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=PFL  Objectives of today’s lecture

To introduce:

= Course personnel

= Course logistics

= |_earning objectives

= Nonlinear analysis of structures
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EPFL  Course personnel

Instructors:
= Prof. Dr. Dimitrios G. Lignos (GC B3 485)
= Dr. Savvas Saloustros (GC B2 485)

Teaching Assistants:
= Mr. Lucas Kuhn (GC B3 475, |lucas.kuhn@epfl.ch)
= Mr. Hnat Lesiv (GC B2 484, hnat.lesiv@epfl.ch )
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ePFL Assessment methods

Graded Assignments (40% of the total grade)
= Four written assignments
= You are allowed to work in groups of 2

Final Examination (60% of the total grade)
= Covers the entire course material
= Location & time to be announced later this year

= Closed notes:
 standard calculator and 2 sheets, i.e., 4 pages of your own notes
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EPFL  Resources and other information

= |_ecture notes will be distributed through Moodle the week before the

lecture.

= Other reading material will be provided through Moodle.
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ePFL  Lectures & announcements

= Lectures: Mondays: 14h15 to 16h00, Wednesdays 9h15 to 10h00
= Exercise: Wednesdays: 10h15 to 12h00

= All announcements will be made through Moodle
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EPFL In-Class exercise session

= Exercises will be posted ahead of time together with lecture notes

= An online forum has been posted in Moodle per exercise for Q & A

= Detailed solutions will be posted in Moodle within a week after the

exercise session
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ePFL What is this course about?
= Behavior of linear versus nonlinear structures

= |dealization of structures and their elements for nonlinear analysis

= Constitutive modeling of construction materials
* Plasticity
» Continuum damage mechanics

= Geometric transformations (geometric nonlinearities)
= Solution techniques for nonlinear problems

= Zero length and beam-column elements

= Integration techniques for nonlinear elements

= Mesh sensitivity

= Nonlinear static versus dynamic analysis

= Applications
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EPFL  Motivation: Large earthquakes in recent years...

Demonstrated that the magnitude of earthquake forces applied to buildings were (or
can be) significantly larger than the corresponding design earthquake loads based
on regional seismic design.
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EPFL  Collapse risk during large earthquakes
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ePFL  In Switzerland...

Seismic hazard
horizontal acceleration at 5 hertz
10 % within fifty years high
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www.seismo.ethz.ch

= Seismic risk: ranked 3" after pandemics & electric shortages
= Scenario M,, = 6.5 earthquake

= collapseriskis high
= Upto 6000 casualties, over 60000 injured
= Expected financial losses: CHF50 to 1008Billion

Sources: Fah et al. (2000), Federal Office for Civil Protection (2020)
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ePFL  Nonlinear behavior of structures

Coupling of nonlinear phenomena

= Material nonlinearity (inelastic straining)

= Nonlinear geometric instabilities (large deformations)
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Material nonlinearity
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eprL Geometric nonlinearities

Pause (k)

B |ntroduction - Nonlinear Analysis of Structures - Prof. Dr. Dimitrios Lignos, RESSLab EPFL

15



eprL Geometric nonlinearities
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EPFL  Seismic interventions of existing bridges

Seismic retrofit of steel arch bridge
with BRBs
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Retrofit of Hanshin  highway bridge

Source: Celik and Bruneau (2011)
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EPFL  Why nonlinear analysis of structures
-Performance-based design

Performance levels

=  Operational: Building suitable for normal intended occupancy.

= Immediate Occupancy: Building may be used for intended
purpose, albeit in an impaired mode.

= Life Safety: Occupancy may be prevented until repairs can be
instituted.

Seismic Performance = Collapse Prevention: Little margin against collapse.
Assessment of Buildings

Volume 1 —Methodology

FEMA P-58-1 / September 2012

& FEMA "'
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=PFL  Performance-based earthquake engineering

Collapse & casualties
Direct financial loss — Decision Variable
Downtime ‘
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Source: Prof. Dr. D.Lignos, CIVIL 714 (PBEE), EPFL

B |ntroduction - Nonlinear Analysis of Structures - Prof. Dr. Dimitrios Lignos, RESSLab EPFL 20



=

tPFL  Performance-based earthquake engineering

A(DV)= [ [ [ G(DV|DM)dG(DM|EDP)dG(EDP|IM )dA(IM)
Ths EPs DI

Impact Performance (Loss) Models and Simulation Hazard

IM: Intensity Measure
EDP: Engineering Demand Parameter
DM: Damage Variable

DV: Decision Variable

A( D V) . Probabilistic description of decision variable

(e.g., Mean Annual Frequency of Collapse, A, over a structure’s life-expectancy)

Source: Prof. Dr. D.Lignos, CIVIL 714 (PBEE), EPFL
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=PFL  New lateral load-resisting systems

Post-tensioning

T ".-;gg.elgggs,g\g;

