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bearing structure as divorced from one another, the latter often hidden explore structure as architecture was identified. There, an urban

away from view. However, this thesis project, Structure as Architecture, 02y a2t ARl iA2y OSyiGSN) g2df R 0SS Saidloft
makes the claim that this is often ®DKS RSGNRYSy G 2 T detsiifig ardddzipdnion iAtd Risingen.

architectural expression and that lehdaring structure is, or at least can

be, architecture in and of itself. A structure as architecture design was achieved by designing a vaulted
building with an antfunicular form. Not only do antiinicular forms fulfill
Thus, the aim is to showcase this by designing a building with-bdasdg the criteria of loaebearing structure and architectural expression being

structure that also makes ugsiarchitectural expression. Specifically, one indivisible, but buildings with &runicular forms are also typically

where the two elements are so deeply integrated that one cannot be LISNOSAOGSR (G2 6S OSNER fA3IKG FYyR Wyl GdzD
meaningfully removed from the othdn this project, this is called structure  SFFAOASY (G ® ¢ KS @I dzf 4§ Q& ad NH2OGdzNT £ Y I (
as architecture design. carefully arranged to direct the forces in a suitable pattern.

Two designers that have worked in ttiedition are Frei Otto and Philippe The chosen design method of the project was an iterative process of-model
Block. Frei Otto designed materially efficient and dynamic structures with building. Concept models were simple and physical, typically composed of
spatially defining forms. Philippe Block is in some ways the modern way stiffened chains of paperclips. To achieve the necessary level of precision
equivalent, working with pure compression masonry structures. Ithéwit and shell behavior, howevehée final model was made digitally

this discourse that the project operates.

Key words: structure, vault, brick, models
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INTRODUCTION

Background

For a large part of historgoing so far back as A (i NHz@ A dza Q
Architectureor even theworks of Imhotep the role of architect and
engineer was inhabited by the same actor, the master builder. They wo
serve as the cornerstone of their given building project, being responsi
for both the design and construction. However, as history moved ¢
building ppjects became increasingly complex and larger in scale.
addition, new technologies were introduced to the building process. Th
by the time of the nineteenth century, the master builder could no long:
maintain their expertise in all their assignedas and specialization of labor
became a necessity. From this fragmentation emerged the modern roles
architect and civil engineer.

From this point on, the two professions and their fields have furth
diverged from one anothemoday architecture anctivilengineering hee
becomerelated butseparatefields In one way, this specialization has beel
necessary to meet the challengeélsrust upon societyby the rapid
industrialization and urbanization of the last few centuries. However, sol
aspects of bliling design have not kept up.

It could be argued that this separation of architecture and engineering
detrimental to the building process in several ways. For example, it usu
provides a less holistic building and more material than needed, as the !
professions do not alwaygork synchronouslyThis project concerns itself
with bridging the separation between these two professions.

¢Sy .221a 27

lllustration 1:Architectural discourse from the illustratédtench Dictionary of
Architecture(1856) by Eugene Violkg-Duc



Purpose
Another consequence of the separation of the roles of architect il Import- yG G2 y230S A& 0(KIFG LINRP2SOGQa SYLK
engineeris that the perception of architecture and civil engineering as structural and spatial, and lessthedzA f RAy 3 Q& NBfFGA2Yy Al
separate has emerged, even thoughas previously establishedhis
separationis not universal onecessarily desirable. This results in, for
example, the common expectationlof 6 dzA f R A yuEI@&presdsibidO K A

The main objective for the structuref the building design iso be
qd%%?[jééﬁxéjégz YSIEYyAy3 GKFdG GKS adNuzOi
. 0dzAf RAYy3IQa | NOKAGSOUdzNY £ SELINBaaAzy |
and loadbearing structure as detached from one each other, the latter . e . s P < . A -
: . . . aK2dzZ R aaAau Ada auUNMHzOUdzNI f AYUSANRIU
often purposely obscured. However, this thesis project makes the claim that e q b | of materiali ¢ Id al
(KAa &ASLINIFGA2Y A& 2708y G2 GkS SEYGRY§ey and appreciable evel of materigly, buf should plsofegl 5 i &

) . . light in character, and be effective in its use of materta project is to be
expression as a wloand that the loadbearing structure is, or at least can _ _ _ )

: , . designed through an iterative process of model making.
be, architecture in and of itself.

Deimitations

There are severalelimitations put on tiis project. To start, the structural
investigation is not the focumnd is mostly limited to approximatiarSome
analysis of the structural viability should be made, however. For instance,
the widths of the spans are to be established as feasible. Irtiaddihe
compression and tension in the structure should be shown. Thepiane

It is the aim of this project to argue for the virtuesuoifyingthe load
bearingstructure and architecta expressioin a building project, as well
as to ®rve as a critique of the binary view of structural engineering and
architectural design amherently separate. To do this, a building that
exemplifies structure as architecturedsbe designed.

Main questions and objectives and construction process are also weweloped to a significant degrée

The focus of this projecsito explore the synthesis of architectural this project.Costs arealsoto be kept to relatively feasible levels lawe at
expression and load bearing structure in building desigiugh the design the same timenot one of the main determining factors in the design
of a building. Some examples of questions to be explored are: evaluation. However, measures should be taken to establish the economic

feasibility of the projectrinally, the establishment of a design program and

site is not of paramount interest to this project, bagoits feasibility.

Therefore, the project adopted a site and program developed by

- Why mix the structural system with the architectural expression?  Gothenburg SBIS{adsbyggnadskontdors 4SS (G KS a2 I NI Y

- How can the structural system and architectural expression of a
buildinginterplay in a way that that improves the quality of both?

