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Abstract

The present dissertation focusses on evaluating the seismic vulnerability of an old mixed
masonry-reinforced concrete (RC) building, representative of an existing typology of Lisbon
building stock, and on proposing seismic retrofit solutions to improve its seismic performance.
Therefore, it comprehends the following main steps: (i) seismic analysis of the unstrengthen
building; (ii) identification of the critical areas; (iii) definition of adequate structural interventions;
(iv) implementation of retrofitting solutions and assessment of the strengthen building for different

retrofitting measures.

The study comprises the seismic analysis of the chosen mixed masonry-RC building, integrated
in an aggregate, using non-linear static analysis with the Tremuri software. In an earlier stage,
results were analysed in terms of capacity curves and afterwards it was performed a seismic
performance-based assessment using N2 method, as suggested in Eurocode 8 (EC8-3), to
determine the respective seismic displacements, the distribution of damage and to verify the

seismic safety conditions.

Based on these results, a set of different retrofitting solutions were proposed: (i) improvement of
the connections between walls; (ii) improvement of floor stiffness; (iii) strengthening and
confinement of the walls. These solutions were carefully chosen keeping in mind possible
restrictions, such as boundaries or economic issues, intrusiveness and even protection of the built
heritage. These strengthening techniques were applied in a cumulative way and based in design
recommendations, in order to evaluate seismic safety

global seismic performance.

Finally, a critical discussion is presented as well as some recommendation for this building
typology.

Keywords Mixed masonry-reinforced concrete buildings, Seismic vulnerability, Performance-

based assessment, Non-linear static (pushover analysis), Tremuri software, Seismic retrofitting



Sumaério

A presente dissertagdo centra-se na avaliacéo da vulnerabilidade sismica de um edificio antigo
misto de alvenaria-betdo armado, representativo de uma tipologia do edificado de Lisboa, e em
propor solucdes de reforco sismico de modo a melhorar o comportamento da estrutura. Assim
sendo, o estudo compreende: (i) avaliagdo sismica do edificio existente; (ii) identificacdo das
zonas criticas; (iii) definicdo de intervencdes estruturais adequadas de reforco; (iv)

implementacao de solucdes de reforco e avaliagdo do comportamento do edificio reforcado.

O estudo compreende a andlise sismica do edificio selecionado, integrado num agregado,
baseado numa andlise estéatica nado linear utilizando software Tremuri. Numa primeira fase, os
resultados foram analisados em termos de curvas de capacidade e, posteriormente, foi avaliado
o desempenho sismico utilizando o método N2, sugerido no Eurocédigo 8 (EC8-3), que
contempla a determinacdo dos deslocamentos e distribuicdo danos. Estes resultados permitiram

constatar que a seguranca sismica da estrutura ndo era verificada.

Com base nos resultados obtidos, propfs-se um conjunto de solucdes de reforco sismico: (i)
melhorar as ligacbes entre paredes; (ii) aumentar apenas a rigidez do pavimento de madeira; (iii)
consolidamento das paredes de alvenaria de pedra. Estas solu¢des foram escolhidas tendo em
conta possiveis restricdes, como por exemplo questdes econdémicas ou o0 grau de
intrusdo. Adicionalmente, foram aplicadas de forma cumulativa e com base em recomendacfes
estabelecidas, de modo a avaliar e comparar os resultados dos reforcos sobre o desempenho

sismico global do edificio.

Por fim, procedeu-se a discusséo critica dos resultados e recomendacdes para esta tipologia de

edificado.