< For implementation
< g-factor (R-) quantification
< System Overstrength (Q) quantification

Image source: Prof. Ricles
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EPFL  New lateral load-resisting systems

- '!' T S —— =

=

Quantification of Building
Seismic Performance

<

Lateral Seismic Force (Base Shear)
.3

Design Earthquake
Ground Motion

R = Response Modification
Coefficient= V/V

2, = Overstrength Factor = V,/V

A

Notional
R Pushover
Curve

2, R

Factors

FEMA P695 / Jane 2009

& FEMA

B |ntroduction - Nonlinear Analysis of Structures - Prof. Dr. Dimitrios Lignos, RESSLab EPFL

v

5/R 5 &

Lateral Displacement (Roof Drift)

24



cPFL  Use of nonlinear analysis in special projects
HISTORY OF THE WORLD'S TALLEST SKYSCRAPERS

900 m
800 m
700 m
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100 m ‘ '
1909 1913 1930 1930 1931 1972 1974 1998 2004 2010
Sinlger Wool\‘North ChryslerIBuiIding One V:Iorld Petronals Towers ‘ Burj thalifa
Building Building Trade Center
Metropolitan Life Tower The TrumpBuilding ~ Empire State Building Willis Tower Taipei 101

Source: www.emporis.com
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tPFL  Use of nonlinear analysis in special projects
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Financial loss dissagregation
For scenario-based events & planning

Asset components Total Losses: 2.1M$
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Source: Elkady and Lignos (2020)
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tPFL  Elements for nonlinear modeling of frame structures

_~Fiber Distributed

12 i )
| Plasticity Element ol
(Rigid or Finite Stiffness)
'4)(
Fiber Distributed

Plasticity Element

Bond Slip Hinge
Offset Element

(Rigid or Finite Stiffness J
Short Elastic Element :T::‘H—_1 1
AR
;*g‘dg 3 Elastic Rotation Hinge
Elastic Rotational Hinge g
Source: GCR 17-917-46v2 Source: GCR 17-917-46v3
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=prL  Model fidelity

(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 2010
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=PFL  Concentrated plasticity models

Moment [kKN=m]|

Plastic Nonlinear
hinge

spring hinge 22y
| J

=008 20.04 0 0.04 0.08
v Chord Rotation 0 [rad]
Concentrated plasticity

(Source: Lignos and Krawinkler 2011)
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EPFL  Distributed plasticity models

‘a]

—— Test --- Model

I I 1
-0.02 0.00 0.02

Finite length Fiber :
hinge zone section True Strain, €

True Stress, o (M

(Source: Hartloper et al. 2023)
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ePFL  Constitutive models for construction materials

Structural steel
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Source Hartloper et al. (2021)
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Concrete (reinforced or unreinforced)

Confined concrete
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Source Mander (1988)
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EPFL  Mesh dependency in the presence of softening

Sk
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Source: Heredia, de Castro e Sousa and Lignos (2024)
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EPFL  Nonlinear static and dynamic analysis

File Edit View Inset Tools Desktop Window Help
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Source Elkady and Lignos (2018) Source Heredia and Lignos (2024)
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ePFL  Case studies

Lignos et al. (2013)
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Vanin et al. (2020)
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=PrL

Syllabus

Assignments

08/09/25 Motivation; course organization and evaluation.
1 DL
10/09/25 Linear versus nonlinear systems / static versus dynamic loading
15/09/25 Assignment #1
2 DL Revision on matrix structural analysis / static and dynamic equilibrium equations
17/09/25
22/09/25 (holiday)
3 DL Truss and frame elements
24/09/25
29/09/25 Submission of Assignment #1 / Assignment #2
4 DL Linear and nonlinear geometric transformations
01/10/25
06/10/25
5 DL Material response and uniaxial constitutive formulations
08/10/25
13/10/25
6 DL Solution methods in nonlinear analysis
15/10/25
20/10/25
7 Study break
22/10/25
27/10/25 Submission of Assignment #2 / Assignment #3
8 DL Concentrated plasticity
29/10/25
03/11/25
9 DL Displacement-based beam-column elements
05/11/25
10/11/25
10 DL Integration methods
12/11/25
17/11/25 Submission of Assignment #3
1 DL Flexibility-based beam-column elements / Multipoint constraints
19/11/25
24/11/25 Assignment #4
12 SS Constitutive models based on plasticity
26/11/25
01/12/25
13 SS Constitutive models based on continuum damage mechanics
03/12/25
08/12/25 s . i Lo Is f
14 ss meared crack models / mesh dependency / Application examples of constitutive models for
10/12/25 structural analysis
15 15/12/25 DL/SS Examplfas of nonlinear analysis of buildings — Discussion of choice of modelling approaches Submission of Assignment #4
17/12/25 and their effect on the results
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EPFL  Simulation tools

Programming tools

Matlab ‘

Finite element analysis

opensees.berkeleyedu
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