- In what ways can the structural system and architectural
expression interplay?

- How do you judge the quality of the two?



Theory

CKS GKS2NE Aa GKS YIFIGSNAFE F2dzyR
FyagSNI GKS ljdzSaidAazy la (2 WYdmeeKQ
discourse, for the purposes of this thgmigject, refers to the substance and
area of study of the project. One dduthink of it as the intellectual
landscape that is to be explored. In this project, the discoursdisliting

design wherein architectaioverlaps with structural engineering.

The literature studied focused on thahichinform the methods by which

to design buildings that tiegrate the structurewith the architecture. In
particular, books or other materials that illustrate how past projects that
have achieved the goal of using the ldiring structure as architecture,

or how designers that haveornked with that interplay, have succeeded. This
includes nature, as principles found in nature that are both functional and
visually pleasing have, in a sense, been proven to work, as nature does no
do things arbitrarily. Otherwise, special attentimas paid to literature
which describes the design process of chosen references and their

designers. Some examples of literature that has served as research for the

project include the following:

1 Frei Ottog a life of research, construction and inspirabigrrene
Meissner and Eberhard Moéller
1 Beyond BendingReimagining Compression Shaji$lock

Research Group (Philippe Block, Tom Van Mele, etc.)
Shigeru Baby Matilda McQuaid
Frei Otto MULTIHALD#Georg Vrachliotis

)l
)l

The literature aided in the process fafiding inspiration for both the
aesthetics and model building methods in the project.

w»
¢

RéfefendeR McludeKfast &R IHatl Kave duledird |6baHSEMNEGS
strirctirB to e the shidRIGriaReast ity foratbein] thextdRife of das
expression. Some architects that wendllwith this sort of design include
Oscar Niemeyer, Frei Otto, and Phillipe Block. Especially the lattesvevo
serveal as inspirations for this proje@@ome specificeferences and sources
ofinspirah 2y | N3 CNBA hidG2Qad DSNXIY tI OAfA
+ldA G FYyR GKS NR2F 2F C¢CAFTFlLyeQa Iy

Guastavino, etc. Thénave helped forming the design aspects of areas such
as theroofing the supports, the wallghe handling of the light in the
building and more For example, the spans ¢nA ¥ T I y & Qhildihgy R
helped determine the limiting width of the spans in this project.

I hQ

lllustration2Y !
as architecture design. (Multihalle Mannheim, 2015).

OKI Ay Y2 R SrinheithMultitaNeSah exaniple a&0uctura



CONTEXT

Site¢ Ringon, Gothenburg

In Hisingen, Gothenburg, an opportunity for a structure as architecture
designed building was identifiewith the city densifying and expanding
across the river, the area of Frihamnen will undergo a major expansion in
the future. Many more residencies, commercial stores, and offices will be
built. As a result, a whole new logistics network will have to beset
including an urban consolidation center (UC&lled Alvstadsleveransen

The UCC will be located on the border between Frihamnen and Ringon,
against the river. That means that it will occupy prime real estate land that
could otherwise have been filléy a potentially higincome residential or
2FFTAOS O0dZAfRAYI&AD LG oAt | faz F21
easily visible from the netBridge of Hisingdi{Hisingsbrohbridge. So, it
R2SayQid R2 FT2NJGKS !'// G2 06S Wdza i
project argues thatip A ft £ KI @S (2 @Aadzfte 2d
display a rolestructure as architecture design could fulfill.

Building function

The building is designéa serveas a UCC for goods and wastErihamnen
Gothenburg. A UCGs, for the purposes of this projeat,sort of logistis
building where trucks carrying goods to be delivered to the Frihamnen area
drop of said cargo to be shipped the final distance into Frihamnen on smaller
electric vehicles. On their way back, the smaller vehicles also bring waste
from Frihamnen to the UCfEom where it will be shipped to a nearby waste
treatment center by barge. This logistics flow is to reduce the amount of
noise, traffic congestion, and air pollution in the ataaaddition, theUCC

is to become a community meeting place by providingsaful service
Specificallya deliverypickup station. As internet shopping becomes more
and more common, such places will also rise in importance.

50 m

lllustration3: AY I LJ 2 T
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lllustration4: A map of the site in the context of Gothenburg.
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lllustration5: Map of theFrihamnen and surrounding areas. The site designated for the UCC is inside the dotted orange line. The blue arrows
direction of the trucks heading to and from the U@@ogram for Frihamnen, 2014)



Urban context

The site of the building Ringon, Gothenburg, along the northern side of
the Gora alv river and east of the road connected to the future Hisingsbron.
At present, it is an industrial area, full of old workshops and storages as well
as more recently built offices and shops. Mosthaf older buildings have
brick facades. However, the site will be transformed as part of the RiverCity
Gothenburg urban development project.

The precise plansavenot yetbeen determinedbut proposals have been
made of placing €14 floor buildings to the west of the site, against the new
bridge, and @ floor buildings immediately around the site. In addition,
there will be a green corridor going from Frihamnen into the @wetorth

of the site. On the other sidef the road, in Frihamnen, plans have been
made (see lllustratiofl) of placing city buildings such as parking houses, a
sports hall, a school, and a hospital. Further yet into Frihamnen, dense
residential housing will be found. With this transformatioewv demands
emerge, including the transportation of goods and waste in and out of the
area. This necessitates the presence of an urban consolidation center in
Ringon.