Palavras-chave Edificio misto de betdo armado com alvenaria, Vulnerabilidade sismica,
Avaliacdo do desempenho sismico, Analise estatica ndo linear (curvas de capacidade),

Programa Tremuri, Refor¢o sismico de edificios



Table of Contents

I 011 o o 18 X1 o o [ UUPPPPPT 11
1.1. SeismicC risk iN POMUGAL ........coooiiiiiie e 11
1.2. Existing Masonry Building STOCK ..........coooiiiiiiiiii 12
1.3, OB ECHIVES .. 13
1.4. OULHNE Of the TRESIS....uun e e e e e 14

2. CASE OFf STUY ..ttt s 15
2.1. Description of the Case Study BUildiNg ..o 15
2.2. Modelling details of the Case Study Building............ccoooooiiii 21

3. Seismic Performance-based ASSESSMENL............oiiiiiiiiiiiiiiii e e e e eeaaeneas 26
3.1, PUShOVET @NAIYSIS ... 26
B.2. N2 MELhOA ... 31
3.3. Period of the idealized equivalent SDOF SYStEM.........ccooiiiiiiiiiiiiiiii, 32
3.4. DiSCUSSION Of the FESUILS......cuuveiiie e e e e e e e e es 33

4, Seismic Retrofitting SOIULIONS .......uvuei i e e e e e s 36
4.1. Basic principles of BUIlAINGS DESION ......uvieeiiiieiiiiie e ee e e e e e e e e e eeeannn e e eeeeees 36
4.2. Improvement of the Connections between elements ..........ccoooeevvvveiiiiiiieeeeeeiiine e 39
4.3. Improvement of the Wooden floor SOIULION ...........ccooeeeiiiiiiiiii e 40
4.4, Strengthening and confinement of masonry structural wall...............cccooooeiiiiiiiiin e, 42
........................................................................................................................................... 43
4.5, AREINALIVE SOIULIONS ....eeeiiiiiiiiiiiiiiiie ettt e et eeseeeeseeeesneennnnne 43
4.6. Control Of the INEIVENTIONS...........eiiiiiiiiiiieiiee ettt eeeeeeeeeeeaeeeeeeee 44

5. Seismic Retrofitting of mixed Masonry-Reinforced Concrete Buildings............cccooeeeieiiiiinnnn. 45
5.1. Application of traditional retrofitting SOIULIONS...........ccooieiiiiiiiiiiie e, 45

5.1.1. SOIUtIONS 1.1 AN 1.2 ...uuiiiiiiiiiiiiiiiiiiiiii s 45
5.1.2. SOIULIONS 2.1 AN 2.2 ....uiiiiiiiiiiiiiiii s 50
5.1.3. SOIULIONS 3.1 AN 3.2 ...ueiiiiiiiiiiiiiii s 55
5.2. DIiSCUSSION Of the FESUILS......ccoiiiiiiieee 63

B. CONCIUSION ...ttt s 73

A 3= (=] 1= = 75

G Y o] 0 1= T 13 78
APPENAIX A Lottt 79



APPENAIX B ittt s 82

APPENAIX € ottt s 84
APPENAIX D o s 85
APPENTIX E ettt ettt ettt ettt bbbt bbbt bttt nnnnnnnre 97

List of Figures

Figure 17 a) Seven major tectonic plates (source: Vortexmag). b) Main active failures in Portugal
mainland (source: https://pt.slideshare.net/nunocorreira/ppt-26-sismologia)................eeveveeeenees 11

Figure 2 1 a), b) and c) Examples of mixed masonry-r ei nf or ced concrete buil dirt
F N VA U I U o IO « KOOSR 12

Figure3i Top view of ABairro de Al val.adeo..and..16t s divi s
Figure 41 Case study building 1aY0UL. ... 16

Figure 57 a) Drawing of the ventilation box at the time; b) View of the holes of the ventilation box
from outside the bUIlding [5]. ...ooeeeeiieeee 19

Figure 6 7 Drawings of the case study building: a) Aggregate layout i top view (case study building
on the left); b) Frontfacade i WallP3(B-B6) ; c¢) BiaMakPl{AaA-6dde d) Transver sal

Lo ¥ =N o U1 1 o 20
Figure 7 i Example of a mixed masonry-reinforced concrete structure with the corresponding
equivalent frame idealiZation [L7]. ....veeuueuieii e e e e e aannaa 21
Figure 8 1 Walls distribution of the aggregate modelled in Tremuri Program. ............cccceeeeeeeee. 21
Figure 91 Back load-bearing fagade wall P1 modelled in Tremuri program. .............cccceeeeeennn. 22
Figure 10 T Multi-piecewise linear constitutive law of Unreinforced Masonry Buildings [21]......22

