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Seismic risk = Hazard * Vulnerability * Exposure
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Structural elements Interaction Non-structural elements

Boundary (foundation, soil, pounding,...)

(Benutzer, 2005; Azmatet al., 2013; Tucker, 2012)
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Literature review

Lessons from earthquakes ~20
Seismic standards ~20
Experimental work ~125
Numerical modelling ~70

Low quality of materials

Insufficient constructive detailing

Insufficient shear strength

Vulnerability of infill walls

Collapses: Due to irregularities on the distribution of the infill walls
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Literature review

Lessons from earthquakes ~20
Seismic standards ~20
Experimental work ~125
Numerical modelling ~70

Irregularities in height and plan (structural and non-structural elements)
Minimal strength capacity for the infill walls
Recommendations regarding positioning of openings on infill walls
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Literature review

Lessons from earthquakes ~20
Seismic standards ~20
Experimental work ~125
Numerical modelling ~70

Gaps on infill-frame interface decreases considerably the horizontal strength

Vertical loading on columns increase of stiffness and resistance of the system
due to increase of confinement of the wall

Eccentricity of the wall relative to the frame plane centre-line leads to out-of-plane
bending effects, reducing both initial stiffness and ultimate capacity

Joao Dias-Oliveira | Seismic behaviour of RC buildings infilled with masonry walls



Literature review

Lessons from earthquakes ~20
Seismic standards ~20
Experimental work ~125
Numerical modelling ~70

Models with combined in-plane and out-of-plane’s behaviour

Failure curve of infill masonry walls for actions in both directions
Parametric studies (and experimental) of double-leaf walls
Calibration of simplified models for retrofitting interventions
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NSF RAPID | DAMAGE ASSESSMENT

Oregon State University , USA
University of Buffalo, USA
University of Roma “La Sapienza”, Italy
University of Porto, Portugal
University of Chieti-Pescara, Italy
University of Nebraska, USA
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About Nepal | DAMAGE ASSESSMENT

Capital Kathmandu (largest city)
Total Area 147,181 km? (1,6x PT)
Population 28,120,000 2,7x PT)
Density 180/km?

GDP 19.77 USD Billion (8% PT)

® ot " Pmomqu.Kll(DhMctﬂ
~~\~ Country Border

1100 [21.1%]
- 400 - 1100 [105%]
- 1222%]

_ o~ District Border

Sources:
wikimedia.org
tradingeconomics.com
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Past earthquakes | DAMAGE ASSESSMENT
— May 2015

April 2015 . & Magnitude
Magnitude 7.3
7.8 Quake hits while rescue
80km from Kathmandu. operations were still underway.
Over 8,000 people
killed. . 1934
Magnitude
Most destructive qu?ke in

N Nepal's history. Over 10,000
L\ people killed.

Kathgwandu l
1980« — 2011
Magnitude Magnitude
6.5 1988« 6.9

178 killed Magnitude ® 6 killed, 30 serious|
40,000 homes gestroyed. 6.8 injured.13,000 displac):ed.

722 killed across NeBaI and India.

12'000 mjur?.%n‘}'g%gso people left Source: Al Jazeera, agencies, NSC Nepal, USGS, Earth-
: quaketrack, Nepal Disaster Knowledge Network

Hazard | Exposure | Some of the strongest registered earthquakes
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Gorkha earthquake | DAMAGE ASSESSMENT

| : qukha
../ ~9,000 deaths N\ - Dolakha
~~22,000 injured >200 deaths
' : | >3,500 injured
Pokhara® ‘
7 'Q,M{iunt E\ferest“
INDIA s Lo ) - L)

EARTHQUAKES AND AFTERSHOCKS Source: USGS

26Apr 27Apr 28Apr 29Apr 30Apr 01May 02May O03May 04May O05May O06May 07May 08May 09May 10May 11 May13 May 14May 15May 16May 17 May
More than 400 aftershocks with M>4 | Location of seismic activity
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Buildings typologies | DAMAGE ASSESSMENT

The buildings’ stock of RC framed structures in Kathmandu valley is 38%
and in Nepal 10%.

Over the last few decades (1991-2001), RC building construction has
rapidly increased, replacing other construction materials and solutions, like
adobe, stone and brick masonry, in Kathmandu Valley.

Most RC buildings in Nepal were constructed with framed structures with
infill masonry panels. These buildings offered insufficient capacity, lacked
ductile detailing and were poorly constructed and may have limited
durability.
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RC building typologies | DAMAGE ASSESSMENT

WDS
(Well Designed Structure)

NBC (MRT)
(Nepal Building Code)

7

RC Buildings

.