The UCC is located on the border between Frihamnen, the main area for Trucks carrying goods into Frihamnen enter from the road in the north
which it is to seve, and Ringén. It is directly connected to Frihamnen by both western direction and passes through to the road going soetit,
road and walkway and is easily visible from all approaches. Also, it is situatedindemeaththe newHisingsbrorbridge, which will connect the UCC to the
city infrastucture. Thigsoute will be used for transport to and from the UCC
and has to be considered

next to the Hisingsbron bridge, from which it would be visually prominent.
It is easily visible from the soutlmeshore of the Goéta alv river as well,
forming an integral part of the new skyline of Gothenburg. The UCC is
enclosed by building®s its north and soutlwhile outlined by waterfronts

to the east and south.
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lllustration6: The area of FrihamnefProgram for Frihamnen, 2014)




lllustration7: Aview of the site, in the context of Géta Alv and Hisingsbron. lllustration8: Map of Frihamnen and the surrounding area, with the UCC in red and
roughly the area that it is to serve in grey.
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lllustration10: The new skyline of Gothenburg, with the Hisingsbron bridge and the UCC building, as seen from the southern side of le@didéodking north.
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Program list

The program is the list of required items and design goals for the project,
specificallythose that pertains to the UCC function of the building. It does
not, however, include the structuras architecture design gaoalas the
building isonly the narrative example by which to demonstr#ttem. The

program can be split in lists between the uggd area spaces and the Goods transport Waste treatment
needed capacities. The required areas look as follows:

/
/
- Area / \ /
- Footprint d

)
ca. 4000 rin total I

- Space for 10 containers '
ca.760 nt (ca. 19 x 40 rper containey

- Space for 12neter trucks to enter, unloadirn, and leave
ca. 21.5 x 21.5 meters space

- Vertical space fdahe (i NXz@thging@chanism
ca.8 metersheight

- Space for the storage of goods

ﬂ'ﬂi Neo Re & A 4 dER “_rﬁ'
Consolidation center

N/

———— -

——

About 510 mMarea v
- ace for charging stations for the electric vehicles ‘
@ 8. 20 2% d pe—N gm L o 6 dM B L s
Frihamnen
Conversely, the list of additional capacities looks thusly:
- Capacities lllustration 11: Therelationship betweerthe UCC and FrihamnéRrogram for

- . Frih , 2014
- Possibilitfor 24-meter trucks to be able to deliver and fihamnen, 2014)

pick up goods and waste somewhere at the UCC
- Possibility of loading and unloading goods by river barge

The program was developed B8 D2 i KSy o6 dzNEHQa / AGeé tfFyyAy3a hFFAOS:
(Program for Frihamnen, 201dnd adopted by this project.

11



Logistics

The commordelivery process of small goods involves suppliers, typically Though UCCs address many of the traffic problems associated with the
logistics companies, forwarding their own carriers to make individual typical logistics arrangement, they also have several problems of their own,
deliveries from their storages outside dense urban areas to the receivers, especially in terms of economics. Of the many UCCs that have been tested

like retail shops, in or near the city centeneSe shipments are a major  in Europe, relatively few have beecoaomically viable once subsidies are
source of congestion, noise, and air pollution in many cities. This is also howaccounted for(SancheDiaz, 2019)

a lot of logistics in Gothenburg functiorhere have been many attempts to _ ,
solve the issue. One such solutior BCC. (Sanchiaz, 2019) Those thatre successful, however, have a few things in common. For one,

they communicatewith the receiversFor examplethe UCGasls them if
UCCs& W2LISNI GA2ylt O02yOSLIia GKFG NBR&E®RT BN fiopdedlcdadedidd cit) Aieaidrhdtive khat3 6 A
I dFNBSG I NBF o0& F2adSNRy3I O02ya2ft MRyadeXorcsd o? coerded, MEkes tHerm leds willidgpedidipdie Al@, 6 Ly A G
2019). They were developed once time, and not space or weight, became successful UC©ffer services, like the possibility of picking up deliveries on
the primary factor of limitatiomni logistics. With a UCC, instead of all the site, to the public(SancheDiaz, 2019)
delivery trucks from the logistics companies driving all the way to the
receivers, thetrucks would deliver th& goodsto the UCC, from where
either the receivers would pick up their deliveriefrom whencethe last
stretch of distancas made by smaller electric vehicles that are quieter,
cleaner, and take up less space than typical delivery trucks. Thus, UCCs a
typically located in or near the fringes of city centers. One examald©C
Ay D20KS{yDOdNRBf SMESENWY aSy Qs 6KAOK &aSNWSa GKS AYyySNI OAdGe O6WAy2Y
£ £ f ANF FSy Q0 P-like Ibdistickldentdrs/iniGotReNburg tah be
found near the central station and in Lindholmen. Even Johanneberg has a
UCE A1 S RSt AGPSNdE&h TKadsportcantkl 2nde (central
32 RaY200 3y AsieThalmérk tampusiadseiEnsheDiaz,
2019)

It is oftendifficult to get suppliers involved with UC&s many of them are
logistics companies and it makes little sense for them to want to cut down
on the number of deliveries or delivery trucksthes aretheir main source

r%f revenue. Also, they are hesitaot give up on the direct link between
them and the receivers, who are their customé&ancheDiaz, 2019)

12



Logistics flow of UCC:s
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Consolidation Function and aim UCC in a city context

lllustration12: A basichart of the general logistic flow of an urban consolidation cente
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CONCEPT

Structure as architecture

Structure as architecture is, for the purposes of this thesis projettican

of design defined by a few principles. To start, the-loeating structure
should be an integral part of the architectural expressfdsq the load
bearing structure shou)do the point that it is reasonablége designed to
ideally handle the applied loads. Additionally, it should help define the
spaces of the building.

