Seismic Risk Mitigation i
Steel Moment-frame
Construction

Carlos Rebelo

L. Simoes da Silva
Ricardo Costa

Hugo Augusto

Melaku Seyoum

Sara Oliveira

UNIVERSIDADE P InfraRisk PhD Summer Workhop 2021

COIMBRA September 17




Carlos Rebelo | crebelo@dec.uc.pt :

Foreword

1 Steel Moment-Frame Construction

Vertical
: :;:\ » Beams —m o FOFC@
! v = = -
EI
é\} N b &
jx L ateral I . I
Columns — X M N Force : SR
Beam/
Column - _ . A
Commection  4—" 1\
N 4 [

Photo: AISC / Michael Engelhardt

1
g Institute for Sustainability and Innovation in Structural Engineering

UNIVERSIDADE b

> COIMBRA




Carlos Rebelo | crebelo@dec.uc.pt 3

Foreword
1 Steel Moment-Frame Construction

o Architectural versatility
o High ductility

o Low lateral stifness
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Foreword

U when a earthquake occurs these structural systems will behave:
» Elastically
» With plastic deformation
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Foreword

Northridge earthquake
Kobe earthquake.

1994, 1995

——0——0—0——0—>

In steel buildings built before 1960s, the connections Beans ‘ gfrrffd
between the beams and columns were either bolted or
riveted.
P

While these older buildings also may be vulnerable to e ——=E—
earthquake damage, they did not experience the type of Boan/
connection fractures discovered following the Northridge  Cdm

Commection 44—\
earthquake. I
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Foreword

Northridge earthquake
Kobe earthquake.

1994, 1995

o o -

Welds

The steel moment-frame buildings damaged in the 1994 Bean
Northridge earthquake are welded steel moment-frames, where f

the beams and columns are connected with welded joints. J ]
. <
In 1995, the Kobe earthquake resulted in damage to several hundred —
steel buildings, and the collapse of 50 older steel buildings. Japanese
researchers have confirmed problems similar to those experienced %
olumn

in the Northridge earthquake LA,
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Foreword

A Policy Guide to Steel Moment-frame Construction
Structural Engineers Association of California (SEAOC)
FEMA 354/November 2000.

2000

After the Northridge earthquake, US FEMA and SAC joint venture developed a six-years
research project to prequalify a set of selected joint types to be used in moment

resisting frames. The results were directed to feed into a specific standard (ANSI/AISC
358-05)

Seismic prequalification activity was also successfully accomplished in Japan.
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Foreword

Eurocode 8: Design of structures
for earthquake resistance -

Part 1: General rules, seismic
actions and rules for buildings

2004

o o -

Both non-dissipative and dissipative joints are allowed by EN1998-1:2004.

Specific requirements and design rules for seismic applications are missing.

The Code prescribes design assisted by tests for dissipative joints, incompatible with
real-life projects.
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Foreword

2014 - 2019

EQUALJOINTS projects

o o -

https://publications.europa.eu/s/j7q0

» Design recommendation per type of qualified joint have been developed.

« Design guidelines including step-by-step design procedure per joint type.

« The limits of application of the current EC3 requirements for dissipative and non-
dissipative joints have been examined

« Technical criteria have been developed to clearly highlight which beam-to-column joints for
seismic application should be used.
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Foreword

20?7

EN1998-1-2

o o -

Experimental validation for partial and full-strength connections may be omitted if prequalified
connections are used
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OUTLOOK

1. The role of the joints in analysis of Steel Moment-Frames (SMF)
Cyclic behaviour of steel joints — assessment strategies
The Cyclic Component Model (CCM) — Computational implementation

Research projects — seismic pre-qualification of steel connections

o ~ O N

Final Remarks
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= Joints represent 50% of the cost of a

The role of the joints in SMF

O Why are joints important?
steel structure.

= Needed to allow for pre-fabrication.
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The role of the joints in SMF
0 According to Eurocode 8 (EN 1998-1:2004):

* 6.5.2 (Design criteria for dissipative structures)
(3) Dissipative _zones may be located in the structural members or in the
connections.

* 6.6.4(3c) (Beam to column connections)

c) the effect of connection deformation on global drift is taken into account using non-
linear static (pushover) global analysis or non-linear time history analysis.
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The role of the joints in SMF
O What are joints in SMF? - Definitions

U

<

Bolted extended endplate Bolted haunched Welded dog-bone
Joints joints joints
unstiffened stiffened
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The role of the joints in SMF
O What are joints in SMF? - Definitions

U

<

Bolted extended endplate Bolted haunched Welded dog-bone
Joints joints joints
unstiffened stiffened
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The role of the joints in SMF
O What are joints in SMF? - Definitions

regions adopted for performance design objectives
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The role of the joints in SMF
O What are joints in SMF? - Definitions

regions adopted for performance design objectives

- Full strength column web panel is designed to
be stronger than other macrocomponents (beam or
connection).

