Cairo University

THE RELATIONSHIP BETWEEN NEW STRUCTURAL
SYSTEMS, FORM GENERATION AND NEW BUILDING
TECHNOLOGIES OF LARGE-SPAN BUILDINGS
IN THE 21ST CENTURY

By

Omnia Mamdouh Hashim Shattoury

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in
ARCHITECTURAL ENGINEERING

FACULTY OF ENGINEERING, CAIRO UNIVERSITY

GIZA, EGYPT
2016






THE RELATIONSHIP BETWEEN NEW STRUCTURAL
SYSTEMS, FORM GENERATION AND NEW BUILDING
TECHNOLOGIES OF LARGE-SPAN BUILDINGS
IN THE 21ST CENTURY

By
Omnia Mamdouh Hashim Shattoury

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in
ARCHITECTURAL ENGINEERING

Under the Supervision of

Prof. Dr. Sherine Wahba Dr. Tarek Ibrahim Nasr
Professor of Architecture Lecturer of Architecture
Architectural Engineering Department Architectural Engineering Department
Faculty of Engineering, Cairo University Faculty of Engineering, Cairo University

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2016






THE RELATIONSHIP BETWEEN NEW STRUCTURAL
SYSTEMS, FORM GENERATION AND NEW BUILDING
TECHNOLOGIES OF LARGE-SPAN BUILDINGS
IN THE 21ST CENTURY

By
Omnia Mamdouh Hashim Shattoury

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in
ARCHITECTURAL ENGINEERING

Approved by the
Examining Committee

Prof. Dr. Sherine Mohy EI-Din Wahba

Prof. Dr. Emad Aly EI-Din EI-Sherbiny

Prof. Dr. Sherif Sabry EIl-Attar
Professor of Architecture and Building Technology (Fayoum University)

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2016






Engineer’s Name:

Date of Birth:
Nationality:
E-mail:
Phone:
Address:

Registration Date:

Awarding Date:
Degree:
Department:

Omnia Mamdouh Hashim Shattoury
23/01/1991

Egyptian
omniamamdouh2011@yahoo.com
002-01004963044

Tiba Gardens (6 of October)
01/10/2012

12/2016

Master of Science

Architectural Engineering

B ARAEsaTELLm
- Bty FESTH
- I3 N

'Sesson
- 2018

Supervisors:
Prof. Dr. Sherine Mohy EI-Din Wahba
Dr. Tarek Ibrahim Nasr EI-Din

Examiners:
Prof. Dr. Sherine Mohy EI-Din Wahba  (Thesis main advisor)
Prof. Dr. Emad Aly EI-Din EI-Sherbiny  (Internal examiner)
Prof. Dr. Sherif Sabry El-Attar (External examiner)
Professor of Architecture and Building Technology
(Fayoum University)

Title of Thesis:

THE RELATIONSHIP BETWEEN NEW STRUCTURAL SYSTEMS, FORM
GENERATION AND NEW BUILDING TECHNOLOGIES OF LARGE-SPAN
BUILDINGS IN THE 21ST CENTURY

Key Words:
Large Spans, Structural Systems, Form Generation, Complex Forms, New Building
Technologies

Summary:

This research studies the relationship between new structural systems and architectural
forms in large span buildings specially after using digital technology tools in the 21%
century. It studies the impact of form on structure and vice versa. Large span structural
forms represent a great challenge in the field of structure as in the field of architecture.
This is due to their need to overcome the forces and loads. The forms of the 21% century
are considered to be complex. Digital technology is an innovative tool for derivation and
transformation of architectural form (form generation in the 21st century). So form and
structure has to work together in order to give at the end an innovative and iconic
buildings.






Acknowledgments

First of all, my thanks and gratitude are to GOD for giving the human beings a drop of
his infinite ocean of knowledge.

| wish to express my great appreciation and thanks to Dr. Sherine Mohy EI Din Wahba,
Professor, Architectural Engineering Department, Faculty of Engineering, Cairo University,
for her kind guidance and valuable advice.

| also wish to express my deep indebtedness to Dr. Tarek Ibrahim Nasr El Din,
Architectural Engineering Department, Faculty of Engineering, Cairo University, for his
generous guidance and encouraging, sincere help, consistent support by all means and asking,
valuable suggestions, and precise advice through all stages of this research work.