Aquintessential example of structuasl NOKA G SOG dzNE A a CE
Pavilion. The most striking architectural feature is its dynamic shape, which BS&e
is only possible due to istructure, composed of a lighneight canopy =
structure, hanging in tension while supported by columns standing in |
O2YLINB&aaA2yd® ¢KA&a az2Nl 2F &idNWzOG diys
material. It also helps to define the spaces underneath and m@o\Ad ‘
unique visual and spatial experience for the visitor. In short, thedeaing

structure and architectural expression are deeply and seamlessly integrated, ==& ==l = F2i b= - " =
lllustration 13: The German Pavilion Expo by Frei Otto, a seminal inspiration for the pr

and an éample of structure as architecture in practice. (Chousein 2015)

S ENEAD
%5 BN
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Anti-funicular forms

In this project, the UCC building achieved a structure as archigeddsign

through an antfunicular form A funiculay or antifunicular,structure is a

structure that has achieved a state of equilibrium by dynamically entering a
AKI LIS O2NNBalLRyRAYy3 (2 (GKS WARSHfQ K
acatenarych Ay A& | WTFdzyAOdzZ I N F2NXY F2NJ |
for any other load distributiorAn arch with the same shape as the catenary

chain, standing upwards, is its afutihicular equivalentfFor a structure to

0S adlroftS I yRingWhiés, ts@orminyust belfunicukart iy R
relation to the loading. Mathematically, and graphically, one can derive
funicular forms from the funicular polygon or force polygon method, even

in three dimensiondn this project, however, physiaalodetbuilding and

digital simulations based on spring behavior were used to find and model
funicular forms.

Catenary chains are often seen as synonymous to funicular curves. They
have been used by many architects as a tool for design, as they help provide
a greaer strength to the structural integrity by distributing the weight more
effectively Some examples darchitectsusing catenary chains in their
design process are Gawdid Frei Otto. Typically, this is done by hanging a
model composed of some sort of structural element conducive to the
behavior of funicular forms, like catenary chains or weighed downsstring
Thisproduces the correct funicular shape to form the surfadhat would

result in the form with the least amount of stresses required in the structure.

It allows one to minimize the size and number of support elements, allowing
for more open building plans. Designs with funicular forms are often seen _
as seeming me natural and often impart a certain level of lightness to the & "i'l‘;'
structure. For these reasons, and more, catenary chegns usedo make
the structure ofthe physicabuildingmodels achieve a funicular forfeee
Wt KeaAolf YRiga modd digo inadle ys& @ catenary chains lllustration14: A recreation of the string model used by Antoni Gau
withspringt A 1S 0SKI GA2NI Ay GKSANI Y2RSt a o &880 e SagragaFgniliag an eyagplR & gnfanielarqy 4 v 3 Q0 @

structurein practice.

R T
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Materials

In general, a structurasarchitecture design allows for a more effective use

of materials. If the architectural features and the lmsdring structure

work in tandem from the start, it leads tsmalled: Y2 dzy § 2 F W& dzLJSNF f dz2 dz& Q
materialsiil KI & R2Sa y2aG 02y i NBearidgic&acity? (i Fga Pubmm N T e

For the antfunicular vault facadebrick and mortarwas the chosen
material. This was for a few reasons. To start, thetkashistorical context
asmostofii K S @resénth@ildings have brick facad&us, it would be

of a historical value if a similar fagade material could be presdreeslas
part of the UCCeven as the rest of the area was rebuilt as part of the
Alvstaden project.

¢ K S NB Qa -establBied ttaditibiNaBusing brick and moitavaultst
includingGothic churches arorksby theaforementionedPhilippeBlock
that couldbe tappedinto. Bricks aralso a generally sympathetic material
that imparts a lot of materiayi and it has an almost inherent architectural
quality to it, as the patterthey formgivesa structurea natural form of
décor.

Finally, it comes with several structural advantages. For example, as the
building is to be located in Gothenburg, ground deformations is an issue, no
matter the structural material. However, in a brick vault with an at least =

semiStFAGA0 Y2NIFNE GKS O0NRKROl & 62 dz Risud@ofzd the néwSky

- = T |

lire & dotfenbiigAnith thekbiGskoidgd fndird fce £ 8 = a A
inside the mortar instead of cracking under deformation. The thing you have building, as seen from the southern side of the Gote Alv river, looking north.

to keep in mind with brick wéts, however, is the direction of the bricks and

the pattern they form, as they have implications for the lbedring

structure.

16



Brick slides but
does not crack Pull due to deformation

e———————

Deformation handled by elastic
masonry

lllustration 16: Crosssectionof how the thickness of the vault changes. lllustration17: lllustration of how the brick's masonry handled deformation.
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METHODS

If the discourse can be likened to the intellectual landscape to be explored,
then the methods would be the tools used to navigate and document that
fIryRaOlFILIS® LYy
a0dzZRASRE GKS YSUGK2Ra Aa
For this project, the methods used ranged from reading literature and

studying references to drawing sketches and working with models, both

digital and physical. An iterative design process was used to arrive at a
building design. The first step taken wasting and documenting the site.

