Universita degli Studi di Napoli Federico 11
Facolta di Ingegneria

Maria Teresa Terracciano

SEISMIC BEHAVIOUR OF DIAGONAL
STRAP BRACED CFS STRUCTURES

Tesi di Dottorato
XXV ciclo

1l Coordinatore
Prof. Ing. Luciano ROSATI

Dottorato di Ricerca in Ingegneria delle Costruzioni



On the front cover: ...

Maria Teresa Terracciano

SEISMIC BEHAVIOUR OF DIAGONAL STRAP BRACED CFS STRUCTURES

Copyright © 2013 Universita degli Studi di Napoli Federico II - P.le Tecchio 80, 80136 Napoli, Italy -
web: www.unina.it

Proprieta letteraria, tutti i diritti riservati. La struttura ed il contenuto del presente volume non
possono essere riprodotti, neppure parzialmente, salvo espressa autorizzazione. Non ne ¢ altresi
consentita la memorizzazione su qualsiasi supporto (magnetico, magnetico-ottico, ottico, cartaceo,
etc.).

Benché Iautore abbia curato con la massima attenzione la preparazione del presente volume, Egli
declina ogni responsabilita per possibili errori ed omissioni, nonché per eventuali danni dall’uso delle
informazione ivi contenute.

Finito di stampare il 02/04/2013



TABLE OF CONTENTS

Table Of CONTENLS ...ttt snae 1
LiSt Of FIZULES oueviiiiiiciiiiciiicci et saens v
List Of TADLES ..ttt X
ADSEIACE vttt x1
ACKNOlEAZEMENLS ... xiii
About the AUthOT ... XV
1 INTRODUCTION ....ccoosiiiiiiiiiiciiciniciieisicsie s 1
1.1 MOUVAHON. ittt 1
1.2 Aim of the Study....ccociiiiiiiiiicci 1
1.3 Framing of the ACHVILY....ccoeuririiieiririieiriicereeeeeeeeceennee 2

2 COLD FORMED STEEL STRUCTURES........ccccccviiviinininnne 3
2.1 Cold Formed Steel HousSing.........cccocvvviviiiiiiniiiiiiniiciicicciinns 3
2.2 Structural Design of CES Structufes.......ccceviecerivinicrninnicinnnenes 5
2.3 Overview on the Main Research Programs on CFS Diagonal
Strap Braced Walls.......ccovviiiiiiiiiiiiiiiiicans 8
2.4 Adham et AL (1990) .o, 8
2.4.1  Objectives of the research program.........ccccevvecevvvirecrennenes 9
242  Expefimental testS. ... 9

2.4.3  Results and conclusions........cccvvieiviiniciviniiininicnines 10

2.5 Serrette and Ogunfunmi (1996).......ccccovvvvviinviniiininiciinnes 11
2.5.1  Objectives of the research program........ccccceeeceuvvvericrrnnnnes 11
252 Expefrimental tests. ... 11

2.5.3  Results and conclusions........cccevceviniiiinniiiiniciinns 13

2.6 Gad et AL (1999) o, 14
2.0.1  Objectives of the research program........cccccovvervvvericrnnnnnee 15
2.6.2  Expefrimental tests. ... 15

2.0.3  Results and conclusions........ccccvvcevviiciiiiiinincniines 18

2.7 Fulop and Dubina (2004) .......cccccevuirviniiniiiiniiicciicceines 21
2.7.1  Objectives of the research program.........cccccceueueuiuiucucunnnne 21
272 Experimental testS. ... 22
2.7.3  Results and conclusions........cccevveviviniciininiinniicnininns 24

2.8 Tian et AL (2004) c.coovrmiiiiiricicc e, 27
2.8.1  Objectives of the research program.........cccccceueueciiiucunnnne 27



2.8.2  Experimental testS ... 27

2.8.3  Results and conclusions........cccceveeuriviicinininicnniniccneinenes 29
2.9 Al Kharat and Rogers (2005) .......cccoovviiiniiiiniiiiniicceinns 31
29.1 Objectives of the research program .........cccoevevviviiiininnnns 31
292  Experimental testS ... 32
2.9.3  Results and conclusions........cccceveeuviviicininiicinniicnninnnes 34
210 Kim et AL (2000) ..coviuiiiiiiiiiiiiriiiniiiciiciicieieees e 35
2.10.1  Objectives of the research program .......ccccovvvviviiiininnes 35
2.10.2  Experimental testS. ... 35
2.10.3  Results and conclusions........ccceveeeuveniicinninicnnninecnennenes 37
211 Casafont et AL (2007) .cccvuirriiiriiriiiricricciciecseenines 38
2.11.1  Objectives of the research program .........ccceevvvviiiiiinnnes 38
2.11.2  Experimental testS ... 39
2.11.3  Results and conclusions.........ccceveeurniicinninicinniccninenes 40
2.12 Velchev, Comeau and Rogers (2008).........ccccovvvuviviviirniniiinninnnns 42
2.12.1  Objectives of the research program ........cccccevvvvviiiininnnes 42
2.12.2  Experimental testS ... 42
2.12.3  Results and conclusions.........cccvveeervniicinninicinnniccnnnnnes 43
2.13  Moghimi and Ronagh (2009) ........ccccceviviiiiiniinniniiiiiicinnes 45
2.13.1  Objectives of the research program ........cccccevvvvviiiininnnes 45
2.13.2  Experimental testS ... 46
2.13.3  Results and conclusions........cccvveceueeniccinninceneenineenenenes 48
CFS STRUCTURES IN SEISMIC CODES........ccccoooviinininnn. 51
3.1 AIST S213-07/S81-09 ..ottt sseseeaenee 51
3.1.1  Part A: General ..., 52
3.1.2  Part B: General Design Requirements ........c.cooevivcuccnnnes 52
313 Part C: Walls..iiiiiiiccce, 53
3.2 Discussion and Comparisons........cccvieeiviniiininiiininiieneinines 54
3.2.1  Behaviour Factor ..., 54
3.22  Diagonal Brace Verifications........cccccevvvivivinininniniiciccnnnas 58
323  Overstrength Factor......cccoiiviiciiiiiiiccnn, 62
PLANNING OF THE EXPERIMENTAL ACTIVITY ............... 65
4.1  Basic assumptions and Design actions .........ccccceeveecrevrenccnennnnee 65
41.1  Definition of dead loads.......cccccceveeeuriniicinninicininicciennes 66
4.1.2  Definition of variable acCtions .........ccceveveevriviniiriisinicniinnes 67
4.1.3  Definition of SEISMIC ACHONS .....ovvvuiverririiieriiriiiineisiieneiines 68
4.2 Design of Diagonal Strap Braced CEFS Walls ........cccceeuvinunnee. 71
421  Design of the Elastic Light Wall........cccccoovininiinnns 74

4.2.2  Design of the Dissipative Walls .......ccccocovevvviiiiniicininnnes 76



423 Evaluation of stiffness of the walls......cccooeveveveveveecvernnennenne. 81

5  EXPERIMENTAL ACTIVITY ..ccoooiiiniviiiiiicininicceisccenenenas 85
5.1 General .. 85
52 Tests 0N MaterialS......cccceueueueuririiinininiriririiccccceeeeenenenenenens 86

5.2.1  Description of specimens and testing system ................... 87
522 Test results and diSCUSSION......ccccuevriieciciriiiciiriicecen, 90
5.3  Tests on Components: Simple JOINLS ...oevvveeececeeerererenenenenen 92
5.3.1  Description of specimens and testing system .................... 92
5.3.2  Test results and diSCUSSION.....cccccuevririecuririieciririeceenen, 93
5.3.3  Comparison and concluding remarks........ccccoovvcreuriinnne. 95
54  Tests on Components: CONNECHONS .....cuevrirermiuriririniriiiiieneiinnes 96
54.1  Description of specimens and testing system .................... 96
542  Test results and diSCUSSION.......cceuevririecuririicieiricceenen. 99
543  Comparison and concluding remarks........cccccccvuviricurnnnnes 103
5.5 Tests 0N WallS ..o 104
5.5.1 TSt SEL-UP euviiiiiiiiiciiciciciccr e 105
552  Monotonic TestS....coiiiiiiiiiiiiiiiiiiiniiiisicceenes 107
553  Cyclic Tests. ot 111
5.54  Comparison between monotonic and cyclic tests ........... 115

6 DESIGN CRITERIA.....ccoiiiiiiiiiiiiciccicciiccsic i 117

0.1  Behaviour Factor ... 117
0.1.1  Evaluation of the behaviour factor of tested walls.......... 118
0.2 Diagonal Brace Verifications ..........cccoevevvviiiiininicinininicniininns 122
6.2.1 Diagonal brace verifications in the experimental tests....123
0.2.2  Local and global collapse mechanisms........cccccceveeuereunnes 124
0.3  Overstrength Factor ..o, 126
0.3.1  Overstrength of fragile elements.........cccoevuvuviiriviniinninnnes 126
0.3.2  Shear failure of SCIEWS .....coviuiviiviiiiiiiicccccaes 127

7 CONCLUSIONS ..o 129

Appendix A: Tests on Materials and COmMPONENts .......ceeevvveeererreeenen. 133
AT Material oo 134
A2 SIMPIE JOINLS o 151
A3 CONNECHOMS evuveeirraierrriseieteeieieserieie et essssesesesssssaesenas 159

Appendix B: Tests 0n Walls .....cooveeviiciiniieericeeceeeeeeeeenne. 189
B.1 MoNotonic TeStS ... 190
B2 CyClC TEStS ittt 196

REFERENCES. .......cooiiiiiiii s 203

1



iv



LIST OF FIGURES

Figure 2.1 Typical cold formed steel profiles. .......ccccevvieueuvinicinivinicnnnnnes 3
Figure 2.2 Typical stick-built cold formed steel construction. ................... 5
Figure 2.3 Design approaches under vertical loads. ......cccccovviiiiiiiinine, 6
Figure 2.4 Design approaches under horizontal loads.........ccccccevviiininnes 6
Figure 2.5 Typical configuration of a CFS diagonal strap braced wall.......7
Figure 2.0 TeSt SEt-UP. c.ovvviviiiiiiiiiiciiiiiieissssaesenes 10
Figure 2.7 Typical connection and hysteretic loops. .......ccccovvvvveiiviiiinnnee 10
Figure 2.8 Configuration of type A, B and C Walls. .......ccccceuvvviiiiinnnnne. 12
Figure 2.9 Test set-up: frontal and lateral view.......ccccccovvieirvnicrnnnenaee 13
Figure 2.10 Test results for type A Walls.....cooveeivviicvniicnricinnens 14
Figure 2.11 Test results for type B and C Walls. ......cccccovvvviiniinininnen. 14
Figure 2.12 Specimen for single unlined steel wall frame tests................. 16
Figure 2.13 Testing configuration on the shaking table. ......c.ccccccccvunennee. 17
Figure 2.14 Load—deflection hysteresis loops for tab-in-slot frame. ....... 18
Figure 2.15 Hysteresis loops for one-room-house. .........ccocvuviveiuivrininnee. 20
Figure 2.16 External sheeting configuration of wall specimens. .............. 22
Figure 2.17 Set-up scheme for the experimental tests. ........cooevveiiiiunnnas 23
Figure 2.18 Force-displacement curves of the experimental results........ 26
Figure 2.19 Frame bracing configurations. .........ccceveeuevviviciinininncnsininnens 28
Figure 2.20 Test SEt-UP. covviviririiiiiiriiicicieirteieieeeisis s 29
Figure 2.21 Racking load vs deflection curves of the tested frames. ....... 30
Figure 2.22 Testing frame with displaced strap braced wall. .................... 32
Figure 2.23 Light strap braced wall.........ccccooviviiiiniiniiiiccen, 33
Figure 2.24 Medium strap braced wall. ........ccccooviivviiinniicinen, 33
Figure 2.25 Heavy strap braced wall.........ccccvviiiiniicnniicnncccens 33
Figure 2.26 Specimen tested on shaketable. .........ccooeeevniicinnnicennee. 36
Figure 2.27 Shear vs drift in 100%0 teSt. c.cvvvvviviieriiiiicrririiccicceiaens 37
Figure 2.28 Test SEt-UP. covvvviririiiririicicinicieieieieeess s 40
Figure 2.29 Shear frame tested. ... 40
Figure 2.30 Test specimens after 10ading........cocceeveveeerrerirecrnnenecrneneenens 41
Figure 2.31 Test results: force-displacement curves........coocevvvcvecvririnnnen 41
Figure 2.32 Testing frame with test Specimen. .......cccccevvveeerviviicreininann 43
Figure 2.33 Monotonic and cyclic loading protocols. ........ccceveecrernennee 43



Figure 2.34 Monotonic resistance of light and heavy braced walls.......... 44

Figure 2.35 Cyclic response of light braced walls. ........ccccocoeviviviicirininnnee 44
Figure 2.36 Cyclic response of heavy braced walls.........cccocvvviviiiininnnnnn. 44
Figure 2.37 Example of specimen types. ... 46
Figure 2.38 TeSt SEt-UP. cucvviiiiiiiiiiiiiiciiiiiiieiissssssesene 47
Figure 2.39 Force-displacement feSPONSE. .......ccevvuiecmerririeremriseencnenseceens 49
Figure 3.1 Table A4-1 of AISI S213....ccciiiiiiiiiiiciniciccccci, 55
Figure 3.2 Table 7.5 II of NTC 08.....c.ccoviiiiiiiiiiiiciniciiciricnciicinen, 58
Figure 3.3 Table C5-1 of AIST S213....c.coiiiiiiiiciiiccricercceeens 59
Figure 4.1 Case studies: residential buildings. ........ccccocevvuviicirninicinininnee 65
Figure 4.2 Definition of the seismic aCtions.........ccovvvivvvicciiiniicncininnen, 70
Figure 4.3 Diagonal strap braced walls configurations. ...........ccecvuvvvennee. 71
Figure 4.4 Lateral resistance of the wall and its components. .................. 74
Figure 4.5 Elastic Light Wall........ccccooiiiiiiiiiicce, 75
Figure 4.6 Dissipative Light Wall........cccccooviiniiiiiiiicen, 79
Figure 4.7 Dissipative Heavy Wall. .......cccoooiiiiiiniiiiicen, 80
Figure 4.8 Contributions to deformations of a diagonal braced wall......81
Figure 4.9 Shear tests on connections (Velchev, 2008). ........cccovvvnnnens 82
Figure 4.10 Types of tested frame to diagonal connections. ............c....... 83
Figure 4.11 Contributions in terms of stiffness. .......cccccovvvvvviriiicinininnnn. 84
Figure 4.12 Percentage values of stiffness contributions. .........cccceueeueeee. 84
Figure 5.1 Tests on materials. ... 86
Figure 5.2 Shape and size of specimens (EN ISO 6892-1 - Annex B). .87
Figure 5.3 Dimension of specimen (EN ISO 6892-1 - Annex B). .......... 88
Figure 5.4 Dimension of tested SPeCiMen. ........cccvrieueureriererrereecnenneenens 38
Figure 5.5 Universal testing machine MTS 810 seties. .....ccouvviiiuinunnnnas 89
Figure 5.6 Material test results in terms of G-€ ......ccccevviiiiviiciiininnen 90
Figure 5.7 Influence of test rate on stress-strain values.........ccoevevvivennee. 91
Figure 5.8 Specimens properties for tests on mechanical joints. ............. 92
Figure 5.9 Specimens for tests on mechanical jOINtS. ....covveriiiiiieiinnnns 93
Figure 5.10 Collapse mechanisms for tests on mechanical joints. ........... 94
Figure 5.11 Comparison of curves for tests on mechanical joints........... 95
Figure 5.12 Connections distances in EC3 Part 1-3.....ccccoceevvvicvnnnen 96
Figure 5.13 Tested configurations of connections for WLD. .................. 98
Figure 5.14 Tested configurations of connections for WHD. ................. 98
Figure 5.15 Specimens properties for tests on connections. ..........e....... 99

Figure 5.16 Comparison of the response curves for configuration n.1.100
Figure 5.17 Comparison of the response curves for CLD and CHD...101
Figure 5.18 Comparison of the response curves in terms of test rate...102

vi



Figure 5.19 Experimental vs theoretical collapse mechanismes............... 104

Figure 5.20 Experimental tests program on walls. .......ccccevvviiiiiinnnns 105
Figure 5.21 Testing system for full-scale tests on CFS walls. ................. 105
Figure 5.22 Position of measurement deviCes.........covvviiirriniccneiiennnn 106
Figure 5.23 Loading protocol for monotonic tests. ........cuevveereurencnen 107
Figure 5.24 Force-displacement response curve for monotonic tests...108
Figure 5.25 Local buckling in the tracks and reinforced tracks.............. 110
Figure 5.26 Comparison of WHD-M1 and WHD-M2 responses. ........ 111
Figure 5.27 Loading protocol for cyclic tests. .......covueururiierrureicrenreneann 112
Figure 5.28 Force-displacement response curve for cyclic tests. ........... 113
Figure 5.29 Collapse mechanisms for cyclic tests.......ooouiiiiiiiriiinnen. 115
Figure 6.1 Behaviour factor for monotonic tests on walls............c.c....... 120
Figure 6.2 Behaviour factor for cyclic tests on walls........ccccevicivunnnnee. 121
Figure 6.3 Experimental curve for S235. .....ccooveuiiviennnicinicciieinen 126
Figure 6.4 Failure modes of connections (ECCS, 2009). ........ccccevvvunnnee. 128

vii



viil



LIST OF TABLES

Table 2.1 Experimental tests catalogue for X-bracings CFS. ..................... 8
Table 2.2 Dynamic characteristics of unlined single frames. ................... 19
Table 2.3 Dynamic characteristics of the one-room-house. ..................... 20
Table 2.4 Performance CItEria. ... euriieerreriieieiriceieisieieeeseseiene e 27
Table 2.5 Racking test reSults. ..c..coieurviieriiriiciririicerceeeeeeeeeennns 30
Table 3.1 Comparison for Cold Formed Steel grades. ........cccovvvrivinnnnne. 60
Table 3.2 Comparison for Hot Rolled Steel grades........cccceviuiiiininnnnne. 60
Table 3.3 Comparison for Cold Formed Steel grades. ......ccccoeveuvuvininnne. 61
Table 3.4 Comparison for Hot Rolled Steel grades........ccccvuvvicivunininnne. 61
Table 3.5 Comparison for Cold Formed Steel grades. ........cccovvvrivinnnnnn. 63
Table 3.6 Comparison for Hot Rolled Steel grades........ccccovvvviiiininnnnne. 63
Table 4.1 Geometrical characteristics of case studies buildings. .............. 066
Table 4.2 Geographical charaCteriStiCs. ......cvuieurrriieuerrireeiririeereereeeennn. 066
Table 4.3 Dead 10ads. ... 67
Table 4.4 Variable aCtions. ..o, 68
Table 4.5 Parameters for the definition of seismic action.........ccceueueeee. 68
Table 4.6 Lateral resistances for the Elastic Light Wall..........cccccouvuueeeee. 74
Table 4.7 Lateral resistances for the Dissipative Light Wall. .................... 78
Table 4.8 Lateral resistances for the Dissipative Heavy Wall. .................. 78
Table 4.9 Displacement and stiffness of designed walls.........ccccevvuunenee. 83
Table 5.1 Experimental tests PrOZIam. .......ccooeceueereeeeremriereremseseserensesenenenns 86
Table 5.2 Material test feSULLS. ..o 90
Table 5.3 JoINt test FESULLS. ...ceiiriririiiieiiiiiririrrr e 94
Table 5.4 Connection test FeSULLS. .....cvueueuriererririeierreeereeeereeeeennne 100
Table 5.5 Results of monotonic tests 0n Walls........ccevvceerrnicreininicnen. 109
Table 5.6 Results of cyclic tests on walls. ......covvviriiiniccccececenenennn 114
Table 6.1 Behaviour factor for monotonic tests on walls. .........cccceeeee.. 120
Table 6.2 Behaviour factor for cyclic tests on walls. ..o, 121
Table 6.3 Collapse mechanisms for cONNECHONS.......cvveeereerercrerereierinnen 123
Table 6.4 Collapse mechanisms for walls. .......c.ccceivviiinniiiinnnnn. 124
Table 6.4 Local vs global collapse mechanisms. .........cccccceuvivicieivinennnn. 125

ixX






ABSTRACT

The main scope of this dissertation has been to give a contribution to
the evaluation of seismic performance of CFS structures and in
particular of diagonal strap braced walls. To this end, two main
objectives are pursued in this work: the study of the seismic behaviour of
diagonal strap braced walls in terms of global response and the study of
local behaviour of connections to understand their influence on the
global seismic behaviour of walls.

In the context of ReLLUIS-DPC project, a wide experimental program
was planned and carried out. It consists of full-scale experimental tests
on walls to investigate the global behaviour and small-scale experimental
tests on materials, simple mechanical joints and connections to
investigate the influence of the local behaviour on the global seismic
behaviour. The experimental tests have been performed at the Dist
Laboratory (Department of Structures for Engineering and Architecture,
Naples), of the University of Naples Federico II. The obtained results
demonstrate a satisfactory experimental response in terms of stiffness,
strength and deformation capacity, largely confirming the theoretical
predictions.

Since the final scope of the whole study, and in particular of the
experimental campaign, is to provide appropriate design criteria for
diagonal strap braced CES structures to be introduced in Italian seismic
code, considerations about design criteria were presented, on the basis of
the design assumptions and the experimental test results, in comparison
with the prescriptions of national and international seismic codes. The
attention is focused on the behaviour factor, the diagonal brace
verifications and the overstrength of fragile elements.
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1. Introduction

1 INTRODUCTION

1.1 MOTIVATION

In the last years, the use of Cold Formed Steel (CES) structures became
its spreading in Europe and in Italy as a valid alternative to traditional
structural systems, because of their capacity to combine high
performance to a set of structural characteristics such as lightness,
rapidity of implementation and the ability to meet high standards of
performance in terms of safety, durability and eco-efficiency.

Previously, this structural systems increased significantly its spreading in
North-America, North-Europe and Australia.

The use of cold-formed steel members was initially used for secondary
structures of industrial buildings, but now are enough diffused as main
structures of residential (housing) and commercial constructions (low-
rise buildings), mainly thanks to the economic advantages deriving from
the significant reduction of the construction time.

This kind of use is nowadays growing in Europe and in Italy, but
obviously this requires an accurate study of the seismic behaviour of CFS
systems to be able to compensate for the lack of the Italian seismic code
about the requirements for this structural systems. So, the main objective
of this dissertation is to give a contribution to the evaluation of seismic
performance of CFS structures and in particular of diagonal strap braced
walls.

1.2 AIM OF THE STUDY

The main aim of this study is to give a contribution on the knowledge
about the seismic behaviour of diagonal strap braced CES structures.
The final scope is to be able to suggest prescriptions for diagonal strap
braced CFES structures for Italian seismic code.

Two main objectives are pursued in this work: the study of the seismic
behaviour of diagonal strap braced walls, in terms of global response, by
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means of full-scale experimental tests on walls; and the study of local
behaviour of connections, by means of tests on materials, components
and joints, to understand their influence on the global seismic behaviour
of walls.

The experimental tests, performed to be able to investigate the seismic
behaviour of CFS diagonal strap braced walls, were carried out in the
context of the project ReLUIS-DPC 2010-2013, line 1: “Seismic design

of new constructions”.

1.3 FRAMING OF THE ACTIVITY

To fulfil the above mentioned aims, this work is divided into 7 chapters.
Chapter 2 provides an introduction on the CFS structures and the main
existing structural systems and an overview on the main research
programs concerning CES  structures and in particular on the
experimental tests performed on CFS diagonal strap braced walls that are
nowadays available in scientific literature.

Chapter 3 is devoted to the review and considerations about the
principles and the presctiptions of the AISI S213-07/s1-09 seismic code
for lateral loads in CFS structures.

Chapter 4 describes the planning of the experimental campaign and in
particular the basic assumptions in terms of strategies for elastic design
and dissipative design of the diagonal strap braced CFS walls.

Chapter 5 is about the main results of the experimental campaign
carried out in the Laboratory of Civil Engineer at the University of
Naples in the context of the project ReLUIS-DPC 2010-2013. The
experimental tests were focused on the study of global and local
behaviour of diagonal strap braced CFS walls under monotonic and
cyclic loads.

Chapter 6 is devoted to the definition of seismic design criteria for
diagonal strap braced CFS walls that are missing in Italian seismic code.
Chapter 7 contains the conclusions of this work.



2. Cold Formed Steel Structures

2 COLD FORMED STEEL STRUCTURES

This chapter presents a brief introduction on the Cold Formed Steel
structures and an overview on the main research programs concerning
CFES structures and in particular on the experimental tests performed on
CFS braced walls that are nowadays available in scientific literature.

2.1 CorLDp FORMED STEEL HOUSING

In recent years, cold formed steel structures (CEFS) has been growing in
popularity all over the world, because it represents a suitable solution to
the demand for low-cost high performance houses (Landolfo, 2011).

The CFS members, obtained by cold rolling, are produced pressing or
bending steel sheets, with thickness ranging between 0.4 and 7 mm. This
construction process provide several advantages such as the lightness of
systems, the high quality of end products, thanks to the production in
controlled environment, and the flexibility due to the wide variety of
shapes and section dimensions that can be obtained by the cold rolling

CCLY I OO0
1 Lex Olne
I Lo
T T 1 CNC

Figure 2.1 Typical cold formed steel profiles.
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Moreover the CFS systems, being dry constructions, ensure short
execution time. Besides, economy in transportation and handling, the
low maintenance along the life time together with the high strength to
weight ratio, an essential requirement for a competitive behaviour under
seismic actions, represents additional benefits that CFS are able to
achieve. In addition, CFS are in line with the requirements of
sustainability. Indeed, the use of recyclable and light gauge materials, the
flexibility of systems, the dry construction process and the possibility to
reuse the elements at the end of the life cycle, contribute to minimize the
environmental impacts.

The 3 main structural typologies for CEFS structures can be classified in:

e Stick-built constructions:

This system is characterized by the lowest prefabrication degree and is
the most common method used for CFS structures, because it is the
same as the familiar stick-built wood construction method. In fact, in
these systems the wood members have been replaced with appropriate
CES members. Similar to wood construction, steel components are
fastened together on the floor surface into wall sections and tilted into
positions. Once the wall sections are structurally connected together,
exterior and interior sheathing materials are applied. The construction
time is very short.

Some advantages of stick constructions are the simple constructions
techniques, no heavy lifting equipment are necessary, and members can
be densely packed for transportation.

¢ Panelized constructions:

In this system walls and floors sub-frames and roof trusses may be
prefabricated in the factory. For this reason we can say that it is
characterized by an intermediate prefabrication degree. The panels are
lifted into their position and fastened together, generally by bolting, to
form the required building geometry. This method of construction is
particularly efficient when there is repetition of panel types and
dimensions. In contrast to stick-built construction, in the panel
construction exterior sheathings, thermal insulation and some of the
lining and finishing materials may also be applied to the steel sub-frames
in the factory.

Some advantages of panel construction are short time of erection, the
possibility of quality control during the fabrication of the units;
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¢ Modular constructions:

In this system there is the highest prefabrication degree. Structure
modules (lightweight steel boxes), for example room units, are
completely prefabricated in the factory before being delivered to the
construction site. On construction site, the units are stacked side-by-side
and up to several storeys high on prepared foundations and service
connections made to form the complete structure. Nowadays, many
hotels and motels are built in this way.

This chapter is particularly focused on the stick-built construction system
that certainly represents the more used structural solution. Besides, this
structural solution is also the basic system for the development of more
industrialized  constructions, like the panelized and modular
constructions.

ROOF FRAMING

RIDGE
MEMBER

DECKING
(SHEATHING)

STIFFENER

HEEL JOINT

BEARING

WALL WALL

FRAMING

WALL
SHEATHING
JACK & KING STUDS

FOUNDATION CONNECTION

FLAT STRAP & BLOCKING
IN—LINE FRAMING

FLOOR FRAMING

BLOCKING

Figure 2.2 Typical stick-built cold formed steel construction.

2.2 STRUCTURAL DESIGN OF CFS STRUCTURES

The design of a CES structure under vertical and horizontal loads can be
carried out using two different approaches: “all-steel design” and
“sheathing-braced design”.
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The first one considers only steel members as load carrying elements and
it does not take into account the influence of sheathing panels,
consequently, the design of CFS members can be strongly influenced by
local, global and distortional buckling. On the other hand, the “sheathing
braced design” considers the sheathing as part of the bearing system.
Therefore, in case of horizontal loads the “all steel design” requires the
introduction of X or K bracing systems in the lateral resisting walls;
while according to the “sheathing-braced design” the system composed
by sheathing, frame and fasteners can assure an adequate strength in
order to allow the walls to act as in plan diaphragms. In the last case, the
shear response of a CEFS wall, that represents the main lateral force
resisting system, is a quite complex concern and depends on the
behaviour of its structural components: sheathings; sheathing-to-frame
connections; frame (stud buckling strength); frame-to-foundation
connections.
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Figure 2.4 Design approaches under horizontal loads.
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The typical configuration of a CFS diagonal strap braced wall is showed
in fig. 2.5. There is a steel frame, composed by top and bottom tracks,
vertical chord studs, diagonal strap braces and their connections, framing
studs and hold-down fixtures at the corners.

Tracks are typically U sections, at the ends there are supplementary C
profiles reinforced tracks to avoid the local buckling. Mechanic
connections (anchors or bolts) are distributed along the tracks to absorb
shear force.

Studs are generally C profiles with an inter-axis distance from 300 to 600
mm, chord studs are back-to-back profiles with hold-down devices at the
ends to prevent uplift. To improve the stud behaviour, in the middle of
the studs are placed flat straps (the buckling length is halved), that are
connected by appropriate blocking to the chord stud.

The flat strap bracings can be placed on both sides of the wall or not,
and are normally connected to studs and tracks with appropriately
dimensioned gusset plates.

All the connections are generally made by self-tapping screws.

CONNECTION TOP TRACK

DIAGONAL STRAP BRACE
CHORD STUD /7 BLOCKING
STUD il
FLAT STRAP
SHEAR ANCHORS
GUSSET PLATE

HOLD-DOWN
REINFORCED TRACK [

]
BOTTOMTRACK 4+

Figure 2.5 Typical configuration of a CFS diagonal strap braced wall.
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2.3 OVERVIEW ON THE MAIN RESEARCH PROGRAMS ON
CFS DIAGONAL STRAP BRACED WALLS

In the following paragraphs an overview of the main research programs
concerning CFS braced walls is organized.

In order to frame and introduce the experimental tests performed in this
work, a collection of the experimental tests available in scientific
literature performed on CES braced walls were made (Tab.2.1).
Contribution of different authors were organized chronologically and for
each research program objectives, conclusions and details on the
experimental tests (specimens, test set-up, loading history, results) are
presented.

Table 2.1 Experimental tests catalogue for X-bracings CFS.