Dedication

To my mother Prof. Hanan Siam, to whom, | owe too much, who supported, encouraged,
and stand for me. To my father Dr. Mamdouh Hashim, my backbone, who supported me
throughout my life. To my husband Ramy Badawy, who encouraged and supported me so
much. My brother Ahmed and his wife Engy who supported me to accomplish my thesis.






Table of Contents

ACKNOWLEDGMENTS. ..ottt sttt bt b e bbbt nne e |
DEDICATION ..ttt bbb bbbt bbbtk e et sb e b sbesbe et e nbe e 11
A B ST RA CT ettt bt ettt b b b e bbbttt be e nbe e she e naeenaeennee XXI
CHAPTER 1: RESEARCH FRAMEWORK ... 1
0 I N 0T o T 1 N PSSR 1
1.2.RESEARCH PROBLEM ......uutiiiiiitiiee e ittt e e sttt e e s ettee e e s eatbeeeseatbeeesasabeeeeanabaeesanabeeeeansbeeesanteeeeennteeeeeanres 2
1.3.RESEARCH QUESTIONS ... .vvteitieeiteeeitteeeteeasteeesstesassseesseesstesesstesassesesssessnsenesssesassessnssnesnsesessessnnees 2
1.4 RESEARCH OBUIECTIVES ....ccutiuiiiiiiiiiiiteitisie ettt sttt 2
1.4.1. MAIN OBJECTIVE ... 2
1.4.2, SUD-ODJECTIVES. ...t ettt 3
1.5 RESEARCH HYPOTHESIS ...oiiiiiiiiie ettt sttt s sttt s ettt e e s s tte e e s s ate e e s et e e e s s ate e e e antbe e e s e nnteeeeanraeeeannees 3
1.6.RESEARCH METHODOLOGY ....uttiiiiiiiiee e ittt e siitteeesststeeessssteeesssteessassteeesasteeesastesesanssesessnssesesssnnes 4
1.7. RESEARCH STRUCTURE ...uvvtiiiittiiteiitteeeeiittreeesettseeesatstesesassseeesassbesesasbesesassbesesanstesessastesesssssesesssnnes 6
CHAPTER 2 : BRIEF HISTORY OF LARGE SPAN STRUCTURES.................. 11
2. L. INTRODUCTION L.tiiiiiittiieeeitiee e s sttt e e s stee e e e stae e e s sateeeessataeeeesstaeeeessteaeeesataeeeesstaeeeessbeneesnsbeneesnsennanans 11
2. 2. DEFINITIONS .. .ttiiieiitite e e sttt e e e sttt e e ste e e e e sbe e e e s sataeeeesataeeeesstseeeesstaeeeesataeeaesateseeestbeeeeasbeeeesnseenaeans 12
2.2.1, Large SPan SEIUCIUIES ......c..oiiiieriieiiee sttt sre e e nenre s 12
2.2.2, IMIBOA SETUCKUIES ...ttt sttt s sr e n e sre e n e nr e sreereennenre s 13
2.3.BRIEF HISTORY OF LARGE SPAN STRUCTURES .....cciittiieeiiieeeeitreeeesteeeeesteeeesstreeessntaeeassnsnnsaeans 13
2.3.1. The Pre-induStrial G0 .........ccoiiieieieise e 13
2.3. 1.1, BUIAING TYPOIOGY ..eveiveieiiiteieeieste ettt bbb 13
2.3.1.2. BUIlING MALEFIAIS. .....ccviiiiiitiiciie e 14
2.3.1.3. CoNSLruCtion TECANIGUES......c.eieiie ettt ettt e 15
2.3.1.4. SHIUCTUFAL SYSEEMS. ... .ottt ettt b e bbbt se bbb s 16
2.3 LS. O s 16
2.3.2. The 18" Century (The Industrial REVOIULION) .........c.ccoveveveriiiiicreeeiee e, 17
2.3.2.1, NEW INVENLIONS ....oviiiiiee ettt sttt st et steeneeseeneesaenaeseesneeneenes 17
2.3.2.2. BUIlAING MALEFIAIS. .....ccveiiiiieiiiiie et 18
2.3.2.3. CoNStrUCtION TECANIGUES. ......cviiiiteieieiie ettt et 18
2.3.2.4, SEIUCLUFAL SYSEEIMS ....viitiiciiite ettt ettt b e bbb bbb ettt nb e 18
B A TR o o ST OTORURRRR 19
2.3.3. The 19" Century (New Structures and ArchiteCture) ............cccocoeuevevereveeccrerererieeeeenen, 19
2.3.3.1. NEW FUNCLIONS ...ttt ettt et 19
2.3.3.2. BUIldING MALEFIAIS. ... .cc.eiiiiiieiiiieie e bbb 20
2.3.3.3. CoNSLruCtioN TECANIGUES......c.eiieie ittt sttt b e 22
2.3.3.4. NeW SrUCTUFAl SYSEIMS .....ocuiieiiiieieieie et ettt 23
B 0 T TR o o USSR 25
2.3.4. TN 201 CENTUNY w..vvviiiectetee ettt 26
2.3.4.1. NEW FUNCLIONS ...ttt bbb bttt sb e bbb 26
2.3.4.2. BUIlAING MAEIIAlS.........coveiiririeiiirce e 26
2.3.4.3. CONSLUCTION TECANIGUES. ......cveiiitieciiiterieie sttt 29
2.3.4.4. NeW STrUCTUAl SYSTEIMS ......cuiiviiitiieciite et 31
B B TR o] 11 O TPV U PP OPTPRTPROPN 35
2.4 CONCLUSION. ... cttttiiitiee e e ettt e e e ettt e e st e e e e sbe e e e s staeeaesataeeeesstaeeeesstsaeeestaeeeesnteseeesasbaeeeaatbeeeesaseenanins 36