Figure 111 Three-dimensional representation of the building with the control nodes indicated.24
Figure 121 Three-dimensional representation of the modelled building. ............ccccccoceeeieiiiis 26
Figure 137 Pushover curves for the case study building at its original state for both directions and
considering the conditional cases of load pattern (dot mark the ultimate displacement considered).
Figure 14 7 Ductility chart for the case study building at its original condition for both directions

aNd DOth 10@d PAILEIN. .....uuiiiiiiiiiiiii s 27

Figure 157 Pushover curves characterized in walls. a) Ux direction. b) Uy direction (dot mark the
ultimate displacement CONSIAEIEA). .........uuuuuriiiiiiiiiiiiiieieiiieeie et aeeeeeeeeeeeeeeeeeeerereereereees 28

Figure 16 i1 Damage map of the back load-bearing fagade wall P1 for the ultimate displacement
21 {o] o To T U oo 17T ox 1o ] o TR PP PP TP PTPPPPRI 29

Figure 17 7 Damage maps of the side wall P4 and shared wall P12 for the ultimate displacement
AUONG Uy GIFECTION. ...ttt s 30

Figure 181 Capacity curves for the case study building at its original state for both directions and
considering the conditional cases Of 10ad PALterN. ...........ccoiiiiiiiiiiiiiie e 31



Figure 1917 Period and frequency charts for the case study building at its original state for both
directions and considering the conditional cases of load pattern. ............ccoooeeoeiiiiiiiiiieeeeeeeee, 32

Figure 2017 Response spectra of the seismic action type 1.3 including the adopted auxiliary value:
in format Acceleration response spectrum versus period (top); in the format Acceleration-
Displacement response spectrum (DOttOM)..........ooooiiiiiiiii 33

Figure 21 7 g* ratio charts for the case study building at its original state for both directions and
considering the conditional cases of 10ad PALtErN. ... 34

Figure 22 7 Ratio between the ultimate and the target displacement for the case study building at
its original state for both directions and considering the conditional cases of load pattern. ....... 34

Figure 231 Ratio agmax/ agr charts for the case study building at its original state for both directions
and considering the conditional cases of 10ad Pattern. ..........cccoooooiiiiii e 35

Figure 24 1 Case study building layout indicating the symmetry axis and orientation used in the

Figure 251 a) Vertical cross section of the application of external steel ties. b) Horizontal cross
section of the application of external Steel tieS [2]. ........uuuuiiii 39

Figure 26 1 a) Wooden floor reinforcement using steel bracing elements and double planking [2].
b) Improvement of the wall-to-floor connection by using a perimeter reinforced concrete beam.

Figure 30 T g* ratio charts for the case study building from original state to solution 1.2 for both
directions and considering the most demanding cases of load pattern. ..........ccccccceeeeeeeeirennnnnnn. 47

Figure 317 Ratio between the ultimate and the target displacement for the case study building
from original state to solution 1.2 for both directions and considering the most demanding cases
(o) T 7= Lo I o =1 =1 o 1 48

Figure 321 Ratio agmax/ agr for the case study building from original state to solution 1.2 for both
directions and considering the most demanding cases of load pattern. ..........ccccccceeeeeeeeirennnnnnn, 48

Figure 337 Damage map of the back and front load-bearing fagades, and an interior wall for the
ultimate displacement along Ux dir€CHON. ..........uviiiiiiiiiiiiiiiiiieiieieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeee 49

Figure 341 g* ratio for the case study building from original state to solution 2.2 for both directions
and considering the most demanding cases of load pattern. ..........cccoooeoiiiiiiiiiiiiiiiieeeeeeeeeenn 51

Figure 35 - Ratio between the ultimate and the target displacement for the case study building
from original state to solution 2.2 for both directions and considering the most demanding cases
Lo o =T I 7= =T o 0 52

Figure 36 1 Ratio agmax/ agr for the case study building from original state to solution 2.2 for both
directions and considering the most demanding cases of load pattern. ...........ccooeeeeeiiiiiiieeeennn, 53

