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PREFACE

This publication exhibits the work created by graduate and
4th-year-undergraduate students at the Department of
Architecture, HKU, during the elective course ,Structural
Research” in the spring semester 2020.

This course specialized in the design and construction of
doubly curved grid structures. Through analysis of existing
structures and innovative research of independent hypoth-
eses, students discover new potentials for digital design
and fabrication. The course implemented a methodology
of research-by-design, fostering self-responsible, crea-
tive research based on well-founded scientific principles.
These principles were taught through theoretical inputs,
hands-on workshops, model making and digital modeling
of reference structures.

Due to the erupting Covid pandemic, this semester was
taught completely online via Zoom, Conceptboard and
Whatsapp. The semester consisted of two parts, Analysis
and Design, inwhich students firstexamined reference pro-
jects and then applied their newly gained knowledge to pro-
pose new applications for asymptotic lamella construction.

The analysis focused on a variety of doubly curved grid-
shells, historical and modern, timber and steel, discrete
and smooth, elastic and rigid. Students investigated their
specific program and functionality, construction process,
and detailing. Through tutorials, students learned how to
conduct digital form-finding and model the spatial grids
of their precedents. Finally, each student conducted a de-
tailed curvature analysis. This research allowed the stu-
dents to draw conclusions on the dependency of geome-
try and construction and deduce strategies to resolve the
complexity of double curvature.

From this analysis phase, students developed their indi-
vidual research-design concepts, looking for new appli-
cations of asymptotic lamella construction at all scales.
These investigations ranged from elastic sun-shading to
secondary facades, from cat cages to reusable formwork
for concrete shells. Each proposal attempting to make
full usage of the geometrical and constructive benefits of
straight lamella construction. The design were detailed
and visualized and high resolution.

Despite the short time and the highly technical subject,
students managed to create architecturally and structur-
ally sophisticated work investigating and designing com-
plex curvilinear building envelopes.

This publication will first show all the analysis projects and
then present the new design concepts.

Eike Schling






The Courtyard of British Museum, England
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PROJECT DESCRIPTION

The Courtyard, British Museum, UK

Student:
Subin Park
AV AV A =7 - N | ntroduction
”AY!#Z‘ =1 = / ' P Robert Smirke, an English architect, designed British Mu-
_ & \WAW 4 seum in 1823, and the museum consisted of four wings
- a = R = el : - g with galleries surrounding a big rectangular courtyard.

After the opening of British Museum in the mid-nineteenth
century, the central courtyard of British Museum was an
open garden with not much function until later the Reading
Room with bookstacks was added to the courtyard as an
extension.
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Fig. 1: The Courtyard of British Museum, England
There are about 6.7million visitors every year, and British

Architect
Foster and Partners

Structural Engineer
Buro Happold

Completion
2000

Place
London, UK

10

Cost
100 million pound (1 biilion HKD]

Structural System
Grid Shell, 100m x 70m

Area
13,990 m2

Site

The courtyard of British Museum which is often referred to
as the Great Court is located in London, UK.

On the south-east side, there is a museum’s main en-
trance along the same direction of River Thames and the
way to Covent Garden.

Museum is a leading tourist attraction in the UK. In order
to cope up with the original congested circulation system
in the building, a brief was given to Forsters and Partners
(architect) and BuroHappold (Engineer) to improve visi-
tors” experience and value to the courtyard.

[1]
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Fig. 3: Site plan

Architectural Structures 1 (2019)



Fig. 4: Section through the primary structure
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Fig. é: Inside perspective

Asymptotic Building Envelope

THE COURTYARD OF BRITISH MUSEUM, ENGLAND
Architectural Concept

The annual number of visitors in British Museum is over
5 million. The museum'’s popularity is as high as Louvre
museum in France. However, the circulation system with
no centralized circulation strategy created a serious con-
gestion along the interior of the building affecting the ex-
perience of visitors to be unpleasant.

Hence, the concept of the courtyard as a new public focus
as well as a flexible circulation space was developed by
Foster and Partners.

The Great Court is entered from the museum’s main level
and connected to all the galaries along the coutyard, while
it is covered by a glazed canopy that is made possible with
the most updated technology and engineering for its form
and structure. The roof is of an irregular form spanning
between the circular Reading Room and the courtyard’s
facade.

4,878 steel members with 1,566 unique nodes and 1,656
pairs of glass window makes up 6,100m? of the roof glazing.

(2]

Functions

The Great Court now serves not only as an internal circula-
tion route but also as a pedestrian route connecting from
the British Library to Covent garden and the river and the
South Bank. It connects the outside public places.

Inside the Great Court, there are several information
points, bookshop, and cafe. The Reading Room in the mid-
dle is also an exhibition space with the staircases encir-
cling around it to have the visitors to the exhibition gallery
and restaurants.

1



CONSTRUCTION DETAILS
Typical Joint

The typical roof joint has a rectangular
hollow steel profile. 5162 steel beams of
the roof intersects at 1826 nodes that are
unique at every node and in 6 directions.
The roof glazing is tinted with frits covered
on the curface in order to prevent exces-
sive solar gain and glares. On top of the
steel beams, there are bolts connected to
the steel capping above and finally fixed
with the glazing. The joint is closed with the
steel node on top. [3]

Fig. 7: Axonometric of typical joint
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Fig. 9: Photo

Fig. 8: Detail of typical joint

12

Elements

1. Double glazing
2. Steel beam

3. Capping

4. Bolts

Typical Support

The roof is sitting on the masonry walls
that are load bearing at the perimeter of
the roof. The roof is further connected with
short steel columns which are sitting on a
newly added reinforced concrete parapet
beams. In order to avoid later loads af-
fecting the quadrangle buildings, there are
sliding bearings to support the roof. The
sliding bearings allow some movement for
the structure during temperature changes
or under the snow piles. It helps spreading
the loads vertically along the facade of the
building. [3]

2
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Fig. 12:Photo
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Elements

Roof glazing

Roof beam

Roof perimeter beam
Steel post

Sliding bearing
Ventilation louvre
Concrete ring beam
Existing stone

ON oINS

Fig. 11: Detail of typical support
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Construction

Before the beginning of the construction,
few thousands of steel members were
manufactured by Waagner Biro in Vien-
na. These materials were shipped for the
pre-assembly into a row of sections that
looks like ladders. These memebrs were
moved to the site by crane and welders
help weld the ladders to make the main
structural grid. In order to prevent the
welding failure as much as possible, a high
grade of steel was used which is usually
used for marine. [3]

Asymptotic Building Envelope

Fig. 13: Photo (after the completion of the building construction]

THE COURTYARD OF BRITISH MUSEUM, ENGLAND

Construction Process

A.

=

Fig. 15: Construction process A, B, C, D

August 1999, The temporary props
suported the individual ladder-like
sections and these ladders were weld-
ed on the site.

November 1999, The pre-assembled
ladder sections made up the roof, and
these sections were tranferred to the
site for 6 month.

April 2000, The roof was nearly fin-
ished, and the construction deck sup-
porting the roof were taken down.

July 2000, Flnally the roof glazings
were fixed on top and the construction
was completed. [3]

13



FORM FINDING
Design shape

The Great Court’s roof is supported along the Reading
Room and the surrounding exhibition area which has a
rectangular boundary. The roof sits on the sliding bear-
ings to prevent the lateral thrusts on the existing building.
Hence, the roof pushes it load outward at the corners of
the structure, and the load is resisted by the tension along
the edge beam.

Thrust force

.

Parameters

The surface is arching up along the rectangle edges in
the outer perimeter, and the origin is on the vertical axis
through the center of the Reading Room.

The curvature approaches the tip of the cone, and it makes
the roof arching up too high which may lead to architectur-
al and structural problems. Therefore, the next step with
shorter cone at the center was performed to control the
arching of the roof.
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Fig. 16: Structural behaviour and form finding workflow

Results

The structural grid went through many steps to achieve the
grid on the right side. Initially, the grid touches the rectan-
gular perimeter unsatisfactorily wherein some triangles
are cut and sometime quadrilateral. The middle drawing
shows the next step taken to resolve this problem, but it is
still very rough. The final step was taken by equally spac-
ing the rectangular boundary and the reading room bound-
ary, then the radial lines are formed. These lines are then
equally divided into segments. The final grid is produced
from the mathematical grid by joining the points of equally
spaced segments.
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Fig. 17: Centerline model
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CURVATURE ANALYSIS

THE COURTYARD OF BRITISH MUSEUM, ENGLAND

Fig. 18: Curvature Analysis

Gaussian surface curvature K

From the overall geometry of the
roof, a quadrant is chosen to run
the curvature analysis due to the
capacity of the computer used.
The surface has both postive and
negative curvature while curves
are mostly in positive curvature.

Asymptotic Building Envelope

Spatial curvature k

The spatial curvature is at the
lowest in the blue area while ap-
proaching to the outer support at
the edge there is a higher curva-
ture k (in red) with thrust coming
down to the edge.

Normal curvature k

The red area indicate where
the surface is curving the most,
while the blue area is relatively
less curved. Near the edge of the
structure, the surface is curved
more in order to withstand the
load of the structure members at
higher level.

Geodesic curvature kg

The geodesic curvature at the
nodes are not curved much as
indicated in blue, while the outer
perimeter and circular edge may
be curved more as indicated in
red color.

0.00 0.05m"

Geodesic torsion |:|g

The geodesic torsion occurs near
to the corner of the roof where
line curves dramatically to reach
the supporting point at the outer
perimeter which shows again the
thrust force is strong towards the
edge of the rectangular bounda-

ry.

15



Fig. 19: Photo

Summary

The roof of the Courtyard at the British Museum, London
is a gridshell structure with double curvatures containing
both positive and negative curvature. The structural grid in
which the geometry is based on has gone through dynamic
relaxation method wherein the process of finding the near-
est points around a node and finding the middle point to
find the smooth curvature surface as possible. This well
prevents sudden kinks on the surface and has an aesthetic
benefits. Structurally, the forces are transmitted smoothly
and the angle at which the forces come down are more
consistent.
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PROJECT DESCRIPTION
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Fig. 2: Multihalle, Mannheim, Germany

Architect
Frei Otto
Carlfried Mutschler + Partner

Structural Engineer
Frei Otto

Completion
1974

Place
Mannheim, Germany

Cost
6 million DeutschMarks

Structural System
Grid Shell, 160m x 115m

Area
Timber Lattice Roof, 9,500 m2

Site

Located in Mannheim, south western part of Germany, the
building is now situated in Herzogenried park where the
Federal Garden Show was held in 1975. A series of tempo-
rary pavilions and infrastructures were built including the
telecommunication tower and the second bridge across
the Rhine.

Multihalle, Mannheim, Germany

Student:
Ji Xiang

Introduction

This multifunction hall was designed by Frei Otto, Carlfried
Mutschler and Joachim Langner in 1974. The timber lat-
tice roof structure has widest span up to 60m, and longest
span to 85m. The highest point is 20m above the ground.
The building is composed by two shell structure that are
connected be a walkway with canopy. The structure re-
mains the largest of its kind in the world till now.

The structure was designed to be a temporary structure
for the Federal Garden SHow in Mannheim but was pre-
served due to its architectural importance. The building
was put under monumental preservation since 1998. The
entire roof is self-supported by timber lattice with a 50
mm by 50 mm cross section. The wood lattice structure is
connected by cables diagonally withing the grid. Roofs are
covered with blackened PVC and was changed into white
after preservation starts in the 1980s. [1]

Fig. 3: Aerial view of Multihalle

Architectural Structures 1 (2019)
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Fig. 4: Section through the primary structure

Fig. 5: Plan view of the roof Fig. é: Inside perspective

Asymptotic Building Envelope

MULTIHALLE, MANNHEIM, GERMANY
Architectural Concept

In the competition held for the Federal Garden Show, the
architecture firm Carlfried Mutschler + Partner won and
was designated to build structure in the central part of
Herzogenried park where the meeting point from various
directions could also serve as café with a terrace. The orig-
inal plan was changed due to construction cost and unsat-
isfying structure solution. Frei Otto came into play with a
grid shell structure constructed in timber which is entire-
ly self-supported. The undulating roof structure leads to
open space to the public with its open structure. The form
finding process was completed with threads connecting as
a net, forming a bowl shape upside down. The form should
be a result of deformation under the self-weight when ten-
sion in the model becomes compression force in the actu-
al roof structure. In order to achieve that, Otto used pins
to simulate the gravitational force. The roof structure is
not simply a result of mathematical calculation but an art
piece that is well-defined by the architect.

Functions

The building was built as a multi-function hall for the Fed-
eral Garden Show in 1975 as a temporary structure. The
structure was listed under monumental preservation
since 1998. Besides holding events like conference and
exhibition under the undulating roof structure, a restau-
rant is currently operating, covered by two merging dome
of timber lattice grid shell structure. The interior space is
full of natural light due to the partially translucent fabric
that covers the roof structure during the daytime. [1]

19



CONSTRUCTION DETAIL
Typical Joint

Laths with 50 x 50mm section are joined
by finger-jointing connection with various
length up to 6m. They were joined in the
factory into lengths 30-40m long. On-site
joints were made by nailing 50 x 25mm
laths on to each side. The node joint in-
volves 4 laths. The two outer laths have
holes of 8mm at 500mm spacing for taking
the threaded rod. The inner two laths have
slotted holes to allow the components slide
during the lifting process. Disc springs are
applied to take the expansion and shrink-
age caused by seasonal moisture variation
in the timber. [2]

Fig. 9: Photo of typical joint

Typical Support

Besides the universal joint detail proposed
by Frei Otto that could accommodate all
the angles of the shell where it meets the
concrete wall, there are different types of
boundary structure in the roof. For exam-
ple, arched openings, laminated timber
beams connected to steel columns, cable
structures supported on steel columns.

The typical joint is achieved by attaching
plywood edge board to the steel brackets
with different angles and bolting the laths
of lattice shell to the edge board.[2]

L\

S0mm x 50mm LATHS \
OF LATTICE SHELL —__\,_ \

PLYWOOD EDGE BOARD
\\
~

SPECIAL 16mem DIA. BOLTS FOR
CONNECTING PLYWOOD EDGE
BOARD TO STEEL BRACKET {0

10mm DiA. BOLTS CONNECTING
LATTICE TO EDGE BOARD —— || |

STEEL BRACKET FOR
CONCRETE BOUNDARY ———ee

A

. A=

8mm Diameter Threaded Bar

1

i :35mm Diameter DiscSpring

! / 55mm Diameter Plain Washer
|

| #

ST
UL

1
47 50mm Wood Lalth

;

Elements Elements
1. 50mm*50mm Lath 1. 50x50mm Lath
2. Shear Block 2. Plywood Edge Board
3. CableTie 3. Steel Bracket
4. 8mm Threaded Bar 4. 10mm Diameter Bolt
5.  55mm Diameter-Plain 5. 16mm Diameter Bolt
Washer
6.  35mm Diameter-Disc
Spring

-3

Fig. 8: Detail of typical joint Fig. 11: Photo of typical support
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Construction
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The construction begins with laying out and
assembling the lath grid. The grid was then
lifted by several towers from bottom on a
9 x 9m spacing. Forklift trucks were used
to jack up the towers when the headroom
become sufficient. Towers were over-lifted
and lowered later to find the correct shape
in the end.[3]

Fig. 13: Photo of Multihalle interior

e

<

Fig. 14: Photo during construction

Asymptotic Building Envelope

Construction Process

The timber lattice grids were laid out flat
on site. Two construction method about el-
evating the shell structure was proposed.
The first one was to use crane pull up the
grid which requires erecting the crane on
limited site and it was abandoned because
of high cost. The second one was to use
towers lift up the grid from bottom of a 9

Fig. 15: Construction process A, B, C, D

MULTIHALLE, MANNHEIM, GERMANY

x 9m spacing. Once the grid was lifted and
deflected, boundary supports at the bot-
tom pushed inward to secure the gridshell
shape.[3] As long as the shape was correct,
the bolts at each node were fastened. The
PVC membrane was laid out over the roof
and tailor made in accordance to the cur-
vature.

21



FORM FINDING
Design shape

The gridshell roof form was generated via an experiment
by hanging a funicular net at edges. Under ideal condi-
tions, the tensile force would transform into purely com-
pression when reverse the shape on horizontal plane. The
roof construction went from flat timber lattice grid to shell
form by pushing inward the boundary and pushing upward
the lattice grid through multiple points.[1]

Parameters

During the form-finding process, the edge of grid shell and
supporting points were set at first. Then the lattice grid
with spacing of 1.5 m was set inside the contour lines. The
grid is perceived as tensile net with edge support and pint
support. The funicular shape was automatically generated,
and the shape was refined by adjusting the load and net
strength.

Results

In the Multihalle the highest point was 20 m above the
ground with longest span of 85 m. The final shape in the
form-finding process was determined by seeking for the
20 m tallest point in the model, which happens at the area
with longest span.

Fig. 16: Centerline model

Fig. 17: Form finding workflow

22
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CURVATURE ANALYSIS

Fig. 18: Curvature analysis
Spatial curvature k
The gaussian curvature is the highest at

top and gradually reduces from top to bot-
tom.

Asymptotic Building Envelope

Normal curvature k

The normal curvature is the highest at the
dome top and reduce at the the junction
part.

Geodesic curvature kg

The geodesic curvature remains relative-
ly the same on top of the dome structure.
Geodesic curvature starts shifting when
coming to the boundary and at the junction.

MULTIHALLE, MANNHEIM, GERMANY

0.0 0.1m”’

Geodesic torsion Dg
The geodesic torsion becomes gradually

higher when surface transit from dome to
irregular arch shape.
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Fig. 19: Exterior view of Multihalle

Summary

Integrated with structural beauty and undulated form, the
Multihalle designed by Frei Otto is truly remarkable. The
long-span wood structure gained its strength via double
curvature surface while using much less material compar-
ing with other long-span roof structure.

From deign to construction, the funicular net model played
crucial role in the entire process. The gridshell of equal
spacings made it easy for the earlier construction stage.
Sandwiched design and slot detail at the joint provide flexi-
bility when raising the entire grid from ground. [3]

24
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Structure, Stuttgart, https:/mai-nrw.de/vom-raumwunder-und-
seinen-ingenieuren-die-multihalle-in-mannheim/#
Joachim Langner / saai | Southwest German Archive
for Architecture and Civil Engineering, KIT, Carlfried
Mutschler & Partner Archives, https://www.bauwelt.de/
themen/bauten/Frei-Otto-Multihalle-Mannheim-2845677.html
Workers working on exterior cladding,https://mannheim-
multihalle.de/wp-content/uploads/2017/10/mh_projekt_wunder-von-
mannheim_bauphase_c-saai-747x480.jpg
16 By author
17 By author
18 By author
19 Multihalle Exterior View, ©Daniel Lukac, https://mannheim-
multihalle.de/wp-content/uploads/2017/09/mh_projekt_slider_
aussenansicht_daniel-lukac.jpg

Architectural Structures 1 (2019)



yksa, Russia
dnseo Lee

i Hw

L
|_': "'\"'

" -Produétion-Hgll. Vi

A \

AT



PROJECT DESCRIPTION

Fig. 1: Production Hall by Vladimir Shukhov in Vyksa

Architect
Vladimir G. Shukhov

Structural Engineer
Vladimir G. Shukhov

Completion
1898

26

Structural system
Truss, 38.4m

Area
2,803.2 m?

Place
Vyksa, Russia

Site

The production hall is constructed in Vysksa where 150km
southwest of Nizhny Novgorod. The production hall is
owned by Vyksa Steel Works, producer of metal products
founded in 1757. The town, Vyksa was founded in 1765 and
was granted town status in 1934. The population is around
56,201. [2]

Production Hall, Vyksa, Russia

Student:
Hwanseo Lee

Introduction

In a small town of Nizhny Novgorod called Vyksa, the pro-
duction hall was constructed, and it was the introduction
of the first doubly-curved structure by Vladimir G. Shukhov
(1853 - 1939) to the world. The gridshell structure was built
in 1897 and constructed a year after. In 1980s, the build-
ing was abandoned and left for tow decades. The gridshell
covered 73.00m x 38.40m consist of five 14.60m wide bays
with 4 trussed arches [1].

Architectural Structures 1 (2019)



PRODUCTION HALL, VYKSA, RUSSIA

Architectural Concept

| | The gridshell roof is divided into five parts by four columns/
o - ‘ = | | _ arches which are trussed and three-hinged. The roof cov-
| ' ers 73.00m x 38.40m which is 14.6m wide for each bays.
— ; Looking at the longitudinal view of the hall, six vertical

1 [ T TP cantilevers are bracing the building and create four arches
on the facade. Those six cantilevers are connected to the

Fig. 4: Section through the primary structure arches with tie rods. With the main structure, arches, the

, _ . s o tees tos o e polygonal top chord becomes the gridshell roof.

jr- - t : T 4%1%"43—3?—3 There is no historical document that mentions about ge-
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l ometrical elements of the gridshell. Also, from the draw-
ing of the structure, it is hard to know the shape of the
structure is from a circle, a parabola, an ellipse, or other
curves. The drawing tells us that the rise of the shell is
1.98m.[2]

38 404
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Functions

The gridshell is an industrial architecture that has to pro-
tect machines from wind, rain and other climate factors.
Besides the protection from the weather, the industrial ar-
chitecture should provide high headroom with large space
without obstacles that avoid any disturbance when the ma-
chines are running and moving in the space. The produc-
tion hall carried out manufacturing metallurgical products
and the wide span allowed people to use the space more
flexibly.

Fig. é: Inside perspective

Asymptotic Building Envelope 27



CONSTRUCTION DETAILS
Typical Joint

The Z-shaped steel members from the
gusset plates intersect each other and
form a diamond mesh. At the intersection,
the members are connected to 8mm thick
shim plates which are equilateral triangles
with a 120mm edge. The shim plates con-
nect the upper and lower layer of the grid-
shell members with three bolts to create a
soft moment connection.[3]

Fig. 8: Axonometric of typical joint

@

Fig. : Detail of typical joint
Elements

1. Z-shaped steel section
2. Shim plate

3. Bolts

28

Typical Support

The gusset plate is the joint between the
Z-shaped steel members and the arch
structure. The Z-shaped steel members
(h=80mm, b=50mm, t=7mm)] form the pa-
rabola shape and fixed on the gusset plate
(8mm thickness) which is bolted on the
top chord of the arch. Some of the gusset
plates are shifted to compensate for the
height of the polygonal top chord and it
provides higher stability to the gridshell.[3]

Fig. 11: Axonometric of typical support

Fig. 10: Gusset plate

®
®
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®
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Fig. 12: Detail of typical support
Elements
1. Steel arch structure 4. Steelwire
2. Gusset plate 5. Z-shaped steel section
3. Bolts
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Construction Construction Process
The structure that supports gridshell is
trussed arch which is made out of steel L
beam. At the top of the arch, each halfs of
the arch is connected with a flexible joints.