NBC+ (MRT)
(Modified Nepal Building Code)

J \_

CCP

(Current Construction Practices)

WDS building structures designed based on the
International standards/codes (e.g. Indian Standard code),
considering seismic design with ductile detailing

NBC structures are designed with MRT, which provides
some ready-to-use provisions in terms of dimensions and
details for structural and non-structural elements for up to 3
storeys in RC framed, ordinary residential buildings in Nepal
NBC+ is an improvement of the recommendations for the

) minimum size and reinforcement detailing in columns,

relatively to the NBC.

Buildings group that represent the CPP in Nepal, structures
in many urban areas of Nepal represent the largest group.
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RC building typologies | DAMAGE ASSESSMENT

( )
WDS
(Well Designed Structure)

w | w —=e Engineered buildings

e NBC (MRT) ~20%

o (Nepal Building Code) )

= r N\

0 NBC+ (MRT)

&3 | (Modified Nepal Building Code) |

[ (Current Con(gtgzion Practices)} —® Non-engineered buildings

S ~80%
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Buildings with infill walls | DAMAGE ASSESSMENT

Deficient RC structural systems | Solid brick infill walls with poor mortar
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Buildings with infill walls | DAMAGE ASSESSMENT

Poor quality of materials and construction detailing
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Buildings with infill walls | DAMAGE ASSESSMENT

Soft-storey mechanisms | Elevation irregularity | Failure of columns
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Buildings with infill walls | DAMAGE ASSESSMENT
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Soft-storey mechanisms | Elevation irregularities | 3+ Added storeys
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Buildings with infill walls | DAMAGE ASSESSMENT

S ) e »
Columns/Joints shear failure | Poor detailin
and insufficient stirrups | Poor materials quality

Joao Dias-Oliveira | Seismic behaviour of RC buildings infilled with masonry walls

19



Buildings with infill walls | DAMAGE ASSESSMENT

Medium-rise buildings | Severe damages concentrated in some columns at
ground level | In-plan irregularity (only-one full infilled fagade)
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Buildings with infill walls | DAMAGE ASSESSMENT

Medium-rise buildings | Poor quality of concrete | Shear-out
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Buildings with infill walls | DAMAGE ASSESSMENT

Medium-rise building | Severe damages concentrated in some columns at
ground level | In-plan irregularity (only-one full infilled fagade)
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Buildings with infill walls | DAMAGE ASSESSMENT

Medium-rise building | Strong infill walls | Shear sliding mechanism and
damage in adjacent columns (shear-out)
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Buildings with infill walls | DAMAGE ASSESSMENT

Inadequate capacity of Columns | Dimensions and detailing | Soft-storey

24
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Buildings with infill walls | DAMAGE ASSESSMENT

Insufficient capacity of RC elements | Dimensions and detailing
Soft-storey | Stirrups failure
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Buildings with infill walls | DAMAGE ASSESSMENT

High-rise WDS buildings
Damages essentially at non-structural elements
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Buildings with infill walls | DAMAGE ASSESSMENT

High-rise WDS buildings
Pronounced in-plane cracking | Out-of-plane collapse of walls
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Remarks on the mission | DAMAGE ASSESSMENT

Non-designed structures suffered extensive damage
Partial or full collapses, mostly due to vertical irregularities

Well-designed RC buildings demonstrated significant non-structural
damage

Insufficient control by Nepalese entities (design and construction)
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Numerical developments

Macro modelling

refined modelling

Semi

New element

OpenSees —

Abaqus — Parametric study
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Semi-refined | Numerical modelling

+— Connections

#1 Wall-Frame - Contact
#2 Interface-Frame - Friction and tension
#3 Interface-Wall - Friction and tension

Frame
Elastic

Volume elements et e Pl Ao
Continuum element for infill wall

With damage

Frame

Study: = : :
Dimensions L ik
Properties of materials T i
Infill-frame interface conditions ] L il
Eccentricities

Single- and double-leaf walls F | | | ﬂ
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Semi-refined | Numerical modelling

Boundary connections with different strategies

RC frame RC frame

RC frame

_ _ : . ith surf |

Interaction directly on elements

Masonry wall Masonry wall

Pushover and cyclic analysis

Masonry wall

400 T T T T T T T T T 400 T T

- =200 Ff

_ 1 1 1 1 I I 1 I I 30
30-00.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 -%.