Figure37-Case of study 2.2: top view of the aggregateo:
for a specific average top displacement at the case study building (Uy positive direction for uniform
[aF=To I 0=V =] o 0 ) PP PPPPPPPPPRt 54



Figure 38 1 Comparison of the yielding and ultimate displacements for Uy direction from original
state to solution 2.2 and considering the most demanding cases of load pattern...................... 55

Figure 391 g* ratio for the case study building from original state to solution 3.2 for both directions
and considering the most demanding cases of load pattern. ...........ccooooooiioiiiiiiieeieeeeee e 57

Figure 40 T Ratio between the ultimate and the target displacement for the case study building
from original state to solution 3.2 for both directions and considering the most demanding cases
OF [0AA PALLEIT. ... s 58

Figure 411 Ratio agmax/ agr for the case study building from original state to solution 3.2 for both
directions and considering the most demanding cases of load pattern. ............ccoooeeevieeeeeieeeenn, 59

Figure 427 For wul ti mate displacement once applyi
model deform shape. b) Damage map of the back load-bearing fagade wall P1. c) Damage map
of the front load-bearing fagade Wall P3........ ... s 60

Figure 43 1 Comparing the pushover curves of walls P1 and P3 once applying the solution 3.1,
considering Ux direction and pseudo-triangular load pattern (dot mark the ultimate displacement
CONSIABIEOA). 1.ttt s 61

Figure 44 7 Damage map of the back load-bearing fagade P1 for Ux direction and pseudo-
triangular load pattern corresponding to solution 3.2: a) First drop of corresponding pushover
curve. b) Ultimate diSPIACEMENT. .........uuuiiiiiiiiiiii s 62

Figure 45 1 Comparison of pushover curves for analysed cases, for Ux direction and pseudo-
triangular load pattern: a) Positive direction. b) Negative direction. ..........cccccceiieiieieeeiiincnnnnnn. 64

Figure 46 7 a) Comparison of the transformation factors between analysed cases. b) Comparison
of the buildingbs weight associated t o..t.h&5

Figure 47 i Comparison of period for analysed cases for both directions and considering the
conditional cases of load pattern. a) Ux direction. b) Uy direCtion. ..........ccooeveiiiiiiiiiiiiiiiiieeeeeennn 66

Figure 48 1 Response spectra in the ADRS format showing that an increase of the stiffness (and
the strength) of the building will lead to a reduction of seismic demand [38]. ..........cccevvvvvvnnnnn.n. 66

Figure 49 i Comparison of yielding displacements for analysed cases for both directions and
considering the conditional cases of load pattern...........c.oouuuiiiiiii i e, 67

Figure 50 i Comparison of ultimate displacements for analysed cases for both directions and
considering the conditional cases of load pattern.............ooouuiiiiiii e, 68

Figure 51 i Comparison of the ductility between analysed cases for both directions and
considering the conditional cases of load pattern.............coovuiiiiiii e, 69

Figure 52 1 Comparison of yielding forces for all analysed cases for both directions and
considering the conditional cases Of 10ad PAtterN. ...........ccooiiiiiiiiiiiii e 70

Figure 537 Representative pushover curve indicating the instants of each frame: 1° 0.0025m; 2°

00101100 o B L O 0 003 F PP OPUPPRTPRPR 71
Figure 5471 Top vVvi ew of the buildingds model t o
displacement and SPECIfIC @NAIYSIS. .......uuuuuummiiiiiiii 72

sei smic

compare



List of Tables

Table 17 Mechanical parameters and weight adopted in the numerical model. ...................... 17
Table 2 i Parameters for non-linear response of masonry panels: the drift corresponding to the
different levels of damage (ds, ds, ds) and the percentage of residual strength after collapse (i s,
i 4), different for the two possible failure modes: shear (S) and flexural (F). .........cccooeeeeeennnnnes 17

Table 3 7 a) Permanent and variable loads for timber and RC floors, as well as for roof. b)
Mechanical properties in the numerical model. ... 18

