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=PFL  Objectives of Today’s Lecture

= To introduce:
« Material nonlinearity
« Concept of "plastic hinge”
« Element formulations for tracing material nonlinearity

« Constitutive formulations for concentrated plasticity models
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EPFL  |ncorporating material nonlinearities into frame analysis

= From the previous lectures, the global stiffness matrix of a structure, K, is given as follows,

_ zzT 1
Ky =T'|L'KL+ § —+ 5 (rz" +zr")(g, + 33) | T
L, 12

| ) | J
| |
Material stiffness matrix Geometric stiffness matrix

\ J
|

Tangent stiffness matrix in the local reference system

\ J
|

Tangent stiffness matrix in the global reference system
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=PFL Element formulations for nonlinear material response

(a) (e)
J
Plastic Nonlinear Finite length Finite
hinge spring hinge hinge zone section element
| J | J
Y Y
Concentrated plasticity Distributed plasticity

Source: NIST GSR 10-917-5
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EPFL  Concentrated plasticity models
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I Concentrated plasticity I Distributed plasticity
Advantages Disadvantages Image Source: NIST GSR 10-917-5
= Fairly simple =  Require the load-displacement relationship (as opposed to engineering stress-strain)
= Effective for interface effects = They generally don’t capture interactive effects
=  Computationally efficient =  Member instabilities (see later on)
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=ePFL  Within a numerical model of a frame structure

Zero-length elements with
idealized moment — rotation relation

_Beam ij

/" (bot. flange in tension)
J ]
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Equivalent elastic beam-column element
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ePFL  Elastic beam element with two rotational springs

. 6E1 6E1
Let’s assume the following: k, =n - : ky =n— =
The equivalent element stiffness matrix becomes:
B 0 0 — 0
Sij+Sjj+25ij)Ele iitsSji)Ele iitSjj+2Sij)Ele
Fory 0 (Sii+ “:3251)51 _ (s +2 )EI 0 _ (s +S”L+325 j)EI
Fyl 0 _ (Sii‘l'Sji)EIe SiiEle (Sii+5ij)EIe
) My, , — L? L L?
11:: 2| =% 0 0 it 0
y2
(Sii+5 ii+2S; ')Ele (Sii'l'Si ')Ele (Sii+5"+25i ')Ele
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0 _ (Sjj+5ij)EIe SjiEIe 0 (S”'+Sij)EIe
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EPFL  Elastic beam element with two rotational springs (2)

‘Equivalent’ moment of inertia:

n+1
= I
n

le

Stiffness coefficients:

6(1+n)
Sij = 9ji = 2+ 3n
~(1+2n)

== Ay U
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ePFL  Elastic beam element with two rotational springs (Option 2)

Let’s assume the following:
a;a;

N aia, + 4a; + 4a, + 12

kl =a1EIe/L kz =a2EIe/L a

The “spring and beam” element stiffness matrix becomes:

AE 0 0 AE 0 0
L L
12 a, +a, 6 2 12 a, +a, 6
o (e Hied) 0 B Hoed
(Fxl 3 L a1 az az L a1 az L a1 fUX1\
Fy1 0 6(1+2) 4(1+3> 0 6(1+2) 2 1
< MZl > _ aEIe L a, a, L a, ) 61 \
F, (T 17 | AE AE Uro
Fys T 0 0 T 0 0 Uy2
M, J 12( a1+a2) 6( 2) 12( a1+a2> 6( 2) \ 6, )
0 ——(1+ ——(1+=) o (14 ——(1+=
L? a,a, L a, L? a,a, L * a;
6 2 6 2 3
0 Z(1+2) 2 0 —2(1+5)  a(1+D)
L a, L 1 a,
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EPFL  Typical component behavior under monotonic loading

Strength at ultimate

/ or capping strength
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=PFL  Typical component behavior
-Example: Cantilever steel column

Column End Moment [kN-m]

0.1 1 0. 1 5
Chord Rotation 6 [rad]