- Equal strength column web panel is designed
to have a strength close to the one of the
beam/connection/both.

- Partial strength column web panel is designed
to develop plastic deformations exclusively with
itself.
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The role of the joints in SMF
O What are joints in SMF? - Definitions

regions adopted for performance design objectives

- Full strength connection is designed to be
stronger than other macro-components (beam or
CWP)

l
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- Equal strength connection is designed to have a
strength close to the one of the beam or CWP or
both.

Connection - Partial strength connection is designed to

develop plastic deformations within its components
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The role of the joints in SMF
O What are joints in SMF? - Definitions

regions adopted for performance design objectives

|
| ES-B-E (Extended-Stiffened end-plate joint
| with a Balanced panel zone and Equal

|F — — — strength connections)
|

|

ES-S-F (Extended-Stiffened end-plate joint

with a Strong panel zone and Full strength
Column web panel Connection Connections)
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The role of the joints in SMF

d Research question:

» what is the impact of semi-rigid joint on the analysis and design of SMF?
According to Eurocode 8 (EN 1998-1:2004):

* 6.6.4(3c) (Beam to column connections)

c) the effect of connection deformation on global drift is taken into account using non-
linear static (pushover) global analysis or non-linear time history analysis.

L Numerical assessment made on a large number of study cases

» Different joint modelling strategies
» Variation of number of stories, beam span, steel grade, ductility classes
* Non-linear static and dynamic analyses
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The role of the joints in SMF

O Seismic Analysis & Design w/out Joint Behaviour

Case Study Buildings: ——

« 3, 6 and 9 storey office building, 3.50m storey height :
6m span, seismic resistance of the building provided

by the perimeter frames. S

« Connections: Extended Stiffened (ES) endplate LR
« with Balanced panel zone and Equal strength (BE) ‘ ;e
« with Strong panel zone and Equal strength (SE) N .
« with Strong panel zone and Full strength (SF) :z % g
- Seismic performance of dual concentrically H \‘i \
braced steel frames accounting for joint BN g
behavior (RPEE, novembro 2019) ) AN , _
- Seismic Design and Performance Assessment ] i e g
of Steel Frames Considering Joints’ U E e = . w sco
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The role of the joints in SMF

0 Moment-rotation Behaviour
« A mathematical model of the moment—rotation curve is required

» Different degrees of accuracy via; linear, bilinear, multilinear and nonlinear representations.
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The role of the joints in SMF

O Structural Modelling of Steel Frames

« Centerline models are commonly
practiced. [Linear/Non-linear]

 Models with Column Panel Zone

» Scissors model: a simplified centreline
model where the panel zone is
modelled with a scissors type
arrangement. Can be linear or non-
linear depending on the spring property.

 Krawinkler model: introduces the full
dimension of the panel zone in the
modelling.
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moment

@ : node
@ : rotational spring &

COLUMN

: PANEL ZONE SPRING
1
1
W
1

BEAM

CONNECTION SPRING

_____________

column
2 rotational springs
for panel zone

unrestrained rotation

rotational spring
for beam

beam

UNIVERSIDADE b

COIMBRA




Carlos Rebelo | crebelo@dec.uc.pt 26

The role of the joints in SMF
0 Modelling Strategies AK
SIMPLIFIED MODELS DISREGARDING THE JOINT DIMENSIONS e 4 *
* The structural elements are modelled from centreline-to-centreline of =
each intersecting element. These models disregard the size of the © :node
panel zone. @ mers :

» the connection modelled by a bilinear moment rotation spring.

~__— Column section
REFINED MODEL 1: CONSIDERING THE JOINT DIMENSIONS N (f°"°°].3"ja’“c°'“'““)
« The panel zones of extended stiffened joints with strong web A e {2 s (clastcBeamColurns)

panels (ES-S-E and ES-S-F) are modelled using rigid elements.
Stiffening ribs are also modelled with rigid elements.

» The connections are modelled by a bilinear moment rotation
spring.

