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A Balancing Act for the Curtain-Wall Design

BT

Joe Theodore Khoury, ALT Limited

This chapter provides a general overview of designing the curtain wall system of a high-rise structure. The past years have borne witness to
the transformation of the construction industry - from conventional to modern and more importantly to vertical construction. With today’s
structures reaching for the skies, there are new challenges that need to be met, especially in terms of energy efficiency and structural integrity.
The same can be said for curtain-wall systems. Factors such as aesthetics, performance and integrity of the curtain wall are subjected to
meticulous tests and investigation so as to ensure building/curtain wall problems can be avoided in the future. This chapter tackles the
principles of different material selection, building codes and relevant requirements, as well as the working relations of the people responsible
for the curtain-wall design of the Ping An Finance Center (PAFC). Three arguments on the curtain-wall design of high-rise buildings, particularly

with respect to the PAFC, will be discussed with corresponding resolutions.
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Introduction

The curtain-wall industry is on a seemingly perpetual tightrope — balancing one issue with the
other. It must roll with the punches on a daily basis in the constant pursuit to innovate with
better approaches to curtain-wall system efficiency and overall structural welfare/integrity.
The principle of curtain-wall stands in contrast to the adage, “Beauty is only skin deep”since
the curtain-wall doesn't just end with aesthetics, as many believe. There is so much more to

it than meets the eye. This discussion aims to shed some light on some pertinent questions

in reference to the Ping An Finance Center, as well as discuss the design and analysis of the
curtain-wall system of the aforementioned.

Leaving no stone unturned, a brief account on the basics of curtain-walls is provided for the
benefit of those aspiring architects and engineers who may have not yet been acquainted with
the finer details of construction, fabrication, and installation of curtain-walls.

Curtain-wall (CW) is a term used to describe the exterior “skin”of a building. Curtain-walls can

be made up of different materials such as glass, aluminum, stone, etc. It does not support any
dead load from the main structure. The CW only supports its own weight and the exterior
forces acting on it. These loads are then transferred to the main structure through anchors,
brackets, and embedment. This chapter will focus on the most commonly used and applicable
CW systems of today’s high-rises. CWs started with the stick system, when all of the assembly
and construction was done onsite. This system is still being used to this day. However, the CW
system has evolved into what is commonly used and known as the unitized system. This type of
CW system was used at PAFC.

PAFC CW System Overview

The unitized curtain-wall of PAFC (see Figure 4.1) was generally designed for two main
purposes: First, to enhance the exterior architectural outlook of the structure while differentiating
it from its surrounding structures and second, to withstand inevitable external environmental
factors such as air and rainwater infiltration, wind forces, seismic activities and heat transfer. The
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design of the PAFC was envisaged as another
balancing act between opposing elements.

There are five major wall types in the
building. These are Wall Type 1, 2, 3, 8 and
9.In addition to that, there are three feature
walls for the building. These are Wall Type 1.2,
2.2,and 7. Each wall type is discussed on the
following pages.

Wall type 1 - WT1 or the Pier Wall (see

Figure 4.2) is a unitized curtain-wall system
situated in the four faces of the structure. It

is a combination of transparent (vision) glass,
opaque (shadow box) glass, and metal panel
or stainless cladding. The wall has triangular
horizontal fins or bullnoses on the glass

walls that provide lighting pockets for the
structure. The unique feature of the pier wall
is the V-shaped metal panel wall that runs
from the lower part of the structure up to the
roof level. With the wide variety of options for
material to be used for the metal panel, the
final choice was stainless steel sheet.

WT?2 or the Corner Wall (see Figure 4.3) is a
unitized glass curtain-wall, which is the same
type as the Pier Wall. Its unique feature is its
stainless steel sheet panel that runs vertically
along the structure in a zig-zag (chevron)
direction as well as bullnoses, similar to that
of the pier wall.