Monotonic Cyclic

Author Bracing system
tests tests
Adham et al. (1990)NA X-B+GWB W-1) 6
Serrette and Ogunfunmi (1996)NA X-BW-1) 3
X-B+GSB+GWBW-1) 5
Gad etal. (1999)A X_B GD-1) 5
Dubina and Fulop (2004)F X-B -1 1 2
Tian et al. (2004)F X-B -1
Al-Kharat and Rogers (2005)NA X-B -1 9 7
Kim et al. (2006) NA X-B (W-2) 5
Casafont et al. (2007)F X-B ™¥-1)
Velchev, Comeau and Rogers (2008)N  X-B W-D 18 17
Moghimi and Ronagh (2009)4 X-B -1 16
X-B+GWB &-D 3

-D: one story wall; W-2: two stories wall; ®PD: one story 3D structure.
NA: North American tests; A: Australian tests; ¥: European tests
X-B: steel strap X-bracing; GSB: gypsum sheathing board; GWB: gypsum wallboard.

2.4 ADHAMET AL. (1990)

Details about the experimental tests on cold formed steel walls subjected
to lateral cyclic loads developed by S.A. Adham, V. Avanessian, G.C.
Hart, R.W. Anderson, J. Elrnlinger, and J. Gregory are showed below
(Adham et al. 1990).
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2.4.1 Objectives of the research program

The objective of the research was to investigate the in-plane shear wall
load/deflection characteristics of lightgage steel stud wall construction
when subjected to cyclic lateral loading imposed by wind or earthquakes.
The approach combines testing and post-test analysis to investigate the
in-plane shear load resistance and response characteristics of this type of
wall construction, including the determination of:
e strength and load/deflection characteristics of the lightgage stud
walls to in-plane lateral forces;
e strength, energy dissipation and failure mode characteristics
under cyclic loading;
e stiffness degradation characteristics resulting from load reversals.

2.4.2 Experimental tests

Experimental investigations were conducted to evaluate the lateral load-
deflection characteristics of lightgage steel stud/gypsum wallboard panel
combinations subjected to lateral cyclic loads. Six 2.44 m X 2.44 m cold-
formed steel planar frames sheathed with steel straps and gypsum.
Straps, 50.8 mm and 76.2 mm in width with three different thicknesses
(0.84, 1.09 and 1.37 mm) were screw connected to the framing elements.
Most walls were constructed with X straps as well as gypsum panels on
both sides. Hold-downs were bolted to each test specimen at the base to
limit uplift of the cold-formed steel frame.

The specimens were bolted to the bottom angle, to the top loading beam
of the setup, and to the two hold downs. The double acting hydraulic
actuator providing the lateral loading of the panel was connected to the
loading beam at one end while the dial gage for determining the induced
lateral deflection was placed against the face of the exterior stud opposite
to the loaded end. To prevent the specimen from sliding horizontally
two hold downs, one for each end, were designed and bolted to the test
setup.

During the testing, each specimen was subjected to two complete cycles
of loading for each designated level of lateral deflection until failure. The
lateral load was applied to the specimen at suitable intervals the load and
the corresponding induced lateral deflection were recorded.
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Figure 2.6 Test set-up.

2.4.3 Results and conclusions

The panel response was recorded in terms of lateral deflection of the
panel top opposite to the loaded end. All specimens were monitored at
their base for possible uplift, however, panel uplift was completely
prevented by the hold downs.

Stud buckling will lead to a severe degradation in the shear load that can
be applied to the wall; however when this mode is propetly addressed in
design strap braced systems are effective in dissipating energy under
reversed cyclic loading,
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Figure 2.7 Typical connection and hysteretic loops.
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In conclusion:

e light-gage steel stud/gypsum wallboard construction has many of
the characteristics required of a seismic lateral load resisting
system;

e providing diagonal straps on both sides of the panel improves
the behavior of the panel by causing the gypsum board to crack
at higher load and deflection levels, than with no strap at all or a
strap on one side only;

e diagonal straps in compression do not contribute to the load-
carrying capacity of the panel;

e degradation of panel stiffness due to cyclic loading is well within
the acceptable range;

e hysteretic loops show that this type of system is effective in
dissipating energy, especially in its virgin cycle of response.

2.5 SERRETTE AND OGUNFUNMI (1996)

Details about the experimental tests on cold formed steel walls subjected
to lateral in-plane loading, performed at the Structures and Materials
Testing Iab at Santa Clara University by R.L. Serrette and K.
Ogunfunmi, are showed below (Serrette and Ogunfunmi, 1996).

2.5.1 Obijectives of the research program

The main objective was to study the contribution of flat strap tension X-
bracing; gypsum sheathing board (GSB); gypsum wallboard (GWB); and
the combination of X-bracing, GSB, and GWB to the in-plane shear
resistance of steel stud walls. Moreover, recommendations for allowable
shear values were made based on the observed behavior of the walls.

2.5.2 Experimental tests

A total of 13 walls, 2.44 m x 2.44 m steel frame, were tested in this
program. The frame consisted of 150 mm C-shaped, 0.88 mm studs at
0.61 m on center. For the top and bottom plates, 150 mm C-shaped,

11
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0.88 mm tracks were used. At the ends of each wall, double studs (back-
to-back) were used to prevent chord buckling. The tracks were attached
to the studs using 12.5 mm screws.

The basic difference between the wall types was the shear resisting
elements:
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Type A Stud Walls tests were carried out to investigate the
contribution of flat strap X-bracing (in tension) to the shear
resistance of the wall. A series of 3 walls with 50.8 mm x 0.88
mm flat strap X-bracing on the face were assembled and tested.
Type B Stud Walls tests were carried out to evaluate the shear
capacity provided by the gypsum panels. A series of five tests
using this shear wall configuration were tested. On the face of
the steel frame, two adjoining, single-layer 1.22 m x 2.44 m GSB
panels were attached parallel to the framing.

ypsum board

TYPE A wee g S ?boln sides)
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Figure 2.8 Configuration of type A, B and C Walls.
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Type C Stud Walls tests were made to investigate the combined
contribution of the flat strap X-bracing and gypsum panels in
resisting shear. A series of four specimens consisting of shear
walls with 12.5 mm single-layer GSB on the face, 12.5 mm GWB
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on the back and 50.8 mm wide flat strap X-bracing on the face
(under the GSB) were built and tested. An additional fifth test
which was similar to the other four tests, except for flat strap X-
bracing on both sides of the wall, was also built and tested.

The overall test setup were based on the recommendation contained in
ASTM E 72-80. Once the specimen was secured in the test frame, with
guides, lateral braces, and top loading plate in place, the wall was
preloaded to 10% of its estimated maximum load to set the connections.
After approximately 3 min, the preload was released, all measuring
instruments were zeroed and the specimen was then loaded to failure.
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Figure 2.9 Test set-up: frontal and lateral view.

2.5.3 Results and conclusions

In general, failure of the gypsum sheathed walls resulted from
breaking/cracking of the paper cover and underlying gypsum. Prior to
this behavior, however, rotation of the screws about the flange contact
with a subsequent pressing of the screw head into the surface of the
panel was observed.

Type A Stud Walls failed as a result of excessive lateral deflection of the
wall following yielding in the tension X-bracing. Minor reversed bending
in the end studs was also observed.

In Types B and C Stud Walls at approximately half the sustained
maximum load, screw rotation at the perimeter edges was observed.
Each panel behaved independently during loading and a relative
adjoining panel edge displacement in excess of 25 mm was observed.

13
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Figure 2.11 Test results for type B and C Walls.

It was shown that walls with bracing on one side alone failed by
excessive out-of-plane deformation, which is not a favourable scenario in
terms of maintaining lateral stability of the braced frame, nor ductile
performance under inelastic shear deformations.

The gypsum board was shown to have significant shear strength, but
under seismic loading, the static values should be reduced to compensate
for opening of holes around the screw shank.

Although flat strap tension bracing possesses high shear strength, the use
of straps plus wall panels (e.g., gypsum board) is not very practical.

It was also noted that in the design of X-braced walls the engineer must
be concerned with strap yield strengths in excess of the minimum
specified value, which may result in connection or chord stud failure.

2.6 GAD ET AL. (1999)

Details about the experimental tests on domestic structures with cold
formed steel frames developed by E.F. Gad, C.F. Duffield, G.L.

14
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Hutchinson, D.S. Mansell and G. Stark of the Department of Civil and
Environmental Engineering of the University of Melbourne (Australia)
in collaboration with the Port Kembla Laboratories (BHP Research) are
showed below (Gad et al. 1999).

2.6.1 Obijectives of the research program

The primary objective of the research project was to assess the
performance and behaviour of cold formed steel frames domestic
structures subjected to earthquake loading.
The research involved an extensive racking and dynamic testing program
on both two- and three-dimensional framing configurations. A variety of
construction details was tested to identify the critical components and
assess the contributions from the non-structural components,
particulatly the plasterboard lining. The failure mechanisms and the load
sharing between the various components are investigated.
In more detail the project aims to:
e improve understanding of the interaction between the different
components of a typical wall assemblage;
e quantify the lateral stiffness and strength contributions of
plasterboard and determine its reliability under cyclic loads;
e investigate the inertial loading effects of brick veneer walls on the
framing assembly;
e develop guidelines that enable prediction of the behaviour of
complete domestic structures.

2.6.2 Experimental tests

The experimental program was divided into two main stages. First,
preliminary tests on two-dimensional unlined frames with different
frame connection types. Second, testing of a one-room-house at various
stages of construction.

Tests on unlined single frames were performed to gain an initial
appreciation for both the static racking characteristics and the dynamic
properties. The frames measured 2.4 x 2.4 m and were constructed from
cold-formed steel C sections with steel grade of G300.

15
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Figure 2.12 Specimen for single unlined steel wall frame tests.

The section of the studs was 75 x 32 x 1.2 mm thick, for the plates the
section was 78 x 31 x 1.2 mm thick, and for the noggings was 72 x 34 x
1.2 mm. Each strap brace was 1.0 mm thick and 25 mm wide with steel
grade of G250. A tensioner unit was fitted to each brace which is
tightened to plumb and square the frame. To simulate the mass of a steel
sheet roof, a 350 kg concrete beam was bolted to the top of the frame.
This mass was the primary source of earthquake induced loading in the
test and, consequently, the dominant dynamic characteristics were similar
to that of a single degree-of-freedom system.

The first series of tests was conducted on frames with tab-in-slot
connections which are essentially pinned connections. The tests were
slow cyclic racking and dynamic. The slow cyclic tests were performed
by fixing the top of the panel and slowly cycling the shaking table
through increasing amplitudes in plane with the wall panel.

The dynamic characteristics of the wall frames were established through
a series of pluck tests (applying a hammer blow on the concrete mass on
top of the wall panel) and swept sine wave (SSW) tests. In addition,
simulated earthquakes were also used to assess their general
performance.

The second series of tests was conducted on identical frames, but with
welded connections instead of tab-in-slot connections between the

16
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framing members. Other frame connection types (e.g. clinched and
screwed) are expected to fall within these two bounds. The tests
conducted on the welded frames were SSW and simulated earthquakes
only.

Tests on one-room-house were performed to investigate the effect of
lining on frames to take into account the effect of boundary conditions
in a realistic manner.

The test house measured 2.3 x 2.4 x 2.4 m high and was constructed
from full scale components. It simulated a section of a rectangular house
with plan dimensions of 11 x 16 m. The dead load corresponding to a
plan area of 11 x 2.4 m was used on the test house. The mass due to roof
tiles, battens, insulation, ceiling lining and trusses for that area was found
to be 2300 kg. A concrete slab with the same weight was cast and
supported on the east—west walls via steel lipped C sections similar to
those used for the bottom chord of typical roof trusses. The two walls in
the north—south direction were non-load bearing and had standard 900 x
2100 mm door openings. The house was built on the two degree-of-
freedom shaking table at the University of Melbourne.
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Figure 2.13 Testing configuration on the shaking table.

The house was built from standard components and erected as
recommended by the manufacturers, but some details (i.e. hold down)
were over designed to eliminate a potential failure mechanism.
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All the framing members in the test house were standard C sections, 75 x
35 x 1 mm thick (steel grade of G550). Tab-in-slot connections were
used to connect the studs, plates and noggings. Plasterboard lining, 10
mm thick, was used for the ceiling and walls, and connected to the
frames with screws.

Screws were spaced at 300 mm centres on the ceiling and 400 mm
centres on walls. Along the wall vertical edges the spacing was at 200
mm centres and 600 mm centres along the top and bottom plates. The
screws used were 6 gauge, 25 mm long bugle head with a drill point.
Skirting-boards, 55 mm ceiling cornices and set corner joints were also
used in conjunction with the plasterboard lining.

The house was tested in the east—west (EW) and north—south (NS)
directions and at different stages of construction so that the contribution
of the various components could be evaluated. After each destructive
test the house was rebuilt from identical components and by the same
tradesmen to ensure consistency.

The tests conducted were mainly SSW, cyclic racking and simulated
earthquakes.

2.6.3 Results and conclusions

Concerning the unlined single frames tests, in the hysteretic load—
deflection behaviour of a typical frame, the ‘pinched’ form of the
hysteresis curves indicates that a slip zone was present in the bare frame,
resulted from a combination of elongation of the straps and deformation
in the connections.
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Figure 2.14 Load—deflection hysteresis loops for tab-in-slot frame.
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The failure of the frames in the racking tests occurred when the brace
sheared one of the two self tapping screws connecting the brace to the
bottom corner of the frame. The brace subsequently pulled out from the
remaining intact screw.

Results from the pluck tests and the SSW tests on both types of frames
are listed in Table 2.2.

Table 2.2 Dynamic characteristics of unlined single frames.

Frame type Test type Natural frequency Damping ratio
Pluck 7.3 Hz 1.3%

Tab-in-slot SSW 7.0 Hz NA

Welded SSW 6.3 Hz 2.0%

The welded frame had a lower natural frequency than the tab-in-slot
frame, conversely from expectation that the welded frame would be
stiffer than the frame with the tab-in-slot connections.

It was concluded from this that the stiffness of the frame is governed by
the strap bracing, that is considered the critical component, in particular
its connection to the frame and its initial tension.

The simulated earthquake tests on the tab-in-slot frame showed that the
framing members and bracing performed in a ductile manner, showing
that the most important component in unlined single frames is the strap
bracing system.

In conclusion for unlined frames:

e the frame behaviour is governed by the strap bracing system;

e the failure load and mechanism is governed by the type of fixity
of the strap bracing to the top and bottom plates and the
presence of the tensioner unit (as it introduces a hole in the
brace);

e the dynamic characteristics of the frames are governed by the
initial tension in the straps;

e the type of connections between the framing members does not
seem to have an influence on the structural response of the
braced frames.

Concerning the one-room-house tests, the SSW tests revealed the natural
frequencies, damping ratios and mode shapes. The destructive racking
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tests were aimed at finding the failure mechanisms, load—deflection
behaviour, level of ductility, energy absorption capacity, and stiffness and
strength degradation under repeated cycles. The simulated earthquake
tests were adopted to obtain the general performance of the test house.
The earthquake tests do not only reveal the maximum response
accelerations and drifts, but also confirm and verify the failure
mechanisms observed in the racking tests.

Table 2.3 Dynamic characteristics of the one-room-house.

Mode Description Natural frequency Damping ratio
1st Sway of frame and all brick walls 4.0 Hz 10.0%
2nd West brick wall vibration 7.0 Hz 2.6%
3rd East brick wall vibration 7.3 Hz 3.3%
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Figure 2.15 Hysteresis loops for one-room-house.

In conclusion for lined frames:

e plasterboard fixed as a non-structural component provides higher
stiffness, load carrying capacity and damping than strap braces;

e when plasterboard and strap braces are combined, the overall
stiffness and strength of the system is the simple addition of
individual contributions from plasterboard and strap braces;

e in the test house, the plasterboard, combined with ceiling
cornices, skirting-boards and set corner joints, resisted about 60—
70% of the applied racking load whereas the strap braces resisted
30—40%.

For brick veneer walls:
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e there was no indication that the in-plane brick veneer walls
attached to the frames via clip-on ties contribute to the stiffness
of the system;

e differential displacements between the frame and out-of-plane
brick veneer walls were mainly accommodated by flexing of the
stud flanges rather than deformation of brick ties.

In general, it was concluded that the cold formed steel frames perform
very well under earthquake loads and that non-structural components,
such as plasterboard lining, make a significant contribution to the lateral
bracing of the frames.

2.7 FULOP AND DUBINA (2004)

Details about the experimental tests on full-scale CFS walls developed by
L.A. Fulop and D. Dubina at the Department of Steel Structures and
Structural Mechanics of the Politehnica’ University of Timisoara
(Romania) are analyzed below (Fulop and Dubina, 2004).

2.7.1 Obijectives of the research program

The main objectives of the experimental tests was to clarify certain
aspects related to the behavior of shear walls subjected to earthquake,
such as strength, stiffness and ductility, as main parameters governing
seismic behaviout.
The experimental program was expected to provide information on:
e comparison between monotonic and cyclic behaviour;
e confirmation of earlier findings about the effect of interior
gypsum cladding;
e assessment of the effect of openings;
e comparison between wall panels with different cladding materials
and cross bracing;
e providing experimental information for the calibration of FE
models.
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2.7.2 Experimental tests

An experimental program has been undertaken to investigate the shear
behaviour of some of the most popular wall panel typologies.

Six series of full-scale wall tests with different cladding arrangements
based on common practical solutions in housing and small industrial
buildings has been carried out.

Each series consisted of identical wall panels tested statically, both
monotonic and cyclic.
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Figure 2.16 External sheeting configuration of wall specimens.
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The main frame of the wall panels was made of cold-formed steel
elements, top and bottom tracks were U154/1.5, while studs were
C150/1.5 profiles, fixed at each end to tracks with two pair of self-
drilling self-taping screws (d=4.8 mm) (Series I). In specimens using
corrugated sheet as cladding the sheets were placed in a horizontal
position with a useful width of 1035 mm and one corrugation
overlapping and tightened with seam fasteners at 200 mm intervals.
Corrugated sheet was fixed to the wall frame using self-tapping screws
(d=4.8 mm), sheet ends being fixed in every corrugation, while on
intermediate studs at every second corrugation. Additionally on the
‘interior’ side of specimens in Series II, 12.5 mm thick gypsum panels
(1200 x 2440 mm?) were placed vertically and fixed at 250 mm intervals
on each vertical stud.

Bracing was used in three specimens (Series I1I), by means of 110 X 1.5
mm?” straps on both sides of the frame. Steel straps were fixed to the wall
structure using self-drilling screws (d=4.8 mm and d=6.3 mm), the
number of screws being determined to avoid failure at strap end fixings
and facilitate yielding.

Ten millimeter OSB panels (1200 X 2440 mm?) were placed in similar
way as the gypsum panels in earlier specimens (Series OSB I and II), only
on the ‘external’ side of the panel and fixed to the frame using bugle
head self-drilling screws of d=4.2 mm at 105 mm intervals.

The full-scale testing program was completed with tensile tests to
determine both material properties for components and behaviour of
connections.
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Figure 2.17 Set-up scheme for the experimental tests.
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For the set-up scheme, the testing frame at the University of Timisoara,
equipped with two actuators of 1000 and 500 kN, was used.
Experiments were conducted using displacement control, at the same
time measuring the corresponding load with load cell.

Specimens were loaded in shear very similarly like in earthquake or wind
conditions, but without taking vertical loads into account. Specimens
were restrained against lateral displacement in two points on the upper
part, which acted as sliding restraint.

A monotonic test using a loading velocity of 1 cm/min, was petrformed
for each type of panel. Cyclic testing methodology followed ECCS
Recommendation until failure or a significant decrease of load bearing
capacity. Loading velocity for the cyclic experiments was 6 min/cycle for
one specimen and 3 min/cycle for the second.

2.7.3 Results and conclusions

In this work results of a full-scale shear test program on wall panels are
presented. In order to evaluate specific properties like the elastic
modulus, ultimate force or ductility, curves have been interpreted
according to two established procedures: the first based on ECCS
Recommendation (1985) and the second based on a method adopted by
Kawai et al. (1997). The two methods usually yield similar results, with
interesting particularities.

Initial rigidity values are very similar and it is important to realize that,
ultimate load and ductility are in direct relationship so if a method yields
higher ultimate load this automatically means lower ductility.

Differences between monotonic and cyclic values were observed as
follows: initial rigidity is not affected, values of cyclic and monotonic
tests range within a difference of less than 20%. The same can be noted
for ductility, exception being in case of OSB specimens where ductility is
reduced by 10-25% for cyclic results.

One important observation concerns ultimate load, where cyclic results
are lower than monotonic ones by 5-10% even if we consider
unsterilized envelope curve.

In particular, the comparisons between the bare structure (Series I) and
the other Series are important.
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e Series I—series 1I:
Differences can be attributed to the effect of the gypsum board. There is
an increase in ultimate load of 16.2 and 17.8%, respectively. As far as
initial values are there seem to be no differences, but ductility is
improved slightly.

e Series I—series I'V:
There is a significant decrease of initial rigidity (60.3; 53.3%), for a lesser
degree of ultimate load (16.4; 21.0%), but ductility values are essentially
unaffected.

e Series I—series I1I:
Comparison is more qualitative because of the different sheeting system.
There are no differences as far as initial rigidity is concerned; however an
increase of ductility had been expected. This was not possible as the
failure mode for the strap braced specimens was not the most
advantageous one, the damage being concentrated entirely in the lower
corners of the panel. Strap-braced wall panels have the advantage of
stable hysteretic loops, but also the disadvantage of higher pinching than
the sheeted ones.

e Series I—series OSB I:
Comparison is more qualitative, keeping in mind the different wall panel
arrangements. Initial rigidity is of similar magnitude, with increase of
ultimate load. Failure of OSB specimens under cyclic loading was more
sudden than in the case of corrugated sheet specimens where
degradation occurs gradually. This is also reflected by the reduced
ductility for OSB specimens.

e Series OSB I—series OSB II:
The effect of opening produced similar results as in cases of Series I—
Series IV. Initial rigidity decreased (64.6; 59.1%), while ultimate load
decreased (32.5; 36.9%). There is also an important decrease of ductility,
probably highlighting the different failure modes of the two wall panels.

It can be concluded that the shear-resistance of wall panels is significant
both in terms of rigidity and load bearing capacity, and can effectively
resist lateral loads.

The hysteretic behaviour is characterized by very significant pinching,
and reduced energy dissipation.

Failure starts at the bottom track in the anchor bolt region, therefore
strengthening of the corner detail is crucial.
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An important aspect of the experiments is to define acceptable damage
levels and relate it to the performance objectives for the panels. In the
end, the research work suggested a three level set of performance criteria
for wall panels clad with corrugated sheeting depending on the storey
drift displacement.
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Figure 2.18 Force-displacement curves of the experimental results.
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Table 2.4 Performance criteria.

Specimen  Connection Force (N)  Panel top Drift (%)
deformation (mm) displacement (mm)
1-3 0.197 21423 6.71 0.274
4.8 43885 29.22 1.197
V-2 0.197 10106 7.96 0.326
4.8 35613 44.13 1.808
1V-3 0.197 8849 8.11 0.332
4.8 26,332 42.22 1.730

2.8 TIANET AL. (2004)

Details about the experimental tests on cold-formed steel wall frames
developed by Y.S. Tian, J. Wang and T.J. Lu at the Department of
Engineering of the University of Cambridge (UK) are summarized below
(Tian et al., 2004). The experimental activity were sponsored partly by
the UK Engineering and Physical Scientific Research Council.

2.8.1 Obijectives of the research program

A combined experimental and analytical study has been carried out to
investigate the racking strength and stiffness of cold-formed steel wall
frames with and without bracings.
Starting from the consideration that bracing of a frame can significantly
increase its capability to carry the vertical as well as lateral load, a variety
of bracing methods were investigated.
The main objectives of the research were:

e the observation of deformation behaviour and failure modes of

each frame under racking;

e the measurement of the racking strength and stiffness;

e the study of the influence of bracing strap size and bracing
method on the racking performance of a frame.

2.8.2 Experimental tests

Racking tests will be carried out on frames braced with different strap
configurations, including 1 side X-bracing, 2 side X-bracing, 2 side
double X-bracing, and bracing with oriental strand board (OSB) or
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cement particle board (CPB). A total number of 10 frames were
fabricated for the racking test. Each frame (2450 x 1250 mm) consists of
top and bottom tracks, side tracks and middle stud, and is braced with
either steel straps or boards (except for frame A-1 which has no bracing).
The track is a plain channel section, with web depth 93 mm, flange width
67 mm, and gage 1.2 mm. The middle stud is a lipped channel section,
with web depth 90 mm, flange width 60 mm, lip length 12 m, and gage
1.2 mm.

Three basic types of frame are tested: Type A is a frame without strap
bracing, Type B is a frame with X strap bracing, and Type C is a frame
with double X bracing.

For Frame A, there are 2 sub types: one has no bracing at all (A-1) and
the other has board bracings (A-2), with two different bracing boards
used, namely, oriental strand board (OSB) and cement particle board
(CPB).

For Frame B are used 60x1.0 mm steel straps for X bracing. B-1 is
braced on two sides whereas B-2 is braced only on one side.

For Frame C, with double X bracing, are used 60x1.2 mm steel straps on
two sides.

Fram A-1 Fram A-2 Fram B-1 Fram B-2 Fram C-1

C C 3 L L u | — v a— [ C d | ——

Figure 2.19 Frame bracing configurations.

The frame is placed on an horizontal basement, and there is also a top
supporting system, clamped to the basement. This test set-up scheme
has been designed to ensure that the deformation of the frame is
confined to the horizontal plane, with minimal vertical movement. The
racking load is applied to the frame by a mechanical jack via a loading
block.
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2. Cold Formed Steel Structures

For the test procedure of the shear tests of cold-formed wall panel were
used two loading methods based on BS: EN 594: 1996.

The first is a 1-step loading, in which the load is applied continuously till
frame failure occurs. The second is a 3-step loading, in which the test is
divided into 3 load steps: stabilizing step, stiffness step, and strength
step. If two frames are identical, one will be tested according to the 1-
step loading procedure to obtain the maximum load, and the other
according to the 3-step loading.
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Figure 2.20 Test set-up.

2.8.3 Results and conclusions

Generally speaking, when the lateral deflection increased to about 30
mm, the lateral load of all braced frames (except for Frame B-2 braced
with 1-side X straps) reached the damage load or maximum load,
approximately 10 kN. In comparison, at the same lateral deflection,
Frame A-1 without any bracing could only carry about 0.4 kN racking
load. In other words, the frame itself can only contribute about 4% to
the total racking resistance of a braced frame.
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Figure 2.21 Racking load vs deflection curves of the tested frames.

The average damage load for Frame A-2 braced with OSB and CPB is
10.15 kN and 9.85 kN, respectively. After damage has occurred, the load
continues to increase with increasing deflection, very slowly, and the load
versus deflection curve becomes strongly nonlinear and unstable.
Amongst the 6 different frames tested, those braced with CPB and OSB
have the best performance, with a maximum load of 13.1 kN and 12.7
kN, respectively, about 30% higher than the corresponding damage load.
Three typical failure modes were observed during the test, namely, board
damage failure, overall buckling of the track, and bracing rivet failure.
For Frame A-2 braced with boards, all failures (cracks or permanent
damage) occurred on the boards around screw connections. It appears
that the board property dominates this failure mode. For Frame B-1
braced with 2-side X straps, there were two possible failure modes:
overall bucking of the left track or strap rivet failure.

Table 2.5 Racking test results.

Frame Bracing Loading Racking Damage Maximum Failure mode

type type steps stiffness load (kIN)load (kIN)
(KN /mm)
A-1 No bracing 1 0.093 Plastic def. corners
A-2 OSB-1side 1 10.0 16.0 Screws
A-2 OSB-1side 3 0.526 10.3 12.7 Screws
A-2 CPB-1side 1 9.8 11.6 Screws
A-2 CPB-1side 3 0.603 9.9 14.6 Screws
B-1 1X-2 side 1 10.7 10.7 Top-left rivets
B-1 1X-2 side 3 0.534 10.3 10.3 Left track
B-2 1X-1 side 1 5.2 5.2 Bottom-right rivets
C-1 2X-2 side 1 10.7 10.7 Left track
C-1 2X-2 side 3 0.464 10.1 10.1 Left track
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At the end of the study, the following conclusions can be drawn:

e a frame without any bracing has a racking strength less than 5%
of that of the same frame with bracing;

e the racking strength of a frame braced with thin flat steel straps
(except 1-side X bracing) is nearly the same as that of a frame
braced with the more expensive and heavier CPB or OSB
boards;

e for frames braced with boards, failure occurs on the board near
screw connections. If the board thickness increases or screw
spacing decreases, it is possible to increase the racking strength;

e strap width has relatively small influence on racking resistance,
but affects frame stiffness significantly. The lateral deflection of
the frame decreases dramatically with increasing strap width;

e the performance of a frame under racking depends on several key
factors, including individual member section design, bracing
method, connection method, and strap size. All these aspects
need to be carefully examined if the racking performance of the
frame is to be optimized.

2.9 AL KHARAT AND ROGERS (2005)

Details about the experimental tests on cold-formed steel strap braced
walls developed by M. Al-Kharat and C.A. Rogers at the Department of
Civil Engineering and Applied Mechanics of Montreal (Canada) are
exposed below (Al Kharat and Rogers, 2006). In this study the inelastic
performance of sixteen 2.44 m X 2.44 m cold-formed steel strap braced
walls was evaluated experimentally.

2.9.1 Obijectives of the research program

The aim of this research project was to evaluate the inelastic lateral load
carrying performance of typical light gauge steel frame-strap braced wall
configurations which are not designed following a strict seismic capacity
based design philosophy.

The main objectives were to determine the ductility of common strap
braced walls by means of physical testing and to assess the inelastic
performance with respect to the ASCE7-05 R-value of 4.0.
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Three typical wall configurations were tested; light, medium and heavy in
the context of cold-formed steel. The investigation involved the
assembly testing of representative strap braced walls under lateral in-
plane loading. A total of sixteen 2.44 m X 2.44 m walls with standard
non-seismic details were tested using monotonic and reversed cyclic
loading protocols.

A comparison of the failure mode, ductility, shear strength and shear
stiffness characteristics of the strap walls was made.

2.9.2 Experimental tests

The test program involved sixteen strap braced stud wall specimens (2.44
m X 2.44 m). Experimental tests were carried out using a test frame
designed specifically for in-plane shear loading.

The predicted factored lateral in-plane resistance of the three wall
configurations in a wind loading situation was approximately 20 kN
(light), 40 kN (medium) and 75 kN (heavy), respectively.

The walls were braced with diagonal flat straps installed in an X
configuration on both sides.

Chord stud members were composed of double C-section shapes stitch
welded front-to-front, while the remainder of the single interior C-
section studs were placed at a nominal spacing of 406 mm.
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Figure 2.22 Testing frame with displaced strap braced wall.
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The light walls were constructed of straps connected directly to the stud
framing whereas the medium and heavy walls comprised of straps that
were fillet welded to the gusset plates.
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Figure 2.23 Light strap braced wall.
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The load path for the light walls traced from the straps to the chord
studs and then directly to the holddowns. In contrast, flat plate
holddowns were placed within the upper and lower tracks at the four
corner locations of the medium and heavy walls.

The holddown plates for the medium and heavy walls were attached to
the loading beam and reaction frame by means of threaded rods. No
direct connection was made from these holddown plates to either the
braces, gusset plates or the chord studs.