1
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Z; Beam section

(forceBeamColumn)

\

‘Connection M-6 Spring
(bl_kin)
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The role of the joints in SMF
0 Modelling Strategies

REFINED MODEL 2: CONSIDERING THE JOINT ~— Column section
DIMENSIONS T s,
« For joints with balanced web panel zone (BE), (bl_sym)
the Krawinkler-Gupta model is applied which ‘ — e _—;%(el Rigid clements |
accounts for the web panel dimensions and oL : ~ Beam soction
properties. (forceBeamColumn)
» The stretches of the beams that are stiffened by
the stiffening ribs are also modelled with rigid
elements. \C°““°°t(ib°1“k"i43’ Spring

» The connections are modelled by a bilinear
moment rotation spring. Tri-linear behaviour of the
web panel modelled by two bi-linear springs acting
in parallel.
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The role of the joints in SMF

O Non-Linear Static Analysis (Pushover)
« Two loading forms were used: Uniform pattern and Modal

pattern
L4 1 F N N F
T O e
— — =0 e s e
R S . I E

« Leaning columns were used to capture the P-A effect
« Parameters in the pushover capacity curves

* The ratio I/, /V;is a measure of redundancy.
 the p factor given by 6,,,, /6, reflects on ductility.
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The role of the joints in SMF

 Non-Linear Incremental Dynamic Analysis (IDA)
* 10 accelerograms (real ground motion records)

» The accelerograms match the linear elastic response spectrum of EN 1998-1
for soil type B and PGA of 0.35g.

» Performance levels: 0.59 for Damage limitation (DL), 1.0 for Severe Damage
(SD) and 1.73 for Near Collapse (NC).

Recorded accelerogram Accelerogram multipliers
R1 Accumuli bevagna N-S 5543
R2 ACHAIA Transversal 12.75
R3 AMATRICE E-W 9.81
R4 Brienza N-S 39.24
R> Castelluccio Norcia N-S 15.21
R6 Castelsantangelosulnera E-W 5.89
R7 GEMONA L-T 11.97
RS STURNO L-T 12.26
R9 TOLMEZZO Transversal 15.70
R10  Mirandola N-S 15.70
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The role of the joints in SMF

U Refined Models’ Results (Considering The Joint Dimensions)
9 Storey Frame
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Comparatively higher interstorey drifts (12% average increase) with B-E
type joints compared to the other two (strong web panels)
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The role of the joints in SMF

3 Storey Frame

6 Storey Frame
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The role of the joints in SMF

COIMBRA

~ BAY WIDTH ..I;
O Additional parametric study S 73| am om om i 7
96 study cases ) !
En1998-1:2004 vs. prEN1998-1-2:2021 ! }
) )
Current Code [1] Revised Code [45] | I I
DCM  DCH DC2 DC3 7 i I
q q 4o 4r q do 4R q é ;t, é
Lok . . i b i - ks o b o ks o
4 5-ayfaq 1.8 13 35 33 1.3 6.5 — v v v v e we o o - - we
3 Storey 6 Storey 9 Storey
Parameter ( \
o Design Assessment
Variations
Spans N°
Type Location DC-Q Code  Grade Joint
(m) Floors
1 6;6;6;6
3 0.35¢g DCM Current  S235 | Center-line
2 8;8:8;8
6 Type 1
3 4;8;8;4 ‘y
9 Soiltype B DCH Revised  S355 ES-B-E
4 8:6:6;8
\L /
| 9 0 UNIVERSIDADE b
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The role of the joints in SMF

1 Behaviour factors _ ,
Behaviour factors computed with

: . ; Refined Models are lower
45 +
et it o+ R
4 gt + + R
++, |:|+ og ++++ o + + 1 o+ 0 g0 . .
. ooe’ot + %% o oo o oy | V€ behaviour factors assumed in
oo oo o + o
3 £ oo . + u] .
D A e gl o e #9 Y  vhase | the design of the frames are much
g 25 u] oofo™TE+ + + EE,'EE ooo O . .
rA oaPo,8,0 © o oo higher than the actual behaviour
e [} o O
-; L
5 s |” factors estimated from the analyses.
1 + Simple
0.5 O Refined
qa qu q
0 0 10 20 30 40 50 60 70 80 9 100 _ Simple  Refined  Simple Refined | Simple Refined
Case Study Frame Designs Minimum 1.21 1.03 1.85 1.58 2.45 1.67
Maximum 1.52 1.55 3.44 3.08 4.74 3.96
Average 1.35 1.24 2.50 2.24 3.37 2.78
Median 1.36 1.21 2.40 2.26 3.29 2.81
Stan. Dev. 0.07 0.10 0.48 0.41 0,68 0,59
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The role of the joints in SMF —

moment
My p———

o Ks
/| «

U The simplified modelling technique I
could be considered sufficient for cases —=) s L P
with strong web panel.

o ?o‘iiﬁon;a. .

