeter (eight-inch) slabs at the belt
truss floors work well with the heavier loads of
these mechanical floors, as well as providing
better acoustics.

Due to the site’s close proximity to the
Shenzhen Bay, wind loads are of special
concern for the tower. There is also a cluster
of taller buildings upwind from the tower
that may create downwind vortex shedding,
with potential adverse effects on the tower.
For these reasons, the tower was studied in
the wind tunnel by Rowan Williams Davies
and Irwin Incorporated (RWDI) using high
frequency pressure integration (HFPI) tests.
The tests showed wind loads within the range
of Exposure B and Exposure C (relatively open
and urban surface roughness categories)
derived from the Chinese Building Code
wind loads, and that the issues of downwind
effects on the tower were largely unfounded.

The wind tunnel tests did reveal unusually
high wind pressures at the top corners of the
building, and these pressures were used to
design the event space at the top of the tower,
as well as the three—story-tall atrium space of
the podium (Figure 10).

Podium Structure

The three-story retail podium is designed as

a conventional reinforced concrete frame —
shear wall system. This system includes rigid
reinforced concrete frames and shear walls
around the elevator shafts and stair wells
designed to resist lateral loads, and reinforced
concrete beam-slab system to support

the gravity dead and live loads. Long-span,
steel, built-up girders are used at the bridge
structure connecting the retail podium to the
office tower.

The tight geometry of the site posed difficulties
in fitting the many functions of the podium,

as well as the below ground basement. Many
of the podium columns transfer or slope to
achieve architecturally desirable geometries

as well as to fit in multiple parking ramps
below ground. Meeting the architectural and
programmatic restraints of the site resulted in

a structural system where 75 percent of the
podium’s columns are transferred.

The atrium of the podium, like much of

the Minmetals Capital South China Tower
development, is intended to be exposed to
view, and here the public space is comprised
of structural shapes painted with intumescent
paint. The structural engineer and architect
worked together to design a series of built-up
shapes that worked both aesthetically and
structurally to vertically span 18 meters (59
feet) and horizontally span up to 13.5 meters
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Figure 10. The Tower (Source: Pei Cobb Freed & Partners )
B10. EEMER (KR Pei Cobb Freed &
Partners)
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Figure 11. Structure of the podium atrium (Source: Leslie E. Robertson Associates and Pei Cobb Freed & Partners Pei Cobb Freed & Partners )
E11. BEFESEN KR IBHEEMIIRSEHBRASFPei Cobb Freed & Partners)

(44 feet) over the atrium. The built-up shapes
resemble an I-shape in section, with each
650-millimeter-deep (26-inch) shape having a
series of openings in the webs to lighten the
member. These members are designed for the
gravity loads of the atrium facade, as well as
the wind loads (inward and outward) on the
members (Figure 11).

Robustness and Redundancy

In keeping with the philosophy of the
structural engineer, the structural system

of the tower is designed to accept the
accidental loss of a multitude of structural
elements. For example, at any level the steel
perimeter columns or perimeter bracing are
able to be accidentally removed without the
disproportionate collapse of the surrounding
structure. Members of the belt trusses may
be removed as well without disproportionate
collapse. For these accidental load cases,

potential alternative load paths were reviewed,

and the surrounding members designed
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for the loads. For example, for the loss of a
perimeter-bracing member, the alternative load
path results in at least two resultant loads: (1)

a tension load carried up to the bracing node
above and then transferred to the bracing and
then down through the concrete columns at
the building’s corners; and (2) a horizontal load
that is transferred by the floor diaphragm back
to the interior core wall (Figure 12).

Concluding Thoughts

Many of the new buildings under construction
today have exciting architectural features
backed by structural systems which are not
apparent or visible. The structural systems are
placed so as to enable the architecture “to

happen’, without acknowledging the structural
systems. For the Minmetals Capital South China
Tower, the architect Pei Cobb Freed embraced
the structure as part of the larger design vision.
Much of the structure is expressed, and even
celebrated. At the public and event spaces,

the difference in what is structure and what

is architecture may be indiscernible. This is

the fruition of close and collaborative work
between the architect and the structural
engineer, and results in a dynamic architectural
form and efficient structural systems.

Special thanks needs to be given to
Design Partner Yvonne Szeto and Project
Manager Bruce White — both of Pei Cobb
Freed and Partners.

Figure 12. BIM model of the tower, podium, and basement structures: arrows indicate some disproportionate collapse

scenarios (Source: Leslie E. Robertson Associates)
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