CHAPTER 3: STRUCTURAL SYSTEM CLASSIFICATION OF LARGE SPAN

(210 I 1 L 41

S L. INTRODUCTION L.uiiiittiiitee ettt e iteeestteesbeeeebeeesabeeesbbeesabeesbeeesnbeeeabaeessbessbeeesabeeebaeessbeesteeesnbeeaasenans 41
AAm LINEAR STRUCTURES: 1.1tttttttttstssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssm. 47
3. 2. PRIMARY COMPRESSION ..ccitt ittt ittt ittt ettt ettt et et et et ettt et et et ettt a i et et et et et a1 et a1 et et e i et e i e i e i e e i e rerraeaeaaas 47
3.2.1. POSt aNd BEAM SEIUCTUIE: ...vviiveereeitec ettt ere ettt sre e st sreesbe s beeebeesbaesbeesrreenbeereesbee e 47
3.2.2. Framed CONSITUCTION. ......ccviiiiiieereecte ettt ettt sre e bbb e be e sbeesbe e st eeeaeeeareesbee e 47
3227, LINEAI TTAMES .vviiiiec ettt et e e e st e e et e e st e e e bt e e saaeeebteesbbeesbaeesbaeesbbeesrneesareens 49

3.2.2.2, POIYGONEAL TIAIMES ...ttt et b et 49

3.2.2.3, CUNVIIINEAT TTAMES.....civiiiiec ittt ettt e e st re e ebte e sbr e e sbte e sbaeesbaeesreeesabeeas 50

I TV £ 11 | £SO 50
T T B = T T4 (1 IV 10 | SRR OO PRSPPSO 50

3.2.3.2. GIOIN VAU oottt ettt et s be e sbe e sbe et e et e sbbeebeesbaesbaesbeesbessrens 51

3.2.3.3. GOhIC VAU ..c.viivicic ettt sbe e sbe et e e b esbe e ebaesbeesbeesbessreas 51

T N T I 11411 | T £ TU ] O URRR 51

3.2, THUSSES .. evveee e ittt e e sttt e e sttt e e s bt e e e s bt e e e s aabbeeesaabbeeeaaabbeeesansbeeesansbeeeeeasbeeeesnbeeeeenbaeeenntes 52
3.2.4.1, PlANEr TIUSSES (2D ) .viueitiitiieiisieieiest ettt 53

3.2.4.2. PriSMatiC TrUSSES (BD) ...uiceiieieiiieieie sttt bbb 54

3.2.4.3. SPACE FIAMES: ...eiiiiieeiiie ittt ettt sttt et e e s e s b e e s b e e nb e e n e e nn e enr e sn e e nr e e reenreenreenre s 55

RN T B T 1 4= S PSSP 57
3.2.5.1. TWO DImENSIONAl DOMES: .....veeiriiiiiieciie ittt ettt e te e stre e stae e srre e sabe s saaeesbte s sraeesabeea 57