O The refined modelling techniques are V«ﬁ?‘@i&'ﬁ?ﬁm
. ,Panel zone M-6 Spring
recommended for frames with balanced Pin,_ ,Mm

- Rigid elements

web panel zone. — IS b;ﬁmmwm)

=h, +0.6 Beam section
B > (forceBeamColumn)

Connection M-8 Spring
(b]_kin)
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Cyclic behaviour of steel joints

U Behaviour Assessment Strategies

 Experimental Tests
* The most accurate procedure
* Requires specialized technicians and equipment
» High consumption of time and resources

A p
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Cyclic behaviour of steel joints

U Behaviour Assessment Strategies

 Experimental Tests
* The most accurate procedure
* Requires specialized technicians and equipment
» High consumption of time and resources

EN 1998-1 (2004)
* 6.5.5 (Design rules for connections in dissipative zones)

(6) The adequacy of design should be supported by experimental evidence whereby strength
and ductility of members and their connections under cyclic loading should be supported by
experimental evidence (...). This applies to partial and full strength connections in or

adjacent to dissipative zones.
(7) Experimental evidence may be based on existing data. Otherwise, tests should

be performed.
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Cyclic behaviour of steel joints

U Behaviour Assessment Strategies

 Experimental Tests
* The most accurate procedure
* Requires specialized technicians and equipment ‘ X
 High consumption of time and resources \ i =

However:

- Limited number of available publications reporting cyclic tests for European standards

- Difficulty of generalization of results
- Diversity of testing procedures (e.g. cyclic loading protocol) >> RFCS project ‘EQUALJOINTS'
- Lack of data bases with detailed information >> RFCS project ‘HSS-serf’
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Cyclic behaviour of steel joints

O Behaviour Assessment Strategies
 Experimental Tests

* Finite Element models

* The most accurate and versatile of the
analytical procedures

——> + Requires model calibration
» Allows for parametric studies

« Serve as benchmark for simplified design
methodologies: Component Model
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Cyclic behaviour of steel joints

O Behaviour Assessment Strategies
 Experimental Tests

* Finite Element models

* The most accurate and versatile of the
analytical procedures

——> + Requires model calibration
» Allows for parametric studies

Model solid parts

+ Serve as benchmark for simplified design "
methodologies: Component Model W ] Beam
7§ Elements
= | l (B31)
O a Column HE Beam IPE
Solid Elements z
(mainly
‘ 3( T 7 -“?&RSRH) End-plate Bolts
’ R
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Cyclic behaviour of steel joints
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0 Development and Validation of the FEM with benchmarks (experimental tests)

— static and cyclic behaviour of joints

18 13—
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Cyclic behaviour of steel joints

U Models may be generated automatically by Python scripts and compiled by
ABAQUS R

¥ Abaqus/CAE b.14-1 [Viewport: 1]

File Edit Format Run Options Windows Help
FILLIIT1100071110071710007777007717107777107177117 MESE [7777711717777077117077771101171101777111177171171777 A
# Mesh => Solid End-Plate

g File Model Viewport View Part Shape Feature Tools Plug-ins Help \?

New Model Database > g ) N H
d 5 HC IR == |k
Open... Ctrl+0 elenTypel = mesh.ElemType (elemCode=eval(elem code([5]([0]), elemlibrary=STANDARD)
Module: | Part v Model: |21 elenType2 = mesh.ElemType (elemCode=eval (elem code([5][1]), elemlibrary=STANDARD)
M Network ODB Connector > = H elenType3 = mesh.ElemType (elemCode=eval (elem code([5][2]), elemlibrary=STANDARD)
=] Gt o, G B p = Jointmodel.parts('End-Plate’]
Set Work Directory... c = p.cells
= Vo cells = ¢
Save Ctrl+S :L?' Q" pickedRegions =(cells, )
;a As _‘/ N p.setElementType (regions=pickedRegions, elemTypes=(elemTypel, elemType2, elemType3))
ve As...
-A‘ w for i in range(0, len (ppv)):
Compress MDB... O e
. ) v -
Save Display Options... AT dist_sup p = dist_sup p + ppv(i]
Save Session Objects... f: Ml if ppv[i] > 0:
- E =, 00
Load Session Objects... e N dist_left_p = 0.0
|_mport » .g for j in range(0, len (pph)-1):
Export » ‘*‘i 1 dist_left_p = dist_left_p + pph([j]
[ RunScript.. | [ i ponis > o
Macro Manager... ﬂﬂ‘ Z - ;o;g;z::del.pans[-E:d-na:e-l
Print... Ctrl+P (xvz) pickedEdges = e.findAt (((dist_left_p+x_cir p4, hp-dist_sup_p+y_cir_p4, 0.0), ),
+ ((dist_left_p-x_cir p4, hp-dist_sup_p-y_cir_p4, 0.0), ),
Abaqus PDE... “ I ((dist_left_p+x_cir pé4, hp-dist_sup_p-y_cir_p4, 0.0), ))
.’-j + p.seedEdgeByNumber (edges=pickedEdges, number=int(seed quarter p), constraint=FINER)
1D:/Lixo_2/.../Scripts/teste.cae hnafl 0. ) p = Jointmodel.parts['End-Place’]
c = p.cells
2 D:/../Modelo melhorado 4_HA.cae T E
0’, p = Jointmodel.parts['End-Plate']
3 H:/JN/EP-15-Dyn-Exp.odb ‘
ot " / e = p.edges
: -15-Dyn- @ x pickedEdges = e.findAt (((dist_left_p-x_cir_ps, hp-dist_sup_p+y_cir_ps, 0.0), ),
4 H:/IN/.../N/EP-15-Dyn-Exp.odb P ((dist_left_p-x_cir p3 8, hp-dist_sup_p+y_cir_p3_8, 0.0), ))
ctrh,Q a ’ P. dE (edg ckedEd nt (seed_one_eighth_p), constraint=FINER)