The testing frame was equipped with a £125 mm stroke 250 kN dynamic
actuator. Displacement controlled monotonic and reversed cyclic
protocols were used in testing. The testing frame incorporated external
beams to prevent out-of-plane buckling of the wall specimen, such that
only lateral in-plane displacement would take place. The monotonic
loading procedure consisted of a steady rate of displacement (2.5
mm/min) starting from the zero load position. The CUREE ordinary
ground motions reversed cyclic loading protocol run at 0.5 Hz, was
chosen for the testing of the strap braced walls.

2.9.3 Results and conclusions

The performance of CFS walls was affected by the hold-down detail,
which in many cases did not allow the test specimens to reach or
maintain a yield capacity and severely diminished the overall system
ductility.

In particular, the overall performance of the tested walls under lateral
loading was not governed by the yielding of the straps, as indicated by
the strain gauge measurements that were taken. Rather, failure of or
extensive damage to the tracks, chord studs, gusset plates, holddown
threaded rods and straps (due to net section fracture) was often observed
depending on the wall configuration being tested. These undesirable
modes of failure prevented the straps from maintaining their yield load,
or from yielding altogether. Thus the ductility and energy absorption
ability of the SFRS was reduced in comparison to what could
theoretically be expected given the material properties of the strap braces
and what inherently would be assumed when a seismic response
modification coefficient of R = 4.0 is selected in design.
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2.10 KIM ET AL. (2006)

Details about the experimental tests on CF full-scale two-story one-bay
structure developed by T.W. Kim, J. Wilcoskib, D.A. Foutchc and M.S.
Leed at the Construction Engineering Research Laboratory of the
Engineer Research and Development Center, Illinois (USA) are showed
below (Kim et al., 2000).

2.10.1 Objectives of the research program

Although several static cyclic tests of individual shear panels have been
conducted by several investigators, no dynamic tests have previously
been conducted. So, the lack of information on the dynamic behavior
CFS led to the shaketable tests performed in this research program.

2.10.2 Experimental tests

The CFS specimen was assembled on the ERDC-CERL shaketable, tri-
axial Farthquake and Shock Simulator (TESS). The specimen was full-
scale, consisting of two framing lines with two-story CFS shear panels.
This specimen was shaken with horizontal-uniaxial motions in the plane
of the diagonal straps.

The specimen consisted of two identical two-story, one-bay wide frames,
which were separated from each other by 3.9 m on center in the out-of-
plane direction. The width of the shear panel in center-line distance was
2.8m, and the story height was 3.0 m as a clear distance between slabs.
The columns at the exterior edges of the frame were constructed from
three channels, of which the size measures 51 mmX152mmX2.6 mm.
These columns were welded to steel anchors and bolted to the slab
through top and bottom tracks. A heavy reinforced concrete slab
diaphragm was installed at the top of each floor level.

The ground motion selected for the test was one of those suggested by
SAC recommendations. This was the SE 32 accelerogram that has the
same spectral response acceleration as the design response spectrum, an
SDS of 1.5g, around the fundamental period of the test specimen.

The maximum displacement of the accelerogram exceeded the
displacement limit of the TESS in this direction, so the accelerogram had
to be high-pass filtered at 1 s to bring the maximum displacement down
to within the limit.
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Figure 2.26 Specimen tested on shaketable.

In the low-level tests, three different levels (2%, 5%, and 8%) of the SE
32 accelerogram were applied to the test specimen. The full-level test
means that 100% of the SE 32 was applied. The 2% and 5% level tests
were conducted to check if all of the data channels were recording
properly, and to provide a preliminary estimate of the test levels that
would begin to cause a non-linear response based on diagonal strap
strains. The 8% and 100% tests had peak ground accelerations of 0.064g
and 0.80g, respectively. The 100% test caused significant yielding in the
straps along their entire length and yielding of the columns near the
anchors. The response showed severe non-linear behavior of the straps.
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Figure 2.27 Shear vs drift in 100% test.

2.10.3 Results and conclusions

The fundamental period of the specimen was checked, because it is a
major parameter in an elastic dynamic analysis. This fundamental period
was determined using random vibration tests. Then, the behaviors of
straps, columns, and anchors were also studied using results from the 8%
(elastic) and 100% (inelastic) tests. Finally, the displacement history,
which is related to drift, was investigated, because it is a major parameter
used in performance-based earthquake engineering. The hysteretic
behavior of the structure was investigated as well, because it can clearly
show the nonlinear behavior of structures, especially energy dissipation
and ductility capacities.

During the large amplitude tests, the cross-bracing straps showed very
ductile but highly pinched hysteresis behavior. The columns that were
fixed at the top and bottom provided limited strength, stiffness, and
energy dissipation because of local buckling of the thin-walled members.

The following observations and conclusions were made:

e the dynamic tests confirmed what cyclic tests have shown that
the thin steel straps used as cross-bracing in CFS buildings are
very tough and ductile members;

e the built-up CFS columns also performed very well even after
local buckling occurred. Local buckling and flexural strength are
well predicted using standard equations;

e the contribution of the columns to the shear capacity of the
structure was small but dependable throughout the earthquake
simulation. The columns also provided energy dissipation during
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regions of the earthquake response where the braces provided no
strength or stiffness;

e the CFS building structure was shown to be a very effective and
dependable structural system for resisting seismic loads.
However, this good behavior is expected only if the brace is
prevented from fracture due to impropetly designed welded or
screwed connections to the columns.

2.11 CASAFONT ET AL. (2007)

Details about the experimental tests on CF X-braced frames developed
by M. Casafont, A. Arnedo, F. Roure, A. Rodriguez-Ferran at the
Universitat Politecnica de Catalunya in Barcelona (Spain) are summarized
below (Casafont et al., 2007). The investigation was performed in the
context of the European research project “Seismic Design of Light-
Gauge Steel Framed Buildings”.

2.11.1 Obijectives of the research program

An experimental campaign on CF x-braced frames was performed. The
experimental campaign has two main objectives: the first is to gain
knowledge about the behaviour of joints in order to establish criteria for
their seismic design and the second is to obtain experimental data to
calibrate a numerical model also developed in the project.

When x-bracings are used, connections should be designed such that
they are strong enough to allow the development of the dissipative
action of the bracings, i.e., the strength of connections should be higher
than the yielding load of diagonal straps.

For this reason, the research program was basically oriented on the
investigation of connections in x-braced frames.

The tests were performed on parts of the frames: strap-gusset joints and
lower and upper corner joints.

In the last phase of the experimental campaign, verification tests are
performed on two identical full x-braced frames, which are designed
according to the achieved design recommendations, to check if these
recommendations are really effective.
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2.11.2 Experimental tests

For the scope of this chapter, here are reported the tests on x-braced
shear frames only.

Tests are performed on two identical shear frames whose height is about
four times shorter than the height of a conventional frame. This reduced
model is used because it will allow one to record the hysteretic response
of the x-braced frames, avoiding any problem related to premature
buckling of studs. The main components of the shear panels are two
tracks, two studs and four diagonal straps. Tracks and studs are
composed of U100 and C100 profiles. The diagonal bracings are two
straps of 65mm width and 0.8mm thickness. Diagonals are connected to
studs and tracks through 210x140mm gusset plates whose thickness is
1.5 mm. f, 6.3mm self-drilling screws are used to connect all the
components of the frame.

To ensure the dissipative yielding of the straps occurs before failure:

e Diagonal straps are thin and narrow. On the contrary, the cold-
formed profiles chosen for tracks and studs have high load-
bearing capacity.

e The steel grade of the diagonal straps is lower than the steel
grade of the other members of the frame. Furthermore, a steel of
low grade and ductile is used in straps, thus giving them more
dissipation capacity.

e Only one row of screws is used to connect the straps to the
gussets. This results in high net cross- section area, which also
increases the dissipation capacity of the strap. The row contains
nine screws, so that the strength of the connection is governed
by the NSF mode, and the bearing failure is avoided.

e Anchor bolt connections without eccentricity are used, so that all
the dissipative yielding takes place in the straps and premature
failure of the corner joints is avoided.

For the test procedure a 100kN hydraulic cylinder is used to apply a
cyclic horizontal force. Tests are displacement-controlled.

There are five loading cycles with an increasing value of displacement
amplitude that ranges from 715 to 775 mm.

The displacement law is chosen so that yielding of the diagonal straps
occurs from the first cycle of the test. The maximum displacement is
limited to the maximum allowable displacement amplitude of the
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hydraulic cylinder, 160 mm. The loading rate is constant for all the
cycles: 0.2 mm/s.
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Figure 2.28 Test set-up.
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Figure 2.29 Shear frame tested.

2.11.3 Results and conclusions

Just from the beginning, there is the flexural buckling of the compressed
straps. There is also yielding of the straps in the first cycle, as it was
planned, and some local buckling phenomena.

In view of the results obtained, it is believed that the shear frames tested
show satisfactory performance, because all the failure modes observed in
the previous phases of the experimental campaign have been avoided.
However, it should also be pointed out that local damage occurred in
joints as a consequence of their semi-rigid nature.

The force-displacement curves obtained in the tests show pinching and
slackness, as it is usual for x-braced frames.
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Figure 2.31 Test results: force-displacement curves.

The behaviour of the frame is symmetric all through the test. There is a
small stiffness degradation as the number of cycles increases, which
affects loading branches at a higher degree than unloading branches.
There is also a small strength degradation.

Finally, it should be noted that a small, but sudden, fall in the force-
displacement curves is observed in the loading branches of every cycle.
This fall is caused by a small dynamic phenomenon that occurs when
gussets go from their buckled configuration to the tensioned one.

In conclusion, the testing campaign shows that properly designed x-
braced frames are a very effective means of dissipating seismic energy in
a controlled manner.
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2.12 VELCHEV, COMEAU AND ROGERS (2008)

Details about the experimental tests on CF X-braced wall developed by
K. Velchev, G. Comeau, N. Balh and C.A. Rogers at the Jamieson
Structures Laboratory of the Department of Civil Engineering &
Applied Mechanics of Mc Gill University of Montreal (Canada)are
exposed below (Velchev et al., 2008).

2.12.1 Opbijectives of the research program

The aim of this research project was to evaluate the inelastic lateral load
carrying performance of weld and screw-connected strap braced walls
that are designed following the capacity-based approach, required for the
design of limited ductility walls, as described in AISI S213.

2.12.2 Experimental tests

A total of thirty screw-connected single-storey wall specimens 2.44 m x
2.44 m in size were designed according to the capacity design philosophy
required by AISI S213 and then subjected to monotonic and reversed
cyclic loading protocols. Three factored lateral load levels were used in
design; 20 kN (light), 40 kN (medium) and 75 kN (heavy).

All but two specimens were constructed with diagonal cross bracing on
both sides of the wall. Ten wall specimens were fabricated with fuse
(reduced width) braces.

During testing lateral load and displacement, strain in the braces, as well
as the slip and uplift at the base of the wall were recorded. These
measurements were used to calculate the wall resistance, stiffness,
ductility and energy dissipation.

Also, Rd and Ro values based on the test data were computed and
compared with those listed in AISI S213 for type LD walls.
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Figure 2.32 Testing frame with test specimen.

The testing frame was equipped with a 250 kN dynamic actuator with a
stroke of £125 mm. Displacement controlled monotonic and reversed
cyclic CUREE (Consortium of Universities for Research in FEarthquake
Engineering) protocols were used in testing. The testing frame
incorporates external beams to prevent out-of-plane displacement of the
wall specimen, such that only lateral in-plane displacement takes place.
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Figure 2.33 Monotonic and cyclic loading protocols.

2.12.3 Results and conclusions

The desirable behaviour of all strap braced walls is gross-cross section
yielding of the braces. This would likely be followed by strain hardening,
and in some cases net section fracture of a strap at high storey drift, far
beyond that which would be anticipated during a seismic event.
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2. Cold Formed Steel Structures

To achieve this ductile response and to allow for a stable and reliable
hysteretic energy-dissipation mechanism, braces were designed to reach
and maintain their yield capacity while undergoing large inelastic
deformations over expected lateral displacement of the test wall. All
remaining elements in the SFRS (brace connections, gusset plates, chord
studs, tracks, anchor rods, holddowns and shear anchors) were detailed
to be able to carry the probable capacity of the brace.

The performance of most of the test specimens subjected to monotonic
and cyclic lateral loading was governed by the yielding of the straps, and
even at a lateral drift of 8% for the monotonic and 4.5% for the cyclic
tests net cross-section fracture was not observed. Significant increase of
the wall resistance due to strain hardening of the braces was observed
above 1.2%, 1.6% and 2.5% drift for test specimens with short fuse, long
fuse and regular braces, respectively. Also, an elastic bending and
distortional bucking of the chord studs was observed likely due to the
large drift reached at the end of all monotonic tests.

2.13 MOGHIMI AND RONAGH (2009)

Details about the experimental tests on full scale CF X-braced wall
developed by H. Moghimi and H.R. Ronagh at the Structural
Engineering Laboratory of the Department of Civil Engineering of the
University of Queensland (Australia) are analyzed below (Moghimi and
Ronagh, 2009).

2.13.1 Obijectives of the research program

The experimental program was designed to provide information on the
failure modes of walls braced with different types of strap braces and to
study the effects of various parameters on the vertical and lateral
performance of CES shear panels subjected to cyclic loads.
While conventional strap bracing and conventional connections to studs
and top track were used, the following effects were studied:

e the effect of vertical load on the lateral response,

e the effect of non-structural gypsum board on lateral performance

of a strap-braced wall system with and without vertical load,
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e the effect of double-sided bracing,
e the effect of doubling the chords.

2.13.2 Experimental tests

The program consisted of 20 full-scale specimens to evaluate the
performance of five different strap-braced. All of the frame components,
L.e. top and bottom tracks, noggings and studs, were identical C channels
of 90 x 36 x 0.55, connected together by one rivet at each flange. For this
section, and under axial loading, the half wavelength of local buckling is
less than 50 mm, for distortional buckling is between 50 and 850 mm,
and for overall (flexural-torsional) buckling is greater than 900 mm. In
specimens using gypsum board as cladding, two 10 mm thick sheets of
2400 x 1200 mm size were placed horizontally and connected to one side
of all frame members by self-tapping screws at 150 mm intervals. Each
back-to-back double section was constructed by connecting the web of
two sections by screws at 150 mm centers. Bracing was implemented by
means of 30 x 0.84 mm?’ straps connected to one or both sides of the
frame. Five different bracing schemes were examined, as well as one un-
braced wall clad with two horizontally-laid gypsum boards on one side.
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Figure 2.37 Example of specimen types.
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2. Cold Formed Steel Structures

The first strap-bracing scheme is similar to the conventional bracing
normal in Australian trade practice. In this scheme, straps are screwed to
top and bottom tracks and to left and right studs. Hence two possible
different arrangements of studs were examined, along with the gypsum
board. These walls were tested with and without vertical load.

The second scheme takes advantage of four brackets placed at the four
corners of the wall. The strength, stiffness and ductility of this system
depend mostly on the brackets' shape and size and to a lesser extent on
the chords. The effect of bracket members, the effect of chords, the
influence of the presence of two side straps and concurrent vertical, the
effect of gypsum board in conjunction with bracket members load were
investigated.

The third scheme investigates direct screw connection of straps to the
four outer corners of the wall panel. The effects of chords, vertical load
and double side-strap bracing on the lateral performance of this wall
system were investigated. A similar study was conducted for the
connection of straps to the interior frame joints.

Finally, for the sake of completeness, the lateral performance of a wall
panel strap-braced with gusset plates at four corners was investigated.
Experiments were conducted using a displacement control regime,
measuring the shear capacity of the wall at every load interval via a load
cell. The testing rig was set up to allow the application of concurrent
vertical load and lateral cyclic displacement.
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Figure 2.38 Test set-up.
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Each specimen was fixed to the base beam by means of five M16 high-
strength bolts in the vicinity of middle and chords. Between a bolt head
and the base beam and a nut surface and the track, two glossed 50x50
mm? washers were placed to increase the contact surface and friction,
and to reduce the slip possibility between the bottom track and the base
beam. A similar arrangement was implemented to connect the top track
to the loading beam. Moreover, to reduce the possibility of overturning
and to provide a proper load path from the strap to the wall supports,
four hold-down angles were placed near the top and bottom tracks.
Cyclic loading methodology followed Method B of ASTM E2126-05
standard, which was originally developed for ISO (International
Organization for Standardization) standard 16670. The loading velocity
was 3 min/cycle or about 0.8 mm/s.

The above mentioned standard stipulates that the amplitude of cyclic
displacements has to be selected based on fractions of monotonic
ultimate displacement. Since each specimen has its own ultimate
displacement, the loading regime would vary for different specimen
types. To make possible the comparison of different types of strap-
braced walls it has been used identical cyclic amplitudes for different
walls.

For the specimens under concurrent vertical and horizontal load, special
care was exercised to maintain the vertical load constant as the wall was
loaded cyclically in the horizontal direction.

2.13.3 Results and conclusions

The response of strap type I is unacceptable. The benefit of non-
structural gypsum board cladding on the lateral performance of strap-
braced wall panels is evident in the response of walls AB1 and CB1, and
can even be seen in strap type I. However, the benefits are mostly on the
lateral resistance capacity and ductility, and the stiffness is not influenced
significantly.

Strap types II, III and V exhibit the best performance and are fairly
similar to each other, but type V (solid strap) provides a stiffer response
especially for small displacements. Also the response of strap type IV is
acceptable, although it is more flexible in comparison with other types
such as II, IIT and especially V, and needs more lateral displacement to
develop full plasticity in the strap. Even when the response is adjusted
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2. Cold Formed Steel Structures

for the inclination angle, the system is less efficient than other system.
Tests showed that a high deformation and strength demand applies to
wall corners type III, but the system presents a good lateral performance
provided that the chord members are double back-to-back studs and
tracks are strong enough to connect these two studs properly.

The envelope graphs show that most wall panels yield around 0.5% to
0.6% inter-story drift. Only the brace type IV, which is not post-
tensioned, required larger displacements to yield.
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Figure 2.39 Force-displacement response.
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3. CFS Structures in Seismic Codes

3 CFS STRUCTURES IN SEISMIC CODES

In this chapter the main prescriptions about lateral design of CFS
structures are critically analyzed and in particular the principles and the
prescriptions of the American code AISI §213-07/s1-09 are considered.

3.1 AISI S213-07/S1-09

There are no prescriptions in the Italian Code for seismic design of CES
structures. At the moment, the only document that provides
prescriptions for the lateral design of this structural typology is the AISI
§213-07 "North American Standard for Cold Formed Steel Framing -
Lateral Design" developed by the American Iron and Steel Institute
Committee on Framing Standards.

In fact, this standard was written to address the design of lateral force
resisting systems to resist wind and seismic forces in a wide range of
buildings constructed with cold-formed steel framing. The standard is
intended for adoption and use in United States, Canada and Mexico.
With the aim to present accurate, reliable and useful information on
cold-formed steel framing design and installation, the Committee
collected the contribution of many researchers and engineers. Specific
references to the works that contributed to the body of knowledge on
the subject are included in the Commentary of the Standard.

The Standard provides an integrated treatment of Allowable Strength
Design (ASD), Load and Resistance Factor Design (LRFD), and Limit
States Design (LSD). This is accomplished by including the appropriate
resistance factors for use with LRFD and LSD, and the appropriate
factors of safety for use with ASD. It should be noted that LSD is
limited to Canada and LRFD and ASD are limited to Mexico and United
States. To be able to compare this Standard with European and Italian
codes, the attention was focused on the prescription for Canada, and in
particular for diagonal strap bracings.

The AISI standard is divided into 4 main parts:

A: General, B: General design requirements, C: Walls, D: Diaphragms.

51



Chapter 3

In the next paragraphs will be analyzed and discussed the first 3 parts,
and will be neglected part D. Concerning part C, the attention will be
focused on seismic requirements (C1, C5) and diagonal strap bracings
(C4), neglecting C2 and C3 (shear walls with sheathing panels).

3.1.1 Part A: General

Part A of AISI S213-07 provides general information about Capacity
Based Design, that is defined as a method for designing a seismic force
resisting system (SFRS) in which specific elements or mechanisms are
designed to dissipate energy, and all other elements are sufficiently
strong for this energy dissipation to be achieved. Moreover, elements
and connections in the horizontal and vertical load paths are designed to
resist the seismic loads, and diaphragms and collector elements are
capable of transmitting the loads developed at each level to the vertical
SFRS and then to the foundations, always maintaining the structural
integrity.

In this part there are also defined the force modification factors related
to ductility, R, , and related to overstrength, R, , for seismic loads, for
each structural typology of CFES structures considered in the code.
Details were presented and discussed in the next paragraphs when the
attention is focused on the behaviour factor.

3.1.2 Part B: General Design Requirements

Part B of AISI S213-07 provides general design requirements for CEFS
structures subjected to lateral loads. This part of the Standard underlines
that the design and detailing of SFRS shall be in accordance with AISI
S100, AISI S200 and the limitations in the applicable building code
(NBCC for Canada).

The shear resistance of diagonal strap bracing is permitted to be
calculated by principles of mechanics. The nominal strength so
calculated defines the maximum resistance that the diagonal strap
bracing is capable of developing, on the other hand, the available
strength shall be computed based on the wind and seismic force
requirements in the applicable building code.

The Commentary to the Standard clarifies that the development of
design values for other systems or configurations not included in the
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3. CFS Structures in Seismic Codes

standard is permitted in accordance with rational engineering procedures
and principles of mechanics.

In seismic design, loads are modified to account for system or element
or component ductility (inelastic behaviour), redundancy and
overstrength. As a result, the lateral resisting element must meet some
minimum performance requirements. In light of this, where design
values are determined by calculation, these values must be scaled to
existing values. Boundary members, chords and connections shall be
proportioned to transmit the induced forces and the probable seismic
resistance of the diagonal strap bracing following a capacity based design
approach. Since in wind design, design loads are not reduced, the basic
lateral resisting element need only to be designed for the design loads.
However, because seismic loads are reduced, to develop the anticipated
performance, it is desirable to focus damage (inelastic behaviour) in the
lateral element. Depending on the seismic risk level, the component
transferring load to or from the lateral element should be capable of
resisting the nominal strength of the element or some amplified seismic
load. The amplified seismic load is essentially an estimation of the
nominal strength that the lateral element is capable of developing.

3.1.3 Part C: Walls

Part C of AISI S213-07 is about walls and is subdivided into:

C1: General, in which are listed the basic seismic requirements;

C2 and C3: Type I and Type II shear walls, in which are defined and
analyzed shear walls designed according to the principles of ‘sheathing
braced design’ (cfr. Par. 2.2 of this dissertation), SFRS specifically
detailed assuming that the sheathing connections act as the energy
dissipating elements;

C 4: Diagonal Strap Bracing, in which are defined and analyzed diagonal
strap braced walls designed according to the principles of ‘all steel
design’ (cfr. Par. 2.2 of this dissertation), SFRS specifically detailed so
that all members of the bracing system are subjected primarily to axial
forces, assuming the braces act as the energy dissipating element (gross
section yielding);

C5: Special Seismic Requirements, in which are exposed special seismic
requirements for each typology.
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It can be recognized two main subjects in part C: the seismic
requirements for elastic design approach and the seismic requirements
for dissipative design approach.

For the aims of this thesis, the attention is focused on general (C1) and
special (C5) seismic requirements and diagonal strap bracings (C4).
Concerning diagonal strap bracings, the standard AISI S213 provides
some requirements on their installation: the tension-only diagonal strap
bracing is expected to be installed taut, to avoid lateral displacements
without increase of resistance. The slenderness ratio of the diagonal strap
bracing member shall be permitted to exceed 200.

Concerning the aspect ratio of walls, the standard AISI S213 suggest
some limitations. Based on recent research studies (Comeau and Rogers,
2008) it can be demonstrated that 1:1 and 2:1 aspect ratio walls allow the
development of the desired ductile wall performance (yielding of braces)
according to the capacity design procedures and material requirements of
this standard. Instead, the aspect ratio of 4:1 is not recommended,
because this walls are not able to maintain their yield capacity, and in
some cases they are not able to reach the predicted yield capacity as
determined using the brace strength, even if the walls with this aspect
ratio were observed to be significantly more flexible than other. So, in
case of walls with aspect ratio of 4:1, is required a rational analysis that
includes joint flexibility and end moments in combination with the axial
compression force, in the design of chord studs.

3.2 DiSCUSSION AND COMPARISONS

Seismic requirements provided by the AISI S213 will be analyzed in the
following, considerations and comparisons with Italian code (NTC 08)
were made, focusing the attention on the behaviour factor, the diagonal
brace verifications and the overstrength of fragile elements.

3.2.1 Behaviour Factor

Considering the linear static approach to seismic design, the dissipative
structural behaviour, that buildings usually perform in case of severe
seismic loads, is considered in an indirect way, through the so-called
"behaviour factor" (R), that reduces the seismic design forces as a
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function of the expected levels of overstrength and ductility of the
structure.

Part A of AISI S213 defines the behaviour factor as a function of
ductility related force modification factor, R, , and overstrength related
force modification factor, R, , see equation (1), that are listed in Table

A4-1 of the standard (fig. 3.1) for each SFRS and for each design
approach (elastic or dissipative).

R=R,-R, 3.1)

In which:

Ry = Ductility-related force modification factor reflecting the capability
of a structure to dissipate energy through inelastic behaviour (to be used
with NBCC);

R, = Opverstrength-related force modification factor accounting for the

dependable portion of reserve strength in a structure (to be used with
NBCCO).

Table A4-1
Canada
Design Coefficients and Factors for Selsmic Force Resisting Systems in Canada
Building Helght (m) Limitations 1
e Cases Where

Cases Where IgF555(0.2)

Type of Seismic Force Rd Ro IgFySa(1.0)
Resisting System >0.2 | 20.35
<02 to to >0.75 >0.3
<0.35 | <0.75
Shear Walls 2
Screw connected shear walls: 25 17 20 20 20 20 20

wood-based structural panel

Screw connected shear walls:
wood based structural and 1.5 1.7 20 20 20 20 20
psum panels in combination

Diagonal Strap Braced
(Concentric) Walls 3

Limited ductility braced wall 4 19 1.3 20 20 20 20 20
Conventional construction 5 1.2 1.3 15 15 NP NP NP

Other Cold-Formed Steel
SFRS(s) Not Listed Above

Figure 3.1 Table A4-1 of AISI S213.

1.0 1.0 15 15 NP NP NP
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In Fig. 3.1 are highlighted the values for diagonal strap braced walls in
case of elastic (conventional construction) and dissipative (limited
ductility braced walls) design approaches.

Moreover, in the same Table are listed building height limitations as a
function of short (0.2) and long (1.0) period spectral acceleration (S,),
adjusted for the site class and the earthquake importance factor.

S,(0.2) = 5% damped spectral response acceleration for a period of 0.2 s
for the reference ground condition Site Class C as defined in NBCC;
S,(1.0) = 5% damped spectral response acceleration for a period of 1.0 s
for the reference ground condition Site Class C as defined in NBCC.

R, and R, values are also recommended for diagonal strap braced walls
using the NBCC. In case where the braces are able to reach and maintain
their yield strength in the inelastic range of behaviour, ductility and
overstrength reach levels associated with those of a limited ductility (LD)
concentrically braced frame (CBF) (Al-Kharat and Rogers, 2000).
Al-Kharat and Rogers showed through experimental tests that the R
values used for conventional constructions (CC) could also be applied
for CFS structures not designed with capacity design approach. The use
of diagonal strap bracings designed with CC R values is limited to areas
of low seismicity and the height limit has been reduced.

In 2008 findings of a research project at Mc Gill University on the
inelastic performance of welded (Comeau and Rogers, 2008) and screw
connected (Velchev and Rogers, 2008) strap braced walls demonstrated
that the Ry, R, and height limits values listed in Table A4-1 of AISI S213
were appropriate.

It have to be noticed that only the most common structural systems are
identified and have assigned values of R, and R,. In an SFRS not
specifically identified in Table A4-1 R; = R, = 1.0 must be used for
design. This requirement (Part A of AISI S213) is based on the
assumption that systems that are not described should be designed
conservatively, because their ductility and overstrength capacity have not
yet been demonstrated.

The first part of Part C of AISI S213 provides the field of application of
seismic requirements:

- the design shall comply with provisions for elastic design (C1 - C4)
when in diagonal strap braced walls R, * R < 1.625.

- the design shall comply also with additional provisions for dissipative
design (C5) when in diagonal strap braced walls R; * R > 1.625. In this
case height restrictions of Table A4-1 shall apply.
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In both cases height restrictions of Table A4-1 shall apply.

For diagonal strap braced walls a designer has the option to choose an
Ry * R, = 1.625 for systems with a higher R, * R to determine the
seismic load and thereby avoid the special detailing in Section C5. For
this case the height limitations for Conventional Constructions in Table
A4-1 would apply. In the Commentary to the standard it is underlined
that the value of Ry * R, < 1.625 for diagonal strap bracing was chosen
to ensure that the system remains essentially elastic.

So we can notice the inconsistency of Part A and Part C in the definition
of R values for elastic design.

In the Italian Code (NTC 08) the behaviour factor (q) is defined
depending on the limit state considered, and so according to the design
approach considered.

For elastic design approach q = 1, instead for dissipative design
approach q is defined as a function of structural typology, the design
approach and taking into account the non-linear behaviour of the
material.

q=q, K 3.2

In which:

q, = is the maximum value of the behaviour factor, depending on the
expected ductility level, the structural typology and the o /o, ratio (ratio
between the value of the seismic action for which the structure becomes
labile, and the value of the seismic action for which the first element
reach the plasticization);

Ky = is a reducing factor depending on the regularity in elevation of the
structure, is equal to 1 if the structure is regular and 0.8 if the structure is
not regular in elevation;

o,/0, = is defined for structures regular in plan for each structural
typology.

In Table 7.5 IT of NTC 08 (fig. 3.2) are listed the maximum values of the
behavior factor for each structural typology for dissipative design.
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Tabella 7.5.11 — Limiti superiori dei valori di g, per le diverse tipologie strutturali & [s diverse classi di duttilita

o
TIPOLOGIA STRUTIURALE
CcD “B* CD =a"
2} Stratture intelaiate
) ) 4 S/t
¢ Struthre con coniroventi eccentrict
bl) Controventi concentrict a diagonale tesa athva 4 4
b2) Coniroventi concenirici a V 2 25
d) Strutture a mensola o a pendolo inverso 2 2o/
e] Strufture intelalate con confreventi concentrict 4 4o,y
f) Stratture mntelaiate con tampenature in muratura 2 2

Figure 3.2 Table 7.5 IT of NTC 08.

Cold Formed Steel structures are not considered among the possible
structural typologies in the Italian Code NTC 08, so the appropriate
behavior factor is q = 1. The elastic design approach have to be used to
reach a ductile behavior.

3.2.2 Diagonal Brace Verifications

Part C5 of AISI S213 underlines that in areas where the expected
demand from seismic event is high, it is desirable that the lateral resisting
elements develop its full range of behaviour before failure, so that the
performance of all components related to the overall response of the
lateral system become significant. For the diagonal strap braced wall
typology, the ductile failure mechanism is assured by yielding of the
diagonal strap brace.

To ensure gross cross section yielding of the diagonal strap bracing
member, AISI 5213 requires that the expected yield strength (A, R, F, )
not exceed the expected tensile strength (A, R, F, ) of the diagonal strap
bracing member.