Joao Dias-Oliveira | Seismic behaviour of RC buildings infilled with masonry walls




Infill macro-model | Numerical modelling

Out-of-plane behaviour @‘/ ~

]
Interaction between two masonry
walls and its connections

1D - I~
Simplified approach for assessment

of failure’s strength for actions ooP
combined in both directions: in-
plane and out-of-plane
Applicability on the simulation of
real (and complex) study cases
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Infill macro-model #1 | Numerical modelling

Example using the default elements provided by OpenSees

geomTransf Linear $transfTag $vecxzX $vecxzY $vecxzZ
node $nodeTag (ndm $coords) <-mass (ndf $massValues)>
node ...
equalDOF $rNodeTag $cNodeTag $dof1 $dof2
equalDOF ...

element elasticBeamColumn $eleTag $iNode $jNode $A $E $G $J $ly $lz StransfTag
element ...
element ...
element ...
element ...
recorder Collapse. ...
recorder Collapse. ...
recorder Collapse. ...
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Infill macro-model #2 | Numerical modelling

Using new element of OpenSees

element InfillWall $eleTag $n1 $n2 $n3 $n4 $nc1 $nc2 $A $matElast $matinelas -filelnfill
$failurecurve -mass $mass

SN . e

4 O0OP

ZerolLength

el
%\ - /é

Column\W
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Infill macro-model #2 | Numerical modelling

Structural model in TCL

@ ex4d.tcl

T @) FilePathv : ~/bin/ex4d.tcl

122

123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
Al
152
153
154
b5
156
157
158
b9
160
161

< » [5 ex4dtcl < (nosymbolselected) % ¢ - W . #.

set infillcode 1;

#element Truss2D 9 1 8 $Astrut $matBrickTagElast;
#element Truss2D 10 4 5 $Astrut $matBrickTagElast;
if {$infillcode == 1 } {

#element InfillWall 9 1 2 3 4 9 10 $Astrut $matBrickTagElast $matBrickTagInelas -rho 1;

#element Infillwall 10 5 6 7 8 11 12 $Astrut $matBrickTagElast $matBrickTagInelas -rho 1;
#element Infillwall 11 5 1 4 8 13 14 $Astrut $matBrickTagElast $matBrickTagInelas -rho 1;
#element Infillwall 12 6 2 3 7 15 16 $Astrut $matBrickTagElast $matBrickTagInelas -rho 1;

set failurecurve "FailureIPandOOP.tcl";

#element Infillwall 9 5 1 4 8 9 10 $Astrut $matBrickTagElast $matBrickTagInelas -fileInfill $failurecurve;
element Infillwall 9 5 1 4 8 9 10 $Astrut $matBrickTagElast $matBrickTagInelas;

element Infillwall 10 1 2 3 4 11 12 $Astrut $matBrickTagElast $matBrickTagInelas;

element Infillwall 11 5 6 7 8 13 14 $Astrut $matBrickTagElast $matBrickTagInelas;

#element InfillWall 12 6 2 3 7 15 16 $Astrut $matBrickTagElast $matBrickTagInelas;

element Infillwall 12 6 2 3 7 15 16 $Astrut $matBrickTagElast $matBrickTagInelas —fileInfill $failurecurve;

#set mass 1;

#mass 9 $mass $mass 0. 0. 0. 0.;

#mass 10 $mass $mass 0. 0. 0. 0.;

#mass 11 $mass $mass 0. 0. 0. 0.;

#mass 12 $mass $mass 0. 0. 0. 0.;

#mass 13 $mass $mass 0. 0. 0. 0.;

#mass 14 $mass $mass 0. 0. 0. 0.;

#mass 15 $mass $mass 0. 0. 0. 0.;

#mass 16 $mass $mass 0. 0. 0. 0.;

} elseif {$infillcode == 2} {
node 5 1.75 1.5;
node 6 2.75 1.5;
element elasticBeamColumn 4 1 6 $Ac $Ec $Ic $transfTag;
element elasticBeamColumn 5 6 2 $Ac $Ec $Ic $transfTag;
element elasticBeamColumn 6 5 3 $Ac $Ec $Ic $transfTag;
element elasticBeamColumn 7 4 5 $Ac $Ec $Ic $transfTag;
element elasticBeamColumn 8 5 6 $Ac $Ec $Ic $transfTag;
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Infill macro-model #2 |