WT3 or the Mechanical Refuge wall

(see Figure 4.4) is another unitized CW
system that encloses the mechanical

floor where the Heating, Ventilation

and Air Conditioning (HVAC) systems of
the structure are located. This covers an
entirety of seven different levels in the total
structure. The WT3 is a combination of glass
louver in laminated glass for the exterior,
and active louver on the interior.

WT8 Stainless Steel Cladding (see Figure
4.5A) and WT9 Stone Wall (see Figure 4.5B)
are both unitized CW system forming the
opaque panel of the structure. The architect
initially meant for WT 8 & 9 to both be stone
wall cladding; however the final design
output resulted in separating the two

WTs between level 26 and 27 due to code
requirements (JGJ133-2001). WT9 is now a

Figure 4.1. Architect’s renderings of the facade.
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Figure 4.2. Wall Type 1 - Pier Wall
4.2, 55 B — %

stone wall which runs from the base of the
structure up to 123.8 meters high, while WT8
is stainless steel cladding, starting from the
top part of WT9 all the way up to the roof.

The two feature walls, WT 1.2 Observation
Deck (see Figure 4.6A) and WT2.2 Diamond
wall (see Figure 4.6B) both provide a wide
vision glass area at the top of the structure,
while the third feature wall, WT7 (see Figure
4.6C) provides the topmost structural steel
frame; itis clad in stainless steel sheets.

PAFC Design Considerations

The curtain-wall design considers different
external factors that act upon the building.
These external forces contribute to what
becomes the major concern in designing
the CW system of the structure, namely:
structural feasibility, building movement, and
performance of the glass.

Structural Feasibility

As previously mentioned, the ability to
withstand forces of nature such as wind
load, gravity load, seismic load and thermal
load is of utmost importance in a curtain-
wall. These factors dictate the material type,
thickness, size and physical property of the
CW system. Structural failure will endanger
the lives of people near the curtain-wall.

"Wind load"is the term used to refer to the
lateral forces experienced by the glazing
and cladding material supported by framing
members. The wind load is regarded as

the main source of curtain-wall stress and
deflection. To resist the high wind load,

two supporting brackets were provided to
support the frames of the Ping An's CW.

Temperature creates two issues in CW
design. First is the expansion and contraction
of materials (thermal expansions/
movement). Second is the necessity to
control the passage of heat through the wall
(thermal conductivity). Thermal expansion is
included in the tolerances provided for the
Ping An's CW system.

Gravity, unlike the other forces, is static and
constant, often considered as the load due
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Figure 4.3. Wall Type 2 - Corner Wall
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Figure 4.4. Wall Type 3 - Refuge Mechanical Wall
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Figure 4.5. A. Wall Type 8 - Stainless Steel cladding, B. Wall Type 9 - Stone cladding
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Figure 4.6. Feature Walls (A. Wall Type 1.2, B. Wall Type 2.2, C. Wall Type 7)
Fa6. 24k (A BA12, BIEA22, CHEAY)



Figure 4.7. Thermal analysis result for the curtain wall system
EA47.PAFCESE R R T AR

to self-weight. It causes deflections in horizontal load-carrying members, especially under the
weight of large sheets of heavy glass and metal panels. Such deflections must be given proper
consideration, as they could be detrimental to the cladding material in the long run.

Building Movement

Building movement is one of the most important considerations in designing any aluminum
CW, but is often neglected. It is a constant movement of the main structure, concrete columns,
relative movement between concrete slabs, and other structural components where the CW is
attached. These are caused by thermal changes, wind action, gravity forces and deformations
or displacements in the building frame. To disregard this potential is an invitation for trouble.
These can be addressed by proper designing of joints, where a provision for both vertical and
horizontal movement is factored in.

Performance

The performance of the CW pertains to weathertightness due to weather conditions. There
are a handful of environmental elements that need to be considered, but in countries such as
China, specifically the southern tropical parts, sunlight, water and moisture, temperature and
sound are the major factors.