Source: Suzuki and Lignos (2021)
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cPFL  Typical component behavior (2)
-Example: Cantilever steel column

Column End Moment [kN-m]

600+ M
m, 3EWL
50%M
———T o k¥ =015 X3EUL
i member —
| emenper =3EVL |
6, | o
- - pe v\\\ >
0[ : A 1 1 1 \\
0 0.05 0.1 0.15 0.2

Chord Rotation 6 [rad]

Source: Suzuki and Lignos (2018)
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=PrL

ol RESSLab

Typical component behavior under cyclic loading
-First cycle envelope

First cycle envelope

- P
NSl 1N
/N Iy

Beam Deflection
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EPFL  Comparison of monotonic and first cycle envelopes

Monotonic

.................................................................................................

..............................

Moment, M [KNm]

Y 0,.. G

¥ u,cyc u,mon

Chord Rotation, ¢ [rad]

Source: Lignos and Hartloper (2020)
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cps :
tPFL  Component behavior
-Some general remarks
Onset of strength degradation
f A
; / Slope of strength degradation
c
fy T7/7/7— / Residual strength plateau
/ Level of residual strength
fr = kfy
ke )
. - dy d, d, dy, d
Can be defined based _ A %
on mechanics 2{ Y \
P pe Empirically defined
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ePFL  Basic workflow

Incrementn |«

i =1 set Ai=1 = A1 Fvi=1 — gn-1 _ gn-1 ’Vn,izl — yn-1

unb int ext
ni=1 __ n—-1
and Kstruct - Kstruct

>

-

A 4

Determine §v;*'and §v;* > compute §A™ and 6v™i-> update 4™, v and F.:

For all elements: element state determination

A4

Assemble the new structure tangent stiffness matrix
K:. . cture @Nd structure resisting force vector F;:

Compute the structure unbalanced force vector F*, = F’*! — F*!

Has the procedure converged?

:

Next increment

t

Yes
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nl _ ~ni-1
Set Funb - Funb
A
ext
i+1 n+1
A A
int
unb int ext
-+ No
’.
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EPFL  Basic workflow (2)

. . . T
svit = {sv} @ vyt 565}
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ks
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cPFL  Assessment of existing structures
-Readily available load-deformation curves

EUROPEAN STANDARD EN 1998-3
ASCE STANDARD [ ﬁfi’;;’ ] NORME EUROPEENNE
EUROPAISCHE NORM June 2005

ENV 1998-1-4:1996
igendum March 2010

ICS 91.120.25 Si

Seismic Evaluation

Eurocode 8: Design of structures for earthquake resistance -

and Retroﬁt Of Part 3: Assessment and retrofitting of buildings

Eurocode 8: Calcul des structures pour leur résistance aux Eurocode B Auslegung von Bauwerken gegen Erdbeben -
séismes - Partie 3: Evaluation et renforcement des Teil 3: Beurteilung und Ertichtigung von Gebauden
batiments

Existing Buildings

This European Standard exists in three official versions (English, French, Germa:
under the responsibility of a CEN member n language and nofified to
versions.

France
d, Portugal, Siovakia,

CEN members are the nation
Germany. Greece, Hungary,
Slavenia, Spain, Sweden, Switze

dies of Austria, Belgium, Cyprus, Czech Republic. Denmark, Eston
, ltaly, Latvia, Lithuania, Luxembourg, Malta, Nethertands, Norway, Pol
United Kingdom

STANDARDIZATION
NORMALISATION

om1 FUR NORMUNG

STRUCTURAL Management Centre: rue de Stassart, 36 B-1050 Brussels
ENGINEERING
INSTITUTE

©2005CEN Al xplortation in any form and by any means reserved Ref No. EN 1998-3:2005: E
world  CEN national Members.
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=pFL  Some challenges with concentrated plasticity models

Source: Elkady and Lignos (2018) Source:Prof. Jack Moehle

ol RESSLab

Material nonlinearity - Concentrated plasticity models - Nonlinear Analysis of Structures - Prof. Dimitrios Lignos, RESSLab EPFL