A,-R,-F,<A,-R,-F, (3.3)

In which:

A, = gross cross section area; R = factor for expected yield strength;
A, = net cross section area; R, = factor for tensile strength;

F, = nominal value of yield strength;

F, = nominal value of ultimate tensile strength.
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When A, R F, exceeds A, R, F, a material with a larger ratio F, to F,
could be selected or the dlagonal strap member could be modlﬁed to
reduce the ratio A, to A,. It is not considered acceptable to just assume a
lower F_ in the calculanons

The factors for expected yield strength and tensile strength of the
diagonal strap bracing member, R and R,, were based on similar values
published for hot-rolled structural steel materials, results of studies on
galvanized sheet steel by a sheet steel producer and engineering
judgement.

R, and R, can be determined in accordance with an approved test
method, but in absence of verified physical properties measured in
accordance with approved test methods, the R, and R, values in Table
C5-1 of AISI S213 shall be used. In either case 'Ry shall not be less than
1.1.

Table C5-1
Ry and Ry Values for Diagonal Strap Bracing Members
Yield Strength Ry Ri
33 ksi [230 MPa] 1.5 1.2
37 ksi [255 MPa] 1.4 1.1
40 ksi [275 MPa] 1.3 1.1
50 ksi [340 MPa] 1.1 11

Figure 3.3 Table C5-1 of AISI S213.

The Italian code NTC 08 provides verifications for dissipative elements
in tension, that are similar to the equation (3.3) for x-braced structures in
hot rolled structural steel. NTC 08 provides that design plastic strength
of the diagonal cross section have to be less than ultimate design
strength of the net cross section in correspondence of the fasteners
holes.

Npl,Rd < Nu,Rd (34)
in which:
A-f
Ny = (3.5)
MO
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09-4 -
Nyg =—"—"% Ju (3.6)

V2

So the following equation have to be satisfied (par. 7.5.3.2 of NTC 08):

A ,

ﬂzl‘l.yﬂ.& 3.7)
A Ymo Ju

In which:

A = gross cross section area;

A,.. = net cross section area;

Yamo = safety factor for member resistance (gross cross section);

Yao = safety factor for member resistance (net section with fasteners);
f, = nominal value of yield strength;

f, = nominal value of ultimate tensile strength.

A numerical comparison were made between the verifications provided
by the two codes considering different steel grades for both cold formed
and hot rolled steel.

So, for direct comparison, equation (3.3) can be written as:

A
A

R F
L z?y : Fy (3.8)
t u

g

Table 3.1 Comparison for Cold Formed Steel grades.

Steel grade Ry/Re  1.19m2/Ymo
S220GD+Z 33 ksi (230 MPa) 1.25

S250GD+Z 37 ksi (255 MPa) 1.27 13
S280GD+Z 40 ksi (275 MPa) 1.18 '
S350GD+Z 50 ksi (340 MPa) 1.00

Table 3.2 Comparison for Hot Rolled Steel grades.

Steel grade Ry/Re 1.1 ywm2/Ym0
S 235 33 ksi (230 MPa) 1.25

S 275 40 ksi (275 MPa) 1.18 1.3

S 355 50 ksi (340 MPa) 1.00
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From the numerical comparison, some considerations can be made. First
of all it can be noted that R /R, changes as a function of the steel grade,
and, on the contrary, 1.1 Y,n/Vyo 1S a constant value equal to 1.3.
Moreover, the different values of R /R, are always less than 1.3, so we
can say that the NTC 08 is more conservative than AISI S213.

In AISI S213 there is also another condition to be satisfied, that is not
present in the Italian code NTC 08.

Capacity based design calculations demonstrated that the gross cross
section yielding failure mode occur prior to the net section fracture, if
the diagonal strap bracing member satisfies this equation:

(R, -F)/R,-F,)>12 (3.9)

Also in this case, numerical comparison were made, considering different
steel grades for both cold formed and hot rolled steel.

Table 3.3 Comparison for Cold Formed Steel grades.

Steel grade R*F. R*F, (R*F.)/(R*F)
S220GD+Z 33 ksi (230 MPa) 360 330 1.09
S250GD+Z 37 ksi (255 MPa) 363 350 1.04
S280GD+Z 40 ksi (275 MPa) 396 364 1.09
S$350GD+Z 50 ksi (340 MPa) 462 385 1.20

Table 3.4 Comparison for Hot Rolled Steel grades.

Steel grade R*F. R*F, (R*F.)/(R*F)
S 235 33 ksi (230 MPa) 432 3525 1.23
S 275 40 ksi (275 MPa) 473 357.5 132
S 355 50 ksi (340 MPa) 561 390.5 1.44

It can be noted from the numerical comparisons, that the equation (3.9)
is satisfied for all steel grades of hot rolled structural steel, on the
contrary, for cold formed steel grades, only S350GD+Z satisfies the
equation.

For increasing material resistance, the relation is ruled by the ratio R /R,
because the difference between R, and R, decrease, and in particular for
steel S355 (hot rolled) and S350GD+Z (cold formed), R, = R, =1.1.
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3.2.3 Opverstrength Factor

In the case where the braces of the wall are able to reach and maintain
their yield strength in the inelastic range of behaviour (yielding take place
along the length of the braces without failure of any other SFRS
element), the capacity based design approach is applied to all SFRS
elements, that are selected based on the probable yield capacity of the
brace.

In particular, to develop a desirable response, AISI S213 requires that
components transferring loads to and from the diagonal strap bracing
member shall have the nominal strength to resist the expected yield
strength (A, R F)) of the diagonal strap bracing member or, if lower, the
expected overstrength (seismic loads calculated with R;R) = 1) of the
diagonal strap bracing member.

So the following equation shall be satisfied:

H,,24, R, F, (3.10)

in which:
A, = gross cross section area;
F, = nominal value of yield strength.

The Italian code NTC 08, for x-braced structures in hot rolled structural
steel, provides equivalent prescriptions for connections in dissipative
zones, and in particular they shall have an adequate overstrength to
permit the plasticization of the connected parts.

So the following equation shall be satisfied:

R_j,d 2 Y ra 'l-l‘Rpl,Rd = RU,Rd (3.11)

in which:
R;; = connection design strength;
R, rs = member strength, see equation (3.5).

So the two equations (3.10) and (3.11) can be compared by the
overstrength factors R and 1.1 yg4/Vyq -

Yra 18 the overstrength factor defined in NTC 08 for different hot rolled
steel grades.
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A numerical comparison was made between this two overstrength
factors, considering different steel grades for both cold formed and hot
rolled steel.

Table 3.5 Comparison for Cold Formed Steel grades.

Steel grade Yrd vmo  1.1Yra/Ymo Ry
S220GD+7 33 ksi (230 MPa) 1.2 1.05 1.3 1.5
S250GD+7 37 ksi (255 MPa) 1.15  1.05 1.2 1.4
S280GD+7 40 ksi (275 MPa) 1.15  1.05 1.2 1.3
S350GD+7 50 ksi (340 MPa) 1.1 1.05 1.2 1.1

Table 3.6 Comparison for Hot Rolled Steel grades.

Steel grade YRd Mo  1lyra/ymo Ry
S 235 33 ksi (230 MPa) 1.2 1.05 1.3 1.5
S 275 40 ksi (275 MPa) 1.15 1.05 1.2 1.3
S 355 50 ksi (340 MPa) 1.1 1.05 1.2 1.1

It can be noted from the numerical comparisons, that the factor
1.1Ya/Yao 18 vatiable from 1.3 (lower steel strength) to 1.2 (higher steel
strength) and R is variable from 1.5 (lower steel strength) to 1.1 (higher
steel strength), both overstrength parameters are decreasing with material
resistance increasing.

Only for steel S355 (hot rolled) and S350GD+Z (cold formed) the
Italian code N'T'C 08 is more conservative then AISI S213.
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4 PLANNING OF THE EXPERIMENTAL
ACTIVITY

In this chapter there is the description of the planning of the
experimental campaign and in particular the basic assumptions in terms
of loads and strategies for elastic design and dissipative design of
diagonal strap braced walls.

4.1 BASIC ASSUMPTIONS AND DESIGN ACTIONS

With the aim to assess a large number of different cases, three residential
buildings with different storeys numbers are considered as case studies
(Fig. 4.1), and in particular:

e one storey building (3 m height);

e two storeys building (6 m height);

e three storeys building (9 m height).

] lLnnen |

Case study n.2:
Two Storey Building

Case study n.3:
Three Storey Bujlding

Diagonal Strap Braced Walls

Figure 4.1 Case studies: residential buildings.
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In Table 4.1 are listed the geometrical dimensions of the case studies
buildings.

Table 4.1 Geometrical characteristics of case studies buildings.

Dimension unit Value

Plan dimensions m 12.20 x 18.10
Plan area m? 220.00
Interstorey height m 2.70
Diagonal strap braced wall m 2.40 x 2.70

The structural design of these buildings was carried out in accordance
with the Italian Code “Norme Tecniche per le Costruzioni, 2008”
(NTCO08) and for details not considered in this code, in accordance with
Eurocode 3 (EC3-1-3).

The three residential buildings were designed considering two different
geographical locations: Roma and Potenza (IT), that are representative of
seismic and snow loads respectively medium-low and medium-high.
Details on the two zones are presented in Table 4.2.

Table 4.2 Geographical characteristics.

City Seismic zone Soil Altitude (m) Snow load
Roma 3 C 20 medium-low
Potenza 1 C 892 medium-high

Diagonal strap braced walls have been designed based on the following
loads: dead loads, variable loads, seismic loads.

4.1.1 Definition of dead loads

The dead loads were computed taking into account a range of values
(kN/m? for structural and non-structural elements, considering light or
heavy configurations of floors, internal and external walls.

In particular, for the floor, this range of values for the components was
considered:

e flooring (0.10 + 0.20 kN/m?);

e slab (0.40 + 1.10 kN/m?);

e corrugated sheet (0.05 = 0.10 kN/m?);
e ceiling (0.05 + 0.10 kN/m?).
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And for walls this range of values for the components was considered:
e structural profiles (0.03 + 0.10 kN/m?;
e insulating panel (0.02 + 0.20 kN/m?);
e internal/external sheathing (0.05 + 0.20 kN/m?;

e internal/external cladding (0.10 + 0.25 kN/m?).
So the minimum and maximum values of dead loads can be listed in the
following Table.

Table 4.3 Dead loads.

element Roma Potenza
min max min max

floor (kN/m?) 0.60 1.50 0.60 1.50

external walls (kN/m?) 0.30 1.00 0.30 1.00

internal walls (kN/m?) 0.70 0.70 0.70 0.70

4.1.2 Definition of variable actions

For the design of the three residential buildings, the variable actions that
have been considered are:

e accidental actions: loads due to intended use of the building,

e snow loads.
In Table 3.1 II of NTC 08 are listed the loads due to the different
intended uses of the building, that in this case, for Cat. A, residential
buildings, is 2.00 kN/m”.
The snow load is different for the two different geographical locations
(Roma and Potenza), and can be calculated through the expression:

qs = Iui ’ q‘vk ’ CE : Ct (41)

In which:

q. = snow load on the roof [kN/m?’;

u, = snow load shape coefficient, defined in § 3.4.5 of NTC 08;

q, = characteristic value of snow load on the ground at the relevant site
expressed in [kN/m’], given in § 3.4.2 of NTC 08 for a return
period of 50 years;

Cy. = exposure coefficient, given in § 3.4.3 of NTC 08;

C, = thermal coefficient, given in § 3.4.4 of NTC 08.
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In particular, the snow load on the ground is expressed as a function of
local climate and exposure conditions, so for the considered cities, it is:

g = 0.60 kN/m’ fora, = 200 m
qq = 0.51 [1 + (a,/481)] KN/m’ for a, > 200 m

where a_ is the site altitude above the sea level.
So the values of accidental and snow loads can be listed in the following
Table.

Table 4.4 Variable actions.

Load Roma Potenza
accidental loads (kN/m?) 2.00 2.00
snow load (kN/m?) 0.48 1.81

4.1.3 Definition of seismic actions

For the design of the three residential buildings, the seismic actions that
have been considered are computed according to NTC 08.
The design seismic actions are defined starting from the value of “base
seismic hazard” referred to the geographical position of the construction
site. In Table 4.5 the principal parameters that are necessary to calculate
the seismic action for the Life Safety limit state are defined.

Table 4.5 Parameters for the definition of seismic action.

medium-low medium-high
seismicity level seismicity level

2, () 0.110 0.202
Fo 2.682 2.446
T'c(s) 0.306 0.363
Ss 1.500 1.403
St 1.000 1.000
Where:

a, = design ground acceleration on type A ground;

F, = maximum value of the amplification factor for the horizontal
ground acceleration response spectrum;

T = value defining the beginning of the constant velocity range of the
response spectrum;
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S¢ = stratigraphic soil factor
St = topographic soil factor

The case studies buildings are regular in plan and in elevation, so the
static equivalent analysis can be applied.

The fundamental period of the building can be estimated with the
expression:

T,=C,-H" (4.2)

Where:

H = height of the building, measured from the foundation soil (m);

C, = 0.085 for moment resisting steel frames, 0.075 for r.c. frames, 0.050
for all other structures.

The value of the seismic action (F,) is calculated on the basis of the
spectral acceleration in correspondence of the period T, and the
distribution along the structure is derived from the principal vibration
mode of the structure. The seismic force for each mass of the building
has to be evaluated by the following expression:

_Fh'Zi'I/Vi

F = 4.3)
Xz, W,
where:
S(T)Y W-A
F, _S.L)-W-2 (4.4)
g

z = height of the masses from the foundation;
W = seismic weight.

In Figure 4.2 details on the definition of the seismic action are showed.
With reference to a seismic action with an overcoming probability in the
reference period (Py) of 10% in 50 years, it was performed an elastic
and a dissipative design. In particular for dissipative design it was
assumed a behaviour factor equal to 2.5, as given in AISI §213-07.
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; Se (T) Wi Winax Fhmin Fmax z Fimin Fimax
Case stud Cit
Y o | [g][SLV] [kN] [kN] [kN] [kN] [m] [kN] [kN]
Case 1: Roma 0.544 198 336 3 200 339
one storey 364 618
building Potenza | 0.868 316 537 3 318 541
Case 2: Roma 0.544 as1 || 750 |2 c
1 6 301 506
two storeys 829 1394 1 3 240 403
building Potenza 0.868 720 | 1210 5 480 807
|
‘ | 3 100 167
Case 3: Roma 0.544 598 | | 1004 6 199 335
thrgg storeys 1294 2171 | 9 299 502
building 3 159 267
Potenza 0.868 955 | 6 318 534
| 9 478 801
1
| @
- SEISMIC ACTION SEISMIC ACTION
° walls | Beh fact Hd [kN!
n" walls | Behaviour factor (q) IkN]_| | MEpium-Low |_| “mebium-HicH
4 25 20 o)
4 1 50 for each wall for each wall
<
I
n° walls | Behaviour factor (q) | Hd [KN] |
* Behaviour factorq = 2,5 (AIS| S213) | 8 25 80 -

Figure 4.2 Definition of the seismic actions.

According to this design assumptions, three different kind of diagonal
strap braced walls were designed to be tested.

The first wall configuration (elastic light wall, WLE) is representative of
the case study n.1, the one-storey building, in a medium-low seismicity
level zone with an elastic design approach.

The second wall configuration (dissipative light wall, WLD) is
representative of the case study n.l, the one-storey building, in a
medium-low seismicity level zone with a dissipative design approach.
The third wall configuration (dissipative heavy wall, WHD) is
representative of the case study n.3, the three storeys building, in a
medium-high seismicity level zone with a dissipative design approach.
The three configurations of diagonal strap braced walls and their design
assumptions are illustrated and summarized in Figure 4.3.

In the figure, H, is the value of design seismic action for each single wall.
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q Hy Representative case Wall configuration

1 50 kN Roma (1 storey) Elastic Light (WLE)
25 20kN Roma (1 storey) Dissipative Light (WLD)
25 30kN Potenza (3 storeys) Dissipative Heavy (WHD)

Elastic Light Wall Dissipative Light Wall Dissipative Heavy Wall

2400 mm 2400 mm 2400 mm
AT T 7 J 1 17 Nz
g \q !/// = ! \\ I, /,/ E _,_\,\\1 ﬁ/;ﬁ. |
1<) o £ N V =4
SN A sl N/ SN
N N / r /AN 4
T AN T AN { ‘/'\H !
A // | A | P74 | V / NN
7INT TN TS
AL 4 LN AR
o Sezione A-A' Sezione A-A' Sezione A-A'
I 1 i ik N S| | S I I I I I

MEDIUM-HIGH SEISMICITY LEVEL

MEDIUM-LOW SEISMICITY LEVEL
3 storeys building

1 storey building

Figure 4.3 Diagonal strap braced walls configurations.

4.2 DESIGN OF DIAGONAL STRAP BRACED CFS WALLS

In all the configurations, diagonal strap braced walls are 2400 mm wide
and 2700 mm high.

The design lateral resistance of the walls were computed as the smallest
value among the resistances associated with all the possible failure
modes.

Being H_ the design lateral resistance of the wall, it can be written as:

H, =min(H, ;H,;H, ;H,.,;H..) (4.5)

c,s? c,t?o c,a?’
in which:
H., = lateral resistance for collapse of studs;
H., = lateral resistance for collapse of tracks;
H,, = lateral resistance for collapse of frame to foundations anchors;

H_4 = lateral resistance for collapse of diagonal strap braces in tension;
H. . = lateral resistance for collapse of frame to diagonals anchors.
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The collapse of metal frame for lateral loads is generally due to the
buckling caused by compression of chord studs or tracks, so H. and H,
can be calculated with the expressions:

N
H. = ZR”’ L (4.6)

H., =N, “4.7)

et

in which N, e Nz, are the resistances in compression of studs and
tracks.

For frame to foundations anchors, the possible collapse mechanisms are
due to shear or tension. Usually, the collapse is managed by the tension
force in the connection between the chord stud in tension and the
bottom track. In any case, H_, can be calculated with the expression:

Na,Rd

H, ,=min|n, -V, ; L 4.8)

where the first term is the shear resistance of the anchors and the second
term is the overturning resistance due to tension collapse of the anchors:
n, = number of shear anchors;

V., ra = design shear resistance of each anchor;

N, rq = design resistance in tension of the anchor.

The lateral resistance of the wall due to the collapse mechanism managed
by collapse of diagonal in tension, H., , can be calculated as the
minimum value between the resistance in tension of the gross area
section and the resistance in tension of the net area section at the ends:

Ad 'fk
Ny = (49)
Y mo
A .
F g == Ju (4.10)
V2
where:

A,.. = net area of cross section in correspondence of fasteners holes;
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t, = yield strength of steel;
f, = ultimate strength of steel;
Yamo = partial factor for resistance of members;

Yae = partial factor for resistance of connections.

The lateral resistance of the wall due to the collapse mechanism managed
by collapse of diagonal to frame connections, H_. can be calculated
taking into account the shear collapse mechanism based on the use of
self-drilling screws, so by the expression:

HC’C =n, -n, 'min(Fb’Rd;F,,,Rd )cosa (4.11)

where:

F, ra = resistance to bearing of the plate;

Fy ra = shear resistance of screws;

that are both referred to a single screw and can be calculated as:

Fy ra :—ftk (4.12)
Vm2
F,
Fy ra == (4.13)
M2
where:
t = minimum thickness of the plate;
d = diameter of screw;
o = coefficient depending on the diameter of the screws and the

thickness of the connected plates;
Fy, = the shear resistance of the screws.

In the following Figure the different components of the lateral resistance
of the wall are shown.

73



Chapter 4

-
Diadonal Braces
Profile: 90x1.5 mm

\_ Steel: S350GD +Z

(Chord Studs
2 backto back profiles

\ Steel: S350GD+Z

C profiles: 150x50x20x1.5 mm

2700mm

2400mm

(Connections

Steel: S350GD + Z
\Screws:AB 04 63 040

4

rTracks )
U profiles: 153x50x1.5 mm

\ Steel: S350GD+Z )

<

Gusset palte: 270x270x1.5 mm

4

Figure 4.4 Lateral resistance of the wall and its components.

4.2.1 Design of the Elastic Light Wall

In the design of the Elastic Light Wall (WLE), it was applied an elastic
design approach, in which the dimension of each element is designed
with reference to the design seismic action, not considering any

dissipative design approach.

Hcq= Neggrcosa-2
Resistance in tension
ofthe braces

Hc.s= Ns.Rd'L/h
Resistance in compression
ofthe studs

Hg¢= Nira
Resistance in compression
ofthe tracks

Verification from
Circolare n.617 (2009)
section C4.2.12.2.6.2

The design values of the lateral resistances associated with each possible
collapse mechanism are listed in the following table.

Table 4.6 Lateral resistances for the Elastic Light Wall.

Lateral Resistance due to H. [kN] H./Hmin
collapse mechanism of:
Diagonal Strap Brace 58.20 1.15
Studs 132.70 2.63
Tracks 105.23 2.09
Diagonal connections
bearing of plate 63.36 1.25
net area in tension 50.45 1.00
Stud connections
bearing of plate 67.71 1.34
net area in tension 236.69 4.69
Track connections
bearing of plate 70.36 1.39
net area in tension 187.10 3.71
Gusset Plate 84.60 1.68
He min 50.45
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It can be noted that the collapse mechanism associated with the design
minimum lateral resistance is due to diagonal brace in tension in the
section weakened by fastener holes. Figure 4.5 shows the WLE details.

Track
(153x50x1. 50mm; S350 GD+2Z)

Reinforced Track

(150x50>20x1.50mm; S350 GD+2) D T
Gusset Plate F i3
(2702270x1 50mm. S350 GD+Z) 53‘3\ :
Stud
(150x50>20x1 50mm, S350 GD+2) \
Diagonal Strap Brace
(90x1.50mm; S350 GD+2)
Cord Stud g
(150x50x20x1.50mm; S350 GD+2Z) Y,
g
Blocking 7
(150:50x20x1.50mm; S350 GD+2) /"
-~ /550 42 P
Y/
al v 7| 11
% d
=
&
Flat Strap
(50x1 50mm; S350 GD+2)
> )
2400
Sezione A-A
75 5 <5 ) <5 < 75 ]
SECTION A-A' AT T i T JE
S00 600 500 K00
Cord Stud
l (150x50x20x1 50mm; S350 GD+Z)
[ Diagonal Strap Braced
(90x1.50mm;
J S350 GD+Z)
@ |l Stud
(150x50x20x1.50mm;
S350 GD+2)
4ol e, Gusset Plate
MEIE] (270x270x1.50mm;
5 ; @|e / S350 GD+2Z)
SECTION C-C J oot }77? Reinforced Track
:J & ~‘{\\§ P — (150x50x20x 1 50mm;
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" : I " 1 Track
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] L—pe

Figure 4.5 Elastic Light Wall.
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4.2.2 Design of the Dissipative Walls

In the design of the Dissipative Light Wall (WLD) and Dissipative
Heavy Wall (WHD) there were applied the capacity design principles to
ensure a dissipative behaviour of the walls.

In this case, the dissipative design approach is applied by making
possible the development of the most ductile collapse mechanism, that is
the yielding of diagonals in tension. The behaviour factor ‘q” used for the
seismic action is 2.5, as suggested for this seismic typology by seismic
code AIST S213.

To avoid the collapse mechanism due to the net area of diagonals in the
connections, it was verified the fulfilment of the expression:

%21»@.& (4.14)

Yo Ju

that is the condition presented in par. 7.5.3.2 of NTC 08, formerly
showed in par. 3.2.2 of this dissertation exp. (3.7), equivalent to the (3.3)
of the same 3.2.2 of this dissertation, that refers to AISI S213.

For the fulfillment of this expression, in the design of dissipative walls it
was given particular attention in the definition of details for the
connections and the choice of different material properties for diagonal
braces. Indeed, for diagonal braces was used steel S235 and for all other
elements S350GD+Z.

Moreover, to guarantee the overstrength of other elements, and so
prevent the other possible collapse mechanisms, all the dissipative
elements were dimensioned to be able to satisfy the relation:

H,p 211y Hy (4.15)

that is the condition presented in par. 7.5.3.3 of NTC 08, referring to the
connections of dissipative parts, formerly showed in par. 3.2.3 of this
dissertation in generic form, with the expression (3.11), equivalent, but
more conservative, to the (3.10) of the same 3.2.3 of this dissertation,
that refers to AISI S213.

In expression (4.15) the terms are referred specifically to the resistance
of the CFS wall and in particular:

76



4. Planning of the Experimental Activity

Hizq = design value of lateral resistance of the wall associated to a generic
non-dissipative collapse mechanism;

Hgygs = design value of lateral resistance of the wall associated to the
dissipative collapse mechanism (yielding of brace in tension);

Yra = overstrength factor defined in NTC 08 for different hot rolled steel

grades.

It can be also noted that EN 1993-1-3 provides further relations to be
verified, that are not present in NTC 08. In the case that the connection
have to be able to provide a certain deformation capacity, an adequate
overstrength must be provided to the parts developing a fragile collapse
mechanism, so that the following expressions must be satisfied:

FV’Rd >1.2- Fb,Rd (4.10)
ZFV’Rd >1.2- FH’Rd (4.17)
in which:

F, ra = bearing resistance of plate;

F, rq = shear resistance of screw;

F, ra = net area resistance of brace in tension.

The design values of the lateral resistances associated with each possible
collapse mechanism for WLD and WHD are listed in Tables 4.7 and 4.8.
Figures 4.6 and 4.7 show respectively the WLD and WHD details.
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Table 4.7 Lateral resistances for the Dissipative Light Wall.

Lateral Resistance due to H. [kN] H./Hcmin H./Hjra
collapse mechanism of:
Diagonal Strap Brace 40.80 1.00
Studs 132.70 2.46
Tracks 105.23 1.95
Diagonal connections
bearing of plate 70.27 1.30
net area in tension 45.30 1.11
Stud connections
bearing of plate 73.88 1.37
net area in tension 239.31 4.44
Track connections
bearing of plate 74.80 1.39
net area in tension 188.57 3.50
Gusset Plate 127.20 2.36
Hc min 40.80
Hj,Rd 53.86

Table 4.8 Lateral resistances for the Dissipative Heavy Wall.

Lateral Resistance due to H. [kN] H./Hmin H./Hjra
collapse mechanism of:
Diagonal Strap Brace 81.60 1.00
Studs 336.86 3.13
Tracks 308.55 2.86
Diagonal connections
bearing of plate 132.91 1.23
net area in tension 90.83 1.11
Stud connections
bearing of plate 148.16 1.38
net area in tension 469.26 4.36
Track connections
bearing of plate 145.85 1.35
net area in tension 373.36 3.47
Gusset Plate 160.97 1.49
He,min 81.60
Hjra 108.00
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Figure 4.6 Dissipative Light Wall.
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Figure 4.7 Dissipative Heavy Wall.
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4.2.3 Evaluation of stiffness of the walls

To define theoretically the lateral displacement (d) at the top of the wall
subjected to a horizontal load (H), it must be taken into account the
contributions due to: diagonals in tension (dy), anchorages between

frame and foundations (d,) and connections between frame and diagonal
braces (d.):

d=d,+d,+d, (4.18)

diagonal connection
deformation

overturning deformation diagonal deformation

Figure 4.8 Contributions to deformations of a diagonal braced wall.

This expression is valid in the case in which the horizontal relative
displacement between the wall and the foundations are completely
prevented, that is what generally occurs in real cases.

The calculation of the contributions d, d; and d. can be obtained
theoretically. In particular, the lateral displacement due to the anchors in
tension can be calculated through the following expression:

d =—H (4.19)

in which:

H = horizontal load;

h = height of the wall;

L = length of the wall;

k, = extensional stiffness of an anchor in tension.
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The extensional stiffness k, was assumed equal to 30kN/mm for the
elastic light wall (WLE) and dissipative light wall (WLD), and 60kN/mm
for the dissipative heavy wall (WHD).

The displacement produced by the axial deformability of the diagonals in
tension may be obtained by the following expression:

L
d, = —H (4.20)
n, E-A4,-cos” a,

in which:

n, = number of diagonals in tension;

A, = diagonal cross section area;

oy = inclination of the diagonal to the horizontal line;
E = steel Young's modulus.

And finally, the contribution due to the deformability of the connections
between diagonals and frame can be obtained with the following
expression:

2
d, = —H (4.21)
n,-n -k -cos”a,

in which:
n, = number of screws in the single connection;
k, = shear stiffness of a single connection (screw).

The shear stiffness of the screws is usually evaluated by means of
experimental tests. In this case, k, is assumed equal to 1.775kN/mm on
the basis of experimental data by Rogers and Velchev (2008).

Figure 4.9 Shear tests on connections (Velchev, 2008).
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After the calculation of the displacement, it can be possible to evaluate
the stiffness of the walls by means of the following expression:

(4.22)

Figure 4.10 Types of tested frame to diagonal connections.

The obtained results, derived from the calculation of displacement and
stiffness for the walls designed for the experimental tests, are shown in
the following table.

Table 4.9 Displacement and stiffness of designed walls.

da dd dc d kd
[mm] [mm] [mm] [mm]  [kN/mm)]
Elastic Light Wall (WLE) 0.0435  0.1232  0.1276  0.2943 3.40

Dissipative Light Wall (WLD) 0.0435 0.1140  0.0851 0.2426 4.12

Dissipative Heavy Wall (WHD)  0.0435 0.0541 0.0511 0.1486 6.73

In the following figures the contributions in terms of stiffness of all the
elements of the wall are showed.
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Figure 4.11 Contributions in terms of stiffness
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Figure 4.12 Percentage values of stiffness contributions.
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5 EXPERIMENTAL ACTIVITY

In this chapter the results of a wide experimental campaign carried out in
the framework of the research project ReLUIS-DPC 2010-2013 were
discussed. The experimental tests have been performed at the Dist
Laboratory (Department of Structures for Engineering and Architecture,
Naples), of the University of Naples Federico II.

5.1 GENERAL

In the context of ReLUIS-DPC project, AT-2 “Innovations in codes and
technologies for seismic engineering”, Line 2.1 “Seismic design of new
constructions”, Task 2.1.2 “Steel structures”, the Research Unit n.3
UNINA-ARCH is involved in the issue of “CFS structures and
members”.

The research activities of this Research Unit are focused on the study of
the seismic behaviour of CES diagonal strap braced walls. To this end,
the experimental program consists of full-scale experimental tests on
walls to investigate the global behaviour and small-scale experimental
tests on materials, simple mechanical joints and connections to
investigate the influence of the local behaviour on the global seismic
behaviour. The final scope of the experimental campaign is to provide
appropriate design criteria for CFS structures to be introduced in Italian
seismic code.

For each of the three CFS walls configurations (WLE, WLD, WHD)
previously illustrated in Chapter 4, two monotonic tests and two cyclic
tests were performed. In addition, 28 shear tests on diagonal connections
and 8 shear tests on simple mechanical joints adopted for these
connections were provided. In the end, 17 tensile tests on materials were
performed.

In order to assess the effects of the "strain-rate", both the tests on
connections and on materials were performed with two different rates:
0.05mm/s and 50mm/s.

In Table 5.1 the experimental program is presented, with details of the
tests already carried out and the tests that must be still done.
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Table 5.1 Experimental tests program.