Sunlight provides warmth, color, visual definition and life itself. However, it can also pose a
problem in CW design, such as its deteriorating effect on finishes, polymers, and sealants.
Ultraviolet rays induce chemical reactions that cause fading or serious degradation of materials.
When sunlight passes through the wall, it could bring discomfort from glare and degradation of
interior furnishings. Therefore, it is essential to ensure that materials and finishes vulnerable to
light be thoroughly investigated before use. Sealants must be tested for resistance to changes
in temperature and UV radiation.

Water is probably the most tenacious problem of them all. Wind-driven rain can enter very
small openings and may move within the wall. In the form of water vapor, water can penetrate
microscopic pores and later condense upon cooling. If trapped within the wall, it may cause
serious damage that could long remain undetected and could lead to corrosion. Some of the
water may penetrate the wall, appearing as leaks on the interior.

Thermal conductivity or heat flow is another major design consideration. A system design to
prevent condensation in cold weather or to minimize heat gain and air-conditioning costs

in hot weather is usually a good long-term investment. Materials such as metals and glass all
have high thermal conductivity. With proper attention to detail, aluminum curtain-walls can
provide good thermal performance. This is accomplished by minimizing the proportion of
metal framing members exposed to the outdoors, eliminating short circuits by adding thermal
isolators and breaks, using double glazing or an insulating glass unit (IGU), and providing good
insulation. Thermal analysis is done to check the Thermal conductivity of the curtain-wall
system (see Figure 4.7).

Under normal conditions, even in densely built urban areas, CWs act as a barrier to airborne
sound and prevens sound transmission. Due increased concerns about noise pollution, the
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Figure 4.8. Glass curtain wall system (Shanghai World
Finance Center, China)
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Figure 4.9. Aluminum panels lining a high-rise structure (International Commerce Center,
Hong Kong)
F49. & BAR LHHER (FELRH Z F Q)

Figure 4.10. Building stone cladding (Building near Xintiandi, Shanghai)
E4.10. B M AME (F EFTAHTE)
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need for soundproofing the structure has become a major consideration in CW design. With
careful design and understanding, CWs can be crafted to provide good acoustical performance.

Cladding Material Options and Selections

Glass

Unitized CWs often use glass (See Figure 4.8). Glass produced through the float glass process is
annealed by its nature. If additional strength or safety is required, heat-strengthened, tempered,
or laminated glass may be used. It is available in various thicknesses between 6 mm and

22 mm. Vision glass for a CW may be a single glass panel or IGU. It is generally transparent and
often provides the vision on the exterior of the structure. It is usually assembled into an IGU

to provide thermal conductivity control and better performance. Typical IGUs consist of two
layers of glass with a spacer between the panes. The architect or designer usually specifies the
IGUs for the vision area with a low-e coating material to increase the performance of the vision
glass. On PAFC, the spandrel glass is an IGU with a laminated outer lite and a fully tempered
monolithic glass. An aluminum sheet, 90 mm behind the IGU, provides the Shadow Box.

Aluminum

Aluminum is used for CWs due to its durability, design versatility, and aesthetic potential (see
Figure 4.9). To be both functional and pleasing to the eye, it must be coated with a finish that
enhances color and resists any fading, chalking, pitting, chipping or premature aging. Thus
aluminum coating becomes necessary. There are two existing coatings that are widely used
for aluminum: liquid coating and powder coating. Liquid coating, often referred to as PVDF
(polyvinylidene flouride) coating, is formulated with 70% PVDF and 30% resin. Powder coating,
on the other hand, uses polyester resin. This produces a high specification coating which is
relatively hard, abrasion-resistant (depending on the specification) and tough, although it
can easily fade due to the harmful rays coming from the sun. It is recommended that powder
coating be used in the interior or on the exterior visually exposed. At PAFC, aluminum is used
on framings with PVDF finishes on the exterior side, and powder coating on the interior and
visually unexposed exterior framing.