Iterative Process

Armed with the knowledge from studying the literature, the references, and
the site, it was possible to makdormed design decisions. From there, an
iterative design process startetihis started withseveral concept models
being made They were mostly physical but complemented by digital 3D

models. The models were evaluated by what consequences each design

option had and how they compared to the design criteria. A judgement was
then be made as to whianodels more closely matched the design criteria,
what qualities were lacking, and what could be made to improve them. The
conclusions were then used to develop a new and better iteration of the
models. This was repeatthroughout the project up until thfinal design,

the refinement of which was the last step of itexative design process.
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Criteria to judge by:

S Aa  GKS

0 Spatiality possibility to sp
and variety of use,

{ Structure
o Displacement due to applies load ageheral rigidity

W
lit up spaces, usability,

During the early phases of the projeatost of the models werphysical,
but the balance later shifted towarasore digital ones, as they were more
easily readjusted, more precise, and more dilalthan physical models.

In conjunction with the models, plan and section drawings are also made,
typically with each iteration of models. They also help to evaluate the
concept ideas they illustrate. Generally, the main limiting factors in the
designwerethe spaces required fahe UCC functions, as well as the width
of the vault spans, the reasonable ldagaring capacity of the structure,
and the geography of the site, not the least of whigs the bank of the
Gota alv river.



Iterative design process

ITERATION

CONCEPT DIGITAL EVALUATE REFINE

MODELS MODELS

Insight Design Execution

llustration18: AbasiO K| NI 2F (GKS Fft2¢ 2F (KS LINE
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Physical model building

One method of moddbuildingwasthe making ofphysical models. These
models were typically of two sorts. The first, and most produsad was
the concept model. Several concept models werade from catenary
chains composed of joingdgether papetclips. The endsf the network of
catenary chains were fixdd a basemade of cardboard or other similar
material

When hung upside down, the s&feight of the chains made the catenary
chain structure enter a funicular form in accordance with an evenly
distributed load. In theory, the forces inside the structure wargrelyin
tension (apart from the forces inside the bashich to keep the rest of the
structure stable were in compression). While the catenary chainagh
upside down, the structure was glued together using hot glue. Once the glue
had solidified, the catenamghains were structurally cohesive and durable.
Then, the model was turne NAs@Eddil iyain. Due to the binding
properties provided by the dried glue, the structure of catenary chains could
stand on its own. The forces in the structure were nowaarsion of what
they were before, with the whole catenary chains structure (in theory)
entirely in compression and with tension forces inside the base. This
provided a relatively strong and efficient structure compared to the amount
of materialsused The more chains and the higher up on the structure a load
wasapplied, however, the greater was the load it could carry.

20

lllustration19: Left; empty base. iBht; anchor hooks.

lllustration20: Left; hot glue meldingRght; rigid paperclip form.



lllustration21: An example of a simple papelip concept model.
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The second sort of physical models made was the display nmbaejswere
made using more advanced methods, typically involving machines. The
model made to illustrate the vault its urban context, for instance, was
made using computer numerical control (CNC) foam cutter, drilling the
@I dzt 0 Qa aByrofddrblackzithedeTantlpartof the foam were
separatel from the larger block and then placed in a vacuum forming
machineg where a sheet of plastic is heated up to a moldable temperature
and then draped over the Styrofoam model, resulting in a plastic mold of
the buildh y 3 Qa @I .d#blas SrR mailih thdSmodel for the vacuum
F2NXAY 3 YIOKAYSQa & dhb dreéviids bffthe AN S
Afterwards, the parts of the plastic molded form corresponding to the vault
is painted white and placed in a modgdmesenting its urban contex@ther
display models showcase individual parts of the building, like its supports
and its openings. They were made using a plastic 3D printer. lllustration23: 3D-printed model of a column, an internal support.

lllustration22: 3D-printed model of an angled ersupport. lllustration24: 3D-printed model of an opening.
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lllustration25: Vacuumformed plastic model
2F GKS QFdzA 6Qa akKStf

lllustration26: A CN&ut Styrofoam model
of the shape of the UCC building.
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lllustration27: The plastic model in a representation of its urban surrounding.
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Digital model making

In conjunction with physical models, digital 3D madélsth new and
recreations of physical onmesvere constructed. This was for a few reasons.
To start, it allowedor a spontaneous testing of different ideas, as well as
the making of slight variations of the same model. For example, two copies
of one digital model could be altered easily and quickly to test their
behaviors when given different setspairameters Also, the digital models,
unlike the physical ones, took shear forces into account. The physica
concept models could not model shear, which meant that the digital models
showed more of a shell behavior than the physical ones.

The digital models were conducted in the Rhinoceros 3D (Rhino) program.
Specifically, a script was written using the Grasshoppeoadd Rhino to
use a series of manually drawn curves, representing the edgas of the
shell that makes up the facade, to foefimd the optimal antfunicular form.

The process is started by drawing a triangular pattern of curves, roughly in
the form of the facade projected on the-glane. Special care is taken to
make sure that each node not on the edge of that pattern is connected to
the same number of curves. Thésto make sure that the shell holds a
roughly equal amount of stiffness throughout. From there, the curves are
split into smaller segments, to make for a finer mesh. Then, the remaining
curves are smoothened, and, from those smoothened curves, a imesh
formed.

The edges of that mesh are given a splikg behavior and it is subjected
to a vector force field, representing gravity. Based on that force, the mesh
adjusts according to the ideal, afunicular form. In addition, the stiffness
of the springdanside the mesh and the size of the force can be adjusted,
allowing for a spontaneous testing of different scenarios and behaviors.
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lllustration28: Left;triangular curve patternRght; fine mesh.
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lllustration29: Left; anchor point assignmenBght; force field application.
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Iterations

Iteration O

Theprea i dzReé OFy 6S O2yaARSNBR WLGSNYGAZ2Y

020K (GKSOWSAEEASNINBELI NF GA2y O2dzNES
Wa | (dp&ed)Etructure Gstudio course. During lteration 0, the main
objective was to develop the discourse and the methods oftileis

project. The primary ways by which this was done was by reading literature

and cultivating methods of modbuilding.