3.2.5.2. Three DIimensional DOMES:.......ccccivuiiiiiiiie ettt sare et srve s srae e sbae s sraeesaae e 57
3.3.PRIMARY TENSION STRUCTURES ......cittt it ieiete ittt ittt ittt ittt ieieiaiaieiaiaiaiataiaiaieiaietsesteieie s et e ieiareiaiaieaans 59
T I 01 o] L= SRR 59

T T O o] L= o] £ OSSR 59

B- SURFACE-RESISTANT STRUCTURAL FORMS......0utttttertsesssesesssessssssssssssssssssssssssssssssssssrsssssmsssrmssm 61
3.4.PRIMARY COMPRESSION STRUCTURES ..ottt ie it ittt ittt ittt ie ittt ittt ieieieiataiaiaiainiaiaiaiensiansnensnanennianeaens 61
O B o P T ) (0T (0] (=TSRSS 61

A LT, FIAESIADS vt be e erbe e srreeaare e 62

I O B =] (o [T I P (=TSR 62

I ) 11 | 3SR 63
3.4.2.1. Single CUrVatUure SHElIS: .. ... 64

3.4.2.2. Double CUrvature SNEllS: .........cooiiiiii ettt s 65
3.5.PRIMARY TENSION STRUCTURES ....coiieieieie ittt ettt ettt ettt ettt ettt ettt et et et et et et et e e e e e e e e e e e e n e e e aeae e 69
TR T R =T8T 1 L P 69
3.5.2. PREUMALIC SITUCTUIE: .. .eiiievie ittt ettt ettt et e e st e s e ebe e e eaee s sbeeesabeeanbeeens 71
I B AN [ [ X T IS (0 [ (0 (1R 71

3.5.2.2. AIr Stabilized SITUCIUIES: .....vviiiiei ettt re e e srae e eare e 72

3.5.2.3. Structures lifted DY lHGNt QASES .....ccoiiiiiiiice e e 72
3.6.COMBINED STRUCTURES (SOME FURTHER SIGNIFICANT STRUCTURES AND ASSEMBLIES) ........ 73
3.0, 1. HYDIIAS Lo 73
3.0.2. TENSEQIILY SIUCTUIES ..ottt bbbttt 74
3.6.3. Other Examples of CombINed StrUCTUIES ..........coevviiieieiiieeeeeeee e 74

T A 070 o LU LS (] N 75

CHAPTER 4 THE APPLICATION OF DIGITAL TECHNOLOGY TOOLS ON
ARCHITECTURAL AND STRUCTURAL FORMS IN THE 21ST CENTURY .. 83

4.1.INTRODUCTION AND DEFINITIONS .....cttititeiirteiintesesiesesteesieeste st et et snese s e snenesneeanas 83
o B B I =Ted o o] (0o TSRS P PSP PP 83
41,2, DIGITAL ..ttt 84
4.1.3. Digital REVOIULION......ccuiiiiiiiiiieice e 85

4.2.DIGITAL TECHNOLOGY TOOLS ....vtiuttitetiteseseesessesessesessesesseessesessessssessesesseseseesessessssesessesssneseanes 85
4. 2.1, SOTEWAIE TYPES ..veiiiitiitiete ittt sttt bbbttt sttt 85
4.2.2. Classification of Digital Design TOOIS.........cccciieiiiiiiiiiiinee s 86