Stainless Steel

Stainless steel is a metallic alloy combination of chromium and iron. It is known for its high
resistance to corrosion, stains, and rust. It also has a “self-healing” property, when it is scratched
or experiences abrasions. Stainless steel can come in different finishes — mirror, linen, embossed,
or polished but it will not come with paints. Stainless steel for wall cladding can be used for
both the exterior and interior of the building, creating a striking architectural effect, as well as
for railings, door cladding, paneling, framing, and roof cladding. On PAFC, 1.5 mm-thick stainless
steel is used for metal panels. Although stainless steel has a good quality finish (see Figure
4.11), it is very sensitive to denting. Fabricating a stainless steel panel requires intensive proper
handling. At PAFC, ASTM A666 or GB/T 1220 stainless steel sheeting with linen finish was used.

Stone

Stone is a naturally occurring material and is good for architectural purposes. Stone cladding
exhibits a classical yet strong expression (see Figure 4.10). When selecting stone for glazing
material, different factors that affect the production should be taken into consideration. Physical
properties such as geological classification, texture, and fabrication soundness and production
size mostly contribute to the aesthetic character, while the mechanical properties of the stone
contribute to the technical and structural capacity of the stone. In PAFC, a single quarry site
was employed as the source of the stone to maintain the consistency of each stone produced.
Certain processing or finishing can only be done on certain types of stone. Stone surfaces can
be finished in a number of ways that may satisfy the design intent of a structure. Size is often
the limiting factor when selecting stone. Increasing the size of stone is not always economically

Figure 4.11. Stainless steel cladding for visual mock up
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Figure 4.12. Aluminum composite panel for curtain wall cladding (Sky City, Taiwan, China)
E412. 4B A (B AR EZH)

feasible. It will always depend on the structural capacity and the economic value of the stone
type to be used. Stone is the primary cladding material of choice for the lower floors of PAFC.

Aluminum Composite Panel (ACP)

Aluminum composite panels present an alternative building material that combines visual
appearance and structural demands in the best possible way (see Figure 4.12). Its main
advantage is its light weight, rigidity and strength. The color variety of aluminum composite
panels is so extensive that even natural colors such as a wood and stone can be duplicated. The
material is composed of two aluminum sheets bonded by a polyethylene core that is resistant
to weather. The ACP was included in the material selection process for PAFC, but was later
disregarded because a solid aluminum sheet was still preferred.

Terra Cotta

Generally, the broadest definition of terra cotta refers to a high-grade weathered or aged

clay which, when mixed with sand or with pulverized fired clay, can be molded and fired at
high temperatures to a hardness and compactness not obtainable with brick. Terra cotta
usually consists of hollow-cast blocks which are open at the back, like boxes, with internal
compartment-like stiffeners called “webbing,” which substantially strengthens the load-
bearing capacity of the hollow terra-cotta block without greatly increasing its weight. For
walls with higher and longer modulation, terra cotta can be customized to fit the architectural
need (see Figure 4.13). However, increase in size will affect the structural performance of

the terra cotta and additional structural support must be provided. Thus, the cost of several
important components will rise. Also, the material should be tested if the size is customized to
accommodate larger panels. Terra cotta provides a wide range of color, texture, and product.

Because of the natural color of the clay, the color is not commonly affected by the environment.

Terra cotta was removed from consideration for PAFC because stone cladding was still
preferred; terra cotta was not able to meet the architect’s visual intent.

Glass Fiber Reinforced Concretes (GFRCs)

GFRCs are lightweight concrete compounds modified with additives and reinforced with glass
fibers. They are generally fabricated as thin-shelled panels and applied to a separate structural
frame or anchorage system. The GFRC is most commonly sprayed into shapes, although it can
be poured. The glass must be alkaline-resistant to avoid deteriorating effects caused by the
cement mix. The color is derived from natural aggregates, and if necessary, a small percentage
of added pigments (see Figure 4.14). The GFRC main ingredients are concrete Portland cement,
aggregates of selected crushed stone or silica sand, glass fibers, and polymers that improve
toughness. Initially, GFRC was also considered in the material selection process but, stone
prevailed as the material of choice, as GFRC was not able to meet the architect’s visual intent.