Over the course of Iteration 0, sevedifferent kinds of materia and
methodsof model building werexplored Some of the materials tested

were plywoodcardboard, steel wires, plastics, chalk, and fabrics. In turn,

the methods ranged from assemblage to-@ihting. Oneusefulmethod
that was touse catenary chains of stryimogether papeclips to construct

a network hanging in tension from a cardboard base to simulate a funicular
form. This method would be maintained in the construction of concept

Y2RStA4 Ay FdziidaNB AGSNI A2y schapers S

for more.

Conversely, discoveries as they pertain to the discourse of the project
include literature as well as references of both past projects and relevant
|.
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lllustration30: A test concept model of a vaulted roof.

lllustration31: A 3Dprinted test concept model.
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lteration 1

Time: ca. Jan. 2%, Feb 16

Iteration 1 was the point at which proper design work started. The first issue
addressed was to find a context and a function for the builtinge

designed. The result of this was the UCErdtamnend SS G KS W/ 2y
chapter for morg More physical concept models were also made, with the
specific site in mind. However, starting from the middle of Iteration 1, the

focus shifted more toward$esign exploration being made in digital models

as time went on. More material design decisions, primarily brick masonry,

were also made, as was the accompanying research into brick masonry
projects as well as designers working with the material, liketeDies
Guastavinpand RilippeBlock

At first, a continuous anfunicular brick vault constituted the whole lead lllustration32: An example of a simple papelip concept model.
bearing structure. However, this meant that width of the spans would have
to be exceedingly large for the vault to reach the heights needethéo
trucks to operate the way that the UCC requires. Thus, a few solutions were
developed to address this issue over the course of Iteration 1, alongside
general design problem solving.

First, it was decided thdlhere would bea one-meter excavation into the
groundin the areavhere the trucks are ttmad andunload It wouldhelp to
minimize the span of the brick vault and puts ¢foodsthat peopleare to
loadand unload toandfrom the trucks on the same elevation lewasl the

0 NHzO1 & Q f n2akirig xh¢ BrocésiN@agidrhick, vertical walls were
also to be placed along the edges of the vault, to help define the spaces
underneath and to elevate the atitinicular vault. It waslso decided the
building would provide a service area where people could come to pick up
or leave deliveries. llustration33: A cutout of an early form of the vaulted roof.
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lteration 2

Time: ca. Feb 18 March F — —~——

The initial designs made during Iteration 2 had the outer walls supporting
the vaulted roof be thick and entirely vertical, in a similar vein as the
Stockwell Bus Garagdowever, the sharp angle at which the walls met the

edges of the vaulted roof wouldsult in an unreasonably concentration of

forces. To accommodate this, the walls were put at an arglesplit into \
ONI} YOKSR &dzLJLl2 NI aiGNHzOGdzNBasz &aAYATIN G2 oy "dzA IA b SND
w2 YS { L3 Nlicransfér the fBréedmfe effectively.

The interior of the building was also altered. To start, the inner supports
became a more integrated part of the vaulted structure, as they were made
into archor pointsJikethe edges of the vault. As a result, the shape of the lllustration34: A digital 3Dmodel of one version of the building at the start of
supports widened at the ends and flowed continuously into the vaulted lteration 2.

form. This meant that the interior lodukaring structure also helped to
define the spaces and the shape of thélding, thus reinforcing the ideal
of integrating structure with architectural expression.

Additionally, the placements of the inner areas waisochanged. To be
specific, the placement of the personnel and services areas were switched
with that of the good8loading areaThis was both to make it easier to
handle goods coming from the long,-2¢ter trucks, athey will have to

park outsidealongthe road and be unloaded outside, next to the interior : '
loading areaThe change would alsoakethe UCC service area more visible A A ‘ ‘ ’ .
to andeasier for pedestrians walking along the green lane to visit and make

use of(for more, see SO K I LJG SNJ & ©IGA RS €10y R T dzy

lllustration35: A simple rendering of one version of the building at the end c
Iteration 2.

28



lteration 3

Time: ca. March®4¢ March 20"

At the start of Iteration 3, a new evaluation of the models was made. It was
determined that the current design was too chaotic in terms of combination
of materials ranging from brick masonry to concrete and steshd what
language the structural elementpoke. The way that these elements
intersected also resulted in some awkward or complicated connections.
responseseveral variations of models using different sorts of materials and
structural elements, like combinations of concrete and brick, stedback,

or purely brick masonrywere made and evaluated. Each one had their
advantages, but ultimately, the one made primarilpri¢dk was chosen to

be further developed.

To this end, the form of the arftinicular roof and placement of the inner
supports were altered to become more symmetric. This served the dual
purpose of making the overall impression of the building more uniform and
holistic as well amaking the structural integrity more feasible, as structure
of this kind are typicallsymmetrical for this reason (Olsson, 2019). Also, the
inner supports were adjusted, from a circular to rectangular foronstand

as more of a contrast to the rest of theailding and the connection with lllustration36: A simple rendering of one version of the building at the ehd
the roof was made deliberately and with a natural flow. lteration 3.