API| Element

Numerical modelling

o InfillWall.cpp

T' . File Pathy : ~/Desktop/OPSMakeAPI/element/cpp/InfillWall.cpp
<« » InfillWall.cj B i ::Infil E - - # .
NEEIEE _ B PP InfillWall::InfillCollapse b4
1 /% ok
T, h File Pathv : ~/Desktop/OPSMakeAPI/element/cpp/InfillWall.h 2 Hok OpenSees — Open System for Earthquake Engineering Simulation sok
: < » B Wfilwallh 3 class Infilwall = i :: Pacific Earthquake Engineering Research Center ::
1 /* *k 5 *ok Kk
2 *k OpenSees — Open System for Earthquake Engineering Simulation Hok 6 *x (C) Copyright 1999, The Regents of the University of California *ok
3 *k Pacific Earthquake Engineering Research Center *k 7 sk ALl Rights Reserved. ok
4 Hok ok 8 sk Hok
5 &3 Hok 9 *x Commercial use of this program without express permission of the %k
6 #k (C) Copyright 1999, The Regents of the University of California s« 10 *« University of California, Berkeley, is strictly prohibited. See sk
7 % ALl Rights Reserved. Hk 11 sk file 'COPYRIGHT' in main directory for information on usage and sk
8 *k *k 12 *x redistribution, and for a DISCLAIMER OF ALL WARRANTIES. sk
9 *x Commercial use of this program without express permission of the  *x 13 ok *ok
10 *k University of California, Berkeley, is strictly prohibited. See  *xk 14 *x Developed by: ok
11 *k file 'COPYRIGHT' in main directory for information on usage and % 15 *x  Frank McKenna (fmckenna@ce.berkeley.edu) sk
12 *k¢ redistribution, and for a DISCLAIMER OF ALL WARRANTIES. *k 16 #x Gregory L. Fenves (fenves@ce.berkeley.edu) sk
13 Fok Hok 17 sk Filip C. Filippou (filippou@ce.berkeley.edu) ok
14 *k Developed by: ok 18 *k Kok
15 *x  Frank McKenna (fmckenna@ce.berkeley.edu) *k 19 *ok */
16 *x Gregory L. Fenves (fenves@ce.berkeley.edu) *oK 20
17 %k Filip C. Filippou (filippou@ce.berkeley.edu) *K 21 // Written: JDO, HV
18 ok *k 22 // Created: 2015
19 ok */ 23 // Revised: December 2015
20 24 //
21 // $Revision: 0.1 $ 25 // Based on Truss.cpp
22 // $Date: 2015 $ 26 // Help:
23 // $Source: $ 27 // by Arash /0penSees/SRC/element/joint/Joint2D. cpp
24 // $Base 28 // by MRL /0penSees/PACKAGES/NewElement/cpp/RotationShearCurve.cpp
25 // $URL: svn://opensees.berkeley.edu/usr/local/svn/OpenSees/trunk/SRC/element/tri 29 // by fmk /0OpenSees/SRC/domain/constraints/RigidBeam. cpp
26 30 //
27 #ifndef Infillwall_h 31 // Description: This file contains the implementation for the Infillwall class.
28 #define InfillwWall_h 32
29 33 // Header files
30 // Written: JDO, HV 34 #include "Infillwall.h"
31 // Description: This file contains the interface for the InfillWall class. 35 #include <elementAPI.h>
32 36 #include <G3Globals.h>
33 #include <Element.h> 37
34 #include <Matrix.h> 38 #include <Information.h>
35 #include <Vector.h> 39 #include <Domain.h>
36 40 #include <Node.h>
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Infill macro-model #2 | Numerical modelling

Matlab
Compile element

Run model with OpenSees

(Warnings on Command window)

(Results on Workspace)

Current Folder

Editor - /Users/ /Desktop/defvisual/plotfem.m

B Name untitled.m | untitled2.m | modeloabaqus.m | plotfem.m
ResFrame K , -
£ meshDraw.m 36 %'batch.tcl
%) checktest.m 37 ) %'Analyze.tcl’'
38 H
%) plotfem.m 2 ;
40 %% atencao!
Details 41 %
42 - cd('/Users/ /Desktop/0PSMakeAPI/")
Workspace 43 - delete('/Users/ /Desktop/0PSMakeAPI/element/cpp/InfillWall.dylib');
Name & 44 - system('make');
H coord 45 - copyfile('/Users/ /Desktop/0PSMakeAPI/element/cpp/InfillWall.dylib', ' /U
-+ deform 46 - clc
—H deformtemp 47 %
—H deformx1 A ==
—H deformx2
1 deformy1 Command Window ®
—H deformy2 ### TCL *ANALYSISk Starting Analysis Step: 3 of 4 ###
—+H deformz1 *
—+ deformz2 *
- earthquake *
els ** COLLAPSE OF INFILL 12
—+ nelem *
—+H nnodes *
1 nodel *
—H node2 ### TCL *ANALYSIS* Starting Analysis Step: 4 of 4 ###
-+ node3 Analysis done
ﬂnode4 MatLab Message: Has finished example: ex4d.tcl
Jx >>
Joao Dias-Oliveira | Seismic behaviour of RC buildings infilled with masonry walls 37



Infill macro-model #2 | Numerical modelling

Matlab
3~
2.5 -
Post-Processor N
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Developments

Complete the development of the new element for OpenSees, by
correcting errors and bugs.

Calibration and validation of models with experimental data collected from
previous testing campaigns developed at FEUP-LESE, and other available
data.
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