The structure of the facade on the front and
rear side of the building consists of six ver-
tical cantilevered trusses and an interme-
diate orthogonal grid of cross beams.

The cantilevered trusses and intermediate
vertical members carry the L-shaped ridge
beam, which follows the same parabolic
curve as the trussed arches. The arrange-
ment of the cantilevered trusses in the
front facade does not follow the spacing of
the vertical posts in the trussed arches.

Nor does it comply with the spacing of the
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Fig. 15: Steel structure Fig. 15: Construction process A, B, C, D

Asymptotic Building Envelope

PRODUCTION HALL, VYKSA, RUSSIA

longitudinal running tie-rods that balance
the shear of the gridshells. Only the out-
er vertical cantilevers align with the rods
that brace the inner corners of the trussed
arches.

The spacing of the vertical cantilevers de-
creases from the center towards the sides,
refuting the assumption that the spacing
might reflect equal contributory facade ar-
eas. Most likely, the layout of the cantile-
vers was determined by functional require-
ments, like the widths of the portal doors
at the front facade or others.[1]
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FORM FINDING
Design Shape

There is no historic evidence on how Shukhov generated
the form of the gridshell in Vyksa. Neither are written doc-
uments available, nor do the existent construction draw-
ings yield any precise information about the geometric
principles that determine the surface. The curved mem-
bers of the gridshell run diagonally, meaning that start and
end point are offset by four bays. The exact shape of these
members could not be measured accurately enough to
discern whether the curve stems from a circle, a parabola,
an ellipse or some other curve of higher order. (Parabolas
and segments of circles with small rise-to-span ratios dif-
fer only slightly). The historic drawings only indicate that
the clear rise of the shell is 1.98m, measured perpendicu-
lar to the parabolic curve of the top chord.

Parameters

Most likely the geometry was generated by moving an
obliquely oriented segment of a circle along the parabolic
top chord of the truss, as shown in figs. 4d. The segments
were all identical, with the same fixed radius and chord
length. With the clear span of the shell between the top
chords of the trusses, the horizontal distance between
start and end point of the member at the apex, the chord
length can be approximated with 15.39m. The vertical dis-
tance between start and end point and the apex of the pa-
rabola and the rise of the shell according to the construc-
tion documents the arch rise of the circular segments can
be obtained. With the chord length and the arch rise, the
approximate radius of the circular segments can finally be
gained as 14.80m.[1]

30

Results

The resulting surface is again a freely defined translation
surface. This approach seems to be the most practical, as
all the members are identical and can be manufactured
using the same template. However, the usage of only iden-
tical elements has implications on the arrangement of the
members. As the gradient of the parabola varies and gets
higher towards the endings, the arc lengths of the equal-
ly divided parabola increases likewise. Thus, the start and
end points of the members don’t line up with the spacing
of the truss anymore as one moves outwards. This effect
can be witnessed at the springs of the trussed arches, an
observation that affirms that the supposition of identical
elements of the same lengths is correct.[2]

14630

38195

Fig. 16: Centerline model

Fig. 17: Structural behaviour and from finding workflow
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CURVATURE ANALYSIS

Fig. 18: Curvature Analysis

Gaussian surface curvature K

The surface of the gridshell has
positive [(synclastic) curvature
which means the value of k1 and
k2 is both possitive. r1 and r2 are
the radius of circle that is tangent
to the curves on normal plane. r1
has less value compare to r2.

K=k, xk,=1/r, x1/r,

Asymptotic Building Envelope

Spatial curvature k

In the curvature of the grid shell
is shown on the analysis of spa-
tial curvature. The gridshell has
various range of curvature on the
corner part. The curves starts
from lower part of the edge of
the gridshell and attached to the
upper part of arch. The curviture
is lowest where the curve is at-
tached to the lower part especial-
ly the corner, and highest where
the curve is attached to higher
edge of the arch.

k2+k?=Ke

0.05

0.053m™

Normal curvature k_

The normal curvature is occur-
ing the most of upper part in this
gridshell. The normal curvature
is largest at the top of the chord
of the gridshell. However, like the
analysis of the spatial curvature,
the curves at the corner have
lowest normal curvature on the
nearest part of the corner. The
range of curvature is from 0.05
to 0.053 which is very similar. The
reason of the small range is the
normal curvature is similar on all
the structure.
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Geodesic curvature kg

The geodesic curvature occurs
where the curvature of the curve
is projected on the surface’s tan-
gent plane. The geodesic curva-
ture is mainly concentrated along
the two longest sides of the form.
At the center of the lonsgest side,
the geodesic curvature is rela-
tively less.The middle of the grid-
shell has low geodesic curvature
as shown on the diagram.

PRODUCTION HALL, VYKSA, RUSSIA

0.009 0.015m”

Geodesic torsion |:|g

The geodesic torsion is mainly
occurs when the curve is twist-
ed. In this gridshell, the geodesic
torsion is highest along the short
side of the form, and very less
torsion at the top of the gridshell.
Interesting point is the geodesic
torsion is opposite from the nor-
mal curvature.
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Fig. 19: Photo

Summary

Vladimir Shukov's gridshell is the first generation of grid-
shell, so it cannot be introduced as a perfect example of
the gridshell. However, the invention of the new type of
structure enlightened other architects. The project con-
tains a lot of knowledge about the curvature and teaches a
lot of informations regarding structure.

It was astonished by the technology of the earliest grid-

shell, and also how the information of shuchov's gridshell
is not as known as his other projects.
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PROJECT DESCRIPTION

Fig. 1: Photo of the Centre Pompidou, Metz

Architect

Shigeru Ban Architects
Jean De Gastines
Gumuchdijian Architects

Structural Engineer
Cecil Balmond, Arup Ingenieros

Completion
2010

Introduction

The Centre Pompidou in Metz was built to house the tem-
porary and permanent exhibitions from Musee Nation-
al d’Art Moderne. [1] It was a first experiment in French
cultural decentralization, storing 65,000 artworks and
being the institute that own Europe’s largest collection
of contemporary art. The modular exhibition spaces were
offering the dimension to facilitate the very large pieces
and huge installation, in order to solve the problem of that
some artworks cannot be shown in the Paris museum due
to the 5.5m ceiling height under the beam.
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Centre Pompidou, Metz, Paris

Student:
Ying So Yi

Site

Metz is a city know for many parks and green spaces. The
Centre Pompidou-Metz is part of the redevelopment plan
of a 50 hectre zone, named as Quartier de 'Amphitheatre,
which is a deserted industrial wasteland. The Centre took
up 2.8 hectre and located at the western half of the zone,
which is at the closest point to the city centre, which can be
access easily by train. [2]

The Centre Pompidou-Metz is surrounded by a terrace and
two gardens. The sloping terrace provides a direct access
to the railway station. The five-arce garden is planted with
flowing cherries, which can use the rainwater collected

Place from the roof and terrace. Numerous pathways are creat-
Metz, Paris ed for the vistors.
Cost

$69.33 million euro

Structural System
Timber Hexagonal Roof

Area
11330.0 m? RN

Fig. 2: Comparative section
The three 15m modular structures are surrouding the cen-
tral spire rising 77m above ground. The hexagonal roof
structure corresponse to the floor plans and cover the
building. With the help of CAD systems and CNC milling _
machine, it enables multi-directional curves for the grid ‘

shell and pre drilling for the final assembly. The prepa- fen00n, tean,, i
ration and installation of the wood mesh, which compris- Scnnne,
es of 18km of glue laminated timber beams, has taken 10 Y
months.[3]. / 83

Fig. 3: Site plan
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Fig. 5: Plan/top view of the primary structure

Asymptotic Building Envelope

Fig. é: Inside perspective

CENTRE POMPIDOU-METZ, METZ, FRANCE
Architectural Concept

Inspired by the Bilbao effect from Guggenheim Museum,
the Centre Pompidou-Metz aimed to form an interesting
three-dimensional interior space and increase the ease of
displaying and viewing art, thus architecturally leaving a
deep impression. [4]

One of the goals for the redevelopment of the Amphithéa-
tre district was preserving the environment and achieving
sustainability [3]. Using the minimum amount of materials
is one of the requiremnets for the project. Hence, the idea
of creating a roof with grid shell structure using laminated
timber was popped up, as it can be adopted as roof, walls
and column at the same time.

Functions

It is aimed to create simple volumnes with a clear circula-
tion among them. For the spatial arrangment of gallery in
the museum, 3 simple square tubes with long, 90m deep
rectangular volume arranging around a hexagonal steel
frame tower with stairs and elevator.[4] The 3 tubes ex-
trude out fo the envelope and face towards to the land-
marks of the city. The tubes are rotated so that the natural
light can be able to come in.

Gallery Tubes 1 and 2, it is an exhibition space for display-
ing sculptures, which takes advantage of the natural light
permeate through the roof. At the ends of the 3 gallery
tubes frame the views to the city’s monuments. Interstitial
areas between the large roof and the gallery tubes have
various funtions and create space for gathering, such as
cafe, auditorium and studio for live performances.
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CONSTRUCTION DETAILS
Typical Joint

The roof is a double layered timber grid-
shell with a 3-way parallel grid. The planks
are overlapping each other in 3 directions,
then, the second layer of planks are placed
with a wood spacer in between, which helps
to increase the depth and the structural
performance. [5] The 3 way woven timber
grid was induced with the 6 layers of glue
laminated timber planks at 16inch offsets
with steel bolts joining the hexagonal node
points [5].

Fig. 7: Axonometric of typical joint 1:200

Fig. 9: Photo of the hexagonal lattice

Elements

1.

i T
RO RRRIRAATATATrAT

‘HHH%

HH\

iy

Fig. 8: Detail of typical joint 1:30
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Wood plate cover
(320*200*25mm]

Steel plate
(260*160*15mm)

Bolt M24

Hexagonal plywood node
(150mm ]

Wood spacer
(615*225%60mm)

Glue laminated timber
beams [ L*440*140mm)

Membrane
Connector of the membrane

_@

Typical Support

The whole roof is supported by the hex-
agonal 77m truss spire and also the four
inverted conical downward extensions of
the grid shell which extended downward
to reach the ground [6]. The timber has
become a space frame system, they are
deformed and become the piers and meet
the four pile caps in the foundation [7].
They made the roof evenly spaced from the
center and supported at the foundation,
that is structured at the similar way with
the Canopy [7]. The extensions are rein-
forced by the pre-stressed bolts and metal
rings. Gravity and lateral force are resist-
ed by the complex timber lattice, transfer-
ring load down through the timber then
gradually to the friction piles.

g

Fig. 10: Axonometric of typical support, metal ring fixing
the place of the timber

Fig. 12: Photo of the downward extension
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Elements

1. Laminated timber grid shell
2. Concrete

3. Extruded Steel tubes

4. Pier footing

Fig. 11: Detail of typical support/ Section of pier footing
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Construction

Unlike conventional grid shell structure,
the glue laminated timber allows to per-
form planks with specified angle. Each
pieces of timber are fabricated in its own
length and predrilled. Through adopting
CNC, the timber was then adjusted to its
unique curvature, allowing more flexibility
to the curvature of the grid shell [6]. But at
the same time, it wasted a lot of materials.
Steel formwork was made to hold the tim-
ber pieces so that grid shell can be built
according to the 3D model that is prepared
in the CAD.

There is a 12 inch gap left between the tim-
ber and the membrane in order to let the
air flow. [7]

Fig. 14: Photo of the supporting tower

Fig. 13: Photo of the Center Pompidou Metz during construction

Asymptotic Building Envelope

Construction Process

Firstly, the trussed hexagonal steel tower
was constructed as it was the main struc-
ture that holding the 3 gallery modules.
Then, the 3 gallery tubes and other build-
ings are constructed.

Then, the formwork for the grid shell help
to stablize the position of each timber
beam was built. Construction of the roof
was begun at its highest point. The scaf-
fold supported helps to support the tower
and allow the timber framework to be built
from the central tower to the edge[5].

The load of the roof are supported by the
shoring tower through out the construction

(8l.

CENTRE POMPIDOU-METZ, METZ, FRANCE

The grid shell is then covered by the PTFE,
a kind of water proof membrane. It is con-
nected to the timber beam by the T-section
steel elements.
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FORM FINDING
Design shape

The timber roof structure was inspired by traditional Chi-
nese woven straw hat. It was composed of a pattern of
hexagons, which is the symbol of the geographical shape
of France.[4] and equilateral triangles inspired by woven
bamboo basket. The grid shell was position to be an un-
conventional and iconic design as it was aimed to create
an bilbao effect. It was a double curvature grid shell. Each
of the elements are prefabricated and the shell is fixed by
the timber nodes.

LI PIAL PP
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Parameters

A. Modelling the patterns

1. Create a hexonagal repetitive pattern

2. Connect lines in the middle points of each segments.
The network has applied two of the common tessala-
tions, which is a hybrid of hexagonal and triangular
network.[9]

3. Trim off the excessive lines to create a regular pattern
only with hexagon and equilateral triangle

B. Modelling the surface and projection of the pattern to

the surface

1. Confirm the positions of the 3 gallery tubes and other
building blocks in order to determine the opening of
the grid shell

2. The pattern was then projected to the mesh of the
shell.

Results

A wireframe model was then determined and confirmed
the geometry of the grid shell. Wooden glu-lams were
used to replace the wireframe, which produced nearly
1,800 double curved segments. [10] It results in a 3 way
doubled layer structure. zDue to the complicated curva-
ture, each of the timber components were fabricated with
a custom curve along its length, then CNC to be milled with
a second curvature and additional twisting so as to lami-
nate the timber plants in two directions [5] . Fig. 17: Form finding workflow
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CURVATURE ANALYSIS

Fig. 18: Curvature analysis

Gaussian surface curvature K
Centre pompidou has a com-
plex double curve structure. The
downward extension experience

a variation of curvature.

K =k,"k,= 1/r,*1/r,

Asymptotic Building Envelope

Spatial curvature k

As the pattern is projected to the
surface, the pattern at the sup-
porting part of the grid shell is
elongated and steep. Thus, the
part which brace the support-
ing element together experience
great curvature. For the curves
that is broken down and reach the
ground, it has the least curvature.

K=k 2+k 2

Normal curvature k|

Normal curvature refers to the
curves that is tend to the normal
section. The beam that is elon-
gated to the foundation and prone
to Y axis tend to experience less
normal curvature, whereas the
beams that is blended into the
horizontal plane experience more
normal curvature.

CENTRE POMPIDOU-METZ, METZ, FRANCE
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Geodesic curvature kg

Geodesic curvature refers to
curves that are tend to the tan-
gent of the surface. If the slope of
tangent of the curves are steep, it
will tend to engage with a higher
geodesic curvature. Hence, the
beam in the x direction tend to
have a higher k,
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Geodesic torsion [lg

Geodesic torsion refers to the
twisting of the cruves. The elon-
gated part experience the great-
est torsion as they were twisted
to meet the ground.
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Fig. 19: Interior view of the entrance
Summary

Centre Pompidou undoubtedly has a provoking form of
gridshell, giving a unique and attractive shape, making it
become a landmark in Metz. It was a product that heavi-
ly relied on CAD and 3D stimulation, that each component
are precisely model in the computer. With the help of tech-
nology, the fabrication of roof has been easier, which al-
lows to build a grid shell with freeform surfaces and hybrid
patterns.
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PROJECT DESCRIPTION

Fig. 1: Chadstone Shopping Centre exterior view

Architect
CallisonRTK (Designer)
The Buchan Group (Architect)

Structural Engineer
Atelier One

Completion
2016

Place
Melbourne, Australia
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Cost
AUD $660 million expansion

Structural System
Steel & Glass, spanning 44m

Area
7,080sgm free-form grid shell

Site

Chadstone Shopping Center located not far from the center
of Melbourne, the extensive scale of this curvy roof opens a
new identity to the existing shopping mall. The new expan-
sion on the north end of the existing shopping center which
is where the grid shell structure constructed. [2] Base on
the extreme weather of Australia, the selection of materi-
als was highly considered to coordinate with this complex
structure [3].

Chadstone Shopping Centre, Melborne, Australia

Student:
Lai Cheuk Yan, Joyce

Introduction

Chadstone Shopping Center located in Melbourne of Aus-
tralia, it is a seamless synthesis celebration on the tech-
niques of engineering and architecture. The Centerpiece of
the project is the extensive grid shell glass roof that ris-
es right on top of the atrium, the design of the mall which
makes it the most popular and largest shopping center in
the area of Southern Hemisphere. [1]

The Shopping Centre will be expanded with major interna-
tional retailers, upscale dining options and family-focused
entertainment area.

The 25 meters high, 7,080-square meter roof was a collab-
orative work among designers, architects and engineers,
they also collaborate with the research departments from
the University of Stuttgart and the University of Bath. The
design team focused on parametric 3D modeling to opti-
mize the massing by integrating video animation and com-
puter rendering. [2]

Fig. 3: Site plan

Architectural Structures 1 (2019)



CHADSTONE SHOPPING CENTRE, MELBOURNE, AUSTRALIA
Architectural Concept

Chadstone is well known for its iconic feature of the
grid shell roof structure, 1-M high, 7,000-SM grid
shell glass roof, resulting in a dramatic, column-free
space. The grid shell device, which is sourced, fabri-
cated, and designed in Europe. With the minimal use
of materials, the grid shell structure is the most ef-
fective solution to achieve this complicated form. [3]

Arching over the shopping mall's expansion area
and rising 25 meters above the ground, the de-
sign illustrates the feeling of the European, out-
door shopping area to an Australian interior mall. [5]

Fig. 4: Primary structure and glazing The glass roof must follow the geometry of the shop-
ping malls layout and so the result is a complex free-

i ,,;; form grid shell with spans of up to 44m. The design of
;”;E the structure creates its openness and its gallery-like
j;;,’ X continuous atrium to the building. [6] In the main
;‘tfﬁ'f,"?.é.ﬁz\ while, its high, dome-like glass roof could success-
LR fully give access to the daylight, penetrating the nat-

ural lighting to the double-height shopping mall. [6]

Melbourne’s  climate was another unique as-
pect that had to be considered. With a glass roof up
to 260 m long, the site’s high temperatures might
lead to deformations up to 135 mm for the roof.
Therefore, the glass roof supports need to hold the high
roof loads, but also include a sliding detail to accommo-
date the roof's deformations caused by the extreme cli-
mate. [4]

Functions

N
o
o

The expansion accommodates over 100 new retailers; it in-

cludes an extensive line of leisure and food operators. In

order to turn the flourishing and thriving shopping center

; into a lifestyle venue. The compositions of the curvature

i conducted multiple waving to the grid shell canopy; it suc-

& cessfully provided an iconic design to the users, also, gave
a sense of openness to the shopping center. [6]

o
e
5N

LR
L

mww i
Laa L
A

N, ey
N

N

Loy
Y
LT

-
ooy
o T
A

\“
R

A
S

o

A

Fig. é: Plan/top view of the primary structure
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CONSTRUCTION DETAILS

Typical Joint
(individual Steel Connection)

The steel frame is high strength steel
profile sizes vary and are factory finished,
fixed with the custom precision machined
reliable steel node. [7] Through the bolt ac-
cess holes, they are connected with corro-
sion-resistant high strength bolts three on
each side. [8] The bolt access holes can be
capped, and the joint could penetrate well
around the perimeter contact, which re-
sulted that connection is not highly visible
from the outside. [6]

Va4
AR

Fig. 7: Photo

€
Fig. 8: Axonometric of typical joint
3 1 3
I 5 | —
| | 11 4 I 10 | 4 I | |
D © mHHE
5 HH 2
I © THe
D © T
11 I 11 I

Fig. 9: Detail of typical joint
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Elements

1.
2.
3.
4.
5.
6.

Insulating glass
Steel frame member
Glazing fixtures
Bolts access hole
Bolts

Steel nodes

Typical Support

The gridshell structure contains its
strength, which derived from its double
curvature and its lattice framework. The
overall form is slightly started with a low-
er point on the long inner edge and rais-
ing higher on the other. [9] The gridshell
was designed by CallisonRTKL and man-
ufactured by Seele. The roof consists of a
catenary steel gridshell glazed with quad-
rilateral panels of varying sizes. The load
would be more massive on the lower side
[9], in which edge beams were installed to
support the heavier loads of the gridshell.
[10] The form is highly efficient with its 210
mm thick framework, covering the area of

\

Fig. 10: Axonometric of typical support

around 7000 sqm and allows clear spans of
up to 42 meters in some areas.

Fig. 12: Detail of typical support
Elements

Insulating glass
Steel frame member
Bolts

Edge Beams

Steel Plates
Foundation

cU R w2
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CHADSTONE SHOPPING CENTRE, MELBOURNE, AUSTRALIA

Typical Joint ,
(Connection of Frame Member) :

The frame members were prefabricated within the dimen- ' ? f
sion of 18x 4.5 m as the limitations for ease of transpor- . y,

tation. 5,168 frame members, 56 edge beams, and 2,810 , /!
steel nodes were transported to the building site, lifting 14
them to the right position and installed. [15b] Each of the /

i

frame members will be connected one by one, connect-
ing with the steel nodes and fixed with three bolts on the . .
steel plate at the end of each frame to form the free form I/ . P - 4
grid shell structure. [12]The insulating glass panels would b SV

be installed on top of the steel frame, and panels were / « /

fixed with 3 or 2 rectangular fixtures on each side, which
matched and connected the steel frame. [12]

Fig. 13: Typical joint Fig. 14: Photo
Construction & Construction Process

The fluctuating weather conditions and the strict lo-
cal requirements of the on-site logistics created a tight
construction schedule for this project. The steel frame
manufacturer Seele developed an effective solution for
the steel and glass roof; the roof segments were pre-as-
sembled primarily at a site 35 km away under much more
robust conditions. These segments, measuring up to 18
X 4,5 m, with perfectly coordinated operations, could Lift
into place and fixed one by one effectively to prevented
interruptions caused by the steady wind flow on-site. [13]

The construction started from the edge beams, then con-
nected them according to the order of the frame members.
After each frame member connected with the node, insu-
lating glass panels are installed on top. [14]

Fig. 15: Construction process A, B, C, D
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FORM FINDING
Design Shape

The building roof is in a U shape composition, and the grid-
shell is formed under a Square grids layout. The bounda-
ries are fixed on the edge; the node bolts effectively help
as retaining the overall shape. [15] The double curvature
of the shell generates fundamental structural action in re-
sisting the asymmetric loads along with a long linear

U shaped plan layout. [15]

Parameters

The panel layout has been seamlessly mapped to the build-
ing perimeter to provide an elegant boundary between the
roof and supporting structure. Under the collaboration
with the University of Bath, they developed a specific script
that could be used to translate 2D point-controlled quad-
rilateral grid into a 3D parametric mesh. By combining
the critical interrelated aspects of the roof form, the glass
panels and structural efficiency were articulated for the
construction. [16a]

Double curvature with projecting sqaure grids on top, The
grid shell structure is in discrete to coordinate with the
glass panel installations, more efficient on installations,
and with less bending was conducted. [16b]

Results

The structure containing various concave and convex
formation, double curvature are conducted along with
a linear plan layout. The gridshell is completed with
124 m x 105 m grid layout, the gridshell structured within
the height from 5.7m to 12m. [16a].