Exit

i@ Connector Sections
# F Fields

Py Amolitudes

# Generate the MESH
p = Jointmodel.parts(['End-Plate’] |

p.generateMesh () -
Ln: 25/Col: 6
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Cyclic behaviour of steel joints

4 Allowing parametric studies
> Double extended 5 bolts FOWS
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1

90
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S, Mises
Lower Flange, Left End
(Avg: 75%)
1050.000
962.500
875.000
787.500
700.000
612.500
525.000
437.500
350.000
262.500
175.000
87.500
0.000
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Cyclic behaviour of steel joints
d Allowing parametric studies

Double extended 5 bolts rows
I .

S, Mises
Lower Flange, Left End
(Avg: 75%)
1050.000
962.500
875.000
787.500
700.000
612.500
525.000
437.500
350.000
262.500
175.000
87.500
0.000

o B4 & m
However,

nt (KNm)
\

Reliable FE models require qualified and experienced users and is not

adequate for practical design

100 F’/
0 T T

0 20 40 60 80 100 120 140 160 180
Rotation (mrad)
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Cyclic behaviour of steel joints

O Behaviour Assessment Strategies
1 * Experimental Tests
* Finite Element models
* Mechanical Models (Components Model)

» Accurate for the application field
:& » Requires calibration of the components behaviour (EXP or FE)

« Can be incorporated in design codes (standard in EN1993 for monotonic static loading)
| I

(G (@) G (8 (10

| ) (4) 5) 8)(10y)
*H 0 =1+
(39 (@) (59 8y (109 [[H

(2) (7)

AAAAAAAA
vvvvvv

g
H
) ) 1
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Cyclic behaviour of steel joints

O FE Model development and validation: interpretation of FE results at
component level

A~

S, Mises
Lower Flange, Left End
(Avg: 75%)
1050.000
962.500
875.000
787.500
700.000
612.500
525.000
437.500
350.000
262.500
175.000
87.500
0.000

pT11
~0T13

D17 1 oT7

™ ¢ | }-oTma

Drz+0718 4 © DT8

Table B2 (®)
Equations for the extraction of the F-A curves from the numerical results.
Component Resistance (F) Deformation (A)
i 2ty 34100 > 21g/3+r 5 - DT1-D12y 4 DI3-DT4
Column web panel in shear Vo ( I s dz) e ("I ._zm) et ( [ mdz) 4 (B16)  y=arctan(®-P12) 4 arctan(P300T)  (B.17)
Column web panel in shear with stiffeners e ) (B.18)
Mg = [ z{02,dA)
Ve = Mypa -Mg-;g.de,«xc My (B.19)
V=V, + V (B.20)
Column web In transverse compression h (B.21) A; = (AP1 — AP2)compressed_beam _fiange (B.22)
Fo=| [ Owndy |t
Column web in transverse tension hes (B23) A= (Am — Am2)row.i (B.24)
Fij=| ] 033dy | tue
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Characterisation of steel joints behaviour

0 Components cyclic behaviour hmst@ '
« Practical procedures were proposed to extract R teifnfonien
-di i i E h ': i t(2nd)
the force-displacement relationships from the g t(2nd)$ H h,
individual components of the joint. = Fe@ra) <umm s K (rd
: : $mC @thth)
« The procedures are based on the integration of Feany OO
the stress and displacement fields in the FE model 800 600 400 200 0 200 400 600 800

033 (N/mm?)

« Results revealed good accuracy when compared
to the Eurocode 3 procedure (static monotonic)
and with experiments (cyclic).