Material S350-1.5 S$235-2.0 S350-1.5

n. tests 3a 3b 2a 3b 3a 3b

Joints SLE SLD SHD

n. tests 3b 3b 2b
Connections CLE CLD CHD
Config. 1 1 2 3 4 1 2 3 4
n. tests 3a 3b 323b 2b 2b 2b 1a3b 2b 2b 2b
Walls WLE WLD WHD

n. mon tests 2 2 2

n. cyc tests 2 1+ 1* 2%

*: test to be done; b: test rate 0.05 mm/s; a: test rate 50 mm/s.

5.2 'TESTS ON MATERIALS

The tensile tests on materials were performed on all steel types and
thicknesses used for the structural profiles of the walls:

e Steel S235, thickness 2.0 mm (5235-2.0);

e Steel S350GD+7Z, thickness 1.5 mm (S§350-1.5);

e Steel S350GD+Z, thickness 3.0 mm (S§350-3.0).
For each type and thickness of steel were performed 6 tests, including 3
at low speed (0.05 mm/s) and 3 at high-speed (50 mm/s).
The following figure shows the number of tests carried out for each type
of specimen.

Displacement
i Thickness n. of
Specimen Wall Steel cRness rate °
[mm] [mm] tests
[mm/s]
Sl 0.05 3
440 WLE g i i
. S350GD+7 1.5
< WLD (frame
\=1| 8¢ \ﬁ’o <) 50 3
120, 140 ,
$235-2 ) X
WLD (bracing) 0.05 2
- s WHD (bracing) | 5235 200
gl s = ;
120, o 140 i -
$350-3 0.05 3
i WHD (fi 3350GD+7Z
o (frame) [S350GD+Z 3.00
g] g6 Y
- 120 140 50 3

Figure 5.1 Tests on materials.
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5.2.1 Description of specimens and testing system

The specimens are in accordance to the European Standard EN-10002-
1: 2001 (Annex B), replaced by EN ISO 06892-1:2009 (Annex B)
"Metallic materials - Tensile testing - Part 1: Method of test at room
temperature”. In particular, in Appendix B, "Types of test pieces to be
used for thin products: sheets, strips and flats between 1 mm and 3 mm
thick" are provided requirements on the shape and size of the specimens,
as shown in the following figure.

aa /
. B
I_ \ A L]

.
— | N
.Lu |
N
— L": P |
B J

a) Before testing

N / T
|
—I R

Il_u i

b} After testing

L 7

b

ay  orginal wall thickness of & tube
By original aversge width of the longltudingl strg takan from a tube
Ly parabal length
Ly ariginal gauge lenglh
Ly todal length of test piece
Ly final gauge length after fracture
in original cross-sectional area of the parallal length
%, minimum cross-sectional area after fractura
1 gripped ends

Figure 5.2 Shape and size of specimens (EN ISO 6892-1 - Annex B ).
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Generally, the specimen has gripped ends which are wider than the
parallel length. The parallel length L. shall be connected to the ends by
means of transition curves with a radius of at least 20 mm. The width of
these ends should be greater than 1.2 b,, where by, is the original width.
The parallel length shall be:

L. =L, +2b, (.1)

where L is the original gauge length.

The cross section of the specimen can be circular, square or rectangular.
The initial cross section area S, shall be calculated on the basis of the
measured dimensions of the specimen during the tests.

In EN ISO 6892-1:2009 Annex B are prescribed three different non-
proportional specimen geometries.

Table B.1 — Dimensions of test pieces
Dimenglons In millmeatres

Testplece | Width | Original gauge Parallel length Fres lenglh betwean the grips
Ly . length E for paralied sided
Yo ; i tast plece
= Minimum | Recommendad
1 1251 a0 a7 75 BT.E
2 2t an a0 120 1460
3 2511 S 60" —_ Kot defined

2 The ratic [k, and L.th, of a lypa 3 fest placa in comparnson o ana of types 1 and 2 s very low. As a rosult tho propertios,
espanially the slangation atter fractune (absolule value and soatier range), maasured with this test piece will be diforent from the other
DSl pheoe hypes.

Figure 5.3 Dimension of specimen (EN ISO 6892-1 - Annex B).

For this experimental activity the specimens used were referred to the
second type in table B.1 of EN ISO 6892-1:2009 Annex B.
The specific dimensions of specimens are showed in Fig. 5.4.

p Lu ”
440 i Ltot- -
- . r—i . L0 - -
o ey | 4
\DI‘ SR %?0 1| — +b: L LI
120 140 bend 1 bend 2*

Figure 5.4 Dimension of tested specimen.

Tensile tests on materials were performed to determine the engineering
stress-strain response of the material, for each of the tested profiles, with
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the universal testing machine MTS 810 series (Fig.5.5) at the laboratory
of the DIST. The deformations are read by means of strain gauges
positioned near the original gauge length L.

Figure 5.5 Universal testing machine MTS 810 series.
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5.2.2 ‘Test results and discussion

The test results are illustrated in terms of stress-strain (o-€) in Fig. 5.0.

Diagram [o-¢]
550 4
500 4
450 -
400 | f;

350 @// i
300 - R e e e e

o [MPa]

i
250 - i
200 - |
150 | i
100 1 |
50 '
|

0'\ uf=E gP:

0.00 0.05 0.10 0.15 0.20 0.25

Figure 5.6 Material test results in terms of 6-€ .
oc=F|4 (5.2)

G is the stress parameter, where I is the force applied by the MTS
machine;

€ is the strain parameter;

f. is the maximum stress observed during the test;

€, is the strain corresponding to f;

f. is the yield stress of the material, corresponding to the lowest value of

~ the stress when the yielding occurs;

E is the Young's modulus or modulus of elasticity.

Table 5.2 Material test results.

Specimen [MPa] [MPa]  [MPa]  [%] [MPa] [MPa] [MPa]  [%]
v =0.05 mm/s v =50 mm/s

S235-2.0  301.6  366.4 198560.13 0.21 322.6  389.3 198494.99 0.16

S350-1.5 3554  408.9 21154427 0.21 3799 430.3 185395.09 0.24

S350-3.0 3643 4251 201264.56 0.18 387.4 4542 206411.47 0.15
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A summary of the results is provided in Table 5.2, where for each type
of test are reported the average values of the yield strength (f ) and
ultimate strength (f, ), the Young's modulus E, and the maximum strains
for both test rates. In Appendix A of this dissertation "Tests on materials
and components" a specific datasheet is given for each test.

For steel S235 the experimental values show an increase of the yield
strength and ultimate strength respectively of 22% and 10% compared to
the nominal values (f, = 235 MPa and f, = 360 MPa).

For steel S350GD+Z, in case of the specimen with 1.5 mm thickness,
there is an increase of 2% of the yield strength (f, = 350 MPa) and a
reduction of 3% of the ultimate strength (f, = 420 MPa), while in the
case of the specimen with 3.0 mm thickness, both the yield strength and
ultimate strength showed an increase respectively of 4% and 1%.

From the comparison of the obtained values for both test rates, it can be
noted a moderate influence of the "strain-rate" effect, and in particular
the increase of yield and ultimate strength between 5% and 7% and a
reduction of the maximum deformation of 33% and 18% respectively
for the 2 mm thickness S235 steel and 3 mm thickness S350 steel and an
increase of 7.6% for 1.5 mm thickness S350 steel, with the increasing of
test rate (Fig. 5.7).

TENSION TESTS ON STEEL 5350-3

550 o [MPa]
500
s fim (2)
45() m— e e e - I.aT% ..... - fpu“”
£, (NTCO8
400 o !
350 (G ®)
i (NTCO8)
300
250 |
200 | $350-3-01
150 | S$350-3-02
2 ELH $350-3-03
100 S350-3-04
50 S$350-3-05
0 Eq(a) Ey(b) ¢ fmm/mm] S350-3-06
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

Figure 5.7 Influence of test rate on stress-strain values.
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5.3 TESTS ON COMPONENTS: SIMPLE JOINTS

The shear tests were performed on all types of simple mechanical joints
used in the walls for diagonal to gusset plate connections. A complete
description of the geometrical properties, materials, screws and number
of tests performed for each specimens is provided in Fig. 5.8.

For simple joints were performed only low-rate tests (0.05 mm/s).

Wall Specimen Steel Thickness Screw Displecement rate) n.
[mm] [mmis] Test
WLE SLE
(\ Tecfi
5350-1.5 F AB 04 63 040
N $350GD+Z 15 Diameter = 6.3 mm 0.05 3
535015 " R 1 e
WLD sLD )
5235 2.0 Tecfi
Cl 0148016
Diameter = 4.8 mm 0.05 3
s S350GD+Z| 15 I SRR
SHD
5235 2.0 Tecfi
AB 04 63 040
Diameter = 6.3 mm 0:05 2
SSSOGD+Z 15 | LT Ll L
- TN

Figure 5.8 Specimens properties for tests on mechanical joints.

5.3.1 Description of specimens and testing system

The test specimens are obtained by connecting two steel plates through a
single screw. The specimens were designed according to the provisions
of ECCS "The testing of connections with mechanical fasteners in steel
sheeting and sections” that defines the position of the single screw in
the specimens.
In the case of use of screws with a diameter d < 6.5mm, this provisions
requires that (Fig. 5.9):

e the width of the connected plates must be w = 60 mm;

e the original gauge length must be L, = 150mm;

e the distance, in the direction of the load, from the center of the

screw to the adjacent edge must be e; = 20mm.

In addition, the provisions permit the use of only one LVDT for the
measurement of small displacements, provided that that the transducer is
positioned on the central axis of the specimen.
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In Figure 5.9 are shown the provisions of ECCS and the tested specimen
sizes. Also in this case the testing machine is the MTS 810 series of the

DIST laboratory.

SPECIMEN

Extensometer i

340

I
B
J=
©
—%
20

250

340

Table 3.1: Specimen dimensions

Fastener Specimen [mm]
diameter
d [mm] w Ly e P
<6.5 60 150 30 60
> 6.5 10-d | 20-d+30 5d 10-d
Tolerance +2 =6 + +1

Figure 5.9 Specimens for tests on mechanical joints.

5.3.2 Test results and discussion

Table 5.3 shows the results obtained for each type of simple mechanical
joint in terms of average ultimate strength (F, ), average stiffness (k)
and collapse mechanism, and the force-displacement curves are shown in
Fig. 5.10. In this case the evaluation of the stiffness was made
considering the first significant linear portion of the response curve.
Table 5.3 contains also the results of the theoretical prediction: for the
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three types of joint specimens the joint resistance is associated to the one
associated to the bearing failure. In Appendix A of this dissertation
"Tests on materials and components" a specific datasheet is given for
each test.

Table 5.3 Joint test results.

Specimen Fem [KN] Kem [KN/mm] Collapse Mechanism
exp 7.6 3.5 TI+ P

SLE theor 6.8 - B
exp 6.5 3.4 SH

SLD theor 5.2 - B
exp 8.9 4.6 TI+ P

SHD theor 5.8 - B

TT: screw tilting; P: screw pull-out; B: bearing of plate; SH: shear of fastener.

BEARING BEARING
+TILTING SHEAR +TILTING

Figure 5.10 Collapse mechanisms for tests on mechanical joints.
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SHEAR TESTS ON SINGLE CONNECTION
10

F [kN]

6

(8%}

& [mm

0

0 1 2 3 4 a 6 ¥ 8 9 10

Figure 5.11 Comparison of curves for tests on mechanical joints.

5.3.3 Comparison and concluding remarks

From the analysis of the experimental responses it can be derived that in
terms of strength and deformation capacity of the best response is
obtained for the joint SHD.

Even SLE specimens are characterized by a good deformation capacity,
but with a lower resistance with respect to SHD.

SLD joints exhibit a lower resistance and a very limited deformation
capacity.

This differences can be explained considering the different collapse
mechanisms observed in the three joint types: tilting and bearing for
specimens SHD and SLE, shear failure of the screw for specimens SLD.
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5.4 'TESTS ON COMPONENTS: CONNECTIONS

5.4.1 Description of specimens and testing system

The shear tests were performed on all types of diagonal to gusset plate
connections used in the walls.

The specimens were designed according to the provisions of Eurocode 3
Part 1-3 (UNI ENV 1993-1-3) in which are provided details on the
position of the screws in terms of distances from edges and mutual
distances.

© & ¢ "
Directionof - _ dc}y ¥
load transfer P2
QP o

Figure 5.12 Connections distances in EC3 Part 1-3.

Table 8.2 of Eurocode 3 Part 1-3 provides the validity range of the
values in the figure that are:

e, = 3d;

e, 2> 1.5d;

p; = 3d;

p, = 3d;

with 3.0 mm < d < 8.0 mm.

Where:

e, = the end distance from the centre of the fastener to the adjacent end
of the connected part in the direction of load transfer;

e, = the edge distance from the centre of the fastener to the adjacent
edge of the connected part in the direction perpendicular to the
direction of load transfer;

p: = the spacing centre-to-centre of fasteners in the direction of load
transfer;

p, = the spacing centre-to-centre of fasteners in the direction
perpendicular to the direction of load transfer;
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d = the nominal diameter of the fastener.

The connections of the dissipative walls have been designed so that the
expression (3.7) of this dissertation is satisfied.

Ars oy 4. 002 I (5.3)
A Yo Ju

The connection of the dissipative walls were designed so as to prevent
the collapse of net area of the section, that is a fragile collapse
mechanism.
In addition, a complementary experimental study were conducted, with
the aim to investigate the influence of different geometrical arrangement
of the screws. To this end, three additional configurations of specimens
have been defined, each one corresponding to a different section
weakened by holes.
In particular, the following configurations were defined:

e Configuration n.1: A ;<A _, with staggered spaced screws;

e Configuration n.2: A ;<A , with aligned screws;

e Configuration n.3: A ,=A _, with staggered spaced screws;

e Configuration n.4: A ;>A , with staggered spaced screws.

where:

A,; = minimum net area obtained by considering the cross sections
perpendicular to the axis of the diagonal;

A,, = minimum net area obtained by considering the cross sections
obtained from a broken line (see Fig. 5.13 and 5.14).

In Fig. 5.13 and Fig. 5.14 the tested configurations are shown.

Also for connections, as for materials and for simple joints, the testing
machine is the MTS 810 series of the DIST laboratory.

Two LVDT have been used because the specimen is characterized by
two connections. For each configuration both low speed (0.05 mm/s)
and high-speed (50 mm/s) rate tests were carried out. A complete
description of screws configurations, materials and number of tests
performed for each specimens is provided in Fig. 5.15.
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Configuration 1 Configuration 2

A<A,, SCREWS ALIGNED A=A, A=A,
Apt [mm?] =118 Ay mm? =108 Ay [mm? =118 Ay [mum? = 118
Ay [mm? = 128 Ay mm? =110 Ap [mm? =118 Ay [mm?] = 111
An/An =092 AL/AL, =098  Au/An=1001  Ayu/An=106

Figure 5.13 Tested configurations of connections for WLD.

Configuration 1 Configuration 2

Configuration 3 Configuration 4
£73 v

o

A=A, SCREWS ALIGNED A=A,
Ap [mm?] = 230 Ay [mm?] = 230 Ap [mme] =230 Ay [mm?] = 230
Agz [mm?] = 238 A [mm? =218 Agp[mm?] =230 Ay [mm?] =223
An/Anp = 096 Ay/AL,=106  Ay/A,=1001  Ay/A, =106

Figure 5.14 Tested configurations of connections for WHD.
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Connections Configuration Steel grade Priplacniiea sty n. Tests
[mm/s]
nv 10

0.05 3

=t e 1.5 mm
Tecfi - 50 3

AB 04 63 040
0.05 3
WLD $235 50 3
2.0 mm » o
52352 0.05 =
0.05 2
— S350GD+Z

el 1.5 mm
0.05 2
ox0s 0.05 3

SOOCOMN |
_Jo = . 50 i
. > - 2.0 mm ~
mi}:n il 0.05 2
7 0.05 2
S350GD+Z ’
1.5

5 mm b 5

Figure 5.15 Specimens properties for tests on connections.

5.4.2 Test results and discussion

Table 5.4 shows the results obtained for each type of connection in
terms of average ultimate strength (F, ), average stiffness (k.,) and
observed collapse mechanism.

The table also provides the collapse mechanism of the theoretical
prediction determined starting from the mechanical properties measured
in the tests on materials. In Appendix A of this dissertation "Tests on
materials and components" a specific datasheet is given for each test.
From the comparison of the response curves of the tests on connections
representative of the real wall configuration (configuration n.1), it can be
noted that the best response in terms of strength and stiffness was
exhibited by the connection specimens CHD-1, while the connection
specimens CLD-1 and CLE-1 show a lower resistance and a lower
stiffness (Fig. 5.15). All the three types of specimens are characterized by
a good deformation capacity.
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Table 5.4 Connection test results.

specimen v Ft,m ke,m ke,m/n Collapse
[mm/s] [kN] [kN/mm] [kN/mm] Mechanism

0.05 50.4 383 38 TI + NA

CLE-1 <P 50.0 54.9 - TI + NA
theor 46.2 - NA

0.05 438 63.1 42 TI + NA

cLp-1 &P 50.0 479 - TI + NA
theor 43.0 - NA

CID2  exp 0.05 442 50.1 3.9 TI + NA

CID3  exp 0.05 444 565 38 TI + NA

CID4  exp 0.05 436 61.8 41 T+ NA

0.05 90.3 166.4 6.6 T+ NA

CHD-1 P 50.0 95.1 } TI + NA
theor 87.0 AN

CHD2  exp 0.05 84.4 134.7 54 T+ NA

CHD3  exp 0.05 84.9 113.71 45 T+ NA

CHD4  exp 0.05 84.4 178.59 7.1 T+ NA

n: screw number; TT: screw tilting; NA: net area collapse.

SHEAR TESTS ON CONNECTION: (Configurations 1)
100

F [kN] —CLE-1

80

60

40

20 +

0 2 4 6 8 10

Figure 5.16 Comparison of the response curves for configuration n.1.

From the analysis of the experimental response for the different
geometric configuration of the screws, it can be noted that there are
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significant variations of resistance (<7%) and stiffness (<22%), and that
configurations n.1 have the greater deformation capacity. Fig. 5.17 shows
the experimental results of the test for CLD and CHD specimens.

SHEAR TESTS : CONNECTION CLD

—CLD-1-01
—CLD-1-02
—CLD-1-03
—CLD-2-01
—CLD-2-02
—CLD-3-01
—CLD-3-02
—CLD-4-01
—CLD-4-02

& [mm]

40

—CHD-1-01
—CHD-1-02
—CHD-1-03
—CHD-2-01
—CHD-2-02
—CHD-3-01
—CHD-3-02
—CHD-4-01
—CHD-4-02

1 2 3

8 [mm]

5 7 8 9 10

4 5 6

Figure 5.17 Comparison of the response curves for CLD and CHD.
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20

10

SHEAR TESTS: CONNECTION CLE

10

CLE-1-01
—CLE-1-02
—CLE-1-03
—CLE-1-04
—CLE-1-05

CLE-1-06

15 20

SHEAR TESTS : CONNECTION CLD

3 [mm]

25

—CLD-1-01
CLD-1-02
—CD1-1-03
CLD-1-04
—CLD-1-05
—CLD-1-06

3

10

15

SHEAR TESTS: CONNECTION CHD

10

15

—CHD-1-01

CHD-1-02
—CHD-1-03
—CHD-1-04

20 25

20

6 [mm]
30

Figure 5.18 Comparison of the response curves in terms of test rate.
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The "strain-rate" effects can be analyzed through the examination of
Fig.5.18, which presents the experimental curves of the connection
configuration n.1 for all the wall types, obtained for the two different test
rates (low speed = 0.05 mm/s and high-speed = 50 mm/s).

The experimental evidence, confirmed also in the other connection tests
(configurations n.2-3-4), shows that increasing the test rate there is an
increase of resistance from 5% to 8%, a significant reduction of the
deformation capacity and a slight increase in stiffness.

5.4.3 Comparison and concluding remarks

The connection specimens of the dissipative walls have been designed so
that the collapse of the gross area section of the connection plate occurs
before than the collapse of the net area section of the brace, satisfying
the expression (3.7) of this dissertation.

The theoretical predictions about the collapse mechanism shows, in
some cases, that the expression (3.7) that is the same of (5.3), on the
basis of the results of the tests on materials, is not satisfied.

In the end, the experimental evidence demonstrates that the theoretical
prediction is not in line with the design values, due to the uncertainty of
the material response. This consideration can be made because the
experimental evidence (Fig.5.19) showed that the collapse mechanism
obtained is always the collapse of the net area.

For CLD connections, only for the configuration n.2, the theoretical
prediction is in line with the collapse mechanism actually observed, while
for CHD connections, this correspondence between theoretical
prediction and experimental evidence occurs for both configuration n. 1
and n.2.

In all the other cases, the theoretical prediction is not the real observed
collapse mechanism. This problem occurs because the expression (3.7)
or (5.3) was recognized to be calibrated for stress values that slightly
exceed the yield strength, but in case of large deformations, due to the
hardening of the material, the stress values have a large increase,
resulting in the net area collapse, as observed.
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CHD

CLD

Configuration 4
Experimental collapse:
Net section failure Net section failure
Theoretical prediction: Theoretical prediction:
Yielding of the diagonal Yielding of the diagonal

Figure 5.19 Experimental vs theoretical collapse mechanisms.

5.5 TESTS ON WALLS

The core of the research activities for the study of the seismic behaviour
of CFS diagonal strap braced walls has been the full-scale experimental
tests on walls to investigate the global behaviour under seismic actions.
For each of the three CFS wall configurations (WLE, WLD, WHD)
previously illustrated in Chapter 4, two monotonic tests and two cyclic
tests have been planned, so 12 experimental tests.

At the present moment, the experimental program is going to be
completed. Three cyclic tests have to be still done, one for each wall
configuration.

Fig.5.20 shows the experimental program and in red are highlighted the
tests to be done.
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Wall

Typology of Test

WLE

8350-15

Monotonic Tests

Loading protocol

Displacemente rate=0.1lmm,/s Frequency=10Hz

Cyclic Tests

Loading protocol (modified CUREE
Displacemente rate= 0.5mm/s up to 9.97mm
Displacemente rate= 2.0mm/'s

5235-2
8350-15

§350-15 Prequeney=10Hz
Monotonic Tests
WLD Loading protocol
Displacemente rate=0.1mm,'s Frequency=10Hz

Cyclic Tests

Loading protocol (modified CUREE)

Displacemente rate= 0.5mm/s up to 7.36mm
Displacemente rate= 2.0mm/'s

§235-2
$350-1.5

Frequency=10Hz
WHD Monotonic Tests
Loading protocol
Displacemente rate=0.1mm/s Frequency=10Hz

Cyclic Tests
Loading protocol (modified CUREE;

Displacemente rate=0.5mm/s up to 7.27mm

Displacemente rate= 2.0mm/'s
Frequency=10Hz

Figure 5.20 Experimental tests program on walls.

5.5.1 Testset-up

The testing system used for the full scale experimental tests is illustrated
in Fig.5.21.
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Figure 5.21 Testing system for full-scale tests on CFS walls.
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The horizontal action is transmitted to the specimen through an
horizontal beam connected to the top track of the wall, and the bottom
track of the wall is connected to another beam that is, in turn, connected
to the floor slab of the laboratory.

The connection between the wall and the beams are made by means of
bolts M8 grade 8.8 distributed along the tracks with a spacing of 300 mm
(shear joint) and bolts M24 grade 8.8 positioned in correspondence of
the hold-down (tension joint). The loading beam is connected to the
actuator by means of a particular joint, that is able to transfer to the wall
only the horizontal actions and is restrained against out of plane
displacements, using two supporting frames made by HEB 140 profiles,
on the top of this frame there are placed some rolling devices that
allows the sliding in the plane of the wall during the tests.

The horizontal load is applied by an actuator with a maximum stroke of
500 mm and a maximum load capacity of 500 kN.

et R
I [ | U

G| V1 N BG;

P

-\
Actuator Displacement transducers(LVDT)  Strain gauge (SG)

Figure 5.22 Position of measurement devices.
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The horizontal displacements were measured using three displacement
transducers (LVDT): one positioned on the top (A) and two at the
bottom of (B and C). The vertical displacements were measured at the
two end sides of the wall, using two LVDT (D and E). The local
deformations of the diagonals were measured using two strain gauges
(SG) for each diagonal brace, one at the connection (SG 1 and 3) and
one in correspondence of the midpoint (SG 2 and 4).

Finally, some other LVDTSs were positioned in correspondence of the
base beam and the loading beam in order to verify the correct behavior

of the testing system.

5.5.2 Monotonic Tests

The monotonic tests were composed of two different phases: the first of
pull and the second of push. After each of the two phases there was an
unloading phase with the repositioning of the wall in the initial condition
(Fig.5.23). The tests were performed with imposed displacements at a
constant rate of 0.10 mm/s. The CES walls were tested until the collapse
or until the attainment of the maximum stroke of the actuator

(approximately * 240 mm or 9% of the drift).

140

-3po

= Ligtep: Pull

——- II step: Push

Figure 5.23 Loading protocol for monotonic tests.

A typical response curve of monotonic tests in terms of applied force
and displacement measured at the top of the wall is shown in Fig.5.24.
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Figure 5.24 Force-displacement response curve for monotonic tests.
The parameters used to assess the structural response are pointed out:
H, is the yield strength;
H__ is the resistance corresponding to the maximum value of the
experimental curve;
k. is the elastic stiffness in correspondence of 40% of the maximum
strength.
Following the recommendation of ASTM E2126 the elastic stiffness is

given by the following expression:

H
k, = do.40 5.4
0.40
where:

Hyy = 04H,,.
~ — maximum resistance reached by each specimen during testing,

H,
regardless of the failure mode;
d, ., =measured displacement at H ,, .
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The experimental values are then compared with the theoretical
prediction of the resistance values of H, and stiffness k, determined on
the basis of the values of the mechanical properties measured in the tests
on the material and on the connections by applying the expression used
in Chapter 4.

5.5.2.1 Testresults and discussion
The results of the monotonic tests are listed in Table 5.5.

Table 5.5 Results of monotonic tests on walls.

Specimen H, Hpax K. Collapse
[kN] [kN] [KN/mm] Mechanism
Pull 64.9 606.3 3.5 NA
WLE-M1  Push 65.6 66.6 2.7 NA
Theor 62.0 61.4 44 NA
Pull 64.1 65.0 4.3 NA
WLE-M2  Push 61.1 63.0 4 NA
Theor 62.0 61.4 44 NA
Pull 56.7 61.7 4.0 DY
WLD-M1  Push 58.8 62.3 3.2 DY
Theor 55.0 57.6 4.9 DY
Pull 56.0 64.2 4.3 DY
WLD-M2  Push 54.5 56.5 3.2 DY
Theor 55.0 57.6 4.9 DY
Pull 110.3 116.9 6.2 DY
WHD-M1  Push 107.8 119.3 3.6 DY
Theor 110.0 115.5 6.6 DY
Pull 109.5 118.4 5.9 DY
WHD-M2  Push 114.2 119.3 2.8 DY
Theor 110.0 115.5 6.6 DY

NA: net area collapse; DY: diagonal brace yielding.

It can be observed that the maximum experimental resistance recorded
in the two phases of push and pull are almost identical, with differences
contained within 3%. Furthermore, the experimental yield strength are
in line with the predicted values, with a maximum variation of 9%.

The stiffness in the phase of push shows reduction up to 50%, due to
the partial damaging of some elements of the wall during the previous
phase of pull. This phenomenon does not occur in the second test on
the Elastic Light Wall, indeed the stiffness in the two steps are almost
identical (difference of 7%) and are in line with the predicted value.
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Monotonic tests on Dissipative Heavy Walls have not been performed
on nominally identical walls. During the first test (WHD-M1), both in
push and pull phase, there was registered a temporary loss of strength
due to local buckling of the tracks in the zones subjected to maximum
compression, those adjacent to the reinforced tracks (Fig.5.25 A-C). In
order to prevent this local buckling phenomena observed in the first test,
in the second wall (WHD-M2) the reinforcement has been extended to
the entire length of the tracks (Fig.5.25 B). The experimental response of
the reinforced wall demonstrated the effectiveness of the intervention

(Fig.5.25 D).

Figure 5.25 Local buckling in the tracks and reinforced tracks.

However, the values of strength and stiffness recorded in the two
experimental tests were almost identical (Fig.5.26), with differences of
respectively 1% and 3%. This shows how the local buckling, which
occurs in the tracks of the first wall, was a transient phenomenon that
has affected the global response in a limited manner.
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Figure 5.26 Comparison of WHD-M1 and WHD-M2 responses.

5.5.2.2 Comparisons and Concluding Remarks

In the Elastic Light Walls (WLE) the collapse mechanism observed in
the two tests is the net area failure of the diagonal brace, that is the same
observed in the tests on connections.

In Dissipative Walls (WLD and WHD) the collapse mechanism
observed is the yielding of the diagonal without reaching the failure, for
the maximum displacements achieved compatibly with the stroke
capacity of the actuator. The displacement of the wall is far better than
the 2.5% drift, that is considered the limit beyond which the wall lost its
load-bearing capacity.

For Dissipative Walls there is no compliance with the collapse
mechanism observed in the connections, such phenomenon appears to
be explained by the fact that the deformation recorded in the plate are
significantly larger than those recorded in the diagonal, and due to the
hardening of the material, the stress in the plate is larger than the stress
in the diagonal, and so it occurs the failure of the net area.

5.5.3 Cyclic Tests

For cyclic tests was adopted the loading protocol known as CUREE
“Consortium of Universities for Research in Earthquake Engineering
ordinary ground motions reversed cyclic load protocol” (Krawinkler et
al, 2000) designed for wooden walls and adapted to the CFS walls by
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Velchev et al (2010). This is a similar procedure to that covered by
ASTM E2126 (2005) for the testing of light framed walls containing
solid sheathing or metal framing with braces. The CUREE protocol was
developed to evaluate the resistance of elements subjected to ordinary
(not near-fault) earthquakes with the probability of exceedance of 10% in
50 years. The loading history of the CUREE protocol consists of
initiation, primary and trailing cycles. The amplitude of the cycles was
defined as a multiple of the reference deformation, defined as:

d=2.667d, (5.5)

where d, is the displacement at the elastic limit, evaluated from the
results of the monotonic tests (AL-Kharat and Rogers, 2005/2007), in
which the displacement is measured at the top of the wall, obtained by
an identical specimen tested. A typical reversed cyclic displacement
protocol is shown in Fig.5.27, while all the cyclic protocol used for each
wall specimen are given in Appendix B.

240
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cycle number

d [mm]

Figure 5.27 Loading protocol for cyclic tests.

Two different test rates were applied: 0.5 mm/s up to 9.97 mm for the
Elastic Light Wall (WLE), 7.36 mm for the Dissipative Light Wall
(WLD) and 7.27mm for the Dissipative Heavy Wall (WHD), then the
test was continued until collapse at a constant speed equal to 2mm/s.
This two different test rates were chosen because of the limitations of
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the actuator, that was not able to apply so small displacements for test
rate of 2 mm/s. The cyclic tests were performed up to a maximum
displacement of = 240 mm defined by the stroke limit of the actuator or

until collapse if it occurs before.

The experimental program is going to be completed. Three cyclic tests

have to be still done, one for each wall configuration.