The overall gridshell is arching high, it is slightly started
with a lower point along the inner edge and raising higher
on the outer edge. [16b] The load would be more massive
on the lower side [16], in which edge beams were installed
to support the heavier loads of the grid shell covers the
area of around 7000 square meters and allows clear spans
of up to 42 meters in some areas. [16b]
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Fig. 16 [a] Elevation A Fig. 16[b] Elevation B

Fig. 16 [al, [b]: Centerline model

[a]l

[b]

[c]

Fig. 17: Structural behaviour and from finding workflow
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CURVATURE ANALYSIS

1 {
T 1 —
[a]Perspective
a a
b b
[b] Elevation

Fig. 18: Curvature Analysis

Gaussian surface curvature K

The south portion of the gridshell
is being chosen for the curvature
analysis. The radius of the tan-
gent circles conducting positive
value at where “a” point is located
on the surface, while the “b” point
is maintaining a saddle shape; it
would contain a negative value.
The gridshell consists of both
positive and negative curvatures,
creating an overall gridshell
consist of various concave and
convex treatment to balance the
loads under this long linear plan
layout. [17]

Asymptotic Building Envelope

Spatial curvature k

Spatial curvature contains the
data of normal curvature and ge-
odesic curvature

kn?+kg?= k2

Normal curvature k_

Normal curvature are mostly
happened on top of the convex re-
gion, conducted larger areain red
with normal curvature, while less
normal curvature happens when
the shape get to transforming
into a concave form.

CHADSTONE SHOPPING CENTRE, MELBOURNE, AUSTRALIA

Geodesic curvature kg

More of the Geodesic curature
are evenly distributed among the
gridshell, the curves turns side
ways the most.

0.00 0.04 m™

Geodesic torsion Dg

Geodesic torsion happens when
each vector are not aligned with
each others, the highest tosion
happens near the concave area
of this gridshell, the curves are
tiwsting which resulted geodesic
torsion.
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Fig. 19: Top view of the gridshell roof
Summary

The overall design of the gridshell is effective and efficient,
since the repetitions on the use of materials, it shows the
effectiveness and benefits to the cost for constructions.
The ideas of the joints details and support increase the
stability of the construction, while the connections are
highly concealed to provide a clean surface on the exterior.

The most exciting condition from the analysis would be
the discoveries to its form-finding and how it coordinates
the decision-making of the network system. The structure
is conducted by various concave and convex formation to
achieve this extensive long plan layout. The overall dra-
matic form with a discrete steel structure could maintain a
stable and durable framework for the roof.
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PROJECT DESCRIPTION

Fig. 1: Solemar Brine Baths
Architect
Geier + Geier

Structural Engineer
Hezel+Stehle / Wenzel Freese Portner Haller

Completion
1987

Place
Bad Diirrheim, Germany
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Solemar Brine Baths, Bad Diirrheim, Germany

Student:
Gyuhyeon Choi

Introduction
Solemar Brine Baths is a public bath in Bad Diirrheim.

Over past years, public baths have undergone a drastic
change. From simple body-cleaning institutions, to sports
centres and multiform recreation centres with adventure
pools. There has been not only a proliferation of the bath
types, one can enjoy warm water, cold water, artificial
wave, whirlpool baths, and supplementary facilities as
saunas, solaria, therapy rooms and relaxing rooms are

Cost now also proliferate. This has given rise to new spatial

ca. EUR €19.8 million concepts that underline individual areas without physical
separation of each fluid spaces.

Structural System

Timber Grid Shell/Rib Shell, 20m Glued laminated timber ribs assembled to form gridshells
draped over five column trees, as wood offers greatest re-

Area sistance to the vapours from the salt water of the baths,

Membrane Roof, 2,500 m?2 also to reflect on the wooded region around it. [1]

Site

The Brine Baths is located at Bad Dirrheim, a relative
small town, situated on the east of Black Forest a large,
forested mountain range. Bad Diirrheim is recognised as a
place for spa and health resort with a therapeutic climate. v B =
[1] Fig. 2: Site plan

Architectural Structures 1 (2019)



Fig. 5: Plan/top view of the primary Fig. é: Reflected plan view of Fig. 7: Photograph of inside perspective

structure primary support

Asymptotic Building Envelope

SOLEMAR BRIN BATHS, BAD DURRHEIM, GERMANY

Architectural Concept

The Brine Baths, is a transferred idea of the tent construc-
tions developed for the Munich Olympic Stadium, material
change to wood, which due to its building physical proper-
ties that is well suited for the roofing of swimming pools
and brine pools. For the free floor plan, five 9.1m to 11.5m
high tree supports were created which stand around a
small courtyard. They support the rib shell on 6 or 8m di-
ameter rings, hanging meridian ribs and ring ribs. [2]

The forms were generated digitally and follow stress tra-
jectories. The shells are formed from a combination of
meridians hanging to natural canary lines between the five
column trees and annular rings. [1]

Functions

The glued-laminated timber offers the greatest resistance
to the aggressive vapours from the salt water of the baths.
(4]

The ground, including the floor and each individual units
of brines, stairs, shower cubicles are casted in-situ with
concrete.

The whole multifarious panorama is covered by a brad roof
with a total area of 2,500 square metre. The roof shell rises
from five column trees, from one and down to the arched
boundaries to next. The arched surfaces between the col-
umns split up the interior areas. Highest “tree” is 11.5m,
stands on an island large swimming pool and brings nat-
ural light in, in 8m diameter ring, centred on a 36m diam-
eter space. Second highest “tree” is 10m, supporting 7m
diameter ring, centred on a 30m across space. Allowing
free floor plan with only 5 column trees, allows users to
circulate freely from a bath to another. [2]
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CONSTRUCTION DETAILS
Typical Joint

The position of the ribs has been adapted
to the principal stress trajectories, as a
result of which they are mainly subjected
to tensions and compression.The ring ribs
are embedded in the meridian ribs at a dis-
tance of 80 cm with thickness dimensions
of 8 x 8cm and 12 x 14cm. [3]

The meridian ribs and ring ribs are con-
nected to each other by true pin connec-
tion, then layered with two layers of diago-
nally layered shear-resistant timber sheet
strips [1].

Fig. 8: Photograph of typical joint

Fig. 9: Axonometric of typical joint

a. Pin
b. Glulam ring rib
c.  Glulam meridian rib

Fig. 10: Detail of typical joint
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Typical Support

Tree columns are joined with the meridian
ribs on one ring. The meridian ribs run in
the middle of the ring and connected with
dowels. The tree supports are composed of
9 segments, which spreads like a branch of
a tree, with the ring fixed at the end, joint
with the meridian ribs.

In the corners of the shell, cast steel bear-
ings embedded in beech plywood panels,
which mainly absorb the horizontal sup-
port forces. The weight of the edge arches
is removed via the facades. [3]

Glulam meridian ribs
Glulam column ring
Timber dowel rods

Branch of a tree column
Glulam joint

9 segments of tree column
Reinforced concrete base

Q@ "0 a0 oo

Fig. 12: Detail of typical support
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Construction

Brine bath is designed through digital mod-
eling. It was designed with the computer
program EASY, for form finding membrane
structures, in respect to the stress loads.

[5]

With digital calculations on the stress
load on the roof, Glued-laminated timber
products are pre-fabricated in the facto-
ries under controlled conditions. To create
complex double curvature and sometimes
twisting elements, the glulam ribs are built
up from number of laminates. First curving
on one plane, then bonded a second time to
create the curvature needed.

1111 L

Fig. 14: Photograph of radial rib shell

Asymptotic Building Envelope

Fig. 13: Photograph of tree column
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SOLEMAR BRIN BATHS, BAD DURRHEIM, GERMANY

Construction Process

A. Tree columns are lifted up by Jacks,
meridian beams hanging from the
tree columns are pin connected to the
boundary box panels and corner cast
steel bearings.

B. Each pieces of ribs are held together
by finger jointing.

C. Two layers of diagonal timber board-
ing is applied, for its shear strength.

D. Finally, the roof is covered by PVC
membrane. [1]

gl

e, "\I -

Fig. 15: Construction process A, B, C, D



FORM FINDING
Design Shape

The timber roof structure was a transferred idea of the
tent construction developed for the Munich Olympic Stadi-
um, changing material to wood, due to it building physical
properties that is well suited for brine bath. The whole tim-
ber roof structure is a tension roof, combination of 5 tent
structures, supported by 5 column trees joined together,
and supported by the local points of supports in compres-
sion on the outer edge. [4] The position of the column trees
is determined such that the load could essentially carried
as membrane stresses, modelled through the computer
program.

Parameters

a. Grid of the structure is settled by subdividing the circle
into multiple segments to form a polygon. Unlike most of
the shell structure, it has a cylindrical grid, origin being
the centre of the circle. The upper ring and the lower circle
had to be divided into same number of sides of the polygon,
joining them and lofting to form a cylindrical surface. Then
this surface turns into a mesh with uv curves and control
points.

b. Number of timber beams and rings, that defines ten-
sion and physical property of the roof, are defined through
the uv curves along the structure, u value being meridian
curves, whereas v value being circular curves.

Results

Overall shape of one section from five column tree has re-
sulted. With imposition of centre tree column supporting
the highest ring, and facade supporting the edge arches,

will allow free floor plan as like the function of Brine Bath.

The combination of 5 different shells to one full structure
needs to be further studied.
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Fig. 16: Centerline model

Fig. 17: Structural behaviour and form finding workflow
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CURVATURE ANALYSIS
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Fig. 18: Curvature Analysis
Gaussian surface curvature K

Brine Bath has negative cur-
vature throughout the surface,
since it was modeled to follow
tensile structure. With its high-
est point on the column ring, and
negatively curved shape touches
the facade on the outer ring. (will
be modified after modelling two
rings of tree columns)

Asymptotic Building Envelope

Spatial curvature k

The curvature of the grid shell
The curvature is low on lower
parts of radial rings, and high on
higher parts of radial rings.

Normal curvature k

The normal curvature is when
the curve is corresponding to
the normal section. The highest
normal curvature is on the upper
part of the radial rings, where it
gradually lowers after, as shown
on diagram.

SOLEMAR BRIN BATHS, BAD DURRHEIM, GERMANY

Geodesic curvature kg

The geodesic curvature is where
the curvature of the curve is pro-
jected on the surface’s tandgent
plane. The highest geodesic cur-
vature is focused on the radial
rings, rising as the meridian ring
gets steeper, and on the outer
edge, it is relatively low, as shown
on diagram.

Geodesic torsion lg

The geodesic torsion is when the
curve is twisted. For Brine Bath,
the geodesic torsion remains low
on all parts of the grids, since the
structure is designed through
computer programme and pre-
fabricated before construction.
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Fig. 19: Photograph of interior view
Summary

Solemar Brine Bath is one of the first computer modeled,
prefabricated gridshell in the history. From tensile struc-
tural method, change in material to timber adapt its wet
environment, while main tree columns in the centre and
casted steel bearing on the outer facade, creating space
for programme. Its complicated computer design at the
time period is greatly appreciated, it still stands and func-
tions in present.
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PROJECT DESCRIPTION

Fig 1: Munich Olympic Stadium, Munich, Germany

Architect + Structural Engineer
and Partners, Frei Otto

Completion
1972

Place
Munich, Germany

Site

The site provided the main source of inspiration of the then
architect Frei Otto and his partner Giinther Behmisch. The
design of the canopy structure was designed to emulate
the nearby Swiss Alps. [4] The stadium is located in the
centre of Olympiapark Minchen, which is situated at the
north of Munich, Germany.

Fig 2: Elevation

58

Cost
137 million German marks

Structural System
Large pipes and steel cables

Area
74,000 m?

The site itself was originally an airfield and former train
ground for the Bavarian Royal Army as well as Munich’s
first airport. It offers a series of gentle slopes that de-
scends along the landscape. The formation of the terrain
was built after World War 2 with post-war rubble that was
transported to this part of the city. [5] Visitors of the sta-
dium can climb up the stadium and the roof of the tensile
structure as well to fully witness and immerse themselves
into the natural landscape.

Munich Olympic Stadium, Munich, Germany

Student:
Ho Wing Hei, Christy

Introduction

The Munich Olympic stadium is one of Germany's most
revolutionary and culturally distinctive landmarks. Its
structure was designed by Frei Otto and Gunther Bah-
nishch for the 1972 Olympic Games in after World War 2,
and they were given an important task of creating a struc-
ture that showcased Germany in a new light.

Today, the stadium itself stood the test of time and has re-
mained an incredible architectural feat and local landmark
in post-war Germany. The Olympic stadium itself can seat
more than 80,000 spectators at the time of the Olympics.

[1]

During its construction, the project itself evoked local out-
cry as the price of construction sky-rocketed to over 137
million German marks. [2] The new and revolutionary ap-
proach of the design also caused concerned over the ero-
sion of local German history and heritage. At the time of
the Olympics, this was overshadowed by the unfortunate
news of the Palestinian terrorists hostage attacks which
ultimately ended in tragedy. [3]

T

Fig 3: Site plan
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Fig é: Detailed view of the primary structure

Asymptotic Building Envelope

Fig 7: Inside perspective

MUNICH OLYMPIC STADIUM, MUNICH, GERMANY
Architectural Concept

Frei Otto designed the lightweight canopy structure with
a vision to emulate the draping rhymes of the Swiss Alps,
which resulted in this sweeping landscape of acrylic glass
onto of the stadium that is both distinctive and outstanding.
The translucency of the structure’s glass material was de-
signed symbolise the new democratice Germany after the
World War 2. The light canopy is suspended over the main
stadium and branches over to the olympic gyms and pools.
The stadium was inspired by “Earth Stadiums”, which took
use of the topography of the site by carving into the ground
to accommodate for the seats of the stadium. [6] This con-
cept allows the structure to blend in and become one with
the beautiful landscape.

Function

The function of the lightweight structure was to create a
cover as spectators sat to watch the games, and also to
create shelter for athletes as they competed. Tensile
structure are more advantageous compared to traditional
buildings in terms of its lack of stiffness and light weight.
Its surface geometry is anticlastic, which allows itself to
derive its strength from its own built-in tension. It was
important that the overhead structure did not cast uneven
shadows on the field as it would disturb competitors. As a
result, the material of the suspended roof was designed to
be translucent. [7] The translucency of the structure also
prevented the canpy from blocking the views of spectators
as they watched the games.

In addition to that, the stadium had the very important so-
cial role of redefining Germany’s image to the whole world.
The proposed stadium was seen as a new opportunity for
the country to forge a new impression of themselves espe-
cially after the war. The location itself was also especially
significant since the previous Olympics in Berlin was held
under the Nazi regime, which German was desperate-
ly trying to prove that was not a part of anymore. [8] The
design needed to serve a political function to prove that
Germany was no longer part of its past, and has moved on
since its defeat in the war.
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CONSTRUCTION DETAILS
Typical Joint

For the typical joint, cables are arranged in pairs and they
are connected with the swagged clamp connection which
forms a 75 by 75 cm mesh. This ensures easily construc-
tion of joints since it only requires clamps and screws,
with one bolt per joint. The joint goes through two layers of
clamps which secures the 4 cables together. This allows
for a network of twin strands with nodes that are freely

rotatable. [9] @ @
These cable nets created by the typical joint are all assem- oot

bled on ground and then lifted upwards to their final po-
sitions. This allows for the pre-stressing of cables before
they are put into position. Aluminum clamps

Hexagon bolt

Barrel wedge

Fig 9: Axonometric of typical joint Fig 12: Detail of typical joint
Typical Support

Atypical support of the structure is the edge mast-support
cable connection. The edge cables are made of locked coil
ropes and they frame the entire tensile structure and sus-
pend it from the masts.

The edge cable connection is secured with a steel anchor-
age connector, which is the body of the connection. Abarrel  Fig 10: Photo of typical edge cable support At W
cap fastens the cable to the connector and makes sure that

it will not be undone during extreme weather conditions. Edge Cable Anchorage detail e
T i
| 'Y
| * /
| o SR L
! '/ AR
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4
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Fig 11: Axonometric of edge cable connection Fig 13: Detail of edge cable connection
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Construction

Each of the crossed pair of cables create
grids of that span 75cm long to ensure the
safety and convenience of construction
workers. The interaction joints of the grids
were pre-stressed through an automat-
ic process, so that the aluminium clamps
with central holes would be pressed and
secured onto the strands, assembled
on ground and then lifted upwards to
their final positions. This allows for the
pre-stressing of cables before they are put
into the position.

Saddle connection

Fig 15: Summary of cable connections

Asymptotic Building Envelope

Fig 14: Erection of cable networks

MUNICH OLYMPIC STADIUM, MUNICH, GERMANY

Construction Process

There are 4 main steps for the construction
process:

A. Construction of concrete piles and
seating: The first step is to construct
concrete piles and seating of the sta-
dium for a strong foundation.

B. Installation of pre-manufactured steel
masts: They were erected and drilled
into the base. The masts act as tension
foundations that anchor the main ca-
bles down into the ground.

Fig 16: Construction process A, B, C, D

Installation of saddle type net and
plexiglass: the main cable was at-
tached to the base and the secondary
cables were next to the masts and the
base. Tertiary cables were attached
from the grid shell to the base.

PVC coated polyester and fabric was
inserted into the gridshell one by one:
The transparent panels were already
pre-stressed and chosen and secured
onto the upper side of the network.
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FORM FINDING
Design Shape

In plan, the tensile structure itself is a semi-circle that
wraps around the stadium and the Olympic Park. The
form of the design is discrete since the kinks on its facade
create distinct nodes. The structure acts similar to soap
membranes. The stadium’s architect, Frei Otto, used soap
bubbles to find the smallest possible surface area for the
tensile structure.

Parameters

The design begins with a flat square surface. Its verti-
ces and points in between are anchored downwards. Two
points are attached and anchored at the middle of the
mesh and lifted upwards to create a tent-like structure.

Results
This creates a self standing structure that are anchored

to the ground with its surrounding edges, with spaces in
between for stadium space.

Fig 17: Minimal surface studies by Frei Otto
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Fig 18: Centerline model

Fig 19: Structural behaviour and form finding work flow
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CURVATURE ANALYSIS

(o]

Fig 20: Curvature Analysis

Gaussian surface curvature K

The Gaussian curvature is the
most positive and the highest at
the peak of the structure, where-
as nearer to the bottom of the
peak, the gaussian value is more
negative since it is a tensile struc-
ture. At other parts of the tensile
structure, the gaussian surface
curvature is closer to zero.

Asymptotic Building Envelope

MUNICH OLYMPIC STADIUM, MUNICH, GERMANY

Spatial curvature k

The spatial curvature is how bent
the surface is. The k value is the
highest especially at the edges of
the structure, since it is where
the surface is anchored down,
causing high stress. This is also
true at the peak, where there is a
lot of bending

Normal curvature k_

The normal curvature is the high-
est at the center of the peak,
since it is where the curve's
curvature in the direction of the
surface normal is the highest. At
other points of the structure, the
normal curvature is close to zero.

Geodesic curvature kg

The rate of rotation of the tangent
around the normal is the high-
est at the peak and the edges of
the structure. This measures the
projection of the vector of the an-
gular rate of rotation of the tan-
gent.

Geodesic torsion [|g

The rate of rotation of the tangent
plane is also the highest near the
peak of the structure. This rate is
measured with respect to the arc
length during the movement of
the tangent lines.
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Fig 21: Bird's eye view

Summary

The Munich Olympic Stadium can be considered as one
of the most significant projects of Frei Otto. It utilizes the
soap film technique to find its optimal and most efficient
form, and it has created a strong, efficient, yet lightweight
tensile structure that can be still used today.

Frei Otto, being one of the pioneers of tensile structure,
has allowed generations of architects to understand the
importance of utilising everyday things that we use in our
lives to re-envision how we can design new and efficient
architecture.
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PROJECT DESCRIPTION

Fig. 1: Interior view

Architect
Cullinan Studio

Structural Engineer
Buro Happold

Completion
2002

Place
Singleton, England
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Cost
£ 1.3 million

Structural System
Oak gridshell, 48m lo

Area
Floor area, 1,220 m?2

Site

On the South Downs, the Downland Gridshell is located
close to natural resources. There are rich timber resourc-
es and to harmonize with historic timber buildings, the
architect chose to use the timber as the major material.
Along a path to the building, there are mature beech and
ash trees which creates nice shade.

Downland Gridshell, Singleton, England

Student:
Mirae Nam

Introduction

The Downland Gridshell was designed by Edward Cullinan
Architects with structural engineers Buro Happold and
Green Carpentry Company, completed in 2002. This was
the first double-layer timber gridshell building construct-
ed in the UK. It was built with green oak by using traditional
and innovative building techniques. As the result, its curv-
ing form and natural material beautifully harmonize with
the surrounding South Downs landscape.

The Downland Gridshell is part of a new building for the
Weald and Downland Open Air Museum in Sussex. The
building serves as a workshop for conservation, restora-
tion and training, and an archive storage for tools and arti-
facts spanning six centuries [1].

Fig. 2: Elevation

Fig. 3: Surrounding landscape
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Fig. 4: Cross section

Fig. é: Structure

Asymptotic Building Envelope
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DOWNLAND GRIDSHELL, SINGLETON, ENGLAND
Architectural Concept

Edward Cullinan architects proposed an innovative build-
ing that would respond to the physical demands of the Mu-
seum and the sense of foresight held by its directorship.
Rather than mirror the past, the new structure was to cel-
ebrate the special environment of the Weald and Downland
region and serve as an exemplary structure for modern
rural buildings.

A gridshell is a structure that gains its strength and stiff-
ness through its double curvature configuration. Its ad-
vantages are a minimum use of materials, structural ef-
ficiency and the creation of a large volume, as well as the
potential for quick and cost-effective construction [1].