Building Codes and Requirements

The Chinese National Bureau of Standards created a hierarchical set of codes. These are often
referred to as “GB standards! They are consistent across all of China and are developed for
technical requirements. The GB stands for Guobiao.

Wind Load Value Consideration
One of the fundamentals of glass selection, glass computation, and frame sizing is to
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Figure 4.13. Curtain wall cladding with terra cotta (Beijing Huamao Center, China)
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Figure 4.14. Glass fiber reinforced concrete cladding material (Songdo, South Korea)
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identify the wind load characteristics existing within a region. The wind load condition

may vary depending on the height of the structure, the location of the structure, and by
existing barriers near. The China Academy of Building Research (CABR) conducted a series
of experiments to come up with the GB Code for wind load. GB Code for wind load is
dependent on the height and area or location of the structure. Because PAFC is a 660-meter
tower, the wind load computed using the GB Code resulted to a high wind pressure.

Furthermore, GB Code for Glass Curtain-wall Engineering (JGJ102-2003), article 5.3.3 states the
wind loading of the glass curtain-wall should coincide with the wind tunnel test result. If the
curtain-wall height is more than 200 meters or the building shape and/or wind environment
condition is too complex, the wind tunnel test is a better wind loading determinant. A

wind tunnel test can predict hot spots on a curtain-wall that cannot be detected through
calculations or codes.

For the PAFC project, Rowan Williams Davies & Irwin Inc. (RWDI), the wind tunnel test provider,
used the 100-year return period (see Figure 4.15). The color indicated in the wind tunnel test
result illustrates the zoning done to identify the glass makeup that was used for the wind load
value. GB Load Code for the Design of Building Structures - Article Explanation (GB5009-2001),
Article 7.1.2 states: with regards to the envelopment of the structure, the loading should be
tested for a 50-year return period. RWDI recommend a reducing factor of 88% to safely reduce
the wind load to a 50 year return for the PAFC.

Metal and Stone Cladding Engineering

The Technical Code for Metal and Stone CW Engineering, JGJ133-2001, did not specify the
height limitation of stone and metal cladding CW. However, it is stated that the code only
applies to building heights of less than 150 meters, and it should be located at areas where the
seismic fortification intensity is less than level 8. If the building height exceeds the limitation, the
code will not be applicable. The PAFC height extends 660 meters above the ground. Since the
stone cladding of the building is restricted to a height of 150 meters, JGJ133-2001 can be used as
a supporting design tool (see Figure 4.16).
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Figure 4.15. lllustration from wind tunnel test study (RWDI, 2009)
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Safety Glass Design

In China, the GB Code curtain-wall design only allows the use of safety glass. It can be in a
form of fully tempered glass or laminated glass. Table 4.1 tabulates the comparison between
two safety glasses.

Tempered glass is one of two kinds of safety glass regularly used in applications in which
standard glass could pose a potential danger. Tempered glass is four to five times stronger

than standard glass and does not break into sharp shards when it fails. Tempered glass is
manufactured through a process of extreme heating and rapid cooling, making it stronger than
normal glass. The brittle nature of tempered glass causes it to shatter into small oval-shaped
pebbles when broken. Check local codes before implementing.

Laminated glass is traditionally defined as 1) Two or more lites of glass and one or more
interlayers of plasticized polyvinyl butyral (PVB) permanently bonded together under heat and
pressure, 2) Two or more lites of glass and polycarbonate with an aliphatic urethane interlayers
between glass and polycarbonate permanently bonded together under heat and pressure,

or 3) Two or more lites of glass bonded with one or more interlayer of cured resin or other
material. This union of materials provides a variety of performance benefits in architectural
applications. Laminated glass'most important characteristic is the ability of the interlayer to
support and hold the glass when broken. This provides for increased protection against fall-out
and penetration of the opening, affording additional benefits such as increased wind loading
strength, impact resistance and resistance of thermal stress (see Table 4.1).

Conclusion

As a conclusion to this chapter, the following items are offered as a summary of a CW design
strategy for a high-rise structure.