CHARACTERIZATION OF THE BEHAVIOUR OF PARTIAL-
STRENGTH JOINTS UNDER CYCLIC AND SEISMIC
LOADING CONDITIONS

PhD UC (2017)

1
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Cyclic behaviour of steel joints

dBasic components identification and idealized mechanical

model of the joint
o ] e [

Column web in transverse  Limited
tension

B) &) ) (3 (10

Column flange in bending 9

G G2 QR () Gl Tension 5 End-plate in bending High
7H oHB =7+ _8 Beam web in tension High
I 10 Bolts in tension SRILE
(1) ) (7)
;J;.; 19 Welds in tension SRILE
Horizontal | Column web panel in High

shear shear
olumn web in transverse
compression

Beam flange and web in Limited
compression
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Cyclic behaviour of steel joints

V (kN)
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-250
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-1000
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QExperimental Characterization of the Joints Components

Component: 1
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500
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F (kN)
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=750
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750

500

40
250
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Components 2 & 3

/i et R —— Group of rows 1 and 2
,,,,,,,, Group of rows 3 and 4

2 -15 -1 -05 0 0.5 1 1.5 2

Web deformation (mm)
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The Cyclic Component Model (CCM) — Computational implementation

0 Cyclic Component Method (CCM)
» Provides an adequate basis for the design of joints by allowing a simple assessment of the
influence of key geometrical properties of the joint on their cyclic response

» Basis for the development of the CCM are defined
» procedures for the extraction of the cyclic behaviour of components from experimental tests

and/or refined FEM models
« analytical models for the cyclic behaviour of components (e.g. the Modified Richard-Abbot model) and

the calibrations of their parameters
« stable numerical procedures for the cyclic analysis of the joint mechanical model

Component-based method for quasi-static cyclic behaviour of steel joints
Journal of Constructional Steel Research 181 (2021)

1
g Institute for Sustainability and Innovation in Structural Engineering
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The Cyclic Component Model (CCM) — Computational implementation

O Prediction of the behaviour of beam-to-column joints

H-J » Monotonic loading = Component method (EC3-1-8)
8 » Cyclic loading = The usual approach is to develop multi-parameter mathematical expressions which need
b to be experimentally calibrated
» EQUALJOINTS project = Development of a cyclic component method
4 Cyclic component method
g » Extension of the component method for simulating joints subjected to cyclic loading
E » Develop a numerical tool to compute the global behaviour of beam-to-column joints through the
= characterization of its components
21
o U
UCyclic
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The Cyclic Component Model (CCM) — Computational implementation

https://www.steelconstruct.com/ UCyCIIC
| |
Curve CompModel Results
Fitting Calculator Analyser

« Assessment of the cyclic response of steel joints making
use of the cyclic component model (CCM)
» Program developed in MATLAB

* The program is organized in three interconnected modules

g Institute for Sustainability and Innovation in Structural Engineering
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The Cyclic Component Model (CCM) — Computational implementation

0 Typification of Cyclic joint (component) behaviour
» stable and unstable with pinching M| M

stiffness degradation strength degradation pinching effect

S T T

iMd 1

1
g Institute for Sustainability and Innovation in Structural Engineering

» Hysteresis loop types
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The Cyclic Component Model (CCM) — Computational implementation

O Multi-parameter mathematical models : . .
Generic loading and unloading
» Cyclic moment-rotation response branches
* Richard-Abbott: (Richard e Abbot, 1975)
» Modified Richard-Abbott: (Della Corte et al., 2000) and (Nogueiro, 2007)

(Ko,red - Kp)(¢start - ¢)
M = Mgeart — T~ Kp - (Pstart — ) T
n. =
1+ (Ko,red - Kp)(¢start _ ¢) " Mg
|Mstart| + MO,red ¢{>
Mn
Strength and stiffness degradation (Mn, ¢n)
M M (1 i el ) K K (1 i En )
— . —1  —_— o . —1 .
o,red 0 M My . ¢u,0 0,red 0 K KO . ¢u,0
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The Cyclic Component Model (CCM) — Computational implementation

d Multl-p..'a\.ramt.eter mathematical models 30 param eters
» Modified Richard-Abbot parameters

Ka (and Ky) is the initial stiffness

M. (and My) is the moment resistance

Koa (and Kq) is the post limit stiffness

N, (and ny) is the shape parameter

Kap (@and Kgqp) is the initial stiffness

M., (and My,) is the strength

Koap (and Kpgp) is the post limit stiffness

N,p (@nd ngp) is the shape parameter

t1. and t,, (and ti4 and ty4) are the two parameters related to the pinching

C. (and C,) is the calibration parameter related to the pinching, normally equal to 1

ika (@nd ikgq) is the calibration coefficient related to the stiffness damage rate

ima (@nd inq) is the calibration coefficient related to the strength damage rate

H. (and Hy) is the calibration coefficient that defines the level of isotropic hardening
Enaxa (ANd Enaxd) is the maximum value of deformation

a — ascending
d — descending

UNIVERSIDADE b

)90 COIMBRA

+ Institute for Sustainability and Innovation in Structural Engineering




Carlos Rebelo | crebelo@dec.uc.pt 57

The Cyclic Component Model (CCM) — Computational implementation

(3 & 3 (0

(3 4 (5 B)(10)