Table 47 Geometrical properties adopted for equivalent link beams to simulate bad connections.
Table 51 Results of g* ratio, ratio between the ultimate and target displacements, and ratio ag,max/
agr for the case study building at its original state for both directions, considering the conditional
CASES OF 108U PALLEIN. ...ttt s 35
Table 6 1 Retrofitting techniques Studied. ... 45
Table 77 Geometrical properties adopted for equivalent link beams to simulate good connections.
Table 8 i Mechanical parameters and weight adopted in the numerical model once applying
SOIULION 3.1 BN 3.2, ..ttt s 56
Table 9 - Parameters which include the drift corresponding to the different levels of damage (ds,
ds, ds) and the percentage of residual strength after collapse (i 3,1 4), different for the two possible

failure modes: shear (S) and flexural (F) T once applying solution 3.1 and 3.2...........c..evvunnnn... 56

Table 101 g* ratio values from original state to solution 3.2 for both directions and considering
the most demanding cases of load Pattern. ............cooovviiiiiiii e 62

Table 11 7 Ratio values between the ultimate and target displacements from original state to
solution 3.2 for both directions and considering the most demanding cases of load pattern...... 62

Table 12 i Ratio agmax’ agr values from original state to solution 3.2 for both directions and
considering the most demanding cases of load pattern................ccovvvvviiiiii e, 63

Table 131 Complementing retrofitting techniques: impact over drifts parameters .................... 63

List of Acronyms

ADRS Acceleration-Displacement Response Spectrum

ASCE American Society of Civil Engineers

CEN European Committee for Standardization/ Comité Européen de Normalisation
CNR Italian National Research Council

DL Damage Level

EC8 Eurocode 8



GRUC General Regulation for the Urban Construction for the City of Lisbon
LS Limit States

MDOF Multi Degree of Freedom System

NTC ltalian Code for Structural Design/ Norme Techiche per le Costruzioni
NZSEE New Zealand Society for Earthquake Engineering

PGA Peak Ground Acceleration

RC Reinforced Concrete

RM Rubble Stone Masonry

SD Severe Damage Limit State

SDOF Single Degree of Freedom System

List of Symbols

E Young Modulus [GPa]

G Shear Modulus [GPa]

fm Compressive strength [MPa]

_o Equivalent shear strength [MPa]

d Displacement representative of the building seismic behaviour [m]
be Strength decay for damage level i

Ug Drift for damage level i

t Thickness of the element [m]

kel Ratio between the initial and the secant stiffness at the point where the ultimate shear force is

reached

ko Ratio between the shear force at the end of the elastic phase and the ultimate shear strength
V), Base shear force [kN]

T* Equivalent period [s]

0 Transformation factor

F* Equivalent base shear force [kN]

d* Equivalent displacement [m]



g* Ratio between the acceleration in the structure with the unlimited elastic behaviour and the

limited structural strength

agmax Maximum admissible ground acceleration [m s
agr Reference ground acceleration [m s
S, Spectral acceleration [m s

Sq Spectral displacement [m]

3-Viscous damping [%6]

N Poisson coefficient

Gk Permanent loads [KN m?]

Q« Variable loads [KN m]

A Area of the link beams [m?]

I Inertia of the link beams [m*]

m Weight of the model [kg]

H Height of the model [m]

M Ductility

10



1. Introduction

In this section, a seismic vulnerability framework is presented, as well as, the building system
under study and the importance of the built heritage in urban areas. Then, the main objectives of
this dissertation are presented. Finally, the outline of the document is described.

1.1. Seismic risk in Portugal

Earthquakes are one of the most destructive, terrifying and unpredictable natural events, being
Portugal one of the most seismic prone and susceptible region. The Portugal mainland, with
singular and notable seismic background, is located in the southwest part of the Eurasian plate
(Figure 1), near the southern border of the African and North American plates, that can be

subjected to both near and far seismic activity (see Figure 1) with low to large magnitudes [1].

The most recent events around the world, such as in Italy (2009, 2012, 2013, 2016, 2017), New
Zealand (2010, 2011), Japan (2011), Haiti Region (2010), Indonesia (2006, 2009), China (2008)
and Iran (2003),and the last big earthquakes in the mainland of Portugal in 1909 (Benavente) and
1969 (offshore), have made possible to gather an unparalleled amount of data, not only what
concern seismic hazard but also to the seismic performance of different typologies of buildings.
Therefore, it is undoubtedly necessary to characterize and evaluate the seismic vulnerability of

the buildingsd stock, identify the critical areas

and, then, implement some retrofitting solutions [2, 3, 4].