A typical response curve of cyclic tests in terms of applied force and

displacement measured at the top of the wall is shown in Fig.5.28.

The parameters used to assess the structural response are pointed out:

H," is the yield strength for push stage;

H, is the yield strength for pull stage;

H;na: is the resistance corresponding to the maximum value of the
experimental curve for push stage;

H,... is the resistance corresponding to the maximum value of the
experimental curve for pull stage;

S

d,... 1s the displacement corresponding to the collapse for pull stage;

k. is the elastic stiffness in cotrespondence of 40% of the maximum

strength for push stage;
k. is the secant stiffness in correspondence of 40% of the maximum

strength for pull stage.

) | € m.lw +)
20 60 100 140 180 220
d [mm]

H

max(-)

Figure 5.28 Force-displacement response curve for cyclic tests.

" is the displacement corresponding to the collapse for push stage;

113



Chapter 5

5.5.3.1 Test results and discussion

The results of cyclic tests are listed in Table 5.6. It can be noted that the
walls exhibit experimental values of resistance and stiffness substantially
similar in both load directions, with variations respectively up to 2% and
8%, confirming the symmetric behavior in the two test directions. The
cyclic response is characterized by the presence of a marked pinching,
which results in a strong crushing of hysteretic loops and, therefore, in a
reduction of the dissipating capacity.

Table 5.6 Results of cyclic tests on walls.

Specimen H,  Hpax K. Aiax Collapse
[kN] [kN] [kN/mm] [mm] Mechanism
Pull 69.6 70.6 3.7 38.1 NA
WLE-C1  Push 68.9 69.4 34 35.7 NA
Theor 62.0 61.4 4.4 - NA
Pull 58.7 63.1 3.8 196.3 NA
WLD-C1  Push 59.8 64.4 4.0 200.6 NA
Theor 55.0 57.6 4.9 - DY
Pull 116.7 124.0 5.7 240.0 NA
WHD-C1  Push 116.0 1242 7.7 221.0 DY
Theor 110.0  115.5 6.6 - DY

NA: net area collapse; DY: diagonal brace yielding.

5.5.3.2 Comparisons and Concluding Remarks

The three cyclic tests carried out showed a collapse mechanism of net
area failure of the diagonal (Fig.5.29), which corresponds to the
theoretical predictions only for the Elastic Light Walls (WLE).

The test WLE-C1 has been characterized by the failure of all four
diagonal braces in correspondence of the central screw placed at half
height of the wall which has the function to connect the diagonals to the
central stud, in correspondence with the actuator stroke equal to
48.87mm.

The test WLD-C1 has been characterized by the failure of all four
diagonal braces in correspondence of the net area of the connection to
the gusset plate, in correspondence with the actuator stroke equal to
73.61mm.

The test WHD-C1 has been characterized by the failure of only one
diagonal to gusset plate connection, in the pull phase in correspondence
of the actuator stroke equal to 218.14mm.
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WLD-C1

Net section failure Net section failure Net section failure

Figure 5.29 Collapse mechanisms for cyclic tests.

5.5.4 Comparison between monotonic and cyclic tests

From a comparison between the results of monotonic tests and cyclic
tests it can be noted that there are no substantial differences in terms of
resistance and stiffness, with variations respectively up to 13% and 30%.

For Elastic Light Wall (WLE) the observed collapse mechanism is the
same for the monotonic and cyclic tests and is the net area failure.

For the Dissipative Walls (WLD and WHD) the collapse mechanism
observed in the monotonic tests is the yielding of the diagonal brace,
while in the cyclic tests is the net area failure. This phenomenon is
probably due to the loss of resistance that occurs during the cyclic test.

115



Chapter 5

116



6. Design Criteria

6 DESIGN CRITERIA

In this chapter considerations about design criteria were presented, on
the basis of the design assumptions and the experimental test results, in
comparison with the prescriptions of national and international seismic
codes. The attention is focused (as in Chapter 3) on the behaviour factor,
the diagonal brace verifications and the overstrength of fragile elements.

6.1 BEHAVIOUR FACTOR

Part A of AISI S213 defines the behaviour factor (R) as a function of
ductility related force modification factor, R, , and overstrength related
force modification factor, R, , and provides in Table A4-1the values of
these factors for each SFRS and for each design approach (see par.3.2.1
of this dissertation).
For CFS diagonal strap braced walls there are two categories:

e limited ductility braced wall: R, = 1.9 ; R, = 1.3;

e conventional construction: R, = 1.2 ;R = 1.3.

The Italian Code (NTC 08) defines the behaviour factor (q) depending
on the design approach considered. For elastic design approach q = 1,
for dissipative design approach q is defined as a function of structural
typology. In Table 7.5 II are listed the maximum values of the behavior
factor for each structural typology for dissipative design (see par.3.2.1 of
this dissertation).

CES structures are not considered among the possible steel structural
typologies in NTC 08, so the appropriate behavior factoris q = 1.

This means that the elastic design approach have to be used to reach a
ductile behavior.

In the following, the behaviour factor is evaluated starting from the
experimental tests performed.
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6.1.1 Evaluation of the behaviour factor of tested walls

In this section, the behaviour factor is evaluated through the expression
provided by AISI S213 based on the experimental tests results:

R=R, R, (6.1)
in which:
R, = ductility-related seismic force modification factor;

R, = overstrength-related seismic force modification factor.

The ductility-related force modification factor R, can be calculated with
the expression:

R, =\2u-1 (6.2)
where p is the ductility of the tested wall and can be calculated as:
u=d_. /dy (6.3)

in which:
d,... = maximum lateral displacement of the tested wall;

m:

d, = yield displacement of tested wall, that can be calculated as:
d,=H [k, 6.4

where H, is the yield strength, namely the lateral load at which the braces
started to yield.

For the cyclic tests:
d,=H, [k, (6.5)
where H  is the predicted yield strength, namely the predicted load at

which the braces started to yield. It was used this value because it is not
possible to determine the yield load from the cyclic test results.
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On the other hand, the overstrength-related force modification factor R
can be calculated with the expression:

Ro = R(D : Ryield : Rsh (66)
in which:
Ro = overstrength due to use of nominal resistances when designing for

an extremely rare seismic event;
R 4q = overstrength due to minimum specified material strength typically

being below the actual strength;
Ry, = overstrength due to strain hardening.

In particular Rg accounts for the difference between the nominal yield
strength and the design yield strength:

R, =1/¢ (6.7)

where @ is the material resistance factor as defined in the CSA S136
Specification (2007), that is equivalent to 1/, of the Italian code.

R ;4 accounts for the difference between the nominal yield strength and
the experimental yield strength:

Ryield = Hy /Hyd (68)

R, accounts for the strain hardening that was observed during cyclic and
monotonic tests:

R, = Hy4.0% /Hy (6.9)
where H, , is the lateral force for an inter-storey drift of 4.0%.
This R, calculation approach neglected other factors that would further

increase the overstrength; i.e. member oversize and development of a
collapse mechanism (Velchev and Rogers, 2008).
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The calculated values of behaviour factors for monotonic tests on CES
strap braced walls are listed in Table 6.1 and showed in comparison with
AISI S213 values in Fig.6.1.

Table 6.1 Behaviour factor for monotonic tests on walls.

. Ra R,

specimen R, Ry . q

WLE-M1 1.74 1.05 1.06 1.02 1.98
WLE-M2 1.74 1.05 1.08 1.01 2.00
WLD-M1 5.42 1.05 1.32 1.06 7.90
WLD-M2 5.95 1.05 1.31 1.08 8.80
WHD-M1 4.09 1.05 1.35 1.05 5.20
WHD-M2 4.57 1.05 1.28 1.05 6.40

For the Elastic Light Walls (WLE) the values of the behaviour factor
varies between 1.98 and 2.00 that is a value higher than the one provided
by AISI S213 for structures designed with an elastic design approach.

In particular the experimental values of R, are greater than the one
provided by AISI §213, while R are smaller.

For Dissipative Walls (WLD and WHD) the values of the behaviour
factor varies between 8.80 and 5.20 that is a value higher than the one
provided by AISI S213 for structures designed with a dissipative design
approach. In particular the experimental values of R, are greater than the
one provided by AISI S§213, while R, are smaller.

o
[=]

o e W O = 0 N

WLE-M1 WLE-M2 WLD-M1 WLD-M2 WHD-M1 WHD-M2

Figure 6.1 Behaviour factor for monotonic tests on walls.
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The calculated values of behaviour factors for cyclic tests on CES strap
braced walls are listed in Table 6.2 and showed in comparison with AISI
S213 values in Fig.6.1.

Table 6.2 Behaviour factor for cyclic tests on walls.

specimen R R, q
R, Ryicta Rsn

WLE-C1 2.25 1.05 1.10 1.01 2.60

WLD-C1 5.09 1.05 1.37 1.05 7.72

WHD-C1 4.87 1.05 1.36 1.03 7.20

For the Elastic Light Walls (WLE) the value of the behaviour factor is
2.60 that is a value higher than the one provided by AISI S213 for
structures designed with an elastic design approach.

In particular the experimental value of R, is greater than the one
provided by AISI S213, while R is smaller.

For Dissipative Walls (WLD and WHD) the value of the behaviour
factor varies between 7.20 and 7.72 that is a value higher than the one
provided by AISI S213 for structures designed with a dissipative design
approach. In particular the experimental values of R, are greater than the
one provided by AISI §213, while R, are smaller.

0 +— (—— — I—

WLE-C1 WLD-C1 WHD-C1

Figure 6.2 Behaviour factor for cyclic tests on walls.

Of course, these values must be validated by non-linear dynamic analysis,
but this can be considered a further development of this study.
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6.2 DIAGONAL BRACE VERIFICATIONS

Part C5 of AISI 8213 provides, for dissipative structures, that the lateral
resisting elements develop its full range of behaviour before failure. For
the diagonal strap braced wall typology, the ductile failure mechanism is
assured by yielding of the diagonal strap brace.

To ensure gross cross section yielding of the diagonal strap bracing
member, AISI §213 requires that the expected yield strength (A, R F )
not exceed the expected tensile strength (A, R, F, ) of the diagonal strap
bracing member.

A,-R,-F,<A,-R, -F, (6.10)

The factors for expected yield strength (R)) and tensile strength (R,) of
the diagonal strap bracing member can be determined in accordance
with an approved test method, but in absence of measured physical
properties, the values in Table C5-1 of AISI S213 shall be used. In either
case R, shall not be less than 1.1 (see par.3.2.2 of this dissertation).

The Italian code NTC 08 provides verifications for dissipative elements
in tension, that are similar to the equation (6.10) for x-braced structures
in hot rolled structural steel. NTC 08 provides that design plastic
strength of the diagonal cross section have to be less than ultimate
design strength of the net cross section in correspondence of the
fasteners holes, so that the following equation have to be satistied (see
par.3.2.2 of this dissertation):

A
ﬂzl‘l.yﬂ.& 6.11)
A Yo Ju

From a numerical comparison, made in Chapter 3 of this dissertation,
between the verifications provided by the two seismic codes, it can be

noted that R /R, values are always less than 1.1 y,,/Yy, = 1.3, so we can
say that the N'TC 08 is more conservative than AISI S213.
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6.2.1 Diagonal brace verifications in the experimental tests

In the design of the Dissipative Walls (WLD and WHD) the capacity
design principles were applied to ensure a dissipative behaviour of the
walls. So it was promoted the development of the most ductile collapse
mechanism, that is the yielding of diagonals in tension. To avoid the
collapse mechanism due to the net area of diagonals in the connections,
it was verified the fulfilment of the expression (6.11).

For the fulfillment of this condition, in the design of dissipative walls it
was given particular attention in the definition of details for the
connections and the choice of different material properties for diagonal
braces. The connection were designed to fulfill the expression.

In the experimental tests on connections, the theoretical predictions
coincides with the collapse mechanism actually observed only in some
cases. The following table shows the comparison between the theoretical
prediction and the experimental response in the tests on connections.

Table 6.3 Collapse mechanisms for connections.

Specimen Theoretical prediction Experimental response

CLD-1 Verified Not Verified
CLD-2 Not Verified Not Verified
CLD-3 Verified Not Verified
CLD-4 Not Verified Not Verified
CHD-1 Verified Not Verified
CHD-2 Not Verified Not Verified
CHD-3 Verified Not Verified
CHD-4 Verified Not Verified

Also in the experimental tests on walls, the theoretical predictions
coincides with the collapse mechanism actually observed only in some
cases. In the monotonic tests, for displacements compatible with the
instrumentation capacity, the collapse mechanism observed coincides
with yielding of the diagonal, while in the cyclic tests, the collapse
mechanism observed was the net area failure, in correspondence of large
displacements: for the Dissipative Light Wall (WLD) the failure occurred
for a displacement of 162 mm equal to 6% drift; while for Dissipative
Heavy Wall (WHD) the failure occurred for a displacement of 198 mm
equal to 7% drift. The net area failure in cyclic tests is probably due to
the loss of resistance that occurs during the cycles.
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The following table shows the comparison between the theoretical
prediction and the experimental response in the tests on walls.

Table 6.4 Collapse mechanisms for walls.

Specimen  Theoretical prediction Experimental response

WLD-M1 Verified Verified
WLD-M2 Verified Verified
WHD-M1 Verified Verified
WHD-M1 Verified Verified
WLD-C1 Verified Not Verified
WHD-C1 Verified Not Verified

6.2.2 Local and global collapse mechanisms

The expression for the verification of the member in tension of the
dissipative zones (6.11) was recognized to be calibrated for stress values
that slightly exceed the yield strength, but in case of large deformations,
due to the hardening of the material, the stress values have a large
increase, resulting in the net area collapse, as observed.

For this reason, there is no compliance between the local collapse
mechanisms, observed during tests on connections, and global collapse
mechanisms, observed during tests on walls.

From the comparison between the tests on connections and the tests on
walls, designed with a dissipative design approach, it can be noted that
the deformations in the plate of the connection specimen are larger than
the deformations in the diagonals of the wall specimen, due to the
hardening of the material, so in the tests on connections, the net area
failure occurs.

In the following, there is a comparison between the gross area strength
and the net area strength alternatively in the connections specimens and
the walls specimens (Table 6.5).

To this end, both in the plate for the connections specimens and in the
diagonal for the walls specimens, first was defined the deformations as:

e=AL/L (6.12)
then was defined the strength G, as the average value of the experimental

curves of the material S235 (Fig.6.3) and finally, were calculated and
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compared the strength in the plate (for the connection) and in the
diagonal (for the wall) with the strength in the section weakened by
holes.

For:

c-A<A,f, (6.13)

the observed collapse mechanism is the yielding of the diagonal, that is
what occurs in tests on walls.
For:

oc-A>A4,,-f, (6.14)

the observed collapse mechanism is the net area failure, that is what
occurs in tests on connections.

Table 6.5 Local vs global collapse mechanisms.

specimen € c Ac Anedfi
[mm] [Mpa] [kN] [kN]

WLD-M1 0.0490 329 45.20 43.37
CLD 0.0744 346 47.49 43.37
WLD-M2 0.0540 334 45.80 43.37
CLD 0.0744 346 47.49 43.37
WHD-M1 0.0381 317 86.94 86.96
CHD 0.1036 356 97.74 86.96
WHD-M2 0.0490 330 90.51 86.96
CHD 0.1036 356 97.74 86.96
WLD-C1 0.0400 320 43.87 43.37
CLD 0.0744 346 47.49 43.37
WLD-C2 0.0480 329 90.18 86.96
CLD 0.1036 356 97.74 86.96
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Figure 6.3 Experimental curve for S235.

6.3 OVERSTRENGTH FACTOR

6.3.1 Opverstrength of fragile elements

AISI S213 provides prescriptions to apply the capacity design principles
to fragile elements, to ensure that the yielding take place along the length
of the braces without failure of any other SFRS element.

In particular, to develop a desirable response, AISI S213 requires that
components transferring loads to and from the diagonal strap bracing
member shall have the nominal strength to resist the expected yield
strength (A, R, F)) of the diagonal strap bracing member or, if lower, the
expected overstrength (seismic loads calculated with R,.R, = 1) of the
diagonal strap bracing member (see par.3.2.3 of this dissertation).

So the following equation shall be satisfied:

H,,2A4,-R, F, (6.15)

The Italian code NTC 08, for x-braced structures in hot rolled structural
steel, provides equivalent prescriptions for connections in dissipative
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zones, and in particular they shall have an adequate overstrength to
permit the plasticization of the connected parts (see par.3.2.3 of this
dissertation).

So the following equation shall be satisfied:

Rj,d 2 Y ra 'l-l'Rpl,Rd =Ry (6.10)

So the two equations (6.16) and (6.17) were compared in Chapter 3
through the overstrength factors R, and 1.1 yry/Yyio-

It can be noted from the numerical comparisons, that the factor
1.1YRa/Yao 18 variable from 1.3 (lower steel strength) to 1.2 (higher steel
strength) and R is variable from 1.5 (lower steel strength) to 1.1 (higher
steel strength), both overstrength parameters are decreasing with material
resistance increasing. Only for steel S355 (hot rolled) and S350GD+Z
(cold formed) the Italian code NTC 08 is more conservative then AISI
S213 (see par.3.2.3 of this dissertation).

In the design of the tested CFS walls, the expression (6.16) was applied
to the dimensioning of all the non dissipative elements of the wall, and in
conclusion, among the observed collapse mechanisms, there are no
fragile collapse mechanisms.

6.3.2 Shear failure of screws

It can be also noted that EN 1993-1-3 provides further relations to be
verified, that are not present in NTC 08. In the case that the connection
have to be able to provide a certain deformation capacity (dissipative
connections), an adequate overstrength must be provided to the parts
developing a fragile collapse mechanism, so that the following
expressions must be satisfied:

Fora 21.2-F, (6.17)
S, pg 21.2F, o (6.18)

Among the possible collapse mechanism of screw connections (Fig. 6.4)
the shear failure of the screw is a fragile collapse mechanism.
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a) shear of fastener
—a S

b)) Tilting and pull out of connection d)End failure of connection

h%; — ®

) MNet area tension falure

<) Bearing failure of connection

Figure 6.4 Failure modes of connections (ECCS, 2009).

From the analysis of the shear tests on connections and on tests on walls
it was never observed a shear failure of screws.
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7 CONCLUSIONS

In the last years, the use of Cold Formed Steel (CES) structures is
growing in Europe and in Italy as a valid alternative to traditional
structural systems, because of their capacity to combine high
performance to a set of structural characteristics such as lightness,
rapidity of implementation and the ability to meet high standards of
performance in terms of safety, durability and eco-efficiency.

An accurate study of the seismic behaviour of CFS structures is required
to be able to compensate for the lack of the Italian seismic code about
the requirements for this structural systems. So, the main scope of this
dissertation has been to give a contribution to the evaluation of seismic
performance of CFS structures and in particular of diagonal strap braced
walls. To this end, two main objectives are pursued in this work: the
study of the seismic behaviour of diagonal strap braced walls, in terms of
global response and the study of local behaviour of connections to
understand their influence on the global seismic behaviour of walls.

First of all, a brief introduction on CFS structures is provided and an
overview on the main research programs concerning CEFS structures is
presented, and in particular the attention is focused on the experimental
tests performed on CFS strap braced walls that are nowadays available in
scientific literature.

In the context of ReLUIS-DPC project, a wide experimental program
was planned and carried out. It consists of full-scale experimental tests
on walls to investigate the global behaviour and small-scale experimental
tests on materials, simple mechanical joints and connections to
investigate the influence of the local behaviour on the global seismic
behaviour. In particular 17 tensile tests on materials, 28 shear tests on
diagonal connections and 8 shear tests on simple mechanical joints
adopted for these connections, 6 monotonic and 6 cyclic (3 to be done)
tests on walls were performed. The experimental tests have been
performed at the Dist Laboratory (Department of Structures for
Engineering and Architecture, Naples), of the University of Naples
Federico II. The obtained results demonstrate the ability to pursue, at
least for areas with low to medium intensity earthquake, both an elastic
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and a dissipative design approach, considering seismic events with 10%
probability of exceedance in 50 years.

According to this design assumptions, three different kind of diagonal
strap braced walls were designed to be tested: Elastic Light Wall (WLE),
Dissipative Light Wall (WLD) and Dissipative Heavy Wall (WHD).

For the elastic design approach, the design of Elastic Heavy Walls
(WHE) was neglected, because results less convenient due to over-
dimensioned bracing elements and connection details.

In the design of the dissipative walls, to avoid the development of fragile
collapse mechanism, it was given particular attention in the definition of
details for the connections: staggered spaced screws and different
material properties for diagonal braces (§235).

These systems exhibited a satisfactory experimental response in terms of
stiffness, strength and deformation capacity, largely confirming the
theoretical predictions.

Since the final scope of the whole study, and in particular of the
experimental campaign, is to provide appropriate design criteria for
diagonal strap braced CFS structures to be proposed for the Italian
seismic code, in the last chapter some considerations about design
criteria were presented, on the basis of the design assumptions and the
experimental test results, in comparison with the prescriptions of
national and international seismic codes. The attention is focused on the
behaviour factor, the diagonal brace verifications and the overstrength of
fragile elements.

With regard to the behaviour factor, both for elastic and dissipative
design approach, and both for monotonic and cyclic tests, the values of
the behaviour factor, calculated by the test results, with the expression
provided by AISI §213, are higher than the one prescribed by AISI S213.
In particular the experimental values of R, are greater than the one
provided by AISI §213, while R, are smaller.

With regard to the diagonal brace verifications, the connection were
designed to prevent the net area failure of sections weakened by holes,
but in the experimental tests both on connections and on walls, the
theoretical predictions coincides with the collapse mechanism actually
observed only in some cases. In particular, in monotonic tests, the
collapse mechanism observed is with yielding of the diagonal, as
predicted, while in the cyclic tests, the collapse mechanism observed was
the net area failure, probably due to the loss of resistance that occurs
during the cycles.
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With regard to the overstrength factor, all the considered seismic codes,
for dissipative design approach provide prescriptions to apply the
capacity design principles to fragile elements, to ensure that the yielding
take place along the length of the braces without failure of any other
SFRS element. It was observed that, applying the prescriptions of both
EN 1993-1-3 and NTC 08, fragile collapse mechanisms were prevented.
In conclusion, the presented research, can be considered a first essential
step for the characterization of the seismic behaviour of CFS diagonal
strap braced structures. As a further development, a theoretical-
numerical study (non-linear dynamic analysis), dedicated to the
evaluation of seismic demand, will contribute to a complete overview on
the seismic performance of the investigated structural typology.
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Appendix A:
Tests on Materials and Components
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A.1 MATERIAL
TENSION TEST: STEEL S235
DATE [04/10/2011
DATA
LABEL §235-2-01
[ i ~ 7|___Steel Grade $235
I : L~ .. | Displacement rate 0.05 mm/sec
| { :b'. | | Frequency 5.00 Hz
bard 1 bend 2 Breaking inside L,
Ls 50.00 mm
o 440.00 mm
o 470.50 mm
b 20,14 mm
b 60.00 mm
Denaz 60.00 mm
t 1.88 mm
Cross section area 37.86 mm’
CHARACTERISTIC VALUES
; 360.00 MPa
2| f 235.00 MPa
RESULTS
| 380.75 MPa
s, 311.17 MPa
8=, 0.22 mm/mm
= E 208571.13 MPa
$235-2.0-01[5-<]
550 -
s o [MPa]
450 -
400 -
350 K
300 -
250 -
200 -
150
100 |
vk £ [mm,/mm]
0 . : : : i
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 040 045
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TENSION TEST: STEEL 5235

DATE [04/10/2011
DATA
IABEL $235-2-02
f Lu Steel Grade S235

:‘ _L:;t ) Displacement rate 0.05 mm/ sec

o Frequency 5.00 Hz

"bend 1 h bend 2° Breaking outside L,

Ly 50.00 mm

| 5 440.00 mm

= L. 470.70 mm

b 20.00 mm

boat 60.00 mm

5235-2.02 bonaz 60.00 mim

t 2.01 mm

Cross section area 40.20 mm’

CHARACTERISTIC VALUES
£y 360.00 MPa
S 2% 235.00 MPa
RESULTS

¥; 360.48 MPa

|15 293.99 MPa
£p 0.21 mm/mm

E 182969.35 MPa

550

$235-2.0-02 [0-¢]

| o [AfPa]
& [mm,/mm)]
0.00 0.05 010 015 020 025 0.30 0.35 040

045
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TENSION TEST: STEEL 8235
DATE [04/10/2011
DATA
LABEL $235-2-03
f Lu Steel Grade 5235
? t ’L:: : T Displacement rate 0.05 mm/ sec
I Frequency 5.00 Hz
"bend 1 9 bend 2° Breaking inside L

1, 50.00 mim

B 440.00 mim

L. 470.80 mim

b 20.11 mim

benat 60.00 mm

benaz 60.00 mm

t 1.98 mm

Cross section area 39.82 mm’

CHARACTERISTIC VALUES
fau 360.00 MPa
o 235.00 MPa
RESULTS

f, 357.81 MPa

i 299.69 MPa
£p 0.20 Imm /mm

r o 204139.90 MPa

550
500 A
430

o [MPa] |

$235-2.0-03 [6-<]

350
300
230 4
200
150
100
30

& [mm/mm] |

0.00 0.05 0.10 0.15

0.20 025

0.30

0.35 0.40

045
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TENSION TEST: STEEL 5235
DATE [12/04/2012
DATA
LABEL $235-2-05
f Lu 1 Steel Grade S$235
It f‘:;‘_, Displacement rate 50 mm/sec
1 Frequency 1024 Hz
Ybend 1 b bend 3 Breaking inside L
I, 100 mm
Fos 440.00 mm
j 13 470.80 im
b 20.05 mm
bonar 60.00 mm
bonaz 60.00 mm
t 1.90 mm
‘ Cross section area 38.10 mm’
' CHARACTERISTIC VALUES
| 360.00 MPa
: o 235.00 MPa
RESULTS
£, 403.1 MPa
|ES 335.2 MPa
£, 0.16 imm /mm
E 195866.8 ©MPa
$235-2.0-05 [6-¢]
530
500 | o [MPz]
450 |
I
350 et
300 4
250 A
200 -
150 -
100
50
4 g [mm/mm)] |
0.00 005 010 015 0.20 025 030 035 040 045
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TENSION TEST: STEEL 5235

DATE [12/04/2012
DATA
LABEL $235-2-06
f Lu { Steel Grade S235
:.t ,qu?, 1 .| Displacement rate 50 mm/ sec
! Frequency 1024 Hz
"bend 1 L] * bend 2" Breaking inside L,
| P 100 mm
(e 440.00 mm
i 470.70 mm
b 20.11 mm
bena 60.00 mm
bonaz 60.00 mm
t 2.04 mm
| Cross section area 41.02 mm’

CHARACTERISTIC VALUES

o 360.00 MPa
£og 235.00 MPa
RESULTS
1 375.5 MPa
£y 310.0 MPa
£y 0.16 mm/mm
E 201123.2 MPa
$235-2.0-06 [o-<]

330

s @ [MPa]

430

@ .

350 '\M ‘‘‘‘‘‘ : /.‘___..-»«—*"“'

300

250 |

200

150

100

Sl & [mm/mm]

00.0] O.Il:t_) 0.‘10 U.ii B.IXJ 0.-25 0.‘30 0.".55 0.“?0 0.‘45
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TENSION TEST: STEEL S350GD+Z
DATE [12/04/2012
DATA
) ™ LABEL $350-1.5-01
e Liot Steel Grade S350GD+Z
[ Qo 7 | Displacement rate 0.05 mm/sec
- b sk Frequency 5 Hz
Breaking outside Lg
Li 50 mm
e 440.00 —
I 470.50 mm
b 19.88 mm
B 60.00 mm
bci 60.00 mm
t 1.54 mm
| Cross section area 30.62 mm’
CHARACTERISTIC VALUES
420.00 MPa
350.00 MPa
RESULTS
407.61 MPa
354.84 MPa
0.21 mm,/mm
|E 211033.51 MPa
$350-1.5-01 [o-¢]
550 -
s00 19 [MPa] |
430
400 A
350 +
300
250
200 4
150
100 -
50 A 1
0 . . . . | sfmimel |
0.00 0.05 0.10 0.15 020 0.25 0.30 0.35 040 045
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TENSION TEST: STEEL S350GD+2Z
DATE [12/04/2012
DATA
LABEL $350-1.5-02
r Lu Steel Grade S350GD+Z
: t ':’:_‘ T Displacement rate 0.05 mm/sec
= Frequency 5 Hz
Yend 1 2 bond 2" Breaking inside Ly
1, 50 mm
Lga 440.00 mm
I, 470.50 mm
b 19.82 mm
Bropas 60.00 mm
B 60.00 mm
3 1.52 mm
Cross section area 30.13 mm’®
CHARACTERISTIC VALUES
T 420.00 MPa
£ 350.00 MPa
RESULTS
T, 411.98 MPa
£, 358.95 MPa
cp 0.21 mm /mm
E 210401.5 MPa
$350-1.5-02 [0-¢]
350
s00 1 © [MPa] |
450
330 - . .
300
250
200
150
100
50
0 T r 1
0.00 0.05 0.10 013 020 025 0.30 0.35 040 045
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TENSION TEST: STEEL S350GD+Z
DATE [12/04/2012
DATA
TABEL $350-1.5-03
f Ly 1 Steel Grade S350GD+Z
I‘ B _‘Lt:t . | Displacement rate 0.05 mm/sec
5 Frequency 5 Hz
“Bend 1 2 bond 2’ Breaking outside Ly
L, 50 mm
Yia 440.00 mm
L, 470.30 mm
b 19.90 mm
benar 60.00 mm
benaz 60.00 mm
t 1.53 mm
Cross section area 30.45 mm’
CHARACTERISTIC VALUES
| E 420.00 MPa
| £ 350.00 MPa
| RESULTS
£ 407.1 MPa
i 352.2 MPa
£, 0.20 mm/mm
| E 213197.8 MPa
$350-1.5-03 [a-<]
350 - : :
5564 o [MPa] |
430 -
400 -
350 A
300 4
250
200
150 A
100
50 4 ! {
o . _ , . g [mm/mm]
0.00 O.IIJS D.Ili) 015 020 0.25 030 0.1'53 0.110 0.:15
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TENSION TEST: STEEL S350GD+2Z
DATE [12/04/2012
DATA
ILABEL $350-1.5-04
f Lu 1 Steel Grade S350GD+Z
| ?l ‘-Llr}i ; 1 Displacement rate 50 mm/sec
T Frequency 1024 Hz
bend 1 & bend 2° Breaking outside Ly
| ) 50.00 mm
T 440.00 mm
| 72 470.50 mm
b 19.90 mm
b1 60.00 mim
b 60.00 mm
t 1.55 mm
Cross section area 30.85 mm’
CHARACTERISTIC VALUES
£y 420.00 MPa
£ 350.00 MPa
RESULTS
i 430.88 MPa
£ 390.09 MPa
£p 0.22 mm/mm
E 196556.52 MPa
§350-1.5-04 [5-¢]
550 - S5
500 | 1
450 1
400 LLP,_,,_J-*W.,,MWH__.m‘m“*-h‘;
350 ‘ ,
300 1 i
250 |
200 !
150 1 '
100 l
JE | ¢ [tnm/mm]
0.00 0.{I}5 0.10 0.15 0.20 025 030 0.133 0.:1—0 0.:15
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TENSION TEST: STEEL S350GD+Z
DATE [12,/04/2012
DATA
) " LABEL S$350-1.5-05
:,‘ i e Al Steel Grade S350GD+Z
t 10—~ 1| Displacement rate 50 mm/sec
- b el } Freque.ncy : 1.024 Hz
Breaking inside Ly
1, 50 mm
E.: 440.00 mim
) bl 480.00 mim
b 19.89 mm
bopa 60.00 mm
bopaz 60.00 mim
t 1.54 mim
Cross section area 30.63 mm’
CHARACTERISTIC VALUES
fu 420.00 MPa
: 350.00 MPa
RESULTS
£, 430.55 MPa
£y 373.81 MPa
£p 0.20 Imm,/mm
E 163353.70 MPa
$350-1.5-05 [o-<]
550 - 4
=002 [MPa] |
430 _1 | | | | | |
I R e e e o
350 4 | | | | | |
300 4
250
200
150 |
100 -l
30 1
0 | | | | | | | EI[1':r1.t':r1/r:ﬂ.;:'n]I
0.00 0.03 0.10 015 020 025 0.30 035 040 045
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TENSION TEST: STEEL S350GD+Z
DATE [12/04 /2012
DATA
LABEL 8350-1.5-06
[ o | Steel Grade |S350GD+Z
t o .| Displacement rate 50 mm/sec
! 'gb T | Frequency 1024 Hz
'bend 1 ' - . bend 2" Breaking outside L,
L, 50 mm
Lo 440,00 mm
Ly 470.40 mm
b 19.86 mm
bapa1 60.00 mm
bapas 60.00 mm
t 1.54 mm
Cross section area 30.58 mm”
CHARACTERISTIC VALUES
fou 420.00 MPa
fox 350.00 MPa
RESULTS
£ 429.59 MPa
£, 375.76 MPa
£ 0.30 mm/mm
E 196275.07 MPa
$350-1.5-06 [o-<]
550 - : -
I [MPa]
430 _L I I I I
A W : [ [ h—w
300
250
200
150
100 -
s0 4 | |
0 . . . | . . | i
0.00 0.03 0.10 0.15 020 025 0.30 0.35 0.40 043
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TENSION TEST: STEEL S350GD+Z
DATE [12/04/2012
DATA
LABEL S350-3-01
¢ Lu 1 Steel Grade S350GD+Z
:'i ,‘:;' ) Displacement rate 0.05 mm/sec
T+ Frequency 5 Hz
oond b Bend 2" Breaking inside L,
L, 50 mm
) BT 440.00 mm
I 470.20 mm
b 19.95 mm
baa 60.00 mm
bonaz 60.00 mm
t 3.02 mm
Cross section area 60,25 mm’

CHARACTERISTIC VALUES

fg 420.00 MPa
for 350.00 MPa
RESULTS
1, 429.8 MPa
£, 368.5 MPa
£ 0.38 mm/mm
E 180423.3 MPa
$350-3-01 [6-<]

530 -

500 o [MPa]

41) 4 ! i ! !