Sagging ‘
2 EIRCOREIRS)
=
2 (7)
Q_.,,, (1) - CWS
(3) (4) (5) () (10) (3 - CWC
(3-CWT
(4)- CFB
" (5)-EFB
(3) ) (5) (310 (7 -BFC
8 -BWT
%) (10)-BT
522 (7
Ho in \ ‘ S 24D X eatized betaviour
g g g for components:
(3 @ (3 A0
F F F
O M @ ’ 6

———— W < E‘/ - <
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The Cyclic Component Model (CCM) — Computational implementation

O Mechanical characterization of the cyclic behaviour of the components
» Non-dissipative and dissipative components

UNIVERSIDADE b

> COIMBRA

MBTI1 MBT5 MBTG6
P A BT 4 7
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o \
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€.g. e.g. CWC
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The Cyclic Component Model (CCM) — Computational implementation

CURVE CF1 - Calculation without any variable imposition. —
1443 FITTING
D C urve F Ittl n g .| |CF2 - Calculation imposing the same X for the ascending and the
. descending branches
* ComPUteS the beSt flt for the I::;a:;:::;r;nc;f CF3 - Calculation imposing different values of K for the
. ding (K,) and the descending (K,) branches
and descending ascen
paramete rs for eaCh branCh Of the branch | |CF4 - Calculation imposing the same K and F for the ascending
force-deformation curve extracted ] and the descending branches

L. CF intern | |CF5 - Calculation imposing different values of K and F for the

from tests or Finite Element models 1 functions ascending (K;, #,) and for the descending (K, o) branches

(ABAQ U S) For each branch
i Calculation of .
® G IVves RA pa ram ete rs Variables Parameters Dpoints > Expected
| each parameter R [« yes T yes .
storage calculation minPoints? behaviour?
mean value
no no
E3-TB-E; Component: CWS; Row: 1; CF=1; ComPUted m
,Ascending: K = 1831.1149; Kp = 21.2887; FO = 1402.9245; n = 10.3868 parameters €Xt branc

2000
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/ j i Curve plotting ‘Start/EndC) Input/OutputE Process i:l Sub-process D:D Decision <>‘
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The Cyclic Component Model (CCM) — Computational implementation

0 CompModel Calculator

« Computes the quasi-static and cyclic nonlinear behaviour of beam-to-column joints

» The user is free to define components and their behaviour based on the joint’s typology

» There are available various possibilities for the force-deformation laws of the dissipative components

* May be used to predict the behaviour of beam-to-column joints with arbitrary dimensions falling within the
limits of application of EC3-1-8
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The Cyclic Component Model (CCM) — Computational implementation

0 Double extended end-plate joint
» Joint E3-TB-E_tsO — EQUALJOINTS project

AN\ANANAANANANANNAA
e— 25
80 B I (35) (4 (5 (10)
(o o s 1 —
B o)
s || == T Go) @) (5) (8(10)
Beam: IPE 600 —l| oo ¥ 3 Pop o
- 90 4 ] 0 (1)-CwWs
A f -
Column: HEB500 T || °[° s | ) ot
Steel grade: S355 2 910 e & Evp
. ' Gy (@) (5) (8)(10) 7)-BEC
Bolts: M36 (10.9) 4| o | o L ! repoones IERCRI
. 10)-BT
End-plate: 25 mm eI & 3 a P Q;@ a0
vzt 2
?_ (3s) (45) (55) (109)
éOL 203 @ f 1
B HEBS500
¥ v ($355)
LhAAAAAAAAAANH
54150 5
300
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The Cyclic Component Model (CCM) — Computational implementation

a 1st step — identification and classification of components

d 2"d step — computation of the strength F and the stiffness K, of each component according to EC3
a 3rd step — characterization of joint components using FEM models

Dissipative components

* (1) CWS — column web panel in shear ) 4 2

* (2) CWC - column web in transverse compression )10)

* (3) CWT — column web in transverse tension & 7

* (4) CFB — column flange in bending | \ > 8)

 (5) EPB — end-plate in bending (1) || I\D \
Non-dissipative components | -GE' %/(7)