- s ~ = I -
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\ = :
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1 - Chaves - Régua - Penacova
2 - Vilariga - (ou Braganca - Manteigas)
3 - Seia - Lousa

4 - Porto - Tomar
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6 - Nazaré - Pombal

7 - Vale Inferior do Tejo

8 - Setubal - Pinhal Novo

9 - Grandola

10 - Messejana

11- Vidigueira - Moura

12 Loulé

Figure 17 a) Seven major tectonic plates (source: Vortexmag). b) Main active failures in Portugal mainland
(source: https://pt.slideshare.net/nunocorreira/ppt-26-sismologia).
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1.2. Existing Masonry Building Stock

In the earlier 30s, in Portugal, there was a transformation of the urban layout, a plan to expand
the old centres. This period of development and expansion is connected to the construction of
mixed masonry-reinforced concrete buildings( k nown as fiPl acao ,beetissscden contr
the introduction of RC structural elements, mainly as slabs) in a large scale, right before the

introduction of the modern and current reinforced concrete buildings.

When analysing the relatively old urban centres, this building system still represents about 30%
of the Lisbon building stock [5, 6]. That being said, it is crucial to carefully evaluate from a seismic
point of view, since this typology is so representative of the current urban layout and considering
the seismic background, previously mentioned. This need is in line with the new reality that the
construction sector faces, where the investments have been gradually made for renovation and

rehabilitation of the existing stock buildings in favour of new constructions, leading towards, once

more, to the necessity to evaluate this system under study.

Figure 2171 a), b) and c) Examples of mixed masonry-r ei nf or ced concrete buildings, B

Therefore, old mixed masonry-reinforced concrete buildings (see Figure 2) together with the
unreinforced masonry buildings and even old reinforced concrete buildings have been, in the
recent years, under seismic vulnerability studies. The recent works have shown that this building
system is more vulnerable to earthquake, consequently at significant risk of collapse [2, 7, 8].
However, it is relevant to point out that the seismic performance of building structures depends

on a variety of factors, such as:
- The function of the building, which have impact on the architectural configuration;
- Insertion of the building on the urban layout (boundary conditions);
- Structural details, quality of materials and execution works;

- The presence of past interventions.

12



This thesis aims to contribute for the development of the seismic vulnerability assessment of a

mixed masonry-reinforced concrete building from Lisbon, in its original configuration and after

introducing retrofitting solutions. To accomplish this main goal, it is important to consider:

1 The position of the building in the aggregate and effect of the adjacent buildings,
to understand the structural behaviour and the degree of interaction;

1 Propose adequate intervention to fulfil the seismic safety criteria defined in the
seismic codes. Only this way one can preserve the cultural built heritage of the

urban areas.

In what regards the previous two key aspects, it is important to highlight that:

(i)

(ii)

The interactions with adjacent building were considered in this work, since it was
modelled the aggregate. It allows to study the worst-case scenario, where the
retrofitting solutions were only applied on the case study building (i.e. without
adjacent buildings with the same floor height);

The retrofitting solutions implemented in this study were chosen taking into
consideration the conservation principles of minimal intervention, reversibility of the
intervention and authenticity by careful choice of materials, keeping in mind, as well,
the effectiveness of the enhancement and the recommendations for an adequate
seismic design. Moreover, it is relevant to state that the cost associated with most of
these traditional seismic strengthening techniques implemented, in this study, have
little impact over the total cost of building rehabilitation when considering the global
structural project design [26, 30].

The work presented in this thesis is focused on the seismic assessment of mixed masonry-

reinforced concrete building, aiming to be a step forward in the preservation of the existing

building stock; only few works have been developed so far for the adequate seismic assessment

of this type of buildings and for the definition of adequate retrofit solutions.