Apart from the glass walls, light was also let into the building through semi

transparent bricks in the vaulted roof. Due to the possible complications of

having lage sections of the structure possess different material properties

from the rest, the semransparent bricks were scattered throughout the

aKStt Ay | gl & AAYATIN G2 GKIFIG Ay CStAE /IyRStFaQ | A3K [AFS ¢SEGAES
(Adiels, 2019)
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lteration4

Time: ca. MarcB0O" ¢ April 21

Iteration 4 incorporated much of the feedback given during the-GAitl
presentation held in March. To start, the goal of a symmetrical plan was
abandoned in favor of a more dynamic shape and a plan that was better
catered to theurban context, like the surrounding streets and buildings.

There was also an inclusion of a vertical glass wall just inside the vault, which
defined thed dzA f RteribrEase and its controlled environment.

Additionally, thed 2 f dzY y-indingfvasNidproved. The base and general
crosssection was changed from a square to hexagonal, allowing for a much
smoother surface as well as a form thabntinuously flows into and
integrateswith the vaulted roof.

Finally, the nature of the ceiling windows i tloof changed slightly. To
start, thedistribution of the transparent blocks shifted from being scattered
relatively equallyhroughoutthe roof to beingconfined to the areaaround

the topof the vault where the shell is the thinnedthis waso minimize the

lossof load-bearing capacity and tremount ofcomplicationghat achange

of material in a continuaastructurecould bring. Athe same time, it would
stillbe providing the additional source of daylight and a way to perceive the
Gl dzf 6 Q& GKAYyyS&aa | NRdzyR GKS G2L) 27
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lllustration37: A digital 3Bmodel of an iteration 4 building, external.
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lllustration38: A digital 3Bmodel of an iteration 4 building, internal.



Iteration5

Time: caApril21st¢ May 14"

The sixth and finaliteration wasless comprehensive in scope than the
previous onesand was more about the finishing touches. One of those
finishing touches was the implementation of the detail of the meeting
between the wertical glass walls and the vaulted roof: a steel frame around
glass, tied to the surface of the raafing joint sealer. There was also the
inclusion of lookout points to the plan (séeK S WCf 2 6 & Suby R
Chapter ér more.

A largerchange, however, was the abandonment of tedling windows.
After more deliberation and testing, the resulting conclusion was that it
would likely not give the impression of lightndsat it was intended to and

the additional daylight would not be of paramount importancegréficial
lighting would be necessary in any actual implantation of the design, due to
the darker winter months in Gothenburg.

lllustration39: A digital 3Bmodel of an iteration 5 building, external.

The mostistinct and markabladdition, though, was the inclusion of the

brick texture to the model. The pattern that they formed are of great
importance, as they inforrhe distribution of force paths in the structure.

The shell was split into a Voronoi pattern and the direction efbificks

arranged according to the force path directian§S G KS W=+ I-dz G SR
Chapter for more).

lllustration40: A digital 3Dmodel of an iteration 5 building, internal,
showcasing the glass walls and lookout points.
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DESIGNAND STRUCTURE

Vaulted roof
¢CKS YIAY FSIFGdNB 2F GKS 6dzi f RA Y 3 Q arheseNdbdhdeinéh®d ardzplacéd wihin LidgiBng af kh2 yauli definddibyia O2 v
vaulted shape, with a flowing and walilee form that extends evensofar + 2 NBYy 2 A LI NI A G A 2 Y gattebnis partitidnadsso thakille @ dzf
as the ends of its supports. The supports themselves, with their girths and force at any given point is directed towards the support closest to it and the

their heights,stand as monuments insidend aroundthe building and amount of brick carried by the supports are roughly the same as any other
provides it with a sense of weight and materiality. By contrast, the upper of the same kind.

sections of the vault are very thin and gives the structure an element of
lightness and playfulness. Much of the rest of thédmg's architectural
expression is provided by its material, especially the bricks and the patterns
they formon the vaulted roaof

With a building of this size and material, the weight makedcsedf the
dominant design force and the brick vault can dmmsidered a pure
compression structure. Its asftinicular form ensures this, but for it to
work, care has to be taken so that the transition of compression forces
between the bricks is near seamless. To be specific, the thrusthiaeis,

the resultan force of the horizontal thrust and the vertical wemgtsthould

be perpendicular to the surface of the brick that it acts on. To achieve this,
the arrangement of the bricks is crucial. The aim is for the pattern to
facilitate the direction of the forces ithe structure down into the
foundation as smoothly as possible.

the brick pattern: horizontal, inclined, and edge bands. The horizontal bricks ’

Overall, there are three sorts of directions that make up the arrangement of

are placed against the groundo more smoothly move the forces down llustration4l:! SNA It @GASe 2F GKS ! // Q& odzAt RA
into the ground and the foundatint the edge bands are around the edges

of the openings to provide stiffness and the inclined bricks are -in

between the other two.
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For example, if a force is applied near the $ection of the vault, it may go There, the horizontal components of those forces would cancel each other
down into one of the internal supports through a line of horizontal bricks. out and the result would be a thrust line going down the center of the
Alternatively, it could go outwards, though a line of inclined bricks. In that support. Further down, that thrust line would carry over into a region of
case, it could go down in one of the opening edge band, in wémsehtloeir horizontal bricks, from which it wouldnd into the ground. At that point,
stiffness would direct the force towards the ground. Or, it could follow that one could consider the vertical component of the force to push down into
inclined line of bricks into one of the outer supports, in which case it would, the ground and the horizontal component to project outwards. In either
at some point, collide with an inverse line of bricks, carrying a force going case, this is handled by the foundation of the building.