« (7) BFC — beam flange in compression (2) {:r\\ /‘
* (8) BWT — beam web in tension / V

+ (10) BT — bolts in tension e
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The Cyclic Component Model (CCM) — Computational implementation

a 4th step — computation of the RA model parameters using CurveFitting

d 5th step — computation of the cyclic behaviour of the joint using CompModel Calculator
» Assign a mechanical behavior to each component

CWS - column web panel in shear — MBT2
CWC — column web in transverse compression — MBT6 |
CWT — column web in transverse tension — MBT5 Ojim=
- -0
CFB — column flange in bending — MBT5 p=2%
EPB — end-plate in bending — MBTS _|
MBT2 MBTS5
MBT6

0
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The Cyclic Component Model (CCM) — Computational implementation

O 5th step — computation of the cyclic behaviour of the joint using CompModel Calculator

M [kNm]

g Institute for Sustainability and Innovation in Structural Engineering

Global results

Joint: M-¢ curve
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Research projects — seismic pre-qualification of steel connections

NORTH AMERICAN PRE-QUALIFICATION

O European materials, section shapes, and welding processes
used in beam-to-column joints differ from the US and Japan
(maximum column depth W14 = HE 340);

U0 The type of European seismic input, which obviously affects
the ductility demand, differs from the Pacific earthquakes;

Q Only 1 pre-qualified SEMI-RIGID, FULL STRENGTH bolted joint;
U No pre-qualified PARTIAL STRENGTH joints.

EUROPEAN PRE-QUALIFICATION

O EQUALJOINTS RFCS Project (European pre-qualified N E
steel joints) + EQUALJOINTSplus RFCS Project il olo|s
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RFCS Project Imperial College . {i: .
EJUROPEAN PREEngJJAﬁ_Il_:lcE):JNsTTSEEL JOINTS -ondon ?y
. T (3 CORDIOLISG A
Funding: 1.64 M€ July 2013 — July 2016 onvesie U Eihdeiieted Arcelormital

* Development of a prequalification procedure for typical joints used in the EU practice, on the
basis of experimental, numerical and analytical investigations;

* Development of analytical and numerical models predicting the behaviour of beam-to-column
joints under cyclic loading.

* Define technological requirements for fabrication of the codified joints and to evaluate the
economical benefits related to the costs and construction time of different solutions.

T

/

STV O O CNGa)

Bending moment (kNm

2

o
)
.
A
Z

(c)
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\ @ﬂ ug ASBL |J|]]

dLg

RFCS Project EQUALJOINTS-PLUS
VALORISATION OF KNOWLEDGE FOR EUROPEAN

PRE-QUALIFIED STEEL JOINTS ont glgm @
Funding: 1.22 M€ July 2017 — July 2019 -’I-‘U Delft E l:":’é IWTH

* Valorisation, dissemination and extension of the developed prequalification criteria for
practical applications to a wide audience, within the previous RFCS project EQUALJOINTS
(RFSR-CT-2013-00021) ;

* Development of pre-normative design recommendations of seismically qualified joints on the
basis of results from EQUALJOINTS project. .

* Development of design guidelines and software in order to design steel structures accounting
for the type of joints and their relevant nonlinear response.

-~

DESIGN GUIDELINES AND PREQUALIFICATION CHARTS

UNIVERSIDADE b

COIMBRA

s \ O 2 CALIBRATION OF FEM e
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Research projects — seismic pre-qualification of steel connections

EQUALJOINTS APP

o i0S (AppStore)
o Android (Google Play)

(search for Equalloints)

£c8 ')
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Pre-qualification of steel connections - Research projects

v .
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Final Remarks

Contributions to normative seismic prequalification of connection
commonly used in Europe

1 Eurocode prEN1998-1-2 (202X)
* 11.8.6. Design rules for connections in dissipative zones
* (7)The resistance and ductility of members and their connections under cyclic loading should be
demonstrated by tests.
« NOTE CEN doc. XXE gives a loading protocol and acceptance criteria for such tests.

» (8) Past test results from the literature and refined numerical simulations may be used to
demonstrate the effectiveness of the designed partial and full-strength connections in or adjacent

to dissipative zones of DC2 and DC3 structures.
* (9) Experimental validation for partial and full-strength connections may be omitted if

prequalified connections are used.
— Annex E gives complementary rules on seismic prequalification of beam-to-column joints
and design rules for gusset connections of braced structures.

« ANNEX E - (normative) SEISMIC DESIGN OF CONNECTIONS FOR STEEL BUILDINGS
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O Future developments include:

* Further development and validation of Cyclic Component Model and computational
tool

» Extension of the CCM to other type of steel connections
« Experimental testing and extension of the method to composite connections
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