1.3. Objectives

The main objective of this thesis is to evaluate the seismic vulnerability assessment of a mixed

masonry-reinforced concrete building from Lisbon, in its original configuration and after

introducing retrofitting solutions. Therefore, the following main steps that drove this dissertation

were:

(i)

(ii)

Assess the seismic vulnerability of the case study building, representative of
mixed masonry-reinforced concrete typology of the Portuguese building stock, by
means of non-linear static analysis with the Tremuri software;

Analysis and identification of the main vulnerabilities of the case study building;

13



(iir) Study and analyse of the layout of the building, including the materials and
elements chosen. Definition and proposal of different possible structural
interventions for improvement of the building behaviour;

(iv) Implementation, in a cumulative way, of some traditional and adequate retrofitting
solutions, based on the design recommendations, knowing the various possible
restrictions such as economic issues or the degree of intrusiveness;

(v) Evaluate, compare and critically analyse the results of the influence the
strengthening measures adopted in the
and in verifying the seismic safety conditions;

(vi) Critically discussion of the results and presentation of some recommendations
for this building typology.

A further and parallel purpose of the study is related to protection and preservation of the existing
building stock, since the seismic mitigation of the buildings vulnerabilities will, not only, allow us
to guarantee an appropriate safety level for local communities, but also to pass on our built
heritage to future generations.

1.4. Outline of the Thesis
This dissertation is organized in six chapters. The next chapters follow this outline:

1 Chapter 2 i Provides information about the structural details and data about the case
study building. Additionally, it is presented relevant information about the modelling data
for Tremuri software.

1 Chapter 31 Presents the analysis procedure and the results from a seismic performance-
based assessment for the case study building on its original condition.

1 Chapter 471 Provides an overview of the design of the building and information about the
characteristics of some possible retrofitting solutions, to improve the seismic performance
of this building typology under study.

1 Chapter 51 Three traditional retrofitting solutions are described and implemented in the
model. It is discussed and compared the results from a seismic performance-based
assessme n t of their influence over the buil
conditions of the Severe Damage Limit State (SD).

1 Chapter 6 7 In this chapter, the main conclusions of this dissertation and some
recommendations for future developments are presented.

14



2. Case of Study

In this section, the structural details and data about the adopted case study are presented,
together with relevant information of the modelling process in Tremuri program. It worth noting
that, general description about mixed masonry-reinforced concrete buildings typology can be

found in [5], while herein only information relevant for the case study are presented.

2.1. Description of the Case Study Building

Gathering information of the building, such as structural details and mechanical properties of the
materials, is the first and crucial step to perform a reliable analysis to understand the structural
seismic behaviour. That being said, it is worth mentioning that the information available about the
structural elements and materials is not always accessible for existing structures, which may lead

to assumptions based on similarities from other studies or documents available in City Hall.

Regarding the location and the environmental aspects of the surroundings, the case study
dfelisbénl, which \mad padt pf urgam
expansion in the beginning of the 20" century. The choice of the case study building was based
t he t he

particularly in Cell I and 1l (see Figure 3). In fact, based on statistics presented in [6], the buildings

buildngi s | ocated at ABairro

on the representativeness o f sampl e within exi st,i
located in Cell | and Cell Il are quite standardized in terms of material, geometry, constructive
details and number of floors. The dimensions of the buildings and layout of the flats are very
similar, and the side walls are shared between buildings [5, 9]. In this dissertation, the block of
two buildings, located in Cell I, was defined and analysed, with the aim to take into account the

effect of the adjacent building.
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The buildings of the block have a symmetric and elongated rectangular plan shape (17.50 m x
6.40 m) and total height of 10.13 m: two fagade walls (frontal i P3 and back i P1) with openings,
one shared wall (P12) and two blind side walls (P2 and P4). The building has three floors (with
the same total inter storey height of 3.06 m) with two apartments per floor with an area of 154.12
m?2. At that time, the priority of the layouts was to be functional and, consequently, efficient of the

spatial areas. The plan distribution of exterior and interior walls is shown in Figure 4.

1l

W4l P4 J : . 1 Wall P12

[1] , | [2]

6.40 m

[1] - Case study building
[2] - Adjacent building
Figure 41 Case study building layout.