Functions

Edward Cullinan Architects were asked to add a workshop
and education center to the existing museum complex, the
design for which would need to respond to the museum’s
collection of buildings and reinforce its aim to explain the
design concept and building techniques trough architec-
ture forms. The space needed to be large enough to re-
assemble and display salvaged medieval timber-framed
buildings and house workshops, teaching sessions and
display spaces. ECA’s response to this was the concept of
a rural ‘barn’ that could be built as a functional enclosure

[2].
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CONSTRUCTION DETAILS
Typical Joint

The clamping assembly consists of a gal-
vanized steel plate with steel pegs pro-
truding on both sides which are inserted
into holes drilled into the innermost laths
in order to exactly locate the intersection.
Plates on either side with four bolts clamp
the whole assembly together. The two out-
er laths are not drilled as they will need to
move slightly to accommodate the curva-
ture of the structure [3].

@

Elements

o @

Typical Support

Prior to the assembly of the gridshell, ma-
rine ply fascias were attached to the floor
and the ends of the Glulam beams. Blocks
have been laminated at each point on the
fascia where a bracket exists inside the
fascia. A further layer of marine ply match-
ing the inner fascia is added to form a sand-
wich consisting of two layers of marine ply
and four thicknesses of lath. The sandwich
will be secured with bolts through the ply
and laths and the whole sandwich will be
bolted to the brackets at the end of the Glu-
lam beam forming a fully rigid fixing at the
base of the structure [3].

1. 30x50mm loak rib lath
2. 105x105x8mm galavanized steel clamping plate
3. Mé

Elements

; 1. Marine plywood fascia
2. Glulam beam
@ 3. Angle brasket
© @ 9 4. Bolt

Fig. 8: Axonometric of typical joint Fig. 9: Detail of typical joint Fig. 11: Detail of typical support
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DOWNLAND GRIDSHELL, SINGLETON, ENGLAND

Construction Construction Process

The workshop space was built of green oak A. Grid laid flat on scaffolding

strips joined together to form long laths.

A diagonal grid of these laths was initially B. Scaffold is lowered and the Gridshell
formed flat on top of a supporting scaffold. starts to take shape

Using gravity, the edges of the grid were

then lowered gradually a few centimetres C. Theroofis added

each day into a three-dimensional shape

resembling a three-nut peanut shell. This D. The gridshell structure is clad in
was secured to the edges of the timber Western Red Cedar

platform above the lower level. Cladding,
roofing and installation of the ventilation
system were then added [4].

Fig. 12: During construction Fig. 13: Construction process A, B, C, D
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FORM FINDING

Design shape

The Downland Gridshell has a triple bulb hourglass shape.

The shape of the gridshell is primarily driven by stiffness

requirements; the double curvature of the shell generates
geometric stiffness and is fundamental to its structural
action in resisting asymmetric loads.Both physical and

computer modelling played an essential role in determin-

ing the final geometry [5].

Parameters

The lattice was laid out as a flat mat composed of squares
with a 1m edge length; the resulting lattice mat would be
47m long x 25m wide stretched longitudinally to achieve
the 50m length of the completed structure. In this way the

Fig. 14: Centerline model

central node in each of the three domes was positioned

according to their final

longitudinal and transverse location. This meant that lon-

gitudinal changes in length were minimised adding a con-
trol; the central node of each dome could be monitored to

check that their movement was vonly vertical [5].

Results

It is 50m long, varies in width from 12.5m at the valleys to
16m at the crowns, while its height varies from 7.35m in the

valleys to 9.5m in the central dome.

Fig. 15: Form finding workflow
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CURVATURE ANALYSIS

DOWNLAND GRIDSHELL, SINGLETON, ENGLAND

Gaussian surface curvature K

This gridshell shape has both
positive and negative curvatures
at different parts. At the A point
of the diagram, radius of tangent
circles are both having positive
value, however, point B has one
negative and one positive value.
Therefore, A is positive curvature
and B is negative curvature.

Asymptotic Building Envelope

VAN

Spatial curvature k

This diagram shows the spatial
curvature of the gridshell. The
value of k varies along its flex-
ion of the surface. This form has
highest curvature on the top of
the hill, and intermediate part
which connect the hills has rela-
tively low values.

Normal curvature k_

Normal curvature is a curvature
value happens only in the normal
section. Most of red range occurs
on the top of there humps. And,
gradually gets lower at the bot-
tom.

AR

RN

Geodesic curvature kg

Geodesic curvature is the bend-
ing force generated toward side
to side. For the downland grid-
shell model, Geodesic curvature
value is very low, as the curves
are mostly bending logitudinally,
but not transversly.

0.00 0.18 m”

Geodesic torsion [|g

When the normal of the point
changes along the curve, it will
create Geodesic torsion. On this
form of girdshell, highest torsion
generated on the concave area.
As the curve on intermidiate area
need to change the direction
drastically, it results the high ge-
odesic torsion.
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Fig. 17: Photo
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Summary

Downland Gridshell is a typical type of gridshell that has
various characteristics. They used timbe material to blur
into the surrounding, also it created an unusual double
curvature volume in single large plane using the proper-
ties of elastic material.

To achieve this result, the architect and engineers had
been gone through numerous tests on physical and tech-
nological prototypes. After they sorted out with most diffi-
cult part, computing and calulating, the small details fol-
lowed to make the architecture more subtle.
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PROJECT DESCRIPTION

Fig. 1: The interior of Aquatoll Neckarsulm

Architect
Kohlmeier und Bechler

Structural Engineer
Schlaich, Bergermann und Partner

Completion
1990

Place
Neckarsulm, Germany

Cost
Unknown

Structural System
Gridshell

74

Area
560 m?

Span
25 m

Grid Width
1Tmx1m

Radius of Dome
16.5 m

Rise
5.75 m2

Aquatoll, Neckarsulm, Germany

Student:
Muye Ma

Introduction

In 1988, Schlaich Bergermann und Partner were select-
ed to design the swimming complex in Neckarsulm. The
scope entailed covering the pools with a glass dome that
was to be as transparent as possible. In the end, the grid-
shell structure became a1

Site

The swimming complex is located in Neckarsulm, a city in
northern Baden-Wiirttemberg, Germany, near Stuttgart,
and part of the district of Heilbronn. The residential com-
munity has a big green space that covers the whole area
where most buildings are low-rise. The swimming com-
plex provides multiple water activities, and the gridshell is
performing as a roof structure covers a public swimming
pool and connects the indoor space with other facilities.

Fig. 2: Site plan

%

Yt

Fig. 3: Comparative section

Architectural Structures 1 (2019)



Fig. 5: Plan/top view of the primary structure

1,4, 5, 6. Schober “Transparent Shells”, 2016
2, 3. Schling “Repetitive Structures”, 2018

Asymptotic Building Envelope

Fig. 6:

Inside perspective

AQUATOLL, NECKARSULM, GERMANY
Architectural Concept

The initial considerations for the scheme were based on
rotational-symmetric domes But these were unsatisfacto-
ry, because of the bar density increased towards the cen-
tre, where the highest level of transparency was desired.4

Furthermore, in the spirit of the firm’s philosophy some-
thing entirely new was to be created. Rather than repeat-
ing existing methods, the aim was to make a contribution
towards building innovation. Innovations do not fall into
one’s lap; they are the results of development. They are
based on knowledge, experience and creativity. In engi-
neering there are practically unlimited solutions.4

In the end, the idea of applying the principle of quadrangu-
lar mesh with rotatable node connections on domes under
compression loads is used.5

Functions

The roof structure is using the quadrangular meshes; it
makes sure that there is enough light going through the
glazing, and it creates a simple, clean look of the struc-
ture. The quadrangular shape is shiftable, meaning that
the parts around the edge are more deformed than that in
the centre. Hence, the grid has an advantage to make sure
that the length of each number is equal to 1 meter; there-
fore, it makes the construction much simpler.6
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CONSTRUCTION DETAILS
Typical Joint

Because the mesh angles become rather
acute from the center to the edge when the
structure expands, the joint needs to be
flexible and adjustable with a certain angle
in order to be feasible in all over the dome.
Bars are bolted and curved following the
dome radius R; a twin cable clamped with
a centre bolt is to allow the joint rotating in
a certain angle.”

T

Fig. 9: Perspective of the joint

MM MmN

Fig. 8: Detail of typical joint

Fig. 7: Axonometric of typical joint

76

Typical Support

The primary grid is assembled by flat bars
made of 5235 structural steel, with 60 * 40
mm the bar size. The grid is also cross-
braced by twin cables with a diameter of
5mm. The glazing is employed by spheri-
cal curved insulating glass panels, which
are having the same radius with the dome,
directly placed on to the bars to avoid the
torsions of the bars.®

Fig. 11: Detail of typical support

Fig. 12: Detail picture of the joint on the grid

Architectural Structures 1 (2019)



Construction

The dome is constructed by using a single
node type, and all bars are equal. All the di-
mensions of prefabricated bars are highly
controlled by the CNC machines, all glass
panels are prefabricated. Therefore, there
is one type of joint strap; one type of flat
bar, and one type of cable clamp. The only
disadvantage is that the glass panels are
different, which increases the cost of man-
ufacture.?

Fig. 13: The grid in the sunset

Asymptotic Building Envelope

Fig. 14: The top view of the dome

Construction Process

The assembly process is relatively more
straightforward since all the parts are
prefabricated. The workers started to
assemble the bars from the edge of the
dome.10Since all the members are pre-
cisely calculated when the workers put all
the bars together, they naturally formed
the shape of the dome, and the glass pan-
els were placed and sit on the grid."

Fig. 15: Construction process A, B, C, D

AQUATOLL, NECKARSULM, GERMANY
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FORM FINDING
Design shape

The dome is originally generated from a sphere with
a radius of 16.5 meters. The footprint of the struc-
ture is an irregular shape, which combined by five arcs
with three different radii that share the same central
point on the plan view. the irregular shape provides
the interior more sunlight from a certain time of day.

To generate this shape, | used a mesh geometry that has 1
meter for the spacing of the grid on top of the sphere; then,
the mesh geometry was pulled into the sphere to create a
uniformed mesh, so the mesh length is smooth and always
equal to 1 meter, which represents the bars on the dome.

The diagonal cables are generated from the dome grid,
which are discrete.

Parameters

To generate this shape, | used a mesh geometry that has 1
meter for the spacing of the grid on top of the sphere; then,
the mesh geometry was pulled into the sphere to create a
uniformed mesh, so the mesh length is smooth and always
equal to 1 meter, which represents the bars on the dome.

The diagonal cables are generated from the dome grid,
which are discrete.

Results

The final result has the smooth curves that represent the
bars and the discrete diagonal numbers that represent the
cables.
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Fig. 17: Structural behaviour and from finding workflow

Smooth
Discrete

Fig. 18: Smooth vs discrete

3. Creating the diagonal discrete

cables

4. Clean the edges to get the final

result
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CURVATURE ANALYSIS

Gaussian surface

Fig. 19: Angular and curvature analysis

Gaussian surface curvature K

Because the dome is cut from a
sphere, the gaussian curvature is
the same all over the geometry,
which is equal to 0.003673.

Asymptotic Building Envelope
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Spatial curvature

Spatial curvature k

The spatial curvature on is consi-
stent on the dome, which is k? =
k2+ kgz, since the geodesic cur-
vature is equal to 0, the spatial
curvature is equal to the normal
curvature, which is 0.06.

Normal angle

Normal curvature

Normal curvature k

The normal curvature is consist-
ent on the dome, which is 0.06.

AQUATOLL, NECKARSULM, GERMANY

Geodesic angle

Geodesic curvature

Geodesic curvature kg

The geodesic Curvature is con-
sistent on the dome, which is
equal to 0.

Torsion angle

Geodesic torsion

Geodesic torsion [|g

The geodesic torsion is consistent
on the dome, which is equal to 0.
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Fig. 20: The exterior view

Summary

The Neckarsulm Aquatoll dome is a very cleverly designed
structure to maximize the functional efficiency and mini-
mize the cost. By studying this geometry, we can easily find
that the design makes the manufacture and the assembly
in a very refined way. A good grid sheld design is choosing
the most optimized option to fulfill the function while re-
ducing the cost; therefore, the Neckarsulm Aquatoll dome
perfectly achieved the goal.
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PROJECT DESCRIPTION

Fig. 1: Photo of Eiffel Tower Pavillion

Architect
Moatti-Rivierel architecture studio

Structural Engineer
RFR

Completion
2014

82

Cost
25,000 Franc

Structural System
Gridshell

Area
4,260 m?

Eiffel Tower, Paris, France

Student:
Xiaopei Zhang

Introduction

For thirty years, Eiffel Tower finally got the opportuni-
ties to update the first level. Due to the heavy population
of the visitors to the tower and monument, the previous
public spaces is unsuited for the tower. The upper levels
of Eiffel Tower owns smaller space but better scenery of
Paris. There are always being crowded on the upper floor
but less visitors on the first level. It should be attractive
and modern and functional. The new series of pavilions
are 57 meters above the Paris, designed by Moatti-riviere
Architecture Studio. The project proposes an imroved ex-
perience of the tower which will elevate the positive asso-
ciations within the city. The 1st floor of the Tower is still
inaccessible to people with reduced mobility, the project
will give them access to these spaces.

Site

Eiffel Tower Pavilion is located on the 3 sides of the first
floor of Eiffel Tower, which was built for entertainment fa-
cilities, 57 meters above the Paris and the monument.

| e

N

Fig. 2: Comparative section
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Fig. 3: Section through the primary structure

Fig. 4: Plan/top view of the primary structure

Asymptotic Building Envelope

Fig. 5: Inside perspective
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EIFFEL TOWER PAVILION, PARIS, FRANCE
Architectural Concept

The architecture firm designed this crazy project aims to
provide an experience augmented by the Tower and the
open space on the first level. In all, 4,260m? of space area
will be seperated into several distinct spaces for the en-
joyment and entertainment of visitors. Renovation and
modernization went through the whole project. The goal
of the pavilions is to give the public more access to all the
levels so that it can strengthen the Eiffel Tower’s power of
attraction and make it even more spectacular. It cantains
technology, transparency, a playful, sensory experience in
the heart of the Paris.

Functions

The new functions will replace the original reception
and conference rooms into dedicated visitor information
booths, restaurants, shops, boutiques, and attractions.

Sitting between the pillars of the metal columns, the cur-
rent opaque floor and balustrade grille will be replaced
by glass to enhance the views below. The two new struc-
tures will utilize transparent facades where the gridshell
and roofs with brown and red sheet metal skins will be
installed. Each interior unit’s flooring will be covered by
wooden panels and steel strips.
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CONSTRUCTION DETAILS
Typical Joint

All mounts requiring drilling, bolts or weld-
ing were not permitted,In order to avoid
any damage to the iron lattice structure.
Each of the newly added elements had to
be clamped onto the existing structure.
Standard bolted constructions are nor-
mally around ten times more stable than
clamped solutions, so construction plan-
ning and execution of the work needed to
be painstakingly accurate.

84

Fig. 6: Axonometric of typical joint

Fig. 7: Detail of typical joint

Typical Support

Geometrical optimisation studies were
performed in order to design these facades
with panels having a constant single cur-
vature (quadrangular cylinder) enabling
the panels to be bent using an automated
process, thereby avoiding the need to use
moulds that would be costly for small pro-
duction runs. Moreover, by controlling sur-
face geometry, three-dimensional uprights
can be built that adapt to the curved facade
without twisting, using developable com-
ponents only.

Fig. 11: Photo of typical support

Fig. 10: Detail of typical support

Fig. 9: Axonometric of typical support

Architectural Structures 1 (2019)



Construction

RFR asked the competing teams to work
on the pavilion to resolve the mass transit
of materials that would allow people to vis-
it the rest of the tower. Moatti-riviere and
contractor Bateg came up with a very ele-
gant solution, placing four slender pillars
in the 85-square-foot central space on the
first floor, allowing the platform to rise 187
feet from the ground, replacing the heavy
cranes.

Fig. 12: Photo of Eiffel Tower

Asymptotic Building Envelope

Fig. 13: Photo of construction

Construction Process

Issues of weight distribution and the spe-
cial requirements to be met due to the
height of the building site and equipping it
with the services needed called for special
procedures. Before any new strain was put
on the structure, the corresponding weight
had to be first removed from the existing
building. Every component delivered was
first weighed before it was loaded onto the
lift going up to the central platform, which

Fig. 14: Construction process A, B, C, D

EIFFEL TOWER PAVILION, PARIS, FRANCE

was used as a supply zone and an extended
first floor work area. The 200 m? platform
that was specially constructed for this pur-
pose served as a floating 57 meters high
building site throughout construction, and
was a major factor that allowed the Eiffel
Tower to remain fully open to the public
throughout the entire construction period.
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FORM FINDING
Design Shape

The Gridshell is made by steel, which is a rigid hybrid
structure. The vertical steel strips are continued smooth
curve, while the horizontal one is discrete, being installed
seperately by points. From the elevation, the shape of
overall facade is a a symmetrical trapezoid. From the top
view, the design can be seen as a slanted curved surface.

Parameters

From the elevation, the whole geometry is a symmetrical
trapezoid. However, in 3D view, the top edge is curved and
antevered compared to the bottom edge.

Form-making steps:

1. Draw the elevation grid:

Seperate the four edges into multiple equal distance, high-
lighting the points that have already listed on the elevation
picture. Using a continued curve lines to draw the vertival
strip line. and then finish the horizontal strips individually
by connecting the rest of the points.

2. Create the Surface:

Using the position of top and bottom lines from the top
view. Ordering ,.Loft" in Rhino to create the curved surface.

3. Get the double curvature gridline:

Split the curved surface by using the lines from elevation.
Duplicate the edges to get the final gridshell.

86

Fig. 15: Centerline model

Fig. 16: Structural behaviour and form finding workflow
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CURVATURE ANALYSIS

-0.00015

Gaussian surface curvature K

The Gaussian curvature varies from 0 to negative. The
middle and two ends are the highest.

\ XSO l‘)«,\\“
XX \\d ‘C)/ /1
/\/\,\, / \ //\/\’

Geodesic curvature k;
Geodesic curvature varies from zero to 0.025 in a large

area. The middle area is the lowest, the flowing area on
the top is highest.

Asymptotic Building Envelope

P

O
SR

0.00015m
-

Spatial curvature k

The spatial curvature is lowest at the middle point, and
then lower than the two ends of the surface.

0.00 0.25 m™

Geodesic torsion [lg

The geodesic tortion is almost same, that overall is around
0-0.02. The symmetrical flowing areas on the top is higher
than other areas.

EIFFEL TOWER PAVILION, PARIS, FRANCE

Normal curvature k
The normal curvature is lowest in the middle and then

gradually become higher and then goback to the lowest
again.
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Fig. 18: Photo
Summary

The Gridshell design of Eiffel Tower Pavilion give the op-
potunities for visitors to enjoy the view from interior to
outside. And also using the double curvature to create the
simple geometry but modern posture of the facade.

The design of the pavillions gives more access for people
to relax and entertain themselves. Making the space of Ef-
fel Tower more efficient and functional highlight the suc-
cess of the whole design.
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SCENARIO PROPOSAL

1 ‘\\
1T

] I~
e

Fig. 1: Transformable facade sun shading

Span
1-3m

Material
Glass fiber reinforced plastic

Introduction

The gridshell sun shading panels are transformable.
Openings of the panel through the structural system of
the gridshell coming from its double curvature allows the
blocking of the sun and letting in a degree of daylight dur-
ing the day especially in hot climate sites.

The control system of the shading device could be through
technology with automation system or can be through
manual pulling through the pulley system. This scenario
allows only part of the shading device to be opened letting
a degree of sunlight to come in, but it cannot be opened
fully. Hence, it may be suitable for countries like Saudi
Arabia or any other tropical countries that have a year-
round high temperature.

92

Construction Method
Smooth elastic

Target Group
Curtain wall facade

The grid will be generated on a flat surface, while two cor-
ners of the rectangular gridshel will be fixed onto mobile
connectors and two corner be lifted up to create a small
opening.

Potentials

The repetition of the module allows lower cost of construc-
tion as all the structural members are in same dimensions
and shapes. This repeated sunshading panels may be
more suitable for large scale buildings such as towers be-
cause some patterns can be generated on the facade. The
modules resting on wire frame allows more transparency
to the building facade and create a depth on the facade.

KEY CONCEPT

j 7
! =
u]_ = /
Dsimyle gk (l!.qn'vx} V /
B cimgle gidshal
regorttion
B diiont dngity

e detse grid (ceing) /spandeel

se tril?'j less demse aed
wort deme yiid {spundeel)
Fig. 3: Concept {ansn I Sunshading
sketches wlon alags
Challanges

The deformation of the device into asymptotic gridshell
may not be easily come back to the flat grid form, and it
needs to be tested out. The density and dimensions of the
grid may block the views from the interior. The transform-
able shading panels make use of compliant mechanism
where it requires a complex system of the whole panel
structure to act accordingly with flexible joints and elastic
materials.

The deflection of the gridshell is limited to the strength of
the deflecting members or lamellas. Hence, the motion
may be limited.

Architectural Structures 1 (2019)



REFERENCES
Case Study 1: Asymptotic Lamella Networks

Type: Poster & Model

Year: 2016

Team: Denis Hitrec, Eike Schling

Office: Technische Universitat Minchen,
Chair of Structural Design, Prof. Dr.-Ing.
Rainer Barthel

Exhibition: Advances in Architectural Ge-
ometry 2016, ETH Zurich

Architectural Concept

This is a model of an anticlastic surface
(commonly described as saddle shapel,
and its material is polystyren made into
strips. The strips are in right angle to the
surface below it. The flat strips become a
doubly curved network through the elastic
transformation of the flat grid.

As in figure 5, the flat grid of the steel pro-
totype transformed into spatial geometry
when it was pushed up by the support be-
low. When the prototype deforms into an
ideal shape of gridshell structure, the edge
lamellas are added to stiffen and fix the
whole structure together.

Source: E. Schling, D. Hitrec and R. Barthel, 2017:
Designing grid structures using asymptotic curve net-
works. In: Design Modelling Symposium, Paris, In press:
SpringerVerlag

Asymptotic Building Envelope

Fig. 5: Steel prototype

Case Study 2: Building a surface from
asymptotic curves
(straight planar plywood laths)

Type: Plywood & Model
Year: 2019
Team: Isak Naslund, Emil Adiels

Architectural Concept

It is a physical model of a minimal sur-
face made of 1mm plywood. It could be
stretched to form a flat grid as in the below
image, but without force, it will deform into
the upper image due to the bending of the
plywood laths.