1. Identify the different external elements and environmental factors that may exist. This
will dictate the technical feasibility of the curtain-wall.

2. Select and evaluate the materials in the curtain-wall that can withstand the
environment surrounding the building without sacrificing the aesthetics of the
structure. The beauty of the curtain-wall creates a lasting statement for the building.

3. Seetoit that all the criteria of the building codes and design requirements are

achieved or exceeded. These requirements will establish the safety, the efficiency, and
durability of the curtain-wall.

No aspect should ever be deemed negligible when it comes to ensuring the overall
performance and longevity of a building’s curtain-wall, since these structures, once erected, will
stand to outlast the average human’s life span.
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Figure 4.16. Stone Cladding and Stainless Steel Panel Interface
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Property and Fully Tempered Glass Laminated Glass
Requirements CEE S KT

P A E K

Conforming Standard GB/T 9963 - Tempered Glass GB 9962 - Laminated Glass
& F WA GB/T 9963 — 411k, 3% GB 9962 - & 2 # 3

Structural Performance

MR

Tempered glass can be 3-5 times the bending and impact
strength of a normal annealed glass of the same thickness.
WA W I E 5B F % B E oS 83 k/ R RS
3-5f%,

Laminated glass is generally 75% to 90% as strong as
annealed glass of same total thickness.

SR 5B LU ] AR B B R /2R K B 75% ~
90%.

Glass Performance

HFEM A

Coating can increase glass performance.

] DL i R AL TR R R At

Coating is applicable to increase glass performance with
consideration of the PVB layer.

U R EAREMPVBR IR E R BFE A

Safety
ZhE

When fully tempered glass breaks, the glass fractures into
small, relatively harmless fragments. This kind of breakage
can minimize injuries as there are no jagged edges or
sharp shards. Due to this property, along with its strength,
tempered glass is often referred to as safety glass (See
Figure 18).

LTI LB, B oy AR N, AR
] L J% R AR AR T RE R D BB A AR B (L
18) o

The interlayer keeps the layers of glass bonded even when
the glass is broken, and its strength prevents the glass from
falling away from the frame. This produces a characteristic
“spider web” cracking pattern when the impact is not enough
to completely pierce the glass (See Figure 19).

FBEHAERRERER SR AEREL, LR BEFAE
BT, FEEAFZUEHRE, FHE DI ek oRe
AR (LE19) .

Architectural Property

A

Tempered glass can exhibit a wavy pattern due to the
tempering process. But modern technology has helped in
reducing the wavy effect of tempered glass.

MAFEFT RS F AT FHIER, ERARBEET
B R AT LA

Since annealed and heat strengthened glass doesn't exhibit a
wavy characteristic, laminated glass can be flat.

BT R K AR HEIE A I B, KRR IR

Cost Analysis

RALHT

Main input for the cost for tempered glasses is the heat
treatment or tempering.

BRAETEREMHALAELF.

The application of the bonding layer or PVB of the laminated
glass is the main cost for laminated glass.

BRARE B F B R K FRE K PVB.

Potential Problem

Spontaneous breakage of tempered glass

The sudden thinning of the PVB layer or delamination.

PVBk JZ AL % =K ) IR X

As for the spontaneous breakage concern, a 100% heat
soak for tempered glass is recommended.

AT MBI 8%, AT DU 100940 4 3 3B $EAT

W 2 5 WA T REE LA AR BT 8.
Heat soak test or the destructive test applied for tempered | Using PVB interlayer, the edge of the laminated glass should
glass to determine if glass is prone to spontaneous be covered and sealed.
breakage. Tempered glass is stored in a heating chamber FRT. b Sl T kR AR
for 8 hours at 280 °C to 300 °C. REBORN AR B R HARE.
Precaution HAMUHBHATHRAE, FRWAHFEmAHEF280CE
. 300°C, FFPRIRS/NEY, DUSRETHIH Ak BRI IE .

Table. 4.1 Comparison between Fully Tempered Glass and Laminated Glass
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