22



=PFL lllustration for steel beams

Local buckling

M,

My k

ke
M, = kM,
ke
0, 0.
N - AN
HP
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=PFL Deterioration modes in steel members

Strength Post-Capping Strength
Deterioration Deterioration
150 //
100 7
) 7]
% 0 T T T T 7 T 7 T T \\ ~ !
K . // / é / // / , dy ,, dc/ Unloading

stiffness
% deterioration
-100

-150

-10 -8 -6 -4 -2 0 2 4 6 8 10
Beam Deflection

Source: Prof. Helmut Krawinkler
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=prL  Typical models to trace the hysteretic response

Elastic Perfectly Plastic Model Simple Bilinear Model
a
F,
F,

K, K,
() o
o o
o o
s s

Displacement Displacement

ADVANTAGE: You only need K, F,, (or M, ) and a
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[T

Notice that they do not capture post-capping strength deterioration

ol RESSLab

Displacement

Force

/

%

Displacement
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=prL Models that capture cyclic deterioration

Cyclic Moment-Rotation Model

Bas

¢ Strength

— Post-C

Stren

Initial
Backbone

Unloadin
Stiffness

\

& S
M

apping
gth

Det.

-Reference energy dissipation capacity

Et=/1'9p°My

-Rule for modeling deterioration

Mi=0-p) M4

Ki=1-pi)Ki

© \E, - XIC1E

(Source: Lignos and Krawinkler 2011)
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cPrL

> Cyclic Monotonic

g“ Response 3 / Response

: N

S

2 “n .

o :

- H ~

83

= Yo

g —— Test data

g o~ ! oA R 1°' Cycle Envelope
= = Monotonic Backbone

Chord Rotation, 6

Column End Moment, M [kN-m]

\®)
S
S
O

—_—
)
S
S

-1000T

-2000

Calibration with available experimental data

-0.05

Chord Rotation, @ [rads]

(Source: Lignos et al. 2019)
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EPFL  Calibration with available experimental data (2)

= Trends between geometric & material parameters on input model parameters
« Dimensionless slenderness parameters:
= flange local buckling, A = b /2t¢
= web local buckling, A, = h/t,

. . . . I
= lateral torsional buckling, A, = L,/ i, (zz = |7
= Shear span ratio, L,/h ,
. Section C-C
= Yield stress, f,
™\ L A bf
Lo Y
< >| -f —x
H x : H t p |
Lb E : rﬁ* Y
N : | N [———]
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=PrL Empirical relations for steel beams

Non-composite steel beams (other than RBS) b,
R M —
M; = 117Mpl =1.17- Yrm Wpl,y . fy (yrm = 1.25 fOT' 5355) , ]
tW
M, = 1.11M; (COV = 0.1) e SRR
M, = 0.4M,
Plastic deformation parameters (for monotonic loading) Range of applicability
hy\ 0365 / —0.140 [ (0340 , 4 | —0.721 —0.230 - -
0,=00865(—) (5] (2) (s L) o =032 20 < h/t, <55
tw 2tf d 533 355 in = U
4 < b:/2t; <8
= —_— S _ —_ _ = Lo =
Ope = 263 (tw) (th) (533) (355) (0 = 0.25)
102mm < d < 914mm
6y = 0.20rad 240MPa < f, < 450MPa

Source: Lignos and Krawinkler (2011)
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EPFL  Some remarks on multivariate-regression models

HEA 300 HEB 300 HEM 300 HHD 400 x 463
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=PrL

Databases and model availability
-Publicly available from: resslabtools.epfl.ch

@ QuickTime Player File Edit View Window Help g 33 0O = ] o) 47%@E) EEus.
[ Web-Based Interactive Tools © x ( [} Web-Based Interactive Tools ' x
@ dimitrios-lignos.research.mcgill.ca/databases/steel/

Sun15:28 Q

¢) Dimitrios
STEEL W-SHAPE
HOME DATABASE COMPONENT MODEL

aQ ¥
FRAGILITY CURVES ABOUT

SEARCH OUR DATABASE!