Source: 2019. Vimeo. May 20, 2019. https://vimeo.
com/311905217.

TRANSFORMABLE FACADE SUN SHADING

Fig. 7: Flat asymptotic curves
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REFERENCES
Case Study 3: King Fahad National Library

Type: Cultural Building
Year: 2013

Office: Gerber Architekten
Location: Saudi Arabia

Architectural Concept

The facade of the library has the sunshad-
ing device for its concept. The sunshading
is made up of rhomboid textile awnings and
provides some degree of opening and clos-
ing on the facade. The white membranes
are supported by 3 dimensional tensile
stressed steel cables to create a visual
effect reflecting Arabian traditional tent
structure.

Source: Sanchez, Daniel. "King Fahad National Library
/ Gerber Architekten.” ArchDaily. ArchDaily, January 22,
2014. https://www.archdaily.com/469088/king-fahad-na-
tional-library-gerber-architekten.

Four-Way and Two-Way Cast-Steel End Connectors

Case Study 4: Al-Bahr Towers in Abu Dhabi

Type: Tower (29-storey)
Year: 2012

Office: Aedas

Location: Abu Dhabi

Architectural Concept

Abu Dhabi has an intense sunlight, and
temperature is steadily above 38 °C creat-
ing an extreme weather conditions. Hence,
Aedas designed this sunshading device
that reflects the traditional Islamic lattice
work called mashrabiya and was able to
effectively provide comfortable indoor en-
vironment. The shading facade panels re-
sponds to the sun exposure and change the
angle during the year.

Source: Babilio E, Miranda R and Fraternali F (2019) On
the Kinematics and Actuation of Dynamic Sunscreens
With Tensegrity Architecture. Front. Mater. 6:7. doi:
10.3389/fmats.2019.00007

Source: Cilento, Karen. "Al Bahar Towers Responsive
Facade / Aedas.” ArchDaily. ArchDaily, September 5,
2012. https://www.archdaily.com/270592/al-bahar-tow-
ers-responsive-facade-aedas.

Fig. 11: Outside view
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Fig. 10: Typical joints and supports Fig. 13: Typical joints and supports

94 Architectural Structures 1 (2019)



SCENARIO DESIGN
Site

Abu Dhabi, United Arab Emirates has a hot desert climate
and clear and sunny sky is expected throughout the year.
The sunlight is intense, and the weather shows a rare sign
of rain over the year. From June to Spetember is the hot-
test season with high humidity, so the climatic condition
is not desirable for a bare curtain wall system without any
sunshading.

In this extreme weather, coping up with the intense heat
and glare is a challenge for a high rise building with cur-
tain wall system. Thus, the design of the sunshading fa-
cade system is important for reducing the heat gains and
creating comfortable indoor environment.

Design Concept

As the project is located in Abu Dhabi where the extreme
climatic condition due to heat and strong sunlight affects
the indoor environment of high rise buildings, the trans-
formable sunshading facade on the curtain wall buildings
are desirable. The sun shading module takes advantage of
the transforming ability of gridshell through the deforma-
tion of its elastic material. As the gridshell deforms from
the flat grid, it allows a certain amount of daylight to come
in and opens up the view from inside to outside.

Functions

Throughout the different time of a day, the sun shading de-
vice on the facade will open and close. When the sun angle
is direct to a side of the building, the sun shading device
will remain closed to provide the maximum bloccking of
the direct sunlight. As the sun moves away from the side of
the facade, the sun shading device will slowly open up by
diagonally pushing the two coners closer. The sun shading
almost blooms to open up the views to outside at the eye
level and allows the comfortable daylight to come into the
indoor space.

Asymptotic Building Envelope

Fig. 15: Design system

Closing
N I 7/

_O_

/I\

4

A

Opening

TRANSFORMABLE FACADE SUN SHADING

Fig. 16: Grid transformation
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SCENARIO DESIGN

Compliant Mechanism Typical Joint

A compliant mechanism is a mechanism  The flat lamellas that are prefabricated
that gains some of its mobility and flexi-  will be interlocked and a nail will penetrate
bility from the deformation of a flexible  through the two lamellas to connect them
member such as lamella in gridshell. The  together.

mobility is improved through the movable

joints as well. Some examples of compliant

mechanism that can be often found are the

plastic lids of ketchup or mouse buttons.

Vertical lamella

Horizontal
lamella

Edge frame

\

Fig. 17: Render Fig. 18: Detail of typical joint
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CONSTRUCTION DEVELOPMENT
Typical Support

The typical shading module is supported on
the mobile pin connectors. These connec-
tors move diagonally from the X structure
ring hub that caps the supporting cantile-
ver strut in clean manner. The connectors
move along the ring arms which stretch to
the surrounding nodes. The cantilevering
strut holds the modules and penetrates

= T
P e

Eo T
S

~

Fig. 20: Detail of typical support

Asymptotic Building Envelope

i

the curtain wall system to be fixed on the
structural transoms.

The shading modules are fixed at two cor-
ners while the other two corners are more
flexible when the module transforms its
shape into opening and closing.
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TRANSFORMABLE FACADE SUN SHADING
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CONSTRUCTION DEVELOPMENT

Material
: Fiber-glass-reinforced Plastics

The fiber glass reinforced plastics (FRP)
has a high corrosion resistance (higher the
resin content the more corrosion resistant)
and strength. Its advantage is low weight-
to-strength ratio meaning relatively light in
the weight when compared to the material
strength. It is also economic solution with
flexibility and elasticity allowing the form
to transform in many shapes.

Construction Process

1. Strips of grid members will be fabri-
cated in its correct dimensions with
holes where the nail connects them
together later.

2. The members will be assembled into
a flat grid.

3. Thejoints are added to fix the lamellas
together, but it should leave some tol-
erance for the flexibility.

4. The struts that are fixed onto the tran-
soms of the curtainwall system hold
the shading module through the hub.
The shading module will be fixed onto
the ring arms with rails. Two corners
are fixed onto the mobile pin connec-
tor to move diagonally, while one cor-
ner is fixed.
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Fig. 22: Photo

Fig. 23: Construction process a, b, ¢, d

SCENARIO DESIGN
Architectural Concept

The transformable sun shading panels
is programmed in a way that reacts to
the changing sun angles during the day.
Hence, it allows a dynamic movement on
the buildings facade that not only shades
the interior but also responds to the unique
and extreme site condition.

The simple gridshell design with a chag-
ing density in diagonal direction opens up
the view from the inside at eye levels. The
simple grid patterns reflects the tradition-
al mashrabiya patterns of UAE used for
decoration of house facades or sunshading

purposes.

Spandrel

Less dense
grid for open
view
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TRANSFORMABLE FACADE SUN SHADING
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Fig. 27: Interior render for opened shading scenario
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Fig. 25: Sectional perspective Fig. 26: Section Fig. 28: Interior render for closed shading scenario
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SCENARIO DESIGN

Surface Construction Sequence

A.

B.

C.

4 curves with 3 controls points form a rectanlge.
Move the control points to for the surface shape.
Divide the diagonal line into 20.

Asymptotic grids are formed by the script.

The vertical lamellas are placed inside, and the hori-
zonal lamellas are placed outside with larger depth.
The position and depth of the horizontal lamellas are

more effective in creating the space for shading com-
pared to placing the vertical lamellas outside.
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Fig. 29: Surface construction sequence

Fig. 30: Set of modules 4.5m x 4.5m, fully closed, half closed, and fully opening shading (from left to right]
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SCENARIO PROPOSAL

Fig. 1: Perspective over the footbridge

Span
40-50m

Material
Steel

Introduction

Gridshell structure is widely used as canopies that pro-
vide shading to shelter in various scales. The dense ur-
ban context of Hong Kong and the extensive use of ele-
vated footbridge in commercial area requires connections
with covers in between towers. Gridshell structure could
provide stiffness in structure and organic form through
its double-curved shape. The construction logic is simple
yet clear while at the same time the construction period
is relatively short. Members are usually prefabricated in
the factory and assembled on site. The gridshell structure
could blend into Hong Kong’s unique urban context while
provide interconnections in between buildings. The grey
space in between the building facades could be activated
by either temporary or permanent structures like this.
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Construction Method
Prefabricated components, transport to site

Target Group
Urban Inhabitants

Challanges

The form of gridshell needs to be considered from the ur-
ban context or using tower facade as reference. The de-
sign of gridshell joint should relate to its overall scale and
the material applied. As an add-on structure, the supports
should be detached from the building and yet integrated
with some of its elements. Construction should be quick
and non-harmful to the environment. The bridge hanging
from the gridshell structure should be in tension and min-
imize its movement when giving the live loads. Junctions
over gridshell should be designed with the consideration
of bridge structure.

KEY CONCEPT

o Stead dacbiyg bridat.
5 shiel elurs suppetey St bedae

Fig. 4: Joint detail sketches
Potentials

The gridshell structure could be derived from the sur-
rounding buildings or freestanding next to the towers.
Double-curved surface allows the surface flow from var-
ious directions which means that gridshell could evolves
from facade to roof or even vertical supporting elements.
Bridge could be connected to gridshell via pre-tensioned
cables while provide support at two ends.

Architectural Structures 1 (2019)
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Case Study 1: Capital Gate by RMJM

Architectural wire mesh for solar protec-
tion at the ADNEC Tower in Abu Dhabi. The
flowing metal mesh covers the lower parts
of the tower and extend down to the ground
which provides a continuous shading. The
hotel entrance and facade is integreated
and further express the undulated twisting
shape.[1]

Functions

The frame extends from the building fa-
cade to ground level which becomes can-
opy that connects the tower and surround-
ings. The flowing form provides sunshade
for both tower and the grand seating. he
mesh cladding of the facade comprises 580
panels of differing size and uses a total of
4915 square meter metal mesh. The panels
had to be shifted horizontally by up to 25
degrees to fit the unusual form. The metal
mesh is lightweight yet provides solar pro-
tection to the building.[2]

(From GKD World Wide Weave, https://

gkd-group.com/us-en/metalfabrics/capi-
tal-gate/)

Asymptotic Building Envelope
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Fig. 5: Overall view
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Fig. é: View from below

Fig. 7: Typical joints and supports

URBAN CANOPY IN BETWEEN TOWERS & FACADE INTEGRATION

Case Study 2: Swatch Headquarters by
Shigeru Ban

Swatch Headquarters is covered by a
continuous wood lattice roof structure
with a snake shape. The timber shell is
up to 240 meters long which makes it the
largest wooden structure in Europe. The
wood joints are interlocked with each oth-
er on site. Each member is constructed
on site after measurement. Rigid panels
that comes with three varieties, opeaque,
transparent and translucent, are partially
installed on to the roof to provide lateral
stabilities while strengthen in securing the
shape.

Functions

The building under the wood gridshell
covers a three-storey height atrium. Tim-
ber structure is let open at the slab edge
while also at the upper level where the roof
meets the podium.

A gondola-shaped connection on the upper
level protrudes from the building, leads to
a 400-seat elliptical conference hall. The
roof panels provide various transparency
which could control the sunlight and pri-
vacy.[3]

e

(r

Fig. 8: Outside view

Fig. 10: Typical joints and supports
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Case Study 3: Yas Viceroy Abu Dhabi Hotel by
Asymptote Architects

The Yas Hotel in Abu Dhabi by Asymptote
Arhitects is wrapped up by a sunshading
surface with diamond-shaped glass pan-
els. The hotel is located at the Formula One
Race Track in Abu Dhabi.

Functions

The glazing is supported by the dia-
mond-grid of steel frame which rests on
the circular beams at the boundary. The
canopy is supported by steel columns
while at the same time, rods in tension tie
back the canopy to the building facade. The
canopy nodes and building envelop is inte-
grated. Rectangular beams forms a shell
structure that wrapp around the building.
(4]

(Boake, Terri Meyer., and Vincent. Hui.
Understanding Steel Design : An Architec-
tural Design Manual. Basel, Switzerland:
Birkhauser, 2012, 201)
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Fig. 13: Typical joints and supports

FORM FINDING
Form Finding

The surface is controled by 4 curves of 3
degree with 5 control points. The surface
between two tower facade emerge from top
and gradually merge down to the ground.
The aim is to create a gently curved dou-
ble curved surface so that the asymptot-
ic curves will less distorted. At the same
time, the elevated footbridge at +6.00m
level should have sufficient head room. The
center point should be at least 12m high.
When the surface touches the ground, the
intersection line becomes support.

Network Integration

Asymptotic curves might not smooth and
the form is not ideal. The distance between
these 4 control curves influence the sur-
face curvature. After adjust the distance
and secure the surface form, guidelines at
floor levels intersect with the outer control
curves. Script finds the asymptotic curves
through these points to ensure that the
network will be connected to the slab at
two ends. Asymptotic curves near the edge
is adjusted to fit into the facade system at
top.

Fig. 14b: Asymptotic curves merge into facade

Architectural Structures 1 (2019)



URBAN CANOPY IN BETWEEN TOWERS & FACADE INTEGRATION

/

a. Control Point

b. Loft Surface

f. Asympdotic Path through Peints. h. Merge Curve into Facade at top

Fig. 14a: Form finding and network integration Fig. 18: Cross section Figure 17: Plan
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CONSTRUCTION DETAIL
Typical Joint

Two slices of steel laths of 500mm in depth
running parallel to each other and inter-
locked with another two steel members on
the other direction. The intersection point
is fastened by steel frame that carries the
ETFE substructure. Steel tubes are at-
tached in between the two steel laths, sup-
porting the ETFE membrane and air ducts.
ETFE membrane is secured by the chan-
nel-shaped steel caps on top.

0.2mm ETFE Membrane
-

Steel Lathy

Strut

L

o —

20mm thick Aluminium Panel

Fig. 19: Axonometric of typical joint
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200mm

200mm Diameter Support Arm

Steel Cap

500mm

Fig. 20: ETFE and
steel lath detail joint

600mm Diameter Edge Beam

Steel Lath

0.2mm ETFE Membrane

Typical Support

The gridshell structure is supported by two
parts. One is the substructure reaching
out from the tower facade that connects
the gridshell and a sphere-shaped joint
from the building slab. The other one is the
ground support where the gridshell meets
the concrete beams. The boundary is weld-
ed with the C-channel steel that wraps up
the network. Additional anchor points are
provided on the tower rooftop where a
deep beam defines the upper boundary of
the gridshell.

Fig. 21: Ground support integrated with bench
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URBAN CANOPY IN BETWEEN TOWERS & FACADE INTEGRATION

Construction Construction Process

Once the design is finalized, production of ~ The construction process is divided into
steel lath with slots will be prefabricated.  several parts, the lower level which in-
Since the dimension of this structure is ex- ~ volves the support and bridge structure,
tremely large, the construction would be  the upper level connected to the rooftop,
processed in different stages. The mem-  and the levels in between. The upper part
bers will be prefabricated and welded in  and ground part will be constructed in the
the factory and transported to site. first place. Assembled modules will be el-
evated in the air and welded with the upper
networks later. Once the gridshell struc-
ture is completed, the edge beam will se-
cure the shape. ETFE membranes will be
installed from the scaffoldings extending
from tower slabs. Fig. 23 Office view

Fig. 22: Perspective over the footbridge Fig. 24: Construction process A, B, C, D
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SCENARIO DESIGN
Site

The gridshell structure is integrated with the commercial
complex development in certain condensed urban context.
Site could be penetrated by the inner roads in the middle
while the connection between two towers requires ele-
vated footbridge. In order to integrate the district into one
strong image, the shopping complex annexed to the tower
would follow the fluid form. The canopy for the footbridge
gives an opportunity in relating to the tower facade while
makes a strong gesture to the site.

Design Concept

The space in between two towers can be interconnected
by a continuous surface from one tower to another. The
surface is generated from the mullion spacing pattern
of one tower and gradually introducing double curvature
when the surface goes down to the ground. The anticlas-
tic-shaped surface is more rigid structurally. Gridshell
covers the elevated footbridge connecting tow towers and
meets the concrete anchor beam on the ground that sup-
ports partially the weight of this immense facade struc-
ture.

Functions

The gridshell not only provides coverage for the bridge but
also sunshades for the towers through the ETFE mem-
branes installed over the gridshell. Balconies extrud-
ing from the tower facade while the residents can enjoy
the open air protected by the surface. The surface also
strengthen the connection between towers, providing a
solid and robust image of the district.
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Fig. 26: Design system
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Fig. 27: Perspetive view from the podium
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Architectural Concept

The continuous surface blends the tower into the commer-
cial complex while integrates the frame network with the
mullion patterns. The canopy or exterior facade blurs the
boundary between facade and roof structure. The elegant
curve makes a strong gesture for the building complex
that would become a landmark of this district.

Environmentally, the ETFE membranes can reduce the ex-
cessive use of air-conditioning by reducing certain degree
of sunlight entering the building. The shape also encour-
ages hot wind rising from the street level, creating natural
ventilation running along the tower surface.

Fig. 28: Exterior view

Asymptotic Building Envelope

URBAN CANOPY IN BETWEEN TOWERS & FACADE INTEGRATION

Fig. 29: Urban view with context

Summary

The secondary enclosure serves as a facade that reduce
the direct sunlight and protect people from heavy rain,
while also imposing a strong formal gesture to surround-
ing. The surface is generated from the tower facade,
evolving from vertical plane to horizontal and then vertical
plane again, merging into each other’s facade. The asymp-
totic curves provides convenience for construction and the
double-curved form is robust and stable. The gridshell
structure takes its structural advantage and blends into
the tower grid system, enabling physical dialogue between
highrises.
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SCENARIO PROPOSAL KEY CONCEPT
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Fig. 1: Cat tree tower

Span Construction Method
1.7-10m Thin timber lamella with slit joints
Material Target Group :
Laminated bamboo Pet owners, Cats, and Pet Shop e e

Fig. 3: Concept sketches
Introduction Challanges
From the gridshell structure, we have created many pos- 1. The structure needs to be very stable so it can resist
sibilities in terms of efficiency and aesthetic quality. Hope- destruction by jumping and scratching cats.
fully, we can find the structure from our surroundings. 2. It should be very easy to construct.
Many roofs and pavilions have this structure which is very 3. It has to provide different quality of spaces(small] for
huge. However, | could not find other examples on a larger cats.
scale. | looked at the different applications of the struc-  a b ¢ 4. It should be able to be repeated in a vertical direction.
ture in different scales. Furniture was an example of the
different applications of the structure. Also, | have looked Potentials
at another perspective which is the pet. Pets are always
around us and | wanted to create a shelter for them with The gridshell structure is one of the most efficient struc-
the gridshell structure. = tures in the world. It saves a lot of materials as well as

very stable. Also, the surface is produced by the repetition
The laminated bamboo structure is extracted from bam- of a simple negative surface. Thus, by repeating a mod-
boo culm and sliced into several pieces and reassembled ule, it can be a small tower as well as a whole facade of
together to be stronger and easily cut into specific size. a pet shop which can be a cat tower or cage. The minimal
The bamboo lamellar is very flexible and easily bent.Thus, surface, the batwing surface is smooth and beautiful to
the structure is strong against cracking and snaping. Also, be placed in many houses. The gridshell structure is also
the structure is very light and elastic, so it can be used for very good for cats which need to climb up and scratch. The
DIY cat tree tower. Fig. 2: Laminated bamboo structure structure provides hiding, sitting, climbing spaces for cats.
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Case Study 1: General Idea of Cat Tower

These are photo and assembly instruc-
tion drawing for a typical cat tower. The
cat tower is to fulfill the needs of cats in
an interior space. The cats have nature
which is climbing, hiding, and scratching,
etc. These activities are very significant for
cats like dogs need to walk outside every
day. The cats always occupy desk, top of a
cabinet, and bookshelves which are very
high. The cats are territorial animals and it
occupies vertical space. Thus, in the house
where the cats living, there should be nu-
merous vertical space and it takes a large
amount of space. [1]

Functions

The cat tower has different spaces for the
cats. Mostly, the top of the tower is the
viewing spot where cats enjoy the moving
objects in their safe zone. Also, the tower
has at least one hinging spot where cats
take rest. Each step of the tower is at a cer-
tain height so the cats are able to jump on.
The tower is made out of wood and covered
with soft cotton and scratchable rope. Most
of the parts are prefabricated and can be
assembled easily by customers.[1]

Asymptotic Building Envelope
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Fig. 5: Typical cat tower

B

Fig. 4: Assembly instruction of a typical cat tower

Case Study 2: Wooden Orchids
Architectural Concept

Vincent Callebaut Architectures have re-
ceived honorary mention for their “Wood-
en Orchids” proposal in the International
Union of Architects’ (UIA) Mount Lu Estate
of World Architecture Competition. Based
in Ruichang, China, the competition tasked
participants with designing several cultural
and commercial complexes near one of the
world’s largest flower theme parks. Wood-
en Orchids consolidates these functions in
a green shopping hub that speaks to the ar-
ea’s demographic and climatic influences.

Inspired by numeric sequences found in
nature, Wooden Orchids derives its form
from the golden section and a biomimetic
pattern. The shopping complex uses pre-
fabricated wooden structures to emulate
the petals of orchids. The petal module is
applied 16 times within the space to com-
pose a complete ,orchid box.” In both of
the site's plots, the orchid box is replicat-
ed six times, resulting in a collection of 12
cells connected by footbridges.[2]

Functions

The cells themselves employ additive and
subtractive processes in response to their
programs. The movie theaters, library, fit-
ness facility, and food service areas rely on
solid facades, while the farmers market
and shops interlaced with gardens bring in
natural light through transparent ones. In
addition, each division of the site maintains
a unique character enhanced by its own
biodiversity and colors, while a network of
bicycle and pedestrian paths creates an in-
ternal linkage system.[2]

Fig. 8: render view

CAT TOWER
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Case Study 3: Asymptotic Pavillion
Architectural Concept

This is an Asymptotic pavilion designed by
Denis Hitrec. The pavilion has asymptotic
curvature with steel lamellar structures.
The steel lamellas only have geodesic cur-
vatures to form a stable and sinuous form
of the pavilion. The real constructed struc-
ture is steel, yet in the test models as seen
in Figure 12,13 and 14 are made out of wood
lamellas.[3]

Functions

These thin wood lamellas are very fragile
and if the slit joints are almost half of the
width of the wood lamellar, it will be bro-
ken easily. As in the Figure 4 and 6, the slit
is less than half of the width of the lamel-
lar. This type of joint is very simple to con-
struct and assemble together [3]

T

Fig. 9: Strip fabrication
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Fig. 11: Close-up

CONSTRUCTION DEVELOPMENT
Typical Support

The support is divided in to two pieces and
has the joinery which is Mortise and Tenon
joinery. The support has several functions.
Firstly, it fixes the grid structure with the
slit on one piece of the support. Secondly,
between two support, before juxtapose two
supports, the fabric can be fixed by velcro
on the surface which is facing other sup-
port. Thirdly, it allows to join with other
modules through bolts and nuts to create
the tower and facade.