Vi



4.2.3. Types of Digital Form Generation Design TOOIS .........ccocuviriiinennieissesese s 86

4.2.4. Generative DeSIGN-TOOIS .......cccoiuiieiiiiise st 87
4.2.4.1. Structural Generative DesigN-TOOIS........cccuuireiiiriiiie e 87
42,42, Concept Development and SKetching TOOIS ........ccocoiiiiiiiieneseeeee e, 88
4.2.5. Computer Applications and New TEChNIQUES .........c.covevririrenineieieee e 89
4.2.5.1. VIrtUAI REAIILY ....eouiieiiiieieise e ettt et 91
4.2.52. ANIMALION oottt ettt ettt e bbb e st et ben et bene et 93
4.2.53. NEW TECNNIQUES: ... veiiiteiieiiite ettt ettt sttt sttt ettt ne st 94
4.3.DIGITAL TECHNOLOGY TOOLS AND COMPUTER PROGRAMS V'S ARCHITECTURAL FORM......... 94
4.3.1. Digital ArCNITECIUIE ......eviiiieeee e 94
4.3.2. Different factors are affecting directly on the architectural design concepts in the age of
(o 1o 11 42U o] o [ RS RT 95
4.3.3. How Digital Architecture Became an International Trend? ..........cccooevvvenieviveiennnnnns 95
4.3.4. Digital Technologies and Building's FOIM .........cccooviiiiniinineneeeese s 95
4.3.5. Levels of design computability:..........cooviiiiniiiii s 96
4.4.DIGITAL TECHNOLOGY TOOLS VS STRUCTURAL FORM......cciviiiiiiiiiiisicsieieieeee e 97
4.4.1, Structural System in CONSLIUCTION PrOCESS ........civviiiieieeieeseeiesie s sie st see e 98
4.4.2. Design Aids and Structural FOrM ..ot 99
4.4.3. The Influence of the Technological Development on New Structural System.............. 99
4.5.NEW ARCHITECTURAL APPROACHES BASED ON INFORMATION TECHNOLOGY ......cccevvervennnn. 100
4.5.1. EMErgent ArChItECIUIE .....coveiviiieieieice s 100
4.5.2. LIQUID ATCNITECIUIE ....eviitiieiesieee sttt 100
4.5.3, Hyper SUrfaces ArChItECIUIE ........cccveii e 101
4.5.4. GENEICS AFCHITECTUIE ...ocviiiieieeieee et 102
4.5.5. 3D Hologram Virtual ArChiteCtUIE ........cccviiriiriiieiescs e 102
4.5.6, Xefirotarch ArChiteCIUIE .......ccccvi it 103
4,57, HYDFd ATCRITECIUIE ..ottt et nee e 103
4.5.8. MeTa-ATCNITECTUIE ......eviiiiieie ettt et e 104
4.5.9. Brutalism ArCRITECTUIE........eiveiieieieiee et 104
T 018 =1 o] o1 (<o (F - PR 105
4.5 T1TAMIA AFCRITECIUNE.....evi ittt 105
4.5.12.QUa Virarch ArChiteCIUIE .......cviiviiieie st 106
4.5.13.Exodesic Architecture (Dennis DOHENS).......c.coeiieiiiiiiiierceee e 106
4.5, 14 Multimedia ArChITECIUE .......eoveie et 107
G O 0] [of I 1] o | SO S S STT 108
CHAPTER 5 FORM GENERATION IN THE 21ST CENTURY ....cocooviiiieiinenn 113
5.1 INTRODUCTION w..ttutiuteuieseesietestesteseeteseeseeseasessessessesseseseeseessaseasessessessessessessessesensessessessessensensenes 113
5.2. THE DIFFERENCE BETWEEN SHAPE AND FORM .....ccutiuiiiieierieriatistessestessessessessesessessessessessessenes 113
5.3. DETERMINATES OF FORM .....utiutitiiuetetestestaseesassessessessessessessassesessessessessessessessessssessessessessessessenes 114
L0 T TR I o] ] (=« SRS 115
5.3.2. BUIIAING TUNCHION ...t e 115
5.3.3. PartiCUIAr FEOION. ... .oviiiieie ettt bbb 115
5.3.4. BUIIAING MALEITAL .......oviiicie e 115
5.3.5. PSYCNOIOQICAl BSPECES ......cvveiiiiiiiiiieeiee e 115
5.3.6. The SPIrit OF the @0 ......oiviieice e 116
5.4.FORM GENERATION APPROACHES (FORM IMPROVING AND FORM FINDING).......ccovvvrierienenne 116
5.5, TYPES OF FORM ...utiiiiuieiieiieiesie sttt ettt sttt se et s et e ste et et eneene e s e e neabesnenneneeeenes 117
3.5.1. GEOMELIICAl FOMMS ....viiiiiii ettt sreenes 117
5.5.1.1, Types of GEOMELriCal FOIMS:......ccciviiiieieiere sttt e 117
5.5.1.2. The ways to use geometry in generating building's form:..........c.ccccooriinniiiniine, 119
5.5.1.3. Geometry in architectural and structural design: ...........ccoceriiriniinineis e 119
5.5.1.4. Geometry of StruCtural FOIM:........cooiiiiiiiiiiiecr e 120
5.5.2. Composite Forms (Principles of COMPOSITIONS).........cocvivriereereieeiene e 121

VI