400 //’”_—kg_‘ i

350 ( - | | | N

300 - 1|

250 + {

200

150 - “x\

100 X

50 \ :

0 . € [mm/mm]
0.00 005 0.10 0.15 020 025 0.30 035 040 045
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TENSION TEST: STEEL S350GD+Z
DATE [12/04/2012
DATA
LABEL $350-3-02
f Lu 1 Steel Grade S350GD+Z
! :‘ ,LI::' .| Displacement rate 0.05 mm/sec
[ i Frequency o Hz
bend 1 2 bend 2° Breaking inside L,
T 50 mm
T 440.00 mm
j = 470.10 mm
b 20.06 mm
Bl 60.00 mm
b 60.00 mm
t 3.04 mm
Cross section area 60.98 mm’
CHARACTERISTIC VALUES
b 420.00 MPa
Lo 350.00 MPa
RESULTS
ft 422.9 MPa
£ 363.4 MPa
&y 0.17 mm/mm
£ 215667.2 MPa
$350-3-02 [o-<]
550
500 1 o MPa]|
450
400 + e i
350 I~ R
300 - \'-I
250 - T
200 +
150 \
100 -
50 Y 1
0 . . . | | Nelpriima) |
0.00 005 0.10 0.15 020 025 0.30 035 040 045
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TENSION TEST: STEEL S350GD+Z
DATE [12/04/2012
DATA
: - LABEL $350-3-03
. Lot Steel Grade S350GD+Z
T Bl 7| Displacement rate 0.05 mm/sec
- e me. Frequency 5 Hz
Breaking inside Ly
T 50 mm
Lo 440.00 mm
L, 470.20 mm
b 19.86 mm
benat 60.00 mm
bonaz 60.00 mm
t 3.08 mm
Cross section area 61.17 mm’
CHARACTERISTIC VALUES
o 420.00 MPa
vk 350.00 MPa
RESULTS
ft 422.60 MPa
f, 360.9 MPa
= 0.18 mm/mm
E 207703.2 MPa
$350-3-03 [0-¢]
550
500 12 [MPa]
450 - -
400 1 f—\ T,
350 4 ! . N
\
300 A {
250 1 {
200
150
100 \
50 -
0 . . . . . L NutR] |
0.00 005 0.10 015 020 025 0.30 035 0.40 045
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TENSION TEST: STEEL S350GD+Z
DATE [12/04/2012
DATA
LABEL $350-3-04
f Lu Steel Grade S350GD+Z
f‘ L:;i’ 1 Displacement rate 50 mm/sec
T Frequency 1024 Hz
*bend 1 & Bend 2 Breaking inside L,
Ly 100 mm
Lo 440.00 mm
L 470.10 mm
b 20.25 mm
bena 60.00 mm
bonaz 60.00 mm
t 3.02 mm
Cross section area 61.16 mm’

CHARACTERISTIC VALUES

420.00 MPa
350.00 MPa
RESULTS
453.2 MPa
il 389.0 MPa
0.15 mm/mm
214752.6 MPa
$350-3-04 [o-2]
550
500 4 o [MPa]
430 - S SV |
400 -"“_ =
330 A
300 -
250
200 +
150 +
100
50 1
0 . . | | e lm/mm] |
0.00 0.10 015 025 0.30 0.35 0.40 045
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TENSION TEST: STEEL S350GD+Z
DATE [12/04/2012
DATA
IABEL $350-3-05
f Lu Steel Grade S350GD+Z
. .1 'L::‘ . Displacement rate 50 mm/sec
[ Frequency 1024 Hz
‘bend 1 " bend 2 Breaking inside Lg
L, 100 mm
: [ 440.00 mm
| 2 470.20 mm
b 20.20 mm
benar 60.00 mm
bonaz 60.00 mm
t 3.04 mm
Cross section area 61.41 mm’
CHARACTERISTIC VALUES
£y 420.00 MPa
"k 350.00 MPa
RESULTS
1T 454.5 MPa
£, 385.2 MPa
5 0.16 mm/mm
E 217802.0 MPa
$350-3-05 [s-2]
330 -
s @ [MPa]
4350 = . e ———
400 {{- |
350 Hf
300
250 4
200
150
100 ¢
50 :
0 . . . . sl |
0.00 0.03 0.10 015 0.20 025 0.30 035 0.40 045
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TENSION TEST: STEEL S350GD+Z
DATE [12/04/2012
DATA
ILABEL S$350-3-06
f Lu 1 Steel Grade S350GD+2Z
:‘ '::: J Displacement rate 50 mm/sec
| Frequency 1024 Hz
"bend 1 bend 2 Breaking inside L
L, 100 mm
3 [ 440.00 mm
i = 470.40 mm
b 20.18 mm
bena 60.00 mm
b.na 60.00 mm
t 3.02 mm
Cross section area 60.94 mm®
CHARACTERISTIC VALUES
£y 420.00 MPa
o 350.00 MPa
RESULTS
ft 454.9 MPa
I s 387.8 MPa
£y 0.14 mm/mm
E 186679.8 MPa
$350-3-06 [6-]
550 -
5555 o [MPa]
450 - e —
= _lf e ] P
330
300
250
200 A
150
100 A
50 - o
0 . | . | . | i ki
000 0.03 0.10 0.15 020 025 0.30 035 040 045
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A.2 SIMPLE JOINTS

SHEAR TEST: JOINT SLE
DATE [07/05/2012
DATA
LABEL SLE-01
Notation 1.5 - 1.5- 8350 - 8350 - 6.3
GEOMETRICAL PARAMETERS OF PLATES
4 t 1.5 mm
1 2 t Kb mm
b, 60.0 mm
b, 60.0 mm
hy 340.0 mm
hy 340.0 mm
MECHANICAL PARAMETERS OF PLATES
Steel grade plate 1 S350GD+Z
Steel grade plate 2 S350GD+Z
TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
[ 6.3 mm
1s 40.0 mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
RESULTS
Failure mode Bearing + Tilting
f Tld kN
K, 2.82 kN/mm
SLE-01 [F-8]
10 o
8 4 e e
6 — =
1
e |
l
5l \
& (mm]
0 ! ; -
0 1 2 5 4 5 6 b 8 10
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SHEAR TEST: JOINT SLE
DATE [07/05/2012
DATA
LABEL SLE-02
Notation 1.5 - 1.5 - 8350 - S350 - 6.3
i GEOMETRICAL PARAMETERS OF PLATES
8 1 2 t 1.5 mm
ts 1.5 mm
by 60.0 mm
b, 60.0 mm
hy 340.0 mm
h, 340.0 mm
MECHANICAL PARAMETERS OF PLATES
Steel grade plate 1 S350GD+Z
Steel grade plate 2 S350GD+Z

TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
1) 6.3 mm
1s 40.0 mm
Material Carbon steel
Coating Zinc 5 (min) wm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min™
SET UP
Displacement rate 0.05 mm/ sec
Frequency 5 Hz
RESULTS
Failure mode Bearing + Tilting
F; 7.46 kN
K, 4,58 &N /mm
SLE-02 [F-8]
10
F[EN]
8
£ B s -.1_7__JPFJ’F“\\ s
G "/ b
4 x'ﬁl |
'ﬁ
2 i
& [mmi__
0 | | | | | | ‘ | | :
0 1 2 & 4 5 G 7 3 9 10

152




Appendix A

SHEAR TEST: JOINT SLE

DATE |07/05/2012
DATA
LABEL SLE-03
Notation 1.5-1.5-S350 - S350 - 6.3
GEOMETRICAL PARAMETERS OF PLATES
1 2 i 1.5 mm
i 1.5 mm
by 60.0 mm
b, 60.0 mm
hy 340.0 mm
hy 340.0 mm
MECHANICAL PARAMETERS OF PLATES
Steel grade plate 1 S350GD+Z
Steel grade plate 2 S350GD+Z

TYPES OF SCREW

Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
¢ 6.3 mm
Is 40.0 mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min™
SET UP
Displacement rate 0.05 mm/ sec
Frequency 5 Hz
RESULTS
Failure mode Bearing + Tilting
F, 7.55 kN
K, 3.05 kN /mm
SLE-03 [F-8]
10 -
F [kN]
8
6 -
|
4 |
|
| 5 mm
0 t T T T 1
0 1 2 3 4 <] 6 | 8 ] 10
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Appendix A

SHEAR TEST: JOINT SLD

DATE [07/05/2012
DATA
LABEL SLD-01
Notation 1.5 - 2 - 8350 - S250 - 4.8
1 e GEOMETRICAL PARAMETERS OF PLATES
| 1 ty 15 mm
t 2.0 mm
by 60.0 mm
b, 60.0 mm
hy 340.0 mm
hy 340.0 mm
MECHANICAL PARAMETERS OF PLATES
Steel grade plate 1 S350GD+Z
Steel grade plate 2 §235
TYPES OF SCREW
Code Tecfi CI 0148 016
Type Self drilling
Cylindrical with false washer
Type of head
and cross type H recess
¢ 4.8 mm
Is 16.0 mm
Material Carbon steel
Coating Zinc 5 (min) [ pm
SET UP
Displacement rate 0.05 mm/ sec
Frequency 5 Hz
RESULTS
Failure mode Shear
F, 6.50 KN
K, 3.23 Kn/mm
SLD-01[F-8]
8
F [&X]
¢ 4 g T 1
4 <4
27 \
\ & [mm]
o 1.
0 2 3 4
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SHEAR TEST: JOINT SLD

DATE [07/05/2012
DATA
LABEL SLD-02
Notation 1.5 - 2 - $350 - 5250 - 4.8
" d B GEOMETRICAL PARAMETERS OF PLATES
4 1.5 mm
ty 2.0 mm
by 60.0 mm
by 60.0 mm
hy 340.0 mm
hy 340.0 mm
MECHANICAL PARAMETERS OF PLATES
Steel grade plate 1 S350GD+Z
Steel grade plate 2 5235
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer
Type of head
and cross type H recess
[ 4.8 mm
Is 16.0 mm
Material Carbon steel
Coating Zinc 5 (min) | pm
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
RESULTS
Failure mode Shear
F, 6.56 N
K, 3.95 EN/mm
SLD-02 [F-8]
8 -
F [kN]
| e =t
|
4 =
2 -
& [mm]
0 i
0 1 2 3 4
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SHEAR TEST: JOINT SLD

DATE [07/05 /2012
DATA
LABEL SLD-03
Notation 1.5 -2-8350 -S250 - 4.8
i GEOMETRICAL PARAMETERS OF PLATES
B8 1 2 t 1.5 mm
t3 2.0 mm
by 60.0 mm
by 60.0 mm
hy 340.0 mm
h, 340.0 mm
MECHANICAL PARAMETERS OF PLATES
Steel grade plate 1 S350GD+Z
Steel grade plate 2 8235

TYPES OF SCREW

Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer
Type of head
and cross type H recess
] 4.8 mm
1s 16.0 mm
Material Carbon steel
Coating Zinc5(min) | um
SET UP
‘ Displacement rate 0.05 mm/sec
Frequency 5 Hz
RESULTS
Failure mode Shear
F, 6.52 kN
K, 3.05 kN/mm
SLD-03 [F-8]
: F[N]
& - o
Py . ‘l
|
2 > 8 |
|
2 g & [mm]
0+ : -
0 1 2 3 4
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SHEAR TEST: JOINT SHD

DATE [07/05/2012
DATA
LABEL SHD-01
Notation 1.5 - 2 - 8350 - §250 - 6.3
GEOMETRICAL PARAMETERS OF PLATES
4 1.5 mm
1o} 2.0 mm
by 60.0 mm
b, 60.0 mm
hy 340.0 mm
hy 340.0 mm
MECHANICAL PARAMETERS OF PLATES
Steel grade plate 1 $350GD+2
Steel grade plate 2 $235

TYPES OF SCREW

Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
¢ 6.3 mm
Is 40.0 mim
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min™
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
RESULTS
Failure mode Bearing + Tilting
F, 8.95 EN
K, 3.48 KN/mm
SHD-01[F-8]
10 -
3 | i
6 4 |
4 4
’ |
/ & [mm]
0 T T T 1
1] 2 3 4 5 6 X 8 9 10
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SHEAR TEST: JOINT SHD

DATE [07/05 /2012
DATA
LABEL SHD-02
Notation 1.5 - 2 - 8350 - 8250 - 6.3
- GEOMETRICAL PARAMETERS OF PLATES
2 1 t; 15 mm
oY 2.0 mm
by 60.0 mm
b, 60.0 mm
hy 340.0 mm
h, 340.0 mm
MECHANICAL PARAMETERS OF PLATES
Steel grade plate 1 S350GD+Z
Steel grade plate 2 8235

TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
[ 6.3 mm
Is 40.0 mm
Material Carbon steel
Coating Zine 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min”
SET UP
Displacement rate 0.05 mm/ sec
Frequency 5 Hz
RESULTS
Failure mode Shear
g 8.93 kN
K, 3.48 KN /mm
SHD-02 [F-8]
10 4
F[EN]
8 - = e
il ; \
!.
4
24
& [mm]
1] T T T T T 1
1] 1 2 3 4 5 6 g & 8 9 10
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A.3 CONNECTIONS

SHEAR TEST: CONNECTIONS CLE

DATE [21/05/2012
DATA
TABEL [ CLE-01
Notation | 15-1.5-5350-8350-6.3
GEOMETRICAL PARAMETERS OF TESTED PLATE
t 1.5 mm
by 90.0 mm
by 450.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
1 1.50 mm
b, 250.0 - 223.0 mm
h, 150.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate| $350GD+Z
Steel grade of gussets ‘ S350GD+Z

‘TYPES OF SCREW

Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
] 6.3 ‘ mm
Is 0.0 | mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Duilling rate 1000 to 1500 min™
number of screw 2x10
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
Lo 138 mm
RESULTS
. Tilting of screws + Bearing +
Hailyremode Net Section Failure
¥ e 50.48 kN
Ketrvara) 41.75 kN/mm
KogoirB) 41.45 KN/mm
CLE-01 [F-8]
60 T
F[N] —LvdtA
—LvdtB
50 A - -
30 -
20
10 -
g 6 [mm]
0.00 1.00 2.00 3.00 4.00 5.00 6.00 00 8.00 2.00 10.00
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SHEAR TEST: CONNECTIONS CLE

DATE [21/05/2012
DATA
LABEL [ CLE-02
450 Notation | 15-15-s350-8350-63
P 223 250 e GEOMETRICAL PARAMETERS OF TESTED PLATE
4 1.5 mm
c[ 00000 =~ by 90.0 mm
Z 2) ny 450.0 mm
1 GEOMETRICAL PARAMETERS OF GUSSETS
t, 1.50 mm
by 250.0 - 222.55 mm
h, 150.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | $350GD+Z
Steel grade of gussets S350GD+Z
TYPES OF SCREW
Code Tecfi AB 0463 040 |
Type Self drilling |
Type of head Hexagonal with false flat washer
) 6.3 mm
s 40.0 mm
Material Carbon steel
Coating Zinc 5 (min) um
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min™
number of screw 2x10
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L (Original Gauge Length) 136 mm

RESULTS

Tilting of screws+Bearing+Net

Failure mode Section Failure
Fr 50.13 N
K ofrodea) 39.37 KN /mm
K o(rvdeB) 35.40 KN /mm
CLE-02 [F-8]
60
F[EN] —LVDT-A
—LVDT-B
50 e
i //
30
20
10
3 0 [mm]
0 1 Z 3 4 5 6 7 8 9 10
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SHEAR TEST: CONNECTIONS CLE

DATE [21/05 /2012
DATA
LABEL [ CLE-03
i 450 5 Notation | 1.5-1.5-5350-5350-6.3
23 PR R GEOMETRICAL PARAMETERS OF TESTED PLATE
. By / 4 L5 mm
o PeBeO \ s 0een®
E ‘/\2,)8 S (l) ¢ by 90.0 mm
R cleletale] i pNclclclelo) hy 450.0 mm
s A LS GEOMETRICAL PARAMETERS OF GUSSETS
% 1% 1.50 mm
by 250.0 - 222.55 mm
h, 150.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | S350GD+Z
Steel grade of gussets | S350GD+Z
TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
¢ 6.3 mm
1s 40.0 mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min™
number of screw 2x10
SET UP
Load rate 0.05 mm/sec
Frequen 5 Hz
L, (Original Gauge Length) 136 mm
RESULTS
e Tilting of scl:ews+l?earmg+Net
Section Failure
i 50.52 kN
Eirunn 36.54 EN/mm
K of1vdeB) 35.54 KN/mm
CLE-03 [F-8]
60
F [kN] —— LVDT-4
—LVDT-B
50 e
.l //
30
20
10
o 3 [mm]
0.00 100 200 3.00 400 5.00 6.00 7.00 800 9.00 10.00
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SHEAR TEST: CONNECTIONS CLE
DATE [19/07/2012
DATA
] 450 ’ LABEL [ CLE-04
i 223 250 Notation ‘ 1.5 - 1.5 - S350 - 8350 - 6.3
. X D GEOMETRICAL PARAMETERS OF TESTED PLATE
= \\ @e00e \ ¢ clolelelo] = t; 1.5 mm
2| @s | N ) 5
2z =T evvee > \, 00080 = by 20.0 T
E 4 3 N hy 450.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
ty 1.50 mm
by 250.0 - 223 mm
hy 150.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ S350GD+Z
Steel grade of gussets ‘ S350GD+Z
TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
¢ 6.3 ‘ mm
Is 40.0 | mm
Material Carbon steel
Coating Zine 5 (min) um
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min”
number of screw 2x10
SET UP
Load rate 50 mm/sec
Frequency 1024 Hz
L, (Original Gauge Length) 136 mm
RESULTS
Sl Tilting of screws+Bearing+Net
Section Failure
Fr 55.08 KN
CLE-04 [F-8]
60
F[EN]
T
50 / BN
40
30
20
10
& 8 [mm]
0 T 2 2 4 5 6 7 8 9 10 11 12
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SHEAR TEST: CONNECTIONS CLE

DATE [19/07/2012
DATA
LABEL [ CLE-05
250 Notation | 15-1.5-5350-5350-6.3
! GEOMETRICAL PARAMETERS OF TESTED PLATE
00900 1 1.5 mm
e by 90.0 mm
hy 450.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
& 1.50 e
b, 250.0 - 223 mm
hy 150.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | S350GD+Z
Steel grade of gussets | S350GD+Z
‘TYPES OF SCREW
Code ‘Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
@ 63 [ mm
Is 40.0 | mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min”
number of screw 2x10
SET UP
Load rate 50 mm/sec
Frequen: 1024 Hz
L0 (Original Gauge Length) 136 mm
RESULTS
T Tilting of screws+Bearing+Net
Section Failure
F, 54.75 kN
CLE-05 [F-8]
60
F ]
50 - /' ik -
\\
X
N
40 \
30 8
i
,f‘
20 s
o 5 [ram]
0 1 2 3 4 3 6 T 8 5 10 11 12
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SHEAR TEST: CONNECTIONS CLE

DATE [19/07/2012
DATA
450 LABEL [ CLE-06
. 223 . i 250 . Notation ‘ 1.5 - 1.5 - S350 - 8350 - 6.3
I - g -] GEOMETRICAL PARAMETERS OF TESTED PLATE
ol @eEe® X\ — | < ©8e0@ iy 1:5 mm
o QJ & e W b (@ B 90.0 mm
= 05 hy 450.0 mm
=15 GEOMETRICAL PARAMETERS OF GUSSETS
t 1.50 mm
by 250.0 - 223 mm
h; 150.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | S350GD+Z
Steel grade of gussets | S350GD+Z
TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
& 6.3 [ mm
Is 40.0 | mm
Material Carbon steel
Coating Zinc 5 (min) pwm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min”
number of screw 2x10
SET UP
Load rate 50 mm/sec
Frequency 1024 Hz
L, (Original Gauge Length) 136 mm
RESULTS
e Tilting of screws+Bearing+Net
Section Failure
Fy 54.93 kN
CLE-06 [F-8]
60
F[EN]
o P o T )
50 /‘/ - \\
|~ a4 ‘\\
/ ™
0 5 L
7 i .\
0 // \
3 \
\
i/ \
20 /’/ \\
/ \
/ \
10 /
/
5 ,/ 5 [mm]
0.00 1.00 200 3.00 4.00 3.00 6.00 7.00 8.00 9.00 10.00
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SHEAR TEST: CONNECTIONS CLD
DATE [21/05/2012
DATA
LABEL I CLD-1-01
Notation ‘ 1.5 - 2.0 - 8350 - 8235 - 4.8
GEOMETRICAL PARAMETERS OF TESTED PLATE
4 2.0 mm
by 70.0 mm
hy 520.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
L 1.50 mm
by 300 - 273 mm
h, 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | $235
Steel grade of gussets | $350GD+Z
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and cross
Type of head
type H recess
) 4.8 ‘ mm
Is 16.0 | mm
M ial Carbon steel
Coating Zinc 5 (min) [ um
number of screw 2x15 (Configuration 1) ‘ Anl<An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
1, (Original Gauge Length) 165 mm
RESULTS
T T, Tilting of screws+Bearing+Net Section
Failure
F, 43.45 N
K oqtvdesy 76.00 &N/mm
Kegrvoe5) 58.72 EN/mm
CLD-1-01 [F-8]
s0 ;
F[N] —LVDT-A
2 —LVDTB
=
” ?;—;}.CI_K
35
30
25
20
15
10
5
i 8 [mm]
1 2 4 5 6 7 8 9 10 11 12
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SHEAR TEST: CONNECTIONS CLD

DATE

[21/05/2012

DATA

180

520

LABEL

CLD-1-02

Notation |

1.5 - 2.0 - 5350 - 8235 - 4.8

GEOMETRICAL PARAMETERS OF TESTED PLATE

t 2.0 mm
by 70.0 mm
hy 520.0 mm

GEOMETRICAL PARAMETERS OF GUSSETS
i 1.50 mm
by 300 - 272.75 mm
h; 180.00 mm

MECHANICAL PARAMETERS
Steel grade of tested plate | 8235
Steel grade of gussets | S350GD+Z
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and
Type of head

cross type H recess
[ 4.8 mm
1s 16.0 mm

Material Carbon steel
Coating Zinc 5 (min) pm
number of screw 2x15 (Configuration 1) | Anl<An2
SET UP
Displacement rate 0.05 ‘mm/sec

Frequen 5 Hz
L0 (Original Gauge Length) 165 mm

RESULTS

Failure mode

Tilting of screws+Bearing+Net
Section Failure

F. 43.75 BN
Kotedes) 58.08 KN/mm
KeiLodeB) 75.65 KN/mm
CLD-1-02 [F-8]
50
F[N] — IVDTA
45 4
M —LVDTB
40
35 +
30
25 4
20 4
e
10
B
. 6 [mm]
0.00 200 400 6.00 8.00 1000 1200
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SHEAR TEST: CONNECTIONS CLD

DATE [05/06/2012
DATA
LABEL [ CLD-1-03
520 Notation ‘ 1.5 - 2.0 - 8350 - 8235 - 4.8
5 300 5 273 GEOMETRICAL PARAMETERS OF TESTED PLATE
= t 2.0 mm
sl D 7 by 70.0 mm
il : 1L / = & s hy 520.0 mm
l / 20 | GEOMETRICAL PARAMETERS OF GUSSETS
13 1, 1.50 mm
b, 300 - 272.75 mm
h; 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ $235
Steel grade of gussets ‘ S350GD+Z
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and
Type of head
cross type H recess
9 4.8 [ mm
Is 16.0 | mm
Material Carbon steel
Coating Zinc 5 (min) ‘ pm
number of screw 2x15 (Configuration 1) ‘ Anl<An2
SET UP
Displ: rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 155 mm
RESULTS
Frailis vande Tilting of screws+Bearing+Net
Section Failure
F: 44.32 EN
Keogrodes) 56.65 kN/mm
K ofrodeB) 53.45 KN /mm

CLD-1-03 [F-8]

R — LVDT-A

byt —LVDT-B

w

8 [mm]

0.00 200 4.00 6.00 8.00 10.00 12.00
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SHEAR TEST: CONNECTIONS CLD

DATE

[19/07/2012

DATA

520

LABEL

[ CLD-1-04

180

Notation

| 1.5-2.0-5350-5235-

4.8

GEOMETRICAL PARAMETERS OF TESTED PLATE

4

2.0

mm
by 70.0 mm
hy 520.0 mm

GEOMETRICAL PARAMETERS OF GUSSETS

t

1.50

mm
by 300 -273 mm
hy 180.00 mm

MECHANICAL PARAMETERS

Steel grade of tested plate ‘ $235
Steel grade of gussets ‘ S350GD+Z
TYPES OF SCREW
Code Tecfi CI 0148016 |
Type Self drilling
Cylindrical with false washer and
Type of head
cross type H recess
¢ 4.8 mm
Is 16.0 mm
Material Carbon steel
Coating Zinc 5 (min) pm
number of screw 2x15 (Configuration 1) | Anl1<An2
SET UP
Displacement rate 50 mm/sec
Frequency 1024 Hz
L, (Original Gauge Length) 155 mm
RESULTS
g Tilting of scljewer?.earinngNet
Section Failure
F, 47.96 kN
CLD-1-04 [F-8]
30
F [iN]
4
40
35
30
25
20
15
10
)
& 8 [mm]
0 2 4 (4 8 10 12 14
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SHEAR TEST: CONNECTIONS CLD

DATE

[19/07/2012

DATA

273

LABEL [

CLD-1-05

Notation |

1.5 - 2.0 - 8350 - S235 - 4.8

GEOMETRICAL PARAMETERS OF TESTED PLATE

ty 2.0 mm
by 70.0 mm
hy 520.0 mm

GEOMETRICAL PARAMETERS OF GUSSETS

t 1.50 mm
by 300 - 273 mm
h; 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | 8235
Steel grade of gussets S350GD+Z
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and
Type of head
cross type H recess
¢ 48 [ mm
Is 16.0 | mm
Material Carbon steel
Coating Zinc5 (min) |  um
number of screw 2x15 (Configuration 1) ‘ Anl<An?2
SET UP
Displacement rate 50 mm/sec
Frequen: 1024 Hz
L, (Original Gauge Length) 155 mm
RESULTS

Failure mode

Tilting of screws+Bearing+Net
Section Failure

F.