TEXT FIELDS

tis sufficient to only fill in one field
In this page, you will be able to search through all of the values we have collected and provided for your exclusive researching pleasure

Publication:

Principal Investigator: Beam Size:
-- Search All -- v -- Search All --
Test Configuration: Connec“kon Type:
-- Search All -- 5 -- Search all -
Pre-Northridge? Slab Present?
-- Search all -- v -- Search all --

© 2013 Dimitrios Lignos. All rights reserved

W@ PLi @A s pTwdx
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=PrL

Empirical equations for steel columns

Lateral
bracing

Inflection
point . ‘

Image adopted from RESSLab-hub: htips:/resslab-hub.epfl.ch/ (Source: Lignos et al. 2019)
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=prL Empirical equations for steel columns (2)

Y ,
1.15Wy; y¥rmfy (1 — Ng /2Ny, ), if Ng/Nye.<020 T |—°F
My, = 9 . ho|d
1.15Wyy 3 Vemfy [g (1-Ng /Npl,e)], if Ng/Nppe>020 o,
rﬁ —_—Y

"2 p N 04 N 0.4
M, =aM; a=125 (—) (—”) <1 — ¢ > ,1.0 < a < 1.3 (COV = 0.10)
tw lz Npl,e

N
M, = <o.5 — 04 ¢ >M; >0 (COV = 0.27)

ple
Plastic deformation parameters (for monotonic loading) Range of applicability
h -1.7 L -0.7 N 1.6
0, = 294 (—) (—b> (1 - ¢ > < 0.20 (COV = 0.39) 3.71 < h/t,, <575
tw lz Npl,e
38.4 < L,/i, <120
e =90 (1) () (1= 20 ) < 030 cov =026 .
Pe "\t i, Npe) ~ ( = 0.26) 0 < Ng/Npe < 0.75
6, = 0.15 (COV = 0.46) Source: Lignos et al. (2019)
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EPFL.  The RESSLab-Hub (hitps:/resslab-hub.epfl.ch/)

=m RESSLab Hub X o+ v
@ resslab-hub.epfl.ch Qa & % 9 B P Q@ (5]
RESSLab Hub  CONNECTIONS ~ COLUMNS  BRACES  MATERIALS  RESIDUAL STRESSES ®

RESSLab Hub: Open-access databases and models for design and assessment

of steel structures

Recent developments in Performance-Based Earthquake +
Engineering enable studies to benchmark the seismic -
performance of infrastructure systems, further develop our
codes and standards and to minimize the impacts of
earthquakes worldwide. Moreover, digitalization of our cities
requires the use of standardized predictive models for
maintenance and life-cycle assessment of infrastructure
systems. Within such a context, the RESSLab-hub provides
open-access to the engineering and research communities
to databases along with state-of-the-art modeling with the
overarching goal to advance knowledge for minimizing the
earthquake risk of steel and composite-steel concrete

- @

structures 1)
2)
RESSLab Hub is composed of : C

-Databases ® H Braces

- Component Models ®& gg’nugzzons

- Fragility Curves @ Materials
- ... and future updates ® I Residual Stresses
== Leaflet

37 ~160

Universities contributed Users worldwide

Tutorial video will be available here
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EPFL  Nonlinear behavior of reinforced concrete members

Source: Krawinkler et al. (1978)

ol RESSLab
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EPFL  Nonlinear behavior of reinforced concrete members (2)

tension  Crack Opening

F,
> 0
No tension
/ Crack closure
/
| &
’l I ----------------------------------------------------------------------------------------------
=

[[ 1] \\
Snsion” Crack Opening 5,
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EPFL  Nonlinear behavior of reinforced concrete members (3)

Less pinching (flexure-dominant) More pinching (shear-dominant)

Displacement Displacement

Force
Force

ol RESSLab
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EPFL  Nonlinear behavior of reinforced concrete members (4)