Fig. 14: Detail of joinery

Fig. 12: Axonometric of support

/

Fig. 13: Detail of typical support in real size

=| ~

Elements

1.
2.
3.
4.
5.
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Timber supprot
Laminated wood lamellar
Non-woven fabric

Valcro

Bolt and nut



Typical Joint

The joint has no bolts and nuts , but it is
a simple waffle structure and this type of
structure is easier to construct. The thick-
ness of grid structure is 2mm and 12mm in
width. Thus, the structure is quite fragile if
the slit of the structure is half of its width
which is émm. The slit of the stucture has
2mm deep slit. The slit fixes its own posi-
tion and with several grid structure, it be-
comes stable and light structure.

Fig. 15: Axonometric of grid structure

—t

Fig. 16: Detail of typical detail 1: 2

Asymptotic Building Envelope

CAT TOWER
Construction

The whole structure is divided into 3 parts:
grid, support, and surface. Each timber
lamellas have different lengths so num-
bers will be written on each lamella.

Fig. 17: Detail of grid structure Fig. 19: Render of 2 modules

Elements

1. Timber support

2. Laminated wood
lamella

3. Non-woven fabric

4. Boltand nut

Fig. 18: Single module render
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SCENARIO DESIGN

Construction Process

A.

Each timber lamellar is assembled to-
gether according to the order and the
shape is fixed by slotting the assem-
bled grid into the inner support.

Fix the non-woven fabric on the velcro
which is on the outer face of the inner
support.

7
7

N

N

.

C

=

Fig. 20: Construction process A, B, C, D
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After the fabric is fixed, outer support
is added to fix with other pairs of sup-
ports to form a module

A module will be rotated and repeat-
ed to form a tower of a facade and the
modules will be fixed with few bolts
and nuts.

Module Design

The repetition of the module can create di-
verse shapes of the tower or a wall. Thus,
it can be placed in different places. Most-
ly, the tower will be used in interior space
such as the living room, and pet shop.

This is the potential of this modular design
that can be placed everywhere. The size
can vary so the customer can decide the
size and site of the furniture.

500mm

500mm

Fig. 21: AS module elevation(a, b, c] and top view(d)

500mm

500mm
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CAT TOWER

Design Concept

The minimal surface is a kind of small miro which is a type
of a loop. In this batwing surface, there are many ways to
climb up to the top. Also, the repetition of the surface cre-
ate different quality of spaces, for example, there will be
cantilevered steps, enclosed spaces, and vertical spaces.
And the number of different spaces can be designed by
owner self.

A B

500mm "~ 500mm 500mm ™.~
Functions

Fig. 22: Isonometric view(a,b] and elevation(c] and top viewl(d)
The cat tower is to fulfill the needs of cats in an interior
space. The cats have nature which is climbing, hiding, and
scratching, etc. These activities are very significant for

cats like dogs need to walk outside every day.

The cats always occupy desk, top of a cabinet, and book-
shelves which are very high. The cats are territorial an-
imals and it occupies vertical space. Thus, in the house
where the cats living, there should be numerous vertical
space and it takes a large amount of space.

500mm

This cat tower fulfills all the needs of the cats and it be-
comes a playground for the cats. Also, it will be an exciting
exercise for pet owners to design the cat tower for their
pets themselves. The owner will know better about the
characteristics and preferences of their pets. Further-
more, the smooth minimal surface will be an aesthetic art
piece in the living room.

1500mm
500mm

500mm

Fig. 23: An example of assembly of modules
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SCENARIO DESIGN
Architectural Concept

The minimal surface is suitable in different living space.
The sculptural form of the tower vitalize the living space as
well as vitalize the cats. The Cat tower is not only furniture
for cats but also installation for the pet owners.

Assembly of a module will create a sculptural form of cat
tree tower and cage for small animals. It can be placed on
whole facade of pet shop to replace cube shape glass cag-
es. Also, the module becomes cat tree tower in living room.
The beautiful cat tree tower will vitalize the living room
and the sculptural cat tower will be a hot place to the pet.

When get bored on the same shape of the tower, it can be
easily re-shaped

As the living space is shared by human and cats, it should

be flavoured by both of them and this cat tree tower will
fulfill the need of cats and aesthetic need for human.
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Fig. 24: Close up render

Fig. 25: Render of a facade of pet shop

Architectural Structures 1 (2019)



CAT TOWER

Fig. 27: Render of cat tree tower

Fig. 26: Render of cat tree tower Fig. 28: Close-up render
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Fig. 29: Render of a facade of pet shop
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Summary

Cat tree tower is nessesary furniture for cat and the tower
take a huge space of living room or bed room. Not only to
fulfill needs of cats, but also to decorate the living space,
the asymptotic cat tree tower is aesthetically interesting.

The furniture is also easy to construct and assemble to-
gether. The module can be repeated to form a tower with
different spaces for cats or a facade of a pet shop to re-
place ugly glass cage.

This aesthetic feature, convenience, and possibility of di-

verse design are the main competitiveness of the cat tree
tower.

Asymptotic Building Envelope
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SCENARIO PROPOSAL

Fig. 1: Bamboo scaffolding in Hong Kong

Span
3-10m

Material
Bamboo

Introduction

Bamboo scaffolding is a common formwork for the con-
struction of buildings and temporary theatre in Hong Kong.
It helps worker to assmeble the building components in
place. Yet, this unique and traditional craftmanship has
been gradually out of the limelight.

Bamboo is a material that is commonly found and environ-
mentally friendly. On the other hand, grid shell are able to
give a structure with the least amount of materials. It will
be very cost effective if these two elements are combined.
Public housing in Hong Kong is densely arranged. There-
fore, public space is very important as it allow the resi-
dents to have a place to social, do exercise or relax. Yet,
most of the public space are not covered. These spaces are
abondoned during the rainy days.
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Construction Method
Scaffolding

Target Group
Hong Kong Public Housing's residents

This proposal aims to provide a economic shelter for peo-
ple to enjoy their time in the public space. At the same
time, it helps to promote the usage of bamboo as a mate-
rials for the building, but not only as the formwork or work
station for the workers during construction and promote
traditional craftmanship of bamboo scaffolding in Hong
Kong.

KEY CONCEPT

A

L

—

Fig. 4: Concept sketches
Challanges

1. Bamboo is a not a homogenous materials and has varia-
ble properties, the structural behavior is hard to estimate.
2. Limited durability, bamboo will be worn and tear due to
insect attack and weathering.

3. Good construction company is needed in order to make
sure the joints are tied tightly by the workers.

Potentials

1. A traditional craftmanship, local construction work-
ers are experienced in scaffolding. No special tools
are required.

2. Bamboo are easy to produce and cheap to buy, it is
economical.

Advantage of using asymptotic curves

Through adopting asymptotic curves, the joints of the bam-
boos will be stacked vertically, which make the grid shell
become structurally stable. Hence,, several bamboo lay-
ers are able to lift up from flat together. It helps to give a
simple and fast construction.

Architectural Structures 1 (2019)
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Case study 1: ZCB Bamboo Pavilion

Introduction

The Bamboo Pavilion was situated the Con-
struction Industry Council’'s Zero Carbon
Building (ZCB), which is built for a sum-
mer public event in 2015. It was four-sto-
rey-high long-span bending-active bam-
boo gridshell structure, which can house
around 200 people. It aims to recall the
importance of one of the traditional craft-
manship in Hong Kong, craftsmanship of
bamboo scaffolding construction.

Structure

It was a triangulated diagrid shell. built up
with three layers of bamboo go to three
directions. 475 large bamboo poles are
bent on site so as to shape the desirable
structure. It is a bending active grid shell
that spans for 37m. Internal bending trans-
fers between the bamboo members and
reached its equilibrium at the nods.

Typical Joints

Bamboos are hand tied together with metal
wire using techniques based on Cantonese
bamboo scaffolding craftsmanship. The in-
tersection points of the bamboo are hand
marked which contain number information
of the bamboo intersecting at the specific
points. The joints are rigid so as to make
sure all the members stay at the suitable
place.

Typical Supports

The diagrid shell structure wrap into three
hollow columns with triangulated and free
hanging linear members, which rest on
three circular concrete footings. The bam-
boo are anchored to the footing, concrete
was used to fill the cavity in the bamboo.

Asymptotic Building Envelope

Fig. 4d Photo of the joints

HONG KONG PUBLIC HOUSING BAMBOO SHADING

Case study 2: Haduwa Arts and Cultural
Institute

Introduction

The shell was the stage for the Haduwa Arts
& Culture Insitute in Apam. It was situated
at the Atlantic coastline of Ghana’s Central
Region. It aims to triggers the promotion
of arts and raise social engagement in the
arts made in Africa. An array of indoor and
out door activities had been planned, inte-
grate mixed-use activities with sustainable
solutions., providing a comforatble shelter
for the inhabitants. It was planned to serv-
ing as a rehearsal space, dance studio, and
gathering place.

Structure

It is a giant dome comprise of 41 bamboo
arches with three openings facing in dif-
ferent directions. Two bamboos were tied
together and become one member in order
to strengthen the structure and prevent
from bending. It was a quadrilateral dia-
grid structure. with smooth lines and rigid
connections. 2 layers of bamboo members
form the diagrid. Another network of bam-
boos were used to reinforced the struc-
ture, three bamboos were tied together as
one member for this layer.

Typical Joints
The joints are hand tied together by using
strings through using traditional method.

Typical Supports

The bamboo was fixed at the concrete bas-
es supplying the structure from under-
neath.

Fig. éa: Outside view

Fig. 6d Photo of the supports
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Case study 3: Camboo (Unbuilt)

Introduction

It was concieved as the landmark in the
Phnom Penh’s Freedom Park, providing a
temporary pavilion with low tech and sus-
tainable bamboo roof structure. It takes
reference of Frei Otto’s soap film experi-
ments and Felix Candela’s hyper shell. It
aims to raise people’s awareness of the
tradtional weaving techniques in Cambo-
dia.

Structure

Adopting Ennper minimal surface, the
arches of the structure symbolize the radi-
ating arms of the ancient Goddess Prajna-
paramita. It takes reference of Cambodia’s
traditional weaving. It created a self sup-
port system.

It adopted a quadrilateral principle curve
gridshell structure, with smooth network.
The edges coming ups and downs which
creating openings and support for the pa-
vilion, creating a natural shape.

Fig. 7d: Construction process
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Fig. 7a: Outside view

CONSTRUCTION DEVELOPMENT
Typical Joints
Option 1:

The design is created by 4 layers of net-
works and spanning to 2 directions.

Knowing that a single bamboo stick will
not have enough strength to stablize the
structure and tend to deform and buckle, 2
bamboo sticks are needed for each mem-
ber. Taking reference of CUHK ZCB Bam-
boo pavilion, the outer layer is consisted
of bamboo that are splitted in the mid-

Fig. 8: Axonometric of typical joint

dle, whereas the inner layer is consisted
of bamboo with a hole in order to allow a
wooden strip connected the four layers of
bamboos together. The wooden strip acted
as a rigid joints of the bamboos.

To shorten the distance between the joints,
taking refence of the joints in Center Pom-
pidou Metz, wooden blocks are used to
strengthen the structure and prevent from
bending.Adopting traditional scaffolding
techniques, the bamboo members are
holding together with metallic strings.

Fig. 9b: Detail of the connection of the membrane

Elements

1. Wooden block

60*75*15mm

Splitted bamboo

g~ OoN -

Fig. 9a Detail of typical joint 1:6

Bamboo
Wooden strip 15*15
Metal string

oW
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Typical Support

Taking reference of ZCB’s bamboo Pavil-
ion and Haduwa Arts and Cultural institute,
the bamboos members that reached the
ground is connected to the concrete foot-
ing. The concrete footings act as the shal-
low foundation of the structure. It shows
that a heavy block is needed in order to
stablize the bamboo grid shell.

A thin concrete slab are used as the sup-
port of the bamboo shell. It is also acted

Fig. 10: Axonometric of typical support

as the seats for the users. It was a precast
slab and there are some pockets to allow
the bamboo sit on it. Hence, the steel gut-
ter is used to drain the rain water and also
hide the joints between the bamboo and
the concrete slab.

Elements

1. Bamboo
2. Concrete slab
3. Steelgutter

-

Elements

1. Splitted bamboo
——— 2. Precast concrete

4 a
25mm L
40mm N

slab
—— 3. Site casted
concrete
4. Bolt
5. Steel gutter

10 mm|1>mMm

Fig. 11: Detail of typical support
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HONG KONG PUBLIC HOUSING BAMBOO SHADING

Construction

The construciton of the shell aimed to be
fast and easy. Local construction workers
will be hire as they are familiar with the
bamboo scaffolding techniques. The con-
struction method will be similar with the
Mannheim Multihalle by Frei Otto. The tim-
ber lattic is first laid out flat, then use the
crane to pull up the grid.

Fig. 12: Construction photos of Mannheim Multihalle by Frei Otto
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CONSTRUCTION DEVELOPMENT
Construction Process

Using asymptotic curves allow the con-
struction of the grid shell to be first laid out
flat then push up to its desirable shape.

1. Each of the bamboo members should
be trimmed to their suitable lengths

2. Mark the points that is needed for the
rigid joints.

3. The nods are tied on the flat ground,
then later raised to create the double
curved grid shell.(refer to Fig 13.1 and
Fig 13.2)

Fig. 13: Construction process A, B, C, D
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Make sure the bamboo members in
the suitable directions and tie the nods
by hand using metal string

Tie the membrane with the bamboo
(refer to Fig 13.4)

SCENARIO DESIGN
Site

Public estate was set as the scenario for
the project. The public space in the public
estate are shared by numerous residents.
Many elderlies will do exercise or have a
walk in the public space. Children will treat
the open space as their playground. It is
a platform for people from different age
groups to gather and social.

Hong Kong's rainy season makes those
open spaces cannot be used, thus left
abondoned during the rain. In light of this,
an economical and simple grid shell can
help to ease the situation through provid-
ing a temporary pavilion.

Fig.14 Image of the site

Architectural Structures 1 (2019)



Design Concept

The design idea is to create a shell that is efficient and easy
to be built. Through creating an asymtotic grid shell, the
scissored grid is easily stiffen. Hence, the structure can
be assemble on the ground first, than push it up into the
the desinated place. Hence, the water block are both func-
tioned as the seat bench and also the support of the struc-
ture so as to prevent from the deformation of the bamboo
structure. To create a symetrical grid shell with a sim-
ple shape, a simple nurb surface with 90 degree control
point are help to form the basic unit. Then, the surface are
trimmed then mirrored.

Functions
The function of these pavilion can be adopted during the
spring and summer time. As it is a temporary pavilion, it

can be taken off easily when it is not in used. The function
of the pavilion is for 2-4 people use.

Fig. 15a. Basic unit

Option 7

Option 2

Option 3
Fig. 15b. Design parameter

Asymptotic Building Envelope

HONG KONG PUBLIC HOUSING BAMBOO SHADING

Fig. 18 Elevations of the asymtotic curves

Fig. 19 Isometric of the asymtotic curves
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SCENARIO DESIGN

Architectural Concept

The design is symetrical. The upward curvature at the
openings welcomes the visitors to come in. It is like a but-
terfly in the garden, creating comfortable area for the cit-
izens to have a rest or social. The beams at the edge and
middle is thicker than the others, as it act as the frame of
the grid shell. The bamboo pavilion is covered by canvas,
which is cheap and waterproofing.

Fig. 20: Elevation of the
bamboo shell

Fig 24 Render of the joints

Fig. 22: Section 0 2 4m Fig. 21: Plan of the bamboo shell P 501 ¥ 0 1 2
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HONG KONG PUBLIC HOUSING BAMBOO SHADING
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Fig. 26: Render
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PROJECT DESCRIPTION

Fig. 1: Exisitng project

Span
3-10m

Material
Laminated Bamboo

Introduction

This design proposal aims to design a modular canopy
structure for different waterfront promenade within Hong
Kong. Nowadays, most of the park canopy in Hong Kong is
built with heavy steel structures in a simple design. They
are all in repetitions and work as an individual device. [1]

However, in my scenario, | propose a modular system of a
canopy, with the flexibility to adapt to various waterfront or
park destinations. While it could achieve a different layout,
it could be interpreted differently to extend its uniqueness
as a site-specific canopy.

134

Construction Method
2010

Target Group
Munich, Germany

Option Scenario (triangular):

Span: Functions and Context:
3-10 m Local parks benches
Smooth grid Bus stop waiting area
Pavilion for picnic area
Material: Pavilion for BBQ area

Steel Stripes
Steel Joints

Shading device for water-
front promanade

Construction Method:

Started with flat square grids, and lift the structure up to
articulate the form, fixed the construction with the edge
structure and joints connection to hold the overall form.

KEY CONCEPT

Cizd

Fig. 2b: Concept sketches

Fig. 3d: Concept sketches

Potentials
The repetition in materials could re-
duce costs and increase structural efficiency.

Steel Stripes and joints could be easily prefabricated. The
design ideas are to use the triangular or pentagonal top
plane to create repetitive modular. The repetition of the
tree structure could contain flexibility for various layout,
able to adapts to extensive destinations. [2], [3]

Target Group:
Canopy For Outdoor Leisure Space as shading devices

Architectural Structures 1 (2019)
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Case Study 1: Canopy for the Hotel
Intergroup in Ingolstadt

Type:
Canopy

Location:
Ingolstadt, Germany

Year:
2019

Status:
Construction completed

Planning Team:
Eike Schling, Jonas Schikore
Partner: Brandl Metallbau, Eitensheim

Functions

This project is a Asymptotic grishell canopy
designed for the hotel entrance. It is con-
structed with steel and a smooth structure.
[6] The fabrication of the stripes and joints
are repetitive components, which benefits
the construction method by being efficient
and environment-friendly. [4], [5]

Fig. 5: Inside view
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Fig. é: Structural reference, typical joints and supports

Asymptotic Building Envelope

Case Study 2: Aldrich Bay Park

Architect :
Architectural Services Department

Location :
Sai Wan Ho, Hong Kong

Client :
Leisure and Cultural Services Department,
HKSAR Government

Project Type :
Leisure and Cultural

Completion Year :
201

GFA:
Approx. 22,000 sq m

Functions

The composition of the gridshell are con-
ducted with a repetitive organisation,
which would be benefitial on fabrication of
the materials and construction. [7], [8]

MODULAR SHADING DEVICE

Fig. 7: Outside view

Fig. 9: Supports and design implication
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Case Study 3: Proportion and dimensions on
different canopy and benches

Type:
Canopy
Benches

Functions

By taking consideration on the propor-
tions and dimensions of these canopy and
benches, it helps on creating an effective
device for my design proposal. The Design
would need to contains at least 2000mm
deep in order to act as a sun shading and

Fig. 10: Outside view

1800 mm

1000 mm

E
rainscreen, while the benches are de- & s
signed to fit for 4 users at once, the bench-
es also need to fit for the human propor-
tion.[10,11,12] Fig. 11: Section
160cm
45cm
136cm
" 148cm h 45cm
a0cm
45cm
—
12cm

Fig. 12: Supports and design implication
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CONSTRUCTION DEVELOPMENT
Typical Joint

Impermant Joints are used at the inter-
sections of the lamallas when it is in con-
struction procceses. the joint fixtures need
to be removed when the edge support are
positioned in place. [14] Therefore, the
prefebricated slots on the lamallas allow
the constructure to be stable and durable
by interlocking at the iintersections [13]

Fig. 13a: Axonometric of typical joint

\

Fig. 13a: Zoom-in of typical joint

?

100mm

Fig. 14: Detail of typical joint
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Typical Support

The slots on the strips are matched at the
slots on the support edge, therefore the
lamellas could stay at the proper spot. [16]
Asecond layer of the edge support is added
as the outer surface to cover the extentions
of the lamallas. Therefore, it could hold the
curvature shapes and achieving a cleaner
surface. [17]

Fig. 15: Axonometric of typical support

Fig. 18: Detail of the edge support

Fig. 16: Detail of typical support- plan

20

150
mm
S —
f—
—

Fig. 17: Detail of typical support- section

Asymptotic Building Envelope

Constructions Materials

The construction materials are mainly in
3 categories, simple and useful to be pre-
fabricated. It could reduce the construc-
tion cost and being environmental friendly
compared to the other shading devices in
HK [19], [20], [21]

Fig. 21: Lamella impermanent fixtures

MODULAR SHADING DEVICE
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CONSTRUCTION DEVELOPMENT SCENARIO DESIGN

4950 mm |

Construction Process Reference |

Considering this construction process as a reference,
they started building the canopy with the flat square grids,
[22a]. They lifted the structure to articulate the form, [22c]
fixing the construction with the edge structure and joints
connection to hold the overall form. [22g] Therefore, this
understanding is applied to develop the construction con-
siderations and procedures of the design proposal on the
next page.

2000 mm

3500 mm

Fig. 24: Surface perspective

4950 mm 2000 mm 40 mm

2500 mm
2500 mm

! 3500 mm

[a] Surfaces arching up to 2500 high, to achieve an  [b] The top extended horizontally with at least 2000mm [c] Trimmed the overall network with a pentago-
appropriate height deep to act as a rain screen and sun shading device nal top plane for the design intension, to achieve
varies layout

Fig. 22 [A-H]: reference construction process Fig. 27: System forming proccess- surface to grid network
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MODULAR SHADING DEVICE

4950 mm

|!LLEF5
__H,‘.’