the otherdirection.

lllustration42: A view of the interior of the building.
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Force paths
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lllustration43: Illustration of the Voronoi partition used to determine the directions of the vault.



lllustration45: Some force paths in the vault, from near its top to its foundation.
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lllustration 47: The stiffened edges guide compression forces do
into the ground. The open edgeshat is, the edges around the
openings are stiffened by several layers of bricks placed along

lllustration46: Bricks placed horizontally
edges.

against the groundHorizontal bricks
from the top of the vault lead down to
the foundation through the columns. }/

L1
L1

L1
|1

llustration48& CNB Y (G KS (2L 2F GKS @ d
supports, the bricks are arranged with an inclined angle. 1
direction is mirrored around the middle dfi¢ support, to direct the
forces down into the ground. They direct the forces along the axis
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lllustration 49: When subjected to a load, the forces in
portion of inclined bricks are carried along the axis until tl
inclined bricks collide with another set of inverse incline
bricks. The horizontal forces cancel each other out and tl
resulting thrust travels down the intersection.

lllustration 51: Finally, the force in the horizontal bricks reach tt
ground. The vertical resultant of the thrust goes straight into t

lllustration50: When nearing the end of
a support, the thrust from the inclined
bricks moves into a set of bricks line
horizontally against the ground. Thi
arrangementof the bricks ensure that
this transition is seamless.

ground, pushing domwards. The horizontal resultant pushe
outwards and is handled by the foundation.
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lllustration52: The circular force at a given tiwontal crosssection of the vault,
perpendicular to the surface of the bricks.
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lllustration55: Long section of the UCC building.
v

Illustration56: Short section of the UCC.



Flowsand function

The flows meaning the general movement paths, inside and around the
building can be divided in two categoripsople and goods. The former can
be further divided between workers of and visitors to the UCC. Workers
would be split between the goods area, where they would handle the
loading and unloading of goods coming to and from the UCC, and the service
area, whee they would manage the personal delivery service in the UCC.
Visitors, meanwhile, would typicallyalk througha green lane either
coming from the Frihamnen area to the west or walking towards it, from the
east, just north on the building, from whichethwould see and enter the
entrance to the delivery service area. There, they would conduct their
business before leaving through the same entrance.

Goods,however pass through the building on its waytte Frihamnen

area 12-meter-long trucks carryig goods heading for Frihamneome
FNRY (GKS NERI RQaturng Roslihg BaidfroaRdntiBt@ther 2 v >
UCCThis is in contrast to the occasionaiidter truck, which parkalong

the road,outside the building. In either cadbe trucks parky the goods
area, where the goodbey carryare unloaded. Thenhe 12meter trucks

exit throughthe other side of the buildingnd moves onto the main road
again All trucks thermpassbeneaththe Hisingsbron bridgand turns back
north from hencethey came. The goodeft, however, are picked up by
smaller electric vehicles and driven to its final destination in Frihamnen. On
the way back, the same electric vehigeck up waste from the area to the
UCC. In the UCC, the waste is put into containers that, when §lliéedi

by machinery from the ground and hoisted onto a barge igyarked on

the waterside to the south of the buildinghe barge thetransports that
waste to a nearby waste management facility.
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24 m trucks

I 12 m trucks

lllustration57: Asection of the loading area of the UCC.
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lllustration58: Asection illustrating the loading and unloading of
containers, waterside.
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especially the plan. For example, one markable design feature inside the / e ‘ | -

0dzAft RAy3a Aa GKS LY I yiQi# adddnmygdat&thez T S J / N “ SR >
function of the building, by separating people from trucks driving through it. l/ f /

It also helps workers to load and unload goods as well as to manage the - f

height requirements demanded by the trucks. In addition to its internal / \
composit Yy S (GKS GNHz01aQ Y2@SYSyida Ifaz2z R /}

with its surrounding area. |

Service and
delivery area

As a UCC, a sort of logistics building, it is inherently tied to its urban ¢ontext I ‘ e
not justits placement in relation to the city or to the Frihamnen area. The — |
function also provides the restraints that motivate the shape of the / I /

odzA f RAy3aQa L FyX Ada NBfIFUGA2YEAKAL (2 ’ ‘ .
the road network. For example, just the fact that trucks come from the road ] ?
. e . | | ] =
in the northern direction and gssing through to the west defines the / | =
placement of the entrance and the exit as well as the elongated plan. J / / ‘,-" e ,. |
{AYAfFINI &Y GKS LXFyQa atA3akKd OdzNBI Gdz- '
- . . . | ! o ~
one-directional nature with the trucks only entering though one sialed ] e =
only exiting out the othar as well as its need to occasionally accommodate : fL | =
much larger trucks which park just outside the loading area, along the space 7

RESFTAYSR 08 (KS 6dAf RAYIQa OdNDI G dz2NB o — Y !
— “~ ’X/\;

The movements of pedestrians are directed using a walkway around the l/ -~ : D
building, defined by a change in material from the surrounding cityscape. It — '
generally follows theurroundingarcade buextends out at places to invite e

pedestrians into the walkway attie building. ,_!r_jr_;j

What all this shows is the practical aspect of structure as architecture <Bf_,)—!f—
deS|gn. That this building has been de5|g_ned for Ia real context with a.m actual lllustration59: Abuilding plan of the UCC.

function and program showcases the Vi of this approach, even in a

dense urban setting.
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llustration62+ A S 2F GKS | // Qa ol NB lllustration63: Street view, including the exit and the surrounding buildings.

43







