M '=x M*
r ¥

Unloading Stiffness
Deterioration

Moment M

Pq

Strength Deterioration

Chord Rotation 0

Source: Lignos and Krawinkler (2012)
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EPFL  Nonlinear behavior of reinforced concrete members (5)

Key Parameters:

STRSKT 0L P DERIGH B ARTH

FEEM EF

=  Strength

= [|nitial stiffness

= Post-yield stiffness

= Plastic rotation capacity
= Post-capping slope

=  Cyclic deterioration

Calibration process:
= 250+ columns

= Flexure & flexure-shear dominant
= Calibrated to expected values

Key assumption:

= Bond slip is incorporated in the beam-
column model parameters
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EPFL  Nonlinear behavior of reinforced concrete members (6)

120

Pre-cracked stiffness (initial stiffness):

100 -
Eclstf 40 N Ls EcIy
K : — =—0.02+ 098 | —— .09 <—), 35 < <0.
stf,40 Eclg + Agfc, + 0.0 A 0.35 Eclg 0.8 _ 80
(o1,= 0.42) § ]
Post-cracked stiffness (secant stiffness to yield): oar, L
E.I, N Ly E.I 20 1
K, = —0.07 4+ 0.59 (— | + 0.07 (-),0.2 <=2<06 ‘ :
V' E.l, + <Agfc ) + 7 E, N/ 0 |
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
(Uln: 037) Chord Rotation (rad)
E.l,: Flexural stiffness of the gross cross section E.: Elastic concrete modulus

Ag: Gross cross-sectional area
f¢: Concrete compressive strength
Ls: Shear span from point of maximum moment to the inflection point

h: Depth of the cross section Source: Haselton et al. (2008)
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EPFL  Nonlinear behavior of reinforced concrete members (7)

M: Calculated based on standard moment curvature analysis (Panagiotakos and
Fardis 2001) or SIA 262 for concrete cross sections (Mg,)

M, = 1.25(0.89)?(0.91)%0Ve M} ~ 1.13M; (o = 0.12)

Plastic rotation for symmetric cross-sections (& symmetric reinforcement)

6, = 0.13(1 + 0.55a4,)(0.13)?(0.02 + 40p,,)%%3(0.57)%°V¢  (gy,, = 0.69)

Plastic rotation for symmetric cross-sections ( asymmetric reinforcement)

max (0.01,p fy) (p, - ‘h) '
0 ) = fe b ’
p(not—symmetric) — ,Of P
max <0.01, ,y) _ Age
fe p = b_

Post-capping plastic rotation

6pc = 0.76(0.031)"(0.02 + 40p)*°% < 0.10 (g, = 0.86)
Source: Haselton et al. (2008)
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EPFL  Nonlinear behavior of reinforced concrete members (8)
-Definitions

Qg Bond-slip indicator between steel and concrete (accounts for ~ 1/3 of plastic rotation)
as; = 1 If bond-slip is possible
as; = 0 If bond-slip is prevented

V=— Axial load ratio
feAg
Psn = I’sh  Area ratio of transverse reinforcement (with area Agy) in the plastic hinge region that transverse
sb  reinforcement is spaced at distance s
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Nonlinear behavior of reinforced concrete members (9)

Table 3-3  Empirical Plastic Rotation Values, §, and 6, for

pc’

a Representative Column Section (Haselton et

al., 2008)
v=N/fchg — p, 0, 0
0.1 0.002 0.031 0.052
0.006 0.047 0.100
0.020 0.077 0.100
0.6 0.002 0.012 0.009
0.006 0.019 0.024
0.020 0.031 0.077

Source: Haselton et al. (2008)
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=prL  Zero length elements for shear-dominant elements

J
Lateral Seismic
Inertial Force
caused by Yielding of EI
rcing Steel (Damage)
Crushing of Concrete
(Damage)
kq
Fyl: U +—
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Strength at ultimate
or capping strength
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Lateral
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Interactive effects (e.g., axial load-bending interaction)

A
Interaction
curve
NZ """""""""
: =
MZZ M
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