T

. . - — 2
8
3
[a] Flat grid network constructed with lamellas [b] Hold the grid system with impermanent joint at the
intersection point
4 ‘ . | ' ) §
3
_ LT s
Fig. 29: Design elevation
e
‘-..\“‘-v
[c] Lift up the grid network into form [d] Fix the ideal form with double layers of edge support
Fig. 30: Design plan
[e] Gridshell canopy formed, the gridshell structure [f] Sitting bench designed with steel stripes could be
would connected to the concrete block, hold with steel installed base on customers preferences Under the constructional considerations: lamellas are in
plate to sit still

150 mm width, while the support edge would be in 200
mm to cover the interlocking differences differences.[30]
The proportion of the bench are designed ideally to fit
Fig. 28: Proposed construction process three users at once. [29]
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SCENARIO DESIGN
Design Scenario (Pentagonal):

Span:
3-10 m, Smooth grid

Material:
Steel Stripes , Steel Joints, Steel Support
edge

Target Group:
Canopy For Outdoor Leisure Space as
shading devices

Architectural Concept

The Repetition in materials could reduce
cost and increase sturctural efficiency.
Steel Lamallas and joints could be easily
prefrabricated, enhace the frabrication ef-
ficiency. [31] ETFE membrane attched on
top for water proofing. [33]

The design ideas is to use of the pentago-
nal top plane to create repetitive modulars.
The repetition of the tree canopy structure
contians flexibility to achieve serveral lay-
out, either to form a shaded corridoor,
back to back or in circular layout. [34]

The Bench could be install or remove base
on different preference, it is in steel stripes
design to response a similar logic of the
gridshell. [33]

While most of the canopy design in hong
kong are in boring repititions format. This
design could use the same modular sys-
tem to achive wide range of variations. Fits
for different destinations, but still contain
its uniquness as a site specific device, it is
the more efficeint to fiited into any water-
front or park or outdoor location in Hong
Kong. [34]
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x 1 (individual]

X 2 modulars

x 3 modulars

X 4 modulars

Fig. 34 Recommended pentagonal modular variations

X 4 modulars
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MODULAR SHADING DEVICE

2000 mm 685 mm 2000 mm 685 mm
N N N/ N
7K 2

N

ww 005z
wuw 005z

Fig. 31: Design elevation Fig. 32: Design section

Design proposal with bench in-
stalled, ETFE membrand attached to
the edge support for water proofing

Fig. 36 Rendering- design shading modular fitted to various site

Fig. 33: Design perspective view
Asymptotic Building Envelope 141
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SCENARIO PROPOSAL

Fig. 1: Current typical concrete construction and innovative construction method by Block Research Group

Span
10m

Material
Reinforced Concrete

Introduction

Urban context of Hong Kong, with various highrises, pro-
duction of architectural skeleton has been developed to
fasten the construction, prefabrication. Usage of bamboo
has also allowed environmental friendly way reusing form-
work for building constsruction, yet having slow construc-
tion speed.On the other hand, asymptotic gridshell can be
prefabricated, constructed easily flat on ground, shaping
into desired shape, then requires minimum formworks to
create structure, due to its resuability. Double curvature
allows strength to the structure, while minimizing the ma-
terial use, while introducing another interest to the build-
ing structure.

The gridshell formwork could fasten on-site construction
of architectural skeleton, while using less concrete and
minimum formwork and scafolding, yet strong and beauti-
ful architectural skeleton for the buildings.
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Construction Method
Smooth Elastic Gridshell with Fabric formwork

Target Group
New Structural Skeleton

Challanges

There are few chanlleges to be solved, considering current
methodology of on-site construction, also detailed con-
struction procedures for the new possible method using
gridshell.

First, is solving the complicated current on site construc-
tion methodology. While also solving the process of new
the construction process of layering gridshell, fabric, rein-
forcement and concrete casting. Second, is finding a sim-
ple efficient and elegant shape for new possible concrete
slab construction. Last, is finding a simple and efficient
network for gridshell. While minimizing large void spaces
for the gridshell, since it is the hollow parts are the weak-
est part of the structure.

KEY CONCEPT

Fig. 4: Plan Sketches

e

Fig. 5: Section Sketches

Fig. 6: Axonometrie Sketches

/ \4/?/ \\“; [—_ d u‘( ] 3“: t/‘:h ltl '

Fig. 2 & 3: Initial proposing skeches Fig. 7: Perspective Sketches

Potentials

The benefits for asymptotic concrete structure, is to be
possible to make thinner floor slab, that increased materi-
al and structural efficiency with reduce the cost. The rep-
etition of the asymptotic lamella formwork can be easily
prefabricated, with certain dimensions and length, and can
also be reused.

The new proposing asymptotic concrete structure could
bring efficiency in construction, bringing much simpler
construction method. While it brings new elegant interior
shape and experience to the current common rectangular
structures. Shell structure is also structrually more stable
and stronger than a typical flat slabs.

The asymptotic steel lamella and fabric formwork for con-
crete casting will be required. The asymptotic gridshell
can be constructed flat on ground, pushed in desired po-
sition and shape, and can be repetively casted throughout
the residential tower or other type of buildings.

Architectural Structures 1 (2019)
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Case Study 1: Heimberg Tennis Hall,
Heimberg, Berne, Switzerland
Heinz Isler

Type: Roof
Year: 1978
Team: Heinz Isler

Architectural Concept

Heinz Isler is a Swiss artist-designer-en-
gineer, who developed new concepts and
methods for thin shell concrete structures,
for efficient and sustainable design, that
was emphasized during the time period of
1950s to 80s. He directed his efforts away
from the mathematics of engineering and
focused on the physical model, emphsizing
on form and stability. With his studies of 3
types of formwork, molded earth, inflated
rubber membranes, and draped fabrics.
The studies of fabrics were the most in-
teresting, because of the relationship be-
tween the fabric’s capacity for tension and
the concrete’'s capacity for compression.
From the small scale model, the draped
fabrics defined most effective structural
curvatures, in tension, where Heinz ap-
plied the same curvature to concrete, by
“frozing” the model with epoxy resins and
flipping 180 degrees, there by putting the
material into compression. [1]

Functions

The Heimberg Tennis Hall is still in service
now, as an indoor tennis courts. The whole
architecture is built with repeating mod-
ules on side of each modules. After com-
pletion of one module, reusing the same
formwork for the next module, allowed
economic, yet environmentally friendly
method of construction.

Asymptotic Building Envelope

Fig. 8: Outside view

Fig. 11: Reusability of timber formwork

Case Study 2: HiLo Construction Prototype for
Ultra-Thin Concrete Roof
ETH Zirich

Type: Roof Shell

Year: 2017

Team: Block Research Group lead by
Philippe Block & Arno Schliter

Architectural Concept

Thin shell roof that features a mesh-re-
inforced concrete and PU foam sandwich
structure, with inner hydronic radiant
heating and cooling system. Also, thin-film
photovoltaic cells on the outside allows to
generate more energy than it consumes.
[2] Ultra-thin concrete roof is constructed
using a prestressed, cable-net and fabric
formwork. The shell has a thickness of 3-12
cm, 8 cm on average, features spans in
the range of 6-9 m with its support on five
‘touch-down’ points with free edges along
its entire perimeter. [3] Thin layer of con-
crete is sprayed through the carbon-fibre
reinforcement onto the fabric formwork.
Spraying concrete onto the fabric form-
work, also gave pillowing effect under the
structure, creating interesting shape ceil-
ing in the interior. The node of the cables
was designed to allow freedom for shaping
the net, while allowing precise location and
guidance for the placement of fabric and
the reinforcement. [4]

Functions

Researchers from ETH Zurich have built a
prototype of an ultra-thin, curved concrete
roof using digital design and fabrication
methods. The shell is part of a roof-top
apartment unit called HiLo that will be built
in 2020 on the NEST, the living lab building
of Empa and Eawag in Diibendorf.

ASYMPTOTIC CONCRETE FORMWORK

Fig. 15: Joint nodes
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Case Study 3: Hybrid Structural Skin-
prototype of an elastic gridshell in compos-
ite material, braced by a thin fiber-reinforced
concrete envelope

Lionel Du Peloux, Pierre Cuvilliers, Cyr-
il Douthe, Robert Le Roy (Ecole des ponts
ParisTech)

Type: Roof Shell

Year: 2017

Team: Lionel Du Peloux, Pierre Cuvilliers,
Cyril Douthe, Robert Le Roy

Architectural Concept

The main idea is to use the gridshell as a
hanger for pouring a thin fiber concrete
casing over it. A mechanical connection is
ensure between the mesh and the concrete
to allow the envelope to play the role of
bracing on the one hand; and minimizethe
thickness of

concrete required on the other hand.

Functions

This idea tries to solve the issues through
a concept of a hybrid structural skin made
of an elastic gridshell braced with a con-
crete envelope. The idea is to use the grid-
shell as a formwork for the concrete and to
guarantee mechanical connection between
the thin concrete skin and the main grid,
so that the concrete ensures the bracing of
the grid and that the thickness of the con-
crete is reduced to a minimum. To demon-
strate the concept, a 10 m? prototype has
been built. [5]
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Fig. 18: Structural details

CONSTRUCTION DEVELOPMENT
Typical Joint

For the strength of the structure to allow
withstand the load of concrete casting on
top, steel lamelas are used. The intersec-
tion of lamelas should be easily joined,
since it will only be temporary formwork,
and to fasten assembly on the ground.
Prefabricated steel lamellas with slits al-
lowing easy assemble as waffle, then steel
plates and bolts, but allowing flexible hori-
zontal movement.

Fig. 20: Axonometric of typical joint

Fig. 19: Render

®
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bolt & nut

steel plate
steel lamella Il

steel lamella |

Fig. 21: Detail of typical joint
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Typical Support

Asymptotic gridshell is held up on the
column, that the concrete shell will be
jointed and to be casted with the column.
The support for the gridshell is part of the
overall skeleton of the architecture.The
steel lamellas will be inserted into the
slots, fixed with simple connection, since
the gridshell will be taken down after the
concrete casting, for next module.

Fig. 22: Render

L
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1750

501150|, 250

raised floor

5250

mechanical space

raised floor support

concrete shell

steel wire mesh reinforcement
textile mesh

asymptotic gridshell

steel rod joint for slab

p i concrete column

Fig. 24: Detail of typical support
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Construction

The construction of the shell should be fast
and easy, concept of modules. Gridshell
performs as formwork for the concrete
shell casting. The gridshell will be taken
down after the concrete is dried, repeat-
ing the process throughout the building
will fasten the construction process. Lat-
er, raised floor supports will be positioned,
with raiased floor tiles, for flat ground to
inhabit.

ASYMPTOTIC CONCRETE FORMWORK

Construction process

1.

Prefabricated columns with steel rod
will be positioned.

Assembling the gridshell, flat on
ground, joined with simple joint of
steel plate and bolt and nuts.

Gridshell held in shape and position on
the column, with cross scaffolding in
the centre, for positioning and stabil-

ity.

Layering fabric mesh for the form-
work, and steel wire for the reinforce-
ment for the concrete casting.

Spraying concrete with even thick-
ness. concrete slab will be joined to
columns via steel rods on the column.

After the concrete as settled and
dried, gridshell can be disassembled,
for the next module.

Fig. 25: Render of concrete shell
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CONSTRUCTION DEVELOPMENT

Fig. 26: Construction process A, B, C, D, E, F
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SCENARIO DESIGN
Site

Main approach of this research is to ex-
plore new building structure, with lighter
structure and easier and faster construc-
tion. Given this research approach, the site
could be anywhere with a land for a new
building. In an urban context of Hong Kong,
this research could propose a new build-
ing skeleton for residential housing, office
building, and industrial buildings.

Design Concept

The formfinding process is the combina-
tion of two crossing vault structure, then
smoothening intersecting boundaries to
create negatively curved surface.

The concept for the light concrete slab has
two different parts. First, the asymptotic
grid and fabric form work allows efficiency
in time and material. The formwork could
be assembled on the ground, with fabric at-
tached, then pushed up to designed shape
and move to desinated place for concrete
casting process. Second, double-curved
shape of slab allows stronger and lighter
structure for the buildings. The module in
10m x 10m, allows repetition of the system,
looking for new possible structural system
for the buildings.

Functions

This light weight concrete slab suggests
new structural system, which could be
implemented for various type of buildings:
residential, office and industrial buildings .
This system of new structural skeleton can
be scaled differently in span and height, to
allow suitable structure for different pro-
grammes.

5m x 5m in span and 1m in height for res-
idential, every module could be a housing
unit, and allowing flexible housing plan-
ning. 1m of concrete shell and 2m of col-
umn will be efficient height for residential
housing. Also, the raised floor could be
used for electric wires for air conditioning
and lightings on the ceiling.

10m x 10m in span and 2m in height for of-
fice buildings, allows bigger column free
space for greater people working in the
office. 2m height of concrete shell and 2m
of column height will allow suitable raised
floor for electrical wires in the offices. 20m
x20m in span and 5m in height for industri-
al buildings, will have deeper concave for
structural stability, while allowing greater
interior space for machines and manu-
facuturing use, and bigger service space
between the raised floor and concrete
shell.

Fig. 27: Site plan
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Fig. 30: Diagonal section of office building type
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Fig. 28: Form finding process and design concept

Fig. 31: Elevation of office building type
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Fig. 32: Plan of office building type

Fig. 29: Design flexibility for residential, office, industrial buildings.
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SCENARIO DESIGN
Architectural Concept

Lorem ipsum dolor sit amet, consetetur sadipscing eli-
tr, sed diam nonumy eirmod tempor invidunt ut labore et
dolore magna aliquyam erat, sed diam voluptua. At vero
eos et accusam et justo duo dolores et ea rebum. Stet clita
kasd gubergren, no sea takimata sanctus est.

Lorem ipsum dolor sit amet, consetetur sadipscing eli-
tr, sed diam nonumy eirmod tempor invidunt ut labore et
dolore magna aliquyam erat, sed diam voluptua. At vero
eos et accusam et justo duo dolores et ea rebum. Stet clita
kasd gubergren, no sea takimata sanctus est. Lorem ip-
sum dolor sit amet, consetetur sadipscing elitr, sed diam
nonumy eirmod tempor invidunt ut labore et dolore magna
aliquyam erat, sed diam voluptua. At vero eos et accusam
et justo duo dolores et Always list your sources. [2]

Fig. 33: Axonometric of residential building type Fig. 34: Interior rendering of residential building type
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ASYMPTOTIC CONCRETE FORMWORK

Fig. 35: Interior rendering of office building type

e

Fig. 36: Pattern on ceiling Fig. 37: Exterior rendering of residential type
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Fig. 38: New structural skeleton for concrete jungle

Summary

The new possible structural skeleton for concrete struc-
ture can allow increased efficiency in construction, while
also imposing strong gesture to the interior of the building.
The gridshell takes its structural advantage of easy and
fast assembly, minimal formwork, stability and strength.
The gridshell formwork could allow stronger structural
system, fasten on-site construction, while minimizing the
use of resources.
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SCENARIO PROPOSAL

Fig. 1: Glass roof structure

Span
200 m

Material
Steel and plexiglass

Introduction

After learning from the Munich Olympic stadium, | have
decided to design a new roof structure that is beneficial
for the construction process and fabrication process. In
the design of the Munich stadium, they utilised a tensile
structure with a layer of plexiglass on the top as the way of
designing the roof. In my design

| want to design a large biosphere that is located on the
mountains that utilises the shape of a pseudosphere to de-
sign a roof, and apply a layer of plexiglass on top to stop
wind and rain from entering the structure. It will use a joint
system that connects the 4 members.

It will be a public structure for anyone to enter and exit,
and will act more as a spectacle on site due to its size. The

154

Construction Method
Joint System

Target Group
General Public

material used will be steel since it is stronger and rigid in
extreme weather conditions.

Challenges

A pseudosphere is a surface generated by constant nega-
tive Gaussian curvature and it revolves around an axis. It is
generated by tractrix that is rotated along one axis, form-
ing rings three dimensionally. The asymptotic curves of
a pseudosphere has constant edge length, constant geo-
desic torsion, constant negative double curvature and zero
normal curvature.

The challenge would be how to play with the restrictions

KEY CONCEPT

Slmplt
Hing e

O oomrs.
%*”Xm
FET -

"

Fig. 3: Sketches of proposed
structure

given by a pseudosphere to construct a new roof that
would be easier for construction of the roof.

Potentials

In terms of potentials of architectural construction, the
line work of a pseudosphere can be constructed from
straight tubes with joints that connect at the node. Each of
the straight tubes are of the same length which allows for
simplified fabrication of each of these steel tubes.

The shape restriction of a pseudosphere is not that much of
an disadvantage since the quality of constant length makes

the fabrication and constriction process much easier.

Architectural Structures 1 (2019)
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Network and Geometric Properties

A pseudosphere is formed by revolving a
tractix of a certain radius around an axis to
generate a surface. The structural network
follows the asymptotic lines on this sur-
face. These asymptotic curves. These are
the curves that are traced on the surface
that are tangent at each point to one of the
asymptotic directions.

Modelling Process

1.

2 pseudospheres are placed adjacent
to each other so they connect at the
centre.

Instead of using the tractrix and its
rings, the asymptotic lines of the
pseudosphere are used to create a
gridshell.

Since the site is slanted, half of the
pseudosphere  rotational surface
will be beneath the site. This will be
trimmed away.

The remaining part of the pseu-
dosphere’s network is used as a basis
for structural design.

Asymptotic Building Envelope

Fig. 4: Pseudosphere with asymptotic lines

Plan

BIOSPHERE IN THE MOUNTAINS

Axon
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Case Study 1: Eden Project
Details

The eden project functions as the world
largest greenhouse with plant species
from all around the world. Its spherical
space frame is designed from a hexagonal
grid and the overall weight of the structure
is extremely light.

Construction + Erection

The structure is more than 120 meters
long. The structure itself is lightweight and
rigid and it is constructed with a prefab-
ricated joint system that allows for easier
and precise fabrication process. All the
parts can be delivered to the construction
site piece by piece.

Joint details

The joint system is designed so that ETFE
cushions can be plugged in easily. The
joints are made of steel tubes, which are
light, relatively small and easily transport-
able.

Facade

Aluminium clamps on its cladding panels
clamps down ETFE cushions (a material
that is environmentally efficient and ex-
tremely lightweight)

Site

The site is also quite unstable and une-
ven (like my chosen site at the foot of the
mountain), and this biodome structure
offers a stable and sustainable structural
solution.
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- External Pressure
.7 (Wind, Snow, etc.)

.- Outer Foll Layer

; < Middls Foil Layer
Clamped Edge ~ {Not Required)
Pressurized Ar "

inside Cushion "> Inner Foll Layer

Fig. 8: ETFE "Tefzel”

Fig. 9: Joint detail

Fig. 10: Design of The Eden project

Case Study 2: Shukhov Rotunda
Details

The Shukhov Rotunda has a diagram hav-
ing cover and utilises the tensile gridshell
structure which is patented on 1894. The
structure itself has a diameter of 68 meters
and is 16 meters high. It was also deemed
the first hyperboloid structure.

Functions

The Rotunda functioned as a exhibition pa-
vilion for the All-Russia Exhibition. Shuk-
hov uses mathematics to derive the design
of the structure with the minimum materi-
als, time and labour.

Truss support

The centre of the roof is supported by 14
vertical steel truss that holds up the cir-
cular top ring of the roof. They are joined
together with bracing at the top.

Fig. 11: Sections of Shukhov Rotunda

Fig. 12: Interior view

Fig. 13: Exterior view

Architectural Structures 1 (2019)



Case Study 3: Munich Olympic Stadium

Facade - The roof is made from plexiglass
panels suspended in a web formed into
a tent by huge .tent poles”. It is made of
acrylic sheet for the semi transparent cov-
er plexiglass. This tent-like theme threads
across all the other buildings of the Olym-
pic Park. On top of each joint, there are
pins that pins the plexiglass material down
at its corners.

Construction - The roof is made of cable net
structures that consists of saddle shaped
surfaces. The entire framed by edge cables
and suspended by masks.

Asymptotic Building Envelope

Fig. 14: Roof of Munich Olympic Stadium

Fig. 15: Typical support

Fig. 16: Typical joint

CONSTRUCTION DEVELOPMENT
Typical Joint

All the joint pieces have a constant length
and they are straight pipes that are made of
steel, with a diameter of 16mm. They have
a simple hinge system to accommodate for
the geodesic angle of the pseudosphere.
The hinge system is advantageous when
the structure expands and contracts slight-
ly (when there are changes in temperature
on site).The entire structure is able to shift
slightly and the plexiglass material can
bend accordingly

1. Aluminium clamping
strip

2. Three layer inflated
ETFE cushion

3.  4cm diameter steel
tube

4,5. Metal bolt

6. 16cm diameter steel
tube

BIOSPHERE IN THE MOUNTAINS

— Geodesic angle

Fig. 17: Geodesic torsion of typical joint

Fig. 19: Axonometric of typical joint
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CONSTRUCTION DEVELOPMENT

Typical Support

This support is inspired by the Munich
Olympic stadium’s anchorage. It allows the
steel metal tubes to rotate freely to fit the
asymptopic curves of the structure.

Ve

Fig. 21: Section of typical support
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Fig. 22: Rotation for typical support
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Fig. 23: Renders of typical support

Facade - Bent plexiglass

Aluminum clamping pins are secured at
the top of where 4 joints meet. Inspired by
the Munich Olympic stadium as, we, plexi-
glass panels are used as the exterior fa-
cade since it can bend and move accord-
ingly to the shifts of the joints since it is an
elastic material that repels rain and wind
(even under extreme weather conditions).

1. Aluminium clamping pin
2. Plexiglass
3. 4 msteel tube

Fig. 24: Axonometric of facade

Fig. 26: Construction process

Architectural Structures 1 (2019)



Arch truss and bracing

The entire structure is supported by 2 arch trusses that
span 95 meters and 70 meters long. the bracing itself has
a cross section of 3 meters by 5 meters.

Fig. 27: Truss bracing detail
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Fig. 28: Plan of arch truss
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Fig. 29: Detail of arch truss

Asymptotic Building Envelope

SCENARIO DESIGN
Site

The structure is located at the mountain terrains, it is
wedged between the foot of 2 mountains. The shape of the
large Biosphere is designed to adjust to the terrain.

Design Concept

The concept is to use a pseudosphere to build biosphere
within the mountain terrains. The structure will create
a grand space by suspending an asymptotic grid-shell
from two large trussed arches. In this project, two pseu-
dospheres are joint together as the design shape.

A pseudosphere constant edge length, which means each
of the steel tubes will be of equal length. The shape also
has constant geodesic torsion, and this will be solved by
the hinge system at the joints which allows each of the
bars to rotate and move accordingly. Other qualities of a
pseudosphere are that is has a constant negative double
curvature and zero normal curvature, which allows rain,
snow etc to flow off the glass roof easily.