48.04 KN

BN

CLD-1-05 [F-8]
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SHEAR TEST: CONNECTIONS CLD

DATE [19/07 /2012
DATA
LABEL [ CLD-1-06
Notation ‘ 1.5-2.0- S350 - $235 - 4.8
GEOMETRICAL PARAMETERS OF TESTED PLATE
t 2.0 mm
by 70.0 mm
hy 520.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
ty 1.50 mm
by 300 - 273 mm
hy 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ $235
Steel grade of gussets ‘ S350GD+Z
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and
‘Type of head
cross type H recess
] 4.8 ‘ mm
Is 16.0 | mm
Material Carbon steel
Coating Zinc 5 (min) ‘ pm
number of screw 2x15 (Configuration 1) ‘ Anl<An2
SET UP
Displacement rate 50 ‘mm/sec
Frequency 1024 Hz
L, (Original Gauge Length) 155 mm
RESULTS
Failee sands Tilting of screws+Bearing+Net
Section Failure
Ft 41.72 kN
CLD-1-06 [F-8]
60
F[EN]
50 4
40 + / o~
S
N
o
G 9
30 4 ™
, b
N\
20 + B Y
I i
10 4-f
ol 8 [mam]
[} 2 4 6 8 10 12 14

170



Appendix A

SHEAR TEST: CONNECTIONS CLD

DATE

[21/05 /2012

DATA

TABEL [ CLD-2-01

Notation | 1.5 - 2.0 - S350 - $235 - 4.8

GEOMETRICAL PARAMETERS OF TESTED PLATE

ty 2.0 mm
by 70.0 mm
hy 520.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
ty 1.50 mm
bs 300-273 mm
h, 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | §235
Steel grade of gussets | 3350GD+Z
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and
Type of head
cross type H recess
¢ 4.8 | mm
Is 16.0 | mm
Material Carbon steel
Coating Zinc 5 (min) | pm
number of screw 2x15 (Configuration 2) | aligned screws
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 150 mm
RESULTS
Piilosastiode Tilting of screws+Bearing+Net
Section Failure
F; 43.96 KN
Tegraw 66.90 kN /mm
K o1 ieB) 62.88 KN/mm
CLD-2-01 [F-8]
50
FEN]
45
40 /;—7
35
30
2
20
15
10
5
3
5 [mm]
2 3 4 3 3
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SHEAR TEST: CONNECTIONS CLD

DATE

[21/05 /2012

DATA

LABEL

[ CLD-2-02

Notation

| 1.5 - 2.0 - $350 - 5235 - 4.8

GEOMETRICAL PARAMETERS OF TESTED PLATE

t 2.0 mm
by 70.0 mm
hy 520.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
t2 150 mm
b 300-273 mm
hy 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | $235

Steel grade of gussets

S350GD+Z

‘TYPES OF SCREW

Code ‘Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and
Type of head
cross type H recess
¢ 4.8 ‘ mm
Is 16.0 | mm
Material Carbon steel
Coating Zine 5 (min) ‘ pm

number of screw

2x15 (Configuration 2) ‘ aligned screws

SET UP

Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 150 mm
RESULTS
ailicatooie Tilting of screws+Bearing+Net
Section Failure
F, 44.45 kN
K o(ivaes) 60.01 kN/mm
K o(ivieB) 46.68 EN/mm
CLD-2-02 [F-8]
0 TFRN]
43
prSE———
0 /__/“/
35
30
25
20 4
15
10
5.4
8 [mm]
o
0 2 3 4 5 6
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SHEAR TEST: CONNECTIONS CLD

DATE

520

[21/05 /2012
DATA
LABEL [ CLD-3-01
Notation | 1.5-2.0-5350-5235-4.8
GEOMETRICAL PARAMETERS OF TESTED PLATE
273 1 2.0 mm
b, 70.0 mm
by 520.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
i 1.50 mm
b; 300-273 mm
h, 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ S235
Steel grade of gussets | S350GD+Z

TYPES OF SCREW

Code Tecfi CI 0148 016
Type Self drilling
Cylindrical with false washer and
Type of head
cross type H recess
] 4.8 ‘ mm
Is 16.0 | mm
Material Carbon steel
Coating Zine 5 (min) ‘ pm
number of screw 2x15 (Configuration 3)‘ Anl=An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 150 mm
RESULTS
e Tilting of screws+Bearing+Net
Section Failure
F, 44.38 kN
Kpeg a 46.63 N/mm
Krvde B 45.94 KN /mm
CLD-3-01 [F-8]
30
F[EN]
45 —LvdtB
|
L
49 /
35
30
25
20 \\
15
10
Tl
8 [mm]
0
2 3 4 3 6 7 8
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SHEAR TEST: CONNECTIONS CLD

DATE [21/05 /2012
DATA
LABEL CLD-3-02
520 Notation ‘ 1.5 - 2.0 - 5350 - 5235 - 4.8
pu 300 273 - GEOMETRICAL PARAMETERS OF TESTED PLATE
t 2.0 mm
2 2) @) by 70.0 mm
- - by 520.0 mm
iz GEOMETRICAL PARAMETERS OF GUSSETS
’ t 1.50 mm
by 300-273 mm
h, 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ 8235
Steel grade of gussets ‘ S350GD+Z
TYPES OF SCREW
Code Tecfi CI 0148 016
Type Self drilling
Cylindrical with false washer and
Type of head
Cross type H recess
4] 4.8 ‘ mm
Is 16.0 | mm
Material Carbon steel
Coating Zinc5 (min) | um
number of screw 2x15 (Configuration 3)| Anl=An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 150 mm
RESULTS
Failire miode Tilting of screws+Bearing+Net
Section Failure
F, 14.42 N
e 72.24 &N/mm
Kica B 61.10 KN/mm
CLD-3-01 [F-8]
50
FIN] Y
45
S D - —LvdtB
40 /;x//"ﬁ \
33
30
25
20
13
10
5
o 5 [mm]
0 3 4 5 6 i 8
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SHEAR TEST: CONNECTIONS CLD

DATE

[21/05/2012

DATA

520

LABEL [ CLD-4-01

Notation ‘ 1.5-2.0- S350 - S235 - 4.8

GEOMETRICAL PARAMETERS OF TESTED PLATE

1 2.0 mm
by 70.0 mm
hy 520.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
t 1.50 mm
by 300 -273 mm
hy 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ $235
Steel grade of gussets ‘ S350GD+Z
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and
Type of head
cross type H recess
¢ 4.8 | mm
Is 16.0 [ mm
Material Carbon steel
Coating Zinc 5 (min) | pm
number of screw 2x15 (Configuration 4) | Anl>An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 150 mm
RESULTS
=T e S
Failitesasis Tilting of scr.ews ]-3ear:.ng Net
Section Failure
F, 43.72 kN
K ofrdes) 43.34 kN /mm
Ko(rvaeB) 63.81 kN/mm
CLD-4-01 [F-8]
50
F[N]
45 4
PSR
10 /———"
35
30
25
20
15
10
5id
&)
’ [rmn]
a 1 2 4 3 6 T 8
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SHEAR TEST: CONNECTIONS CLD

DATE

[13/06 /2012

DATA

520

LABEL

[ CLD-4-02

Notation

| 1.5-2.0-3350-5235-4.8

GEOMETRICAL PARAMETERS OF TESTED PLATE

1% 2.0 mm
by 70.0 mm
hy 520.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
1) 1.50 mm
by 300-273 mm
h; 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | 8235
Steel grade of gussets | S350GD+Z
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and
Type of head
cross type H recess
[ 4.8 ‘ mm
1s 16.0 | mm
Material Carbon steel
Coating Zinc 5 (min) ‘ pm
number of screw 2x15 (Configuration 4) | Anl1>An2
SET UP
Displacement rate 0.05 mm/sec
Frequenc 5 Hz
Ly (Original Gauge Length) 155 mm
RESULTS
Fatlise mode Tilting of scl:ews+l.35anng+Net
Section Failure
F, 43.85 EN
K ofredes) 75.36 EN/mm
KerodeB) 71.77 KN /mm
CLD-4-02 [F-8]
50 12 =
— Lvdt A
45
___:r,ci—l—/’b"\\ —LvdtB
40 |
35
30
25
20
15
10
5
& [mm)]
0
o 3 4 5. 6 7 8
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SHEAR TEST: CONNECTIONS CLD

DATE [13/06/2012
DATA
LABEL [ CLD-4-03
Notation ‘ 1-.5 - 2.0 - 8350 - $235 - 4.8
GEOMETRICAL PARAMETERS OF TESTED PLATE
t 2.0 mm
by 70.0 mm
by 520.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
t 1.50 mm
by 300 - 272.75 mm
h; 180.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ $235
Steel grade of gussets ‘ S350GD+Z
TYPES OF SCREW
Code Tecfi CI 01 48 016
Type Self drilling
Cylindrical with false washer and
Type of head
cross type H recess
¢ 4.8 mm
Is 16.0 mm
Material Carbon steel
Coating Zinc 5 (min) wm
number of screw 2x15 (Configuration 4)| Anl>An2
SET UP
Displ rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 165 mm
RESULTS
Bailiis saade Tilting of screws+Bearing+Net
Section Failure
F. 43.36 BN
Keredes) 66.81 EN/mm
K ordeB) 49.42 KN/mm
CLD-4-02 [F-8]

F[sN]

—Lvdt-A

o /_) 7 \ — Lvdt-B

g 8 [mm]
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SHEAR TEST: CONNECTIONS CHD

DATE [13/06/2012
DATA
LABEL [ CHD-1-01
680 Notation ‘ 1.5 - 2.0 - S350 - $235 - 6.3
® n L GEOMETRICAL PARAMETERS OF TESTED PLATE
e} 2.0 mm
by 140.0 mm
hy 680.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
o) 1.50 mm
by 413 - 387 mm
h, 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ $235
Steel grade of gussets ‘ S350GD+Z
TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
) 6.3 mm
Is 40.0 | mm
Material Carbon steel
Coating Zinc 5 (min) um
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min
number of screw 2x25 (Configuration 1) | Anl<An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 235 mm
RESULTS
T Tilting ofscr.ewer]?earinngNet
Section Failure
F, 91.01 N
Keoden) 144.63 KN/mm
KoL) 166.54 KN/mm
CHD-1-01 [F-8]
100 |
N —LvdtD
920 e
| — i
—LvdtF
. [ \ v
70
60
50
40
30
20
10
0 3 [mm]
0.00 2.00 3.00 4.00 500 6.00 0o 8.00 9.00 10.00
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SHEAR TEST: CONNECTIONS CHD

DATE [13/06/2012
DATA
LABEL [ CHD-1-02
Notation | 1.5 - 2.0 - S350 - S235 - 6.3
GEOMETRICAL PARAMETERS OF TESTED PLATE
u 2.0 mim
by 140.0 mm
hy 680.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
t 1.50 mm
b, 412.61 - 386.99 mm
h, 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | 8235
Steel grade of gussets | S350GD+Z
TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
¢ 6.3 ‘ mm
Is 40.0 | mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min™
number of screw 2x25 (Configuration 1) | Anl<An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 235 mm
RESULTS
s Tilting of screws+Bearing+Net
Section Failure
B 90.54 kN
Ketrvarn) 163.73 EN/mm
K ofivde) 159.66 KN/mm
CHD-1-02 [F-8]
100 7 y
F[kN] — LVDT-D
2] ’(_,___————'—_— —IrxdtF
80 | b ]
70
60
50
40
30 +
20
10
8 [mm
’ [m]
o 2 3 4 5 6 T 8 9 10
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SHEAR TEST: CONNECTIONS CHD

DATE [13/06/2012
DATA
LABEL [ CHD-1-03
& 680 _ i Notation | 1.5-2.0-5350-5235-6.3
3 L GEOMETRICAL PARAMETERS OF TESTED PLATE
‘ t 2.0 mm
gl ) D a b 140.0 mm
hy 680.0 mm
! e GEOMETRICAL PARAMETERS OF GUSSETS
' o 1.50 mm
by 113 - 387 mm
hy 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | $235
Steel grade of gussets | S350GD+Z
‘TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
[} 6.3 mm
1s 40.0 mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min
number of screw 2x25 (Configuration 1) | Anl<An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 235 mm
RESULTS

Tilting of screws-+Bearing+Net
Section Failure

Failure mode

F, 89.44 N
. ) 171.40 EN/mm
Keotteder) 192.20 kN/mm
CHD-1-03 [F-8]
100 I
F[EN
= —LvdtD
90
e e —LVDT'F
L
o
80
——
70 /
[
60 “J
!
50 t
40 1
|
30
20
|
10
5 [mm]
0
0 2 3 4 5 G = 8 9 10
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SHEAR TEST: CONNECTIONS CHD

DATE [19/07/2012
DATA
a0 LABEL [ CHD-1-04
Al -l Notation | 1.5-2.0-3350-5235-6.3
GEOMETRICAL PARAMETERS OF TESTED PLATE
- 5
g 3 gl OO0 ) @ t 2.0 mm
T Tle%e %% by 140.0 mm
//' hy 680.0 mm
) GEOMETRICAL PARAMETERS OF GUSSETS
t 1.50 mm
by 13 - 387 mm
hy 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | $235
Steel grade of gussets | S350GD+Z
‘TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
) 6.3 | mm
Is 0.0 | mm
Material Carbon steel
Coating Zinc 5 (min) um
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min
number of screw 2x25 (Configuration 1)| Anl<An2
SET UP
Displacement rate 50 mm/sec
Frequency 1024 H:z
L, (Original Gauge Length) 235 mm
RESULTS
o Tilting of screws+Bearing+Net
Section Failure
F, 95.06 S
CHD-1-04 [F-8]
100 TR N
9% ="
80
70
60
50
40
30
20
10
& [mm]
0
0 2 4 6 8 10 12 14 16 18 20
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SHEAR TEST: CONNECTIONS CHD

DATE [13/06/2012
DATA
LABEL [ CHD-2-01
i Notation | 1.5 - 2.0 - S350 - $235 - 6.3
413 — GEOMETRICAL PARAMETERS OF TESTED PLATE
—
b S t 2.0 mm
L Fasaee
41| o dkiiit 2@ i3 o L Lult) Lt
ssess/ L $&ALs hy 680.0 mm
/,/ 20 \\\ GEOMETRICAL PARAMETERS OF GUSSETS
—s 1 1.50 mm
by 412.61 - 386.99 mm
h, 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | $235 |
Steel grade of gussets | $350GD+Z |
TYPES OF SCREW
Code Tecfi AB 04 63 040 |
Type Self drilling |
Type of head Hexagonal with false flat washer
[} 6.3 | mm
Is 40.0 [ mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min™
number of screw 2x25 (Configuration 2) | alisned screws
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
Ly (Original Gauge Length) 220 mm
RESULTS
—— Tilting of screws+Bearing + Net
Section Failure
F, 85.300 KN
Kettoiedy 96.16 kN/mm
Kofroder) 93.61 KN /mm
CHD-2-01 [F-8]
100
FsN]
90
A S—
" /
70
60
50
40
30
20
10
# 8 [mm]
o 1 2 3 4 3 [
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SHEAR TEST: CONNECTIONS CHD

DATE |13/us/2012
DATA
] i ] TABEL [ CHD-2-02
5 $\ - Notation | 1.5 - 2.0 - S350 - S$235 - 6.3
B / GEOMETRICAL PARAMETERS OF TESTED PLATE
ceeo0 T
s 3 g‘z.‘;z‘.;‘;i @l 358 @ i 20 i
‘ - [geses,, T[S s8% ) by 140.0 mm
‘ H 120\ hy 680.0 mm
“hs GEOMETRICAL PARAMETERS OF GUSSETS
t 1.50 mm
b,y 413 - 387 mm
h; 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | 8235
Steel grade of gussets | S350GD+Z
‘TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
¢ 6.3 mm
Is 40.0 mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min”
number of screw 2x25 (Configuration 2) | aligned screws
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 220 mm
RESULTS
et Tilting of screws+Bearing+Net
Section Failure
F, 83.564 kN
Keopreden) 155.756 KN/mm
Koireaery 130.851 KN/mm
CHD-2-02 [F-8]
100
F[EN]
20
? /
70
60
50
40
30
20
10
i 8 [mm]
o 1 2 3 4 3 [
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SHEAR TEST: CONNECTIONS CHD

DATE

[12/07/2012

DATA

LABEL [

CHD-3-01

Notation ‘

1.5 - 2.0 - 8350 - 5235 - 6.3

GEOMETRICAL PARAMETERS OF TESTED PLATE

4 2.0 mm
by 140.0 mm
hy 680.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
t 1.50 mm
by 413 - 387 mm
h, 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ S235
Steel grade of gussets | S350GD+Z

‘TYPES OF SCREW

Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
¢ 6.3 [ mm
Is 40.0 | mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min”
number of screw 2x25 (Configuration 3) | Anl = An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 235 mm
RESULTS

Failure mode

Tilting of screws+Bearing+Net

Section Failure

F, 83.10 kN
K etvaen) 115.125 EN/mm
Kofroaery 144.448 kN/mm
CHD-3-01 [F-8]
100
FEN]
90
50 ——
70
60 f
30
40
30
20
10
0 8 [mm]
2 3 4 5 7 8
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SHEAR TEST: CONNECTIONS CHD

DATE [12/07/2012
DATA
LABEL [ CHD-3.02
Notation ‘ 1.5 - 2.0 - S350 - S235 - 6.3
= 7 = GEOMETRICAL PARAMETERS OF TESTED PLATE
4 2.0 mm
8 @ s @ by 140.0 mm
l hy 680.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
O3
t 1.50 mm
by 413 - 387 mm
hy 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate ‘ $235
Steel grade of gussets ‘ S350GD+Z
TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
¢ 6.3 mm
Is 40.0 mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min”
number of screw 2x25 (Configuration 3)| Anl = An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
L, (Original Gauge Length) 235 mm
RESULTS
s e Tilting of screws+Bearing+Net
Section Failure
F, 86.60 KN
Kepeacn) 97.624 EN/mm
Kotede ) 1171.639 kN/mm
CHD-3-02 [F-8]
100 =S| -
5 —Lvdt-D
;.fﬂﬂ—\\ —Lvdt-F
80 P
%l P
51
60 / [
50 I/ |
40 +} /
| z
30 {1 f
|
20 4 /
|
10
/ .
| 6 [mm]
4 5 G 7 8 9 10
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SHEAR TEST: CONNECTIONS CHD

DATE [12/07/2012
DATA
P LABEL [ CHD-4-01
— W Notation | 15-2.0-5350-5235-6.3
b
s GEOMETRICAL PARAMETERS OF TESTED PLATE
o6 000 /o0 068
2 @ g;';.;’{;‘{ @/ ‘:E";,}} @ ty 2.0 mm
ceeses AR by 140.0 mm
d e by 680.0 mm
) GEOMETRICAL PARAMETERS OF GUSSETS
t 1.50 mm
by 4131 - 387 mm
hy 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | 8235
Steel grade of gussets S350GD+Z
TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
¢ 6.3 ‘ mm
Is 200 | mm
Material Carbon steel
Coating Zinc 5 (min) um
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min”
number of screw 2x25 (Configuration 4) | Anl > An2
SET UP
Displacement rate 0.05 mm/sec
Frequency 5 Hz
Ly (Original Gauge Length) 235 mm
RESULTS
Paituresmiods Tilting of screws+Bearing+Net
Section Failure
. 84.01 KN
Keppodeny 211.529 kN /mm
Kegvder) 211.546 kN /mm
CHD-4-01 [F-8]
100
Bl —LvdtD
90
— LvdtF
70
60
50 ~
40
30
20 4
10
0 & [mm]
0 1 2 3 4 5 6 7 8

186



Appendix A

SHEAR TEST: CONNECTIONS CHD

DATE

[12/07/2012

DATA

LABEL [

CHD-4-02

Notation |

1.5 - 2.0 - 8350 - 8235 - 6.3

GEOMETRICAL PARAMETERS OF TESTED PLATE

1% 2.0 mm
b 140.0 mm
hy 680.0 mm
GEOMETRICAL PARAMETERS OF GUSSETS
1 1.50 mm
by 412.61 - 386.99 mm
hy 300.00 mm
MECHANICAL PARAMETERS
Steel grade of tested plate | $235
Steel grade of gussets | $350GD+Z
TYPES OF SCREW
Code Tecfi AB 04 63 040
Type Self drilling
Type of head Hexagonal with false flat washer
) 6.3 mm
Is 40.0 mm
Material Carbon steel
Coating Zinc 5 (min) pm
Max drilling capacity 12.0 mm
Drilling rate 1000 to 1500 min’
number of screw 2x25 (Configuration 4) | Anl > An2
SET UP
Displacement rate 0.05 ‘mm/sec
Frequency & Hz
L, (Original Gauge Length) 235 mm
RESULTS
il Tilting of screws+Bearing+Net
Section Failure
F. 84.84 kN
Eapaicny 157.44 N/mm
K oLvdeF) 182.60 EN/mm
CHD-4-02 [F-8]
100
F[EN] —Lxdt-D
90 - —IxdtF
80 1 /——_. |
70 -
60 -
50 -
| 5
30 4
20
10 4
3
y [mm]
2 ] 4 ! 6 7 8
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Appendix B:
Tests on Walls
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B.1 MONOTONIC TESTS

MONOTONIC TEST: WLE ELASTIC LIGHT WALL

H[Y

DATE [02/08/2012
START TEST [10:11
LOADING PROTOCOL
Displacecement rate 01 mm/s
Frequency 10 Hz

70
H [kN] &
i
e o E s e e
/
50 4
40 7
i
30 — Tstep: Pull
7 —— II Step: Push
' —— Ke-Pull
20 —— Ke-Push

SPECIMEN WLE-M1

PULL PUSH UNITS
Hoox 66.3 66.6 kN
[ 36.7 35.3 mm
H, 64.9 65.6 kN
d, 188 242 mm
Hos 26.5 26.7 EN
A 97 985 mm
B (Duetility) 20 15 mm,/mm
K. 35 23 EN/mm
Experimental collapse Net section failure
VALUE UNITS
The(:feu'cal Hy Hid T
pr
I, 44 KN /mm
Teoretical collapse Net section failure
Design H, 505 KN
prediction k. 34 &N /mm

Design

P

Net section failure
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MONOTONIC TEST: WLE ELASTIC LIGHT WALL

DATE [03/01/2013
START TEST [10:19
LOADING PROTOCOL
Displacecement rate 01 mm/s
Frequency 10 Hz

H[E ﬁ

A L. el
= do —
i wat
= —— Loading Beam
| |
SPECIMEN WLE-M2
70
V. PULL PUSH UNITS
H[N] y
y | st His 65.66 63.0 KN
________ PRPSUES /% S B <.~ T | RS
60 7 O 294 26.1 mm
4
y H, 641 611 KN
50 / d 149 152 mm
A i 263 252 EN
it J doo 6.1 6.28 mm
4 = =
: 1 (Ductlity) 20 17 mm/mm
K 4.3 4.0 kN/mm
30
Lstep bt I Experimental collapse Net section failure
—— II Step: Push
KePull VALUE | UNITS
Thy tical
20 —— Ke-Push S Hs 614 BN
- - Hp P
- ky 44 kKN/mm
10 Teoretical collapse Net section failure
Design H, 505 EN
i d [mm] prediction k. 34 EN/mm
0 10 20 30 40 Design collapse Net section failure
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MONOTONIC TEST: WLD DISSIPATIVE LIGHT WALL
DATE ‘omgrzm 2
START TEST [11:00
LOADING PROTOCOL
Displacecement rate 0.1 mm/s
Frequency 10 Hz
H[kN]
d[mm]
o s 60 40 20 20 o 50 80 190
7 ——wan
4_—_//““ | ——Loading Beam
SPECIMEN WLD-M1
5 H [kN] PULL PUSH UNITS
T
| H 617 623 kN
: d, 2145 244.2 mm
60
: H, 56.7 58.8 KN
d}_, 141 186 mm
50
Ho.s0 27 249 N
‘I doso 6.1 79 mm
40 T step: Pull
[ e
uctilif 152 132 mm/mm
! — 11 Step: Push e ) f
‘ kePull K. 40 32 N i
i
= kePush Experimental collapse | Yielding of the diagonal
] ~~Hp VALUE | UNITS
4 — Theoretical
s Hp 550 kN
prediction
I, 49 EN/mm
10 Teoretical collapse Yielding of the diagonal
Design H, 54 N
d [mm] st
0 Pr k. 41 EN/mm
0 &0 100 180 200 250
Design collapse Yielding of the diagonal
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MONOTONIC TEST: WLD DISSIPATIVE LIGHT WALL

DATE

‘mmslzmz

START TEST

1015

LOADING PROTOCOL

)

250 W—Tio -100 50 50 100 150 200

Displacecement rate
Frequency

0.1 mm/s
10 Hz

—wall
/ ’/——j ‘ —— Loading Bam.
e
SPECIMEN WLD-M2
L8 H [kN] PULL PUSH UNITS
‘ i 642 565 KN
d, 23719 139.0 mm
60
H, 56.0 544 KN
[ - d, 131 170 mm
50 5
| Huis 257 225 EN
! didi 6.0 74 mm
[
40 :
] 1 step: Pull L (Ductility) 18.2 82 mm/mm
I —II Step: Push.
| ke-Pull K A3 32 EN/mm
® ke-Push Experimental collapse Yielding of the diagonal
B VALUE | UNITS
20 v kp Theoretical = 5
i Hp 350 KN
pre
k, 4.9 EN/mm
10 ‘Teoretical collapse Yielding of the diagonal
Design H, 54 EN
d S
0 ] prediction k. 41 EN/mm
0 50 100 150 200 250
Design collapse Yielding of the diagona]
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MONOTONIC TEST: WHD DISSIPATIVE HEAVY WALL

‘111101201 2

DATE

START TEST \101)9

LOADING PROTOCOL
Displacecement rate 01 mm/s
Frequency 10 Hz

H[N]

d [mm]
-2ho W 50 0 100 150 200
// ﬂ/ Foan
S

140

SPECIMEN WHD-M1

PULL PUSH UNITS
H,.. 1169 1193 BN
dase 1576 159.7 mm
[-Iy 1103 109.4 EN
dy 177 432 mm
Houo 458 47 EN
i
w /l Tspet Pull tils 2 18 £
| —IIstep Push 1 (Ductility) 89 a7 S
ke-Pull K. 62 25 N /mm
ke-Push
- - Hp Experimental collapse Yielding of the diagona
=kp VALUE | UNITS
) ‘Theoretical
i Hp 1100 KN
pr
I, 6.6 KN /mm
Teoretical collapse Yielding of the diagonal
Design H, 108 EN
d [mm] S
130 200 prediction k. 6.7 KN/mm

Design

£y

Yielding of the diagona
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MONOTONIC TEST: WHD DISSIPATIVE HEAVY WALL

DATE ‘ 181102012

START TEST ‘ 10:11

LOADING PROTOCOL
Displacecement rate 01 mm/s
Frequency 10 Hz

HIEN]

50 100

SPECIMEN WHD-M2
PULL PUSH UNITS
Honax 1184 1193 kN
fi 2035 2176 mm
H, 1095 1142 EN
d, 18.6 40.1 mm
Hyuo 474 417 EN
i T step: Pull do. 81 168 mm
| —— I step: Push. 1 (Ductility) 10.9 54 mm/mm
I
o Eo bl K 59 3.4 kN/mm
—kePush " . .
F / Experimental collapse Yielding of the diagonal
P
& Bl . VALUE | UNITS
Theoretical
e Hp 1100 EN
pre
k, 6.6 KN/mm
Teoretical collapse Yielding of the diagonal
Design H. 108 BN
d [rmen] e -
pr k. 6.7 KN/mm
o 50 100 150 200 250
Design collapse ' Yielding of the diagona|
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B.2 CycLiC TESTS

CYCLIC LOADING PROTOCOL: WLE ELASTIC LIGHT WALL

Cycle d d, [mm)] 18.7
6 2.49 d [mm] 49.87
1 3.74 d,. [mm] 199.49
6 2381

vl_[rn.m /sec] 0.50

1 499 d=9.97mm
6 3.74 v, [mm/sec] 2.00
1 9.97 L; [mm] 381.53
3 7.48 L, [mm] 9470.86
1 14.96 L. [mm] 985239
3 11.22 s OO 1
1 19.95 [min] 31
2 14.96 [s] 38
1 3491
2 26.18 i
1 4987 =
2 37.40 150

130 |
1 74.81 110
2 56.11 i
1 99-_I5 L : t III ii B
2 7481 E "“*WM’WMWWMW!HPHE
1 12468 || = % S ¥

LI Ill

2 9351 % M

0 T
1 149.62 %0

110
2 112.21 130
1 174.56 —
2 130.92 190

210
1 199 49 0 24 6 510121416 15 20 22 24 26 25 30 32 34 36 35 40 42 44 46 45 50 5254 56
2 149,62 Cycle number

196



References

CYCLIC LOADING PROTOCOL: WLD DISSIPATIVE LIGHT WALL

d, [mm] 13.8
d [mm] 36.80
oo [mm] 14722
vy [mm/sec] 0.50
d=7.36mm
v; [mm/sec] 2.00
L, [mm] 281.56
L, [mm] 12509.88
L., [mm] 727075
T 1
[min] 53
[s] 38

Cycle d
6 184
1 276
6 207
1 3.68
6 276
1 T.36
3 552
1 11.04
3 828
1 1472
2 11.04
i 2576
2 19.32
1 36.80
2 2760
1 3521
2 4141
1 7361
2 5521
1 9201
2 69.01
1 11041
2, 82.81
1 12882
2 26.61
1 14722
2 11041

GEEpabbbeeyasEEY

HEE

5
2

-H

024 65 1012141615 20222426 25 3032 34 3635 40 4244 4645 50 5234 56 5560 62 64

Cycle number
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CYCLIC LOADING PROTOCOL: WHD DISSIPATIVE HEAVY WALL

d, [mm] 18.18
d [mm] 48.47
pax [mm] 24237
v; [mm/sec
dl:[7.27:t(un 1 00
vz [mm/sec] 2.00
L; [mm] 370.83
L, [mm] 16476.52
L. [mm] 9576.16
G 2
[min] 29
[s] 39

Cycle d

6 242

1 3.64

6 2.73

1 485

6 3.64

1 9.69

3 1.27

1 1454
3 1091
1 1939
2 1454
1 33.93
2 2545
1 4847
2 36.36
1 7271
2 5453
1 96.95
2 72711
1 121.19
2 90.89
1 14542
2 109.07
1 169.66
2 12725
1 193.90
2 14542
1 21814
2 163.60
1 24237
2 181.78

BEPLGEEEB bbb venuBREERYY

E3

i

Cycle number

024 65 101214161520 222426 2530 323436 3540 4244 464550 5254 565560 6264
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CYCLIC TEST: WLE ELASTIC LIGHT WALL
DATE [14/09/2012
START TEST 10:11

|

SPECIMEN WLE-C1
0 PULL PUSH UNITS
H [kN]
e Hoas 00 694 EN
l < - 381 35.7 mm
M H, 69.6 689 kN
4
7 d, 188 200 mm
! Hoo 0.0 278 EN
‘
’ doao 76 8.06 mm
D
K. 37 34 EN/mm
40 1 0 Experimental collapse Net section failure
VALUE | UNITS
Theoretical
—— ke-pull predi Hp 614 KN
kePush k, 44 EN/mm
e Hy
® Teoretical collapse Net section failure
)
Design H. 50.5 EN
prediction k. 34 KN/mm
Design collapse Net section failure
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CYCLIC TEST: WLD DISSIPATIVE LIGHT WALL

DATE [21/09/2012
START TEST 09:50
H[EN]
T
|
il
ﬂﬁ. u%\g é /d[m]
20 E 100 1{0 M0 250
I jﬂ ‘). |
7 1) ] ]
L, —_—
LG e
SPECIMEN WLD-C1
PULL PUSH UNITS
Honax 63.1 64.4 EN
Ay 1963 2006 mm
H, 58.7 398 kN
dy 154 15.0 mm
Hyuo 252 258 kN
s 6.7 650 mm
L K 3.8 4.0 kN/mm
220 1892 . ~2f 20 60 100 140 180 2
./I‘ l/\‘l /“, i “I‘J M ‘” ‘\' Experimental collapse Net section failure
) ‘Jf Trrnmyig 77— e VALUE | UNITS
[0 | )
LI e ] IS TR S
IR EEEE; — L :
‘,‘ H"‘{j‘/l“““"ui --: K, 49 N/mm
“ bl & ; } sl i Teoretical collapse Yielding of the diagonal
Design H, 54 N
B prediction K 41 KN/mm
Design collap Yielding of the diagona
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CYCLIC TEST: WHD DISSIPATIVE HEAVY WALL

DATE

[27/03/2013

START TEST

09:50

SPECIMEN WHD-C1

PULL PUSH UNITS
Hipax 1240 1242 kN
[ . 2400 221 mm
H, 116.7 116.0 KN
d, 20.5 151 mm
Hos 496 49.7 kN
doo 8.7 6.45 mm
K 57 71 KN/mm
Experimental collapse Net section failure
VALUE | UNITS
AnEsreacal He 1100 e
P
X, 6.6 KEN/mm
Teoretical collapse Yielding of the diagona
Design H, 108 KN
prediction ke &7 EN/mm

Design collapse

Yielding of the diagona
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