Functions

The structure functions as large-scale modular grid-shell
and offers a space as a biodome in extreme weathers.
Since it is such a huge mega structure, the geometry of
a pseudosphere is very convenient for fabrication. The
structure creates a column-free space below which allows
people to roam around freely. dolores et ea rebum. Stet
clita kasd gubergren, no sea takimata sanctus est.
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Fig. 31: Dimensions of structure

BIOSPHERE IN THE MOUNTAINS
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BIOSPHERE IN THE MOUNTAINS

SCENARIO DESIGN

Fig. 32: Plan/top view
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Fig. 33: Plan

Fig. 35: Interior rendering

Fig. 34: Short sections

Architectural Structures 1 (2019)
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SCENARIO PROPOSAL

Fig. 1: Site context

Span
100 m

Material
Steel

Introduction

Hong Kong is a place with of lot of highrise buildings, and
a beautiful skyline for each side of the lands. However, it
seems like most of the buildings are restricted to the rec-
tangular footprint of the land and extruded out all the way
up to the top. As a result, this pile of buildings is blocking
the views and taking away space for the ground. People
feel stiff and confined when they walk through these build-
ings.

This project will suggest a highly flexible design method to
resolve this problem with a negative surface. The negative
surface can provide more freedom to design the building
with curvature also can achieve spatial efficiency at the
same time. In addition, the main concern about designing
a building with curvature is cost and efficiency, and asymp-
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Construction Method
Prefabricate, Discrete

Target Group
HongKong Company

totic curves created from the negative surface can mini-
mize the structure need for the construction.

Challanges

To generate the asymptotic curves, the surface needs to
be negative curvature, which means curved in two differ-
ent directions. For the joint, we need to think about how to
accomodate geodesic curvature and geodesic torsion. We
need to think about different layering system, for function
of each layers and how the structure, facade, and shading
work together.

KEY CONCEPT
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Fig. 2: Concept sketches

Fig. 3: Modular surfaces

Fig. 4: Ruled surfaces
Potentials

This layering system can be highly flexible to any negative
surface, therefore, it provides much freedom to design the
shape of a highrise building. For the structure, we can pro-
duce planar joint, as the asymptotic curve does not have
any normal curvature. Moreover, the asymptotic can eas-
ily transform the straight stips of steel into double curved
facade.

Architectural Structures 1 (2019)
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Case Study 1: Canton Tower, Guangzhou

IBA

Architectural Concept

The Canton Tower is a 604 meter tall mul-
tipurpose observation tower in Guangzhou,
China. The Canton tower's twisted shape
or c structure. In combination with para-
metric design methods and applied a sim-
ple structure concept of three elements,
columns rings and braces, to this more
complex geometry. The form, volumen and
structure of the towers is generated by two
ellipses, one at foundation level and the
other at a horizontal plane at 450 m. These
two ellipses are rotated relative to another

[11.

This is an example of highrise building with
asymptotic structure system. It is refer-
encing how this simple method can creat
a doubly curved surface with straight lines.

Asymptotic Building Envelope

Fig. 6: Form finding process

Fig. 7: Facade of the building
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Case Study 2: 30 St Mary Axe ( The Gher-
kin), London

Foster + Partners

Architectural Concept

The Gherkin building is a commercial
skyscraper in London’s primary finan-
cial district, the City of London.lt is 180
meters tall and stands on the former
sites of the Baltic Exchange and Cham-
ber of Shipping. The building was con-
structed by Skanska, completed in De-
cember 2003. The building uses energy
saving methods which allow it to use
only half the power that a similar tower
would typically consume.Gaps in each
floor create six shafts that serve as a
natural ventialtion system for the entire
building [2].

This project is a well-know example
of diagrid building with doubly curved
shape. From this, we can understand
the primary structure of diagrid building,
and the detials of different part of specif-
ic structure such as joints, glazing, and
diagonal elements.

ASYMPTOTIC HIGHRISE IN HONG KONG

Fig. 10.Typical joint and support
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Case Study 3: XXCQ Tower, New Zealand

Studio Pacific Architecture

Architectural Concept

XXCQ Tower is a landmark building on Wel-
lington’s waterfront. This building is one
of the saftest structures to be standing in
during an earthquake. It has been designed
to minimise structural damage in a 1in 500
year earthquake and is estimated to meet
up to 180 percent of the building code. It
features a diagonally-braced steel diagrid
perimeter structure with base isolation,
representing a new generation of safety
and resilience. The base isolation system
also reduces the likelihood of structural
damage, increasing the building’s lifecycle
and reducing its environmental cost [3].

This reference provides knowledge about
different layers of facade system, and how
the diagrid buildng can construct step by
step.
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Fig. 12.Construction process

SURFACE AND NETWORK SYSTEM
Form Finding
A. Generate a negative surface

B. Substract two sides of the building of

rectangle extrusion

C. Connect two negative surface into one

continuous surface, and naturally ma-
kes curved edges for two different si-
des.
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Fig. 13: Form finding process A, B, C
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These are different prototypes, shows the possiblity for
more options with any negtively curved surface building.
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CONSTRUCTION DEVELOPMENT
Main Structure Joint

The main diagrid structure are mainly di-
vided into two parts, a node and diagonals.
Nodes will align on the floor slab, and con-
nected with horizontal members. The diag-
onal members are constructed with round
steel rod that could resist the geodesic tor-
sion. And, flat metal piece attached on the
end will joined with node with screws. The
diagonals could move side to side to adapt
the geodesic curvature.

X

Fig. 17: Joint

QO QA QP
8m

Sub-Structure

Sub-diagonal structure is 4 times denser
than main structure it is a floor height of
the building. This structure will prefabri-
caed into a segment of smooth structure,
and hold the window panels. The structure
will be 1cm thick and 20cm wide. There will
be 2 triangular glass panels will fit into one
diagrid. To fill in the tolerance between
glass panel and steel lamella, added silli-
cone sealanct in between.

Fig. 20: Sub-diagonal structure
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Fig. 18: Axonometric of sub-structure

- Steel lamella (1cm)
Diagonal Member / Sillicone sealant

Double glazing

A

Fig. 15: Elevation of nain structure

Screws \

Horizontal Member Jﬁ / 4L

rs 1

[ 7

Fig. 16: Detail of main structure Fig. 19: Detail of typical sub-structure
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ASYMPTOTIC HIGHRISE IN HONG KONG

A

Construction

A. Prefabricate Main Joints, diagonal
members, and segements of sub-di-
agonal structure.

B. Assemble joints and the diagonal
members and attach to the floor slabs.

C. Add sub-diagonal layer to the main
structure, the edge need to be aligned
with the main joints and connected to
it.

D. Insert the triangular glass panel onto
the sub-diagonal structure.

Fig. 21: Exploded axonometric

Asymptotic Building Envelope 167



SCENARIO DESIGN
Site

This is site of Central,Hong Kong, with lot of highrise build-
ings and it seems like most of the buildings are restricted
to the rectangular footprint of the land and extruded out all
the way up to the top. As a result, this pile of buildings is
blocking the views and taking away space for the ground.
People feel stiff and confined when they walk through
these buildings.

Design Concept

Design concept of this project is avoid homogenous extru-
sion of building, and use curves to overcome spatial deficit,
which is usual situation in Hong Kong. By using negative
surface and extract asymptotic curves from it, can easily
generate a layering facade system for highrise building.

Functions

This highrise building is suitable for office building. The
shape of the building is iconic from the outside, and can
provide optimized working area for internal space.

Architectural Concept

Most beneficial part of asympotic curve is the efficiency of
building structure. This drives to various layering system
for facade. Each layer has different structural function,
and it needs to be co-works together. First layer of asymp-
totic curves will become main diagrid structure to support
whole builing with a core structure located on the center
of the building. The second grid is sub-diagonal structure
that will holding up the glazing panel. Third layer is divsion
of diagrid into triangle, so the glass panel can be flat and
insert into the grid.
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Fig. 23: Site
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Fig. 24: Section

Fig. 25: Exterior view

Fig. 26: Street view
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Fig. 27: Inside view
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SCENARIO PROPOSAL

Fig. 1: Lam Tsuen River near Kwong Fuk

Span
30 meters
10 meters per unit

Material
Reinforced steel

Introduction

We often use gridshell structure to build a building facade
or a dome, but can we use this strategy to build a bridge?
If so, what are the benefits and the limitations of using
gridshell? Besides, how can we enlarge the benefits and
avoid the limitations? In my opinion, the gridshell structure
has the benefits of creating a longer span, which fits the
need of the bridge? How many loads are you able to apply
on top of the gridshell? What kind of joint suits the bridge
better? Is the bridge site-specific, or can it be a prototype
that can be applied anywhere in the world? And what's the
experience to walk on a gridshell bridge? Is the gridshell
making the construction easier? We have to keep asking
these questions when we are designing the structure, so it
explores the maximum potential of the bridge.
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Construction Method
Prefabricated unit, On-stie Assembly

Target Group
Hong Kong

Challanges

There are several challenges when designing the bridge.
The first one is that most bridge has a relatively flat sur-
face, so it is more comfortable to walk on it. However,
the gridshell structure often deals with a curved surface,
which could be a downside of the structural design. The
second one is that a typical bridge only has several points
that have an equal length in between, which allows the pi-
loti to touch the ground. Therefore, the gridshell surface
has to be lifted the edges to create the points that gently
touch the ground. The third one is the joints of the gridshell
has to be strong enough to support the weight. In this case,
| am using the asymptotic curvature network to create the
grid. This network allows each piece to be a straight mem-
ber. However, the grid has to be equally distributed on the
surface so that the weight is able to transfer to the struc-
ture evenly.

KEY CONCEPT

4 /.

0 77 7 /1

Fig. 4: Concept sketch elevation

Potentials

The negatively curved surface can be modified in a way to
have a relatively flat path in the middle so that it is easier
to walk on. The up and down surface creates an extraor-
dinary experience of this pedestrian bridge to make it fun
to walk on. Besides, there is an intimacy between the user
and the structure, the user is able to feel the curvature
of the gridshell. When the bridge is reaching to the edge
where itis close to the water, the surface is relatively more
curved, so it is higher or lower than the middle. Therefore,
we can use this area to be a place for fishing or sightsee-
ing. The bridge is more than the function of bridging but
also provide other experiences.

Architectural Structures 1 (2019)
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Case Study 1: Bending Bridges

Architectural Concept

Bending Bridges focuses on the develop-
ment of a double-layered construction sys-
tem for a free-standing load bearing light-
weight wooden structure, through global
double curvature, and local active bending
principle. The project aim is the design and
construction of a pedestrian bridge exploit-
ing the elastic bending capacity of standard
thin plywood."

Functions
| was inspired by the negatively curved sur-
face of this bridge, and | believed that this

curvature could give me a nicer asymptotic
curvature network.

Asymptotic Building Envelope

Fig. 7: Typical joints and supports
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Case Study 2: Footbridge in Maribor

Architectural Concept

The architects felt the bridge’s proximity of
the existing bridges over Drava along Lent
Tabor embankment provided an oppor-
tunity for the new bridge to become more
of landmark and a vibrant urban surface
engage with the water’s edge. The 15m
wide undulating surface creates a variety
of experiential conditions and provides the
structural stability for the project.2

Functions

This pedestrian bridge has a unique expe-
rience that allows people to walk up and
down to interact with the bridge, which is a
very interesting feature that | want to intro-
duce into my design.

BRIDGE STRUCTURE

Fig. 8: Photo of bridge
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Fig.9: Diagram of bridge

Fig 10: Typical joints and supports
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Case Study 3: Footbridge Over the Railways

Architectural Concept

The long-awaited Villetaneuse Université
interchange is now taking shape. Although
this is a good thing in terms of urban de-
velopment, it also exacerbates the division
between north and south due to the ensu-
ing concentration of networks and traffic
lanes.?

Functions

The structure of this bridge brings the cov-
er and the desk together, it might not be
able to directly related to the asymptotic
gridshell, but | would like to test the poten-
tial of the gridshell in this direction.

Fig. 13: Photo of footbridge
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CONSTRUCTION DEVELOPMENT
Typical Joint

There are four typical joints on this struc-
ture; the first one is the connection be-
tween the asymptotic members. Two
pieces of metal strips are used on one
asymptotic curved member, and they
have prefabricated slots so that they can
be intersected into each other. Therefore,
there will be a whole in the middle to al-
low a bolt insert into it. Two extra pieces
are also inserted into each side of the joint
to reinforce the slot of the connection.
The second one is between the asymp-

Fig. 14: Axonometric of typical joint 1

totic members and the metal frame. Pre-
cisely calculated angled metal pieces
are welded on the frame to allow the as-
ymptotic pieces to connect on the frame.
The third one is the wooden deck con-
nected to the gridshell by grabbing by
clamps to the | beam, and the wood-
en deck is drilled onto the | beam.
The last one is the handrail connected on
the wooden deck. And it is connected to the
glazing fence.

Fig. 15: Axonometric of typical joint 2

Architectural Structures 1 (2019)



Typical Support

There are two main typical supports. The
first one is the primary structure, which
is a C-section symmetrical metal frame,
which can be divided into two parts and
prefabricated. And the second one is the
secondary structure, the asymptotic metal
pieces, which are straight flat metal lon-
gitudinal planes, and they can be folded to
create the gridshell network.

Fig. 16: Axonometric of typical joint 3

70.00

Fig. 18: Secondary structure

Asymptotic Building Envelope

Fig. 19: Primary structure

Construction Process

The construction process canbedividedinto
two parts; the first one is the prefabrication
of the frame and the asymptotic gridshell
of each module. The second one is the on-
site assembly to connect each module and
put the wooden deck and handrail on them.
The prefabrication of each module needs
the frame to be assembled first to define
the boundary of the gridshell. Then the
joints are welded on the metal frame to
allow the asymptotic to be attached to it.
Since the curved members are following
the asymptotic network, the curved sur-
face is automatically generated.

The on-site assembly is happening be-
cause each module is relatively small, so
you can easily put the gridshell on the top
of each piloti. The | beam connecting the
wooden deck for pedestrians is later as-
sembled with the handrails.

BRIDGE STRUCTURE

0'5..5 P

2% N
OSSR
g

Fig. 20: Surface and asymptotic network
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CONSTRUCTION DEVELOPMENT SCENARIO DESIGN

Fig. 22: Cross section

Al

Fig. 25: Bridge plan

Fig. 21: Construction process A, B, C, D, E, F Fig. 26: Module plan
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Architectural Concept

The curved surface of the bridge gives
opportunities to create multiple inter-
esting moments for people to interact.
From the section of the bridge, we can see
that the curve on each part of the section
can be curved up and down. When it is
curving up, it has a slop to bring people in
a higher position for sightseeing. When it is
curving down, it brings people to the level
that is adjacent to the water.

Therefore, the bridge is not only perform-
ing as a connector between A to B but also
a space to have potentials for users to ex-
plore. And the gridshell structure really
brings everything together as a whole sys-
tem to make this possible.

BRIDGE STRUCTURE

Fig. 24: Long section

Fig. 28: Elevation

Fig. 29: Central perspective view

Asymptotic Building Envelope

Fig. 30: Perspective view
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SCENARIO DESIGN
Site

This bridge is not site-specific, but it is
more like a prototype that suits multiple
sites. In Hong Kong, there are many riv-
ers or canals that are reinforced by the
concrete embankment. The weight of the
rivers and canals is relatively uniform, and
the water flow is not intensive. | believe
that this prototype can be applied to mul-
tiple sites with the same condition. The re-
peatable modular design allows the bridge
to be very flexible in most conditions. And it
is able to bring the surrounded neighbour-
hood a space with good atmosphere.
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b. Shatin Central Park Bridge

d. Lam Tsuen River Near Kwong Fuk

Fig. 32: Site Picture a, b, c, d

Fig. 33: Render on Staunton Creek, between Wong Chuk Hang Station and Ap Lei Chau Bridge
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Summary

This bridge is using a negative curvature surface to create
an asymptotic gridshell by playing the negative surface.
It creates the area with a gentle slopping for pedestrians
versus a step slopping for the footings. Moreover, the as-
ymptotic gridshell is duplicable, and it can be placed at
the end of each one so that it is creating a longer span.
The construction is a combination of pre-fabrication and
on-site installation. The prefabricating part is to assem-
ble the gridshell, so that the on-site installation is easier
and quicker. The curved surface of the bridge brings a very
interesting space for going up and down, which is mimick-
ing the slopping landscape in Hong Kong. Therefore, the
bridge becomes a space not only to commute but also to
gather.

Asymptotic Building Envelope
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SCENARIO PROPOSAL

KEY CONCEPT

Fig. 1: Arch in Cube- Facade Integration

Span
5-12m

Material
Steel

Introduction

The course introduces the functions, methods and appli-
cation of structure gridshell in different aspects of archi-
tectural designs. My proposal is .to design a facade that
integrate into an middle-height building. The facade can
be a glimpse, that supply a lightweight visual perception
in Hong Kong's heavy urban context.

Gridshell Structure benefits structural stiffness, behaves
well on carrying the load and bearing the wind. The organic
form activate the interior and exterior context. People can
efficiently walk under the building, and being attracted by
the inside exhibition and outside context of the gridshell
structure.

The arch-like facade idea was inspired by Effel Tower, sup-
plying a shading path and observation square.

182

Construction Method

Prefabricate

Target Group
Urban Inhabitants

Fig. 2: Concept sketches

Challanges

The scale of the facade needs to be controlled in a small
size but well integrated into a normal building.

The facade supports, joints and construction need to be
well chosen and designed. The glass should not be twist-
ed. The supports need to be prefabricated and assembled
on site.

Potentials

The gridshell structure is material economic and environ-
mental friendly. double curved surface and multiple layers
of mullion provide a visual and structural benefits. Smooth
steel strips can be prefabricated and discrete strips can
be assembled on site by well numbered and ordered. The
triangular repetitive pattern makes material efficiently
,avoiding twisted glass technique.

Architectural Structures 1 (2019)
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Case Study 1: Busan Opera House

Location:
Busan, South Korea

Time:
2012-2020

Architectural Concept

The form is derived from Busan's con-
text and culture. The layout refers to Kun
(Heaven) meeting Kon (Earth) which again
meet Kam (Water). The classical trigrams
of these elements describe this site excep-
tionally well, whilst also referring to the
historical and philosophical relationships
of great importance to Korean culture.

Functions

The Busan opera house is located on a
waterfront reclaimed land, converting a
passive playground into a interactive, dem-
ocratic space, responding to the public’'s
ambitions and interests.

It uses the triangle glass and opaque pan-
els enveloping the public functions in a soft
flowing skin, offering protection and trans-
parency to the foyer within and linking the
ground plane to the roof plane in an unbro-
ken movement.

Source:
https://snohetta.com/project/12-busan-opera-house

Asymptotic Building Envelope

Fig. 5: Typical joints and supports

Case Study 2: Schubert Club Band Shell

Location:
Raspberry Island, Mississippi River, U.S

Time:
2002

Span:15.2 m

Width: 7.6m

Rise: 3.4 m

Mesh: Quadrangular mesh (0.8*0.8m /
0.8*1m)

Grid bars: Tubes (d=40mm)

Glass: Single glazing laminated safety
glass (2*6mm)

Diagonal Rods: High-strength (d=8mm]
Bolted node

Architectural Concept

The band shellis an outdoor venue for con-
certs and performing arts. The island with
scenic vistas in a central location had been
neglected for many years but now offers
the Band Shell and pedestrian walkways.

Functions

The double curved glass roof has a sad-
dle-shaped surface and consists of a grid
of stainless steel pipes with quadrangular
meshes.

The free-standing, self-supporting shell is
designed bear high snow loads, temper-
ature fluctuations of up to 50 Kelvin and
floods without damage.

The design is a stable, yet delicate, anti-
clastic shell structure. Both at day and at

ARCH IN CUBE- FACADE INTEGRATION

night, when the shell can be illumintated, it
serves as a new landmark. The innovative
steel and glass structure has helped to re-
incorporate the island into the surrounding
urban fabric.

Source:

https.//www.sbp.de/en/project/schubert-club-band-
shell/

Fig. 7: Typical joints and supports
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Case Study 3: Facts Emporia

Location:
Malmo, Sweden

Time:
2012

Architectural Concept

Emporia is a first urban planning project
that offices, housing, and retail coming to-
gether in a mixed-use development. The
main idea of this complex entry was to hide
inward-looking retail. The whole shopping
complex would integrate into the fabric of
the city.

Functions

Double-bent glass encloses the diagonal
slit that cuts through the building.

The shell in the building seems like being
made up by thousands of discrete pipes
that connected by cross joints.

Source:
https://www.archdaily.com/386107/facts-emporia-win-
gardhs
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CONSTRUCTION DEVELOPMENT
Design Process

The design process started from three
curved lines. They form a saddle-like dou-
ble curved surface. And the grid shell or-
ganic cover the whole surface with quad-
rangular grids. In order to avoid creating
twisted glass. The glass seal will cut diag-
onally in each quadrangular grid.

Fig. 9: Outside view
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Fig. 12: Design process
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Typical Support

The detailed construction system learned
from the Effel tower pavilion. There are
two directions of lamellas. One direction
is smooth and one direction is discrete.
There are four layers in this facade. Glass,
and smooth steel lamellas and the dis-
crete curved pipe support, and the grey
seal avoiding twisted glasses. The whole
construction can be prefabricated and as-
sembled on site. They have a coding sys-
tem for the engineers to figure out each
assemblage position.

Fig. 13: Joints / Support Details

Asymptotic Building Envelope

Discrete

Smooth

Mullion
(Smooth)

Pipe
(Discrete)

Fig. 15: Construction process A, B, C, D

ARCH IN CUBE- FACADE INTEGRATION
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SCENARIO DESIGN

Site 7\ \Y \l/ |}
The facade design is integrated into a small gallery build- “‘!H!AVA' ‘ ‘w 'LVA

ing. And the building sits in the surrounding small scale
commercial shops and art complex facing to the Hong
Kong seaside.
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Fig. 16: Site perspective Fig. 18: Structural grid and envelope

"

e e O I R
.

I““ﬁ 0

i

| peimimng =3

| AW .

.

=

Fig. 17: front elevation Fig. 19: Night render
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Architectural Concept & Functions

The arch double curved facade was built in
the middle of the lobby, like a transparent
bridge connected two sides of the building.

The arch-like facade idea was inspired by

Effel Tower, supplying a shading path and
observation square.

| 10.24 m L

10.40 m

Fig. 20: Top view

6.60 m

Gridshell Structure benefits structur-
al stiffness, behaves well on carrying the
load and bearing the wind. The organic
form activate the interior and exterior con-
text. People can efficiently walk under the
building, and being attracted by the inside
exhibition and outside context of the grid-
shell structure.

6.60 m
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Fig. 21: Front elevation

Asymptotic Building Envelope

10.40 m

Fig. 22: Left / Right elevation

ARCH IN CUBE- FACADE INTEGRATION

Fig. 23: Interior render

Fig. 24: Interior render
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