In what regards the structural details and mechanical properties, the information gather lead to:

- Ground soil foundationat A Bai r r o isdlassifidd ag tgde B dnd G (deposits of
very dense sand, gravel or very stiff clay and deep deposits of dense or medium-dense sand,

gravel or stiff clay [5, 11]).

- Foundation system was made with very stiff stone masonry and with hydraulic mortar,
characterized as a thick continuous wall, which was enlarged in its base. In case of similar
buildings, from Cell Il, the following information regarding the minimum depth was found in
documents of Lisbon City Hall: (1) 1.00 m for facades and side walls; (2) 0.70 m for structural

interior walls, supporting slabs or the stair case; (3) 0.50 m for interior walls carrying its own weight

9.

- Walls: fagcade walls P1 and P3 (identified in Figure 4) are made of rubble stone masonry
(RM) with hydraulic mortar with a thickness of 0.5 m on the ground level, which are decreasing
0.05 m in each floor till a minimum of 0.4 m, while under the window openings, they are
characterized by hollow clay brick masonry with the reduced thickness of 0.15 m; Sides wall P2
(from adjacent building) and P4 are made of rubble stone and hydraulic mortar with a constant
thickness of 0.5 m; interior walls are mainly made of hollow clay brick masonry and cement mortar
with variable thickness: 0.15 and 0.25 m.
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Note that, these interior masonry walls are considered as structural walls, contributing to the
distribution of forces and the transfer of seismic energy to the peripheral load-bearing walls. In
the other hand, partition walls are only for separation of divisions.

-The specific information r eg progtitias gre divendn
Tables 1, 2 and 3. It is relevant to mention that the number of experimental tests addressed to
characterize the mechanical properties of the materials in this type of buildings was very limited.
Moreover, since it was not possible to observe the construction details on the buildings, neither
to perform any type of destructive or semi-destructive tests, one may say that the quality on-site
inspections was limited. However, due to the similar type of rubble stone masonry used in
buildings in Portugal and lItaly, it was decided to follow, as reference, the values proposed by the
Italian code [14]. Thus, those values were adopted as initial ones and then corrected by using the
Bayesian approach and accounting for the available tests carried out on these buildings in Lisbon.
For detailed information about this procedure, refer to [5]. Additionally, Table 2 and 3 b) refer to
the parameters necessary to describe the monotonic behaviour of piers and spandrels (how the
masonry wall was discretized, see Figure 9), according to the relationships identified in Figure 10.
More detailed information about these discretization procedure and parameters are given in the

next section.

Table 17 Mechanical parameters and weight adopted in the numerical model.

Mechanical and Young Modulus  Shear Modulus Comp. Strength  Shear Strength  Specific Weight
geometrical properties E (GPa) G (GPa) fm (MPa) o (MPa) v (kN/m3)
Rubble stone masonry 0.820 0.274 2.330 0.077 21.0
Solid clay bick masonry 5.730 1.910 7.190 0.277 18.0
Hollow clay bick masonry 2.950 0.983 1.660 0.277 15.0
Reinforced concrete Concrete class: C16/20

Steel class: A235

Table 2 7 Parameters for non-linear response of masonry panels: the drift corresponding to the different
levels of damage (d, @, é) and the percentage of residual strength after collapse (i 3,1 4), different for the
two possible failure modes: shear (S) and flexural (F).

Mechanical and
geometrical properties

535 0.00291
By s 0.00488
85 s 0.00686
Parameters ?S‘F 0.00583
for Piers Oa_r 0.00976
G 0.01470
Pss 0.70
Bas 0.40
Par 0.85
85 sand &; ¢ 0.00190
Parameters 83 cand 84 ¢ 0.00580
for Spandrels &; sand &s ¢ 0.01940
B3 g, Bscand P, ¢ 0.60
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Table 37 a) Permanent and variable loads for timber and RC floors, as well as for roof. b) Mechanical
properties in the numerical model.

a) Mechanical Gravity Load G
Property (variable load Q) (kN/m2)
Wooden Floor 1.10
(2.00)
RC slab 3.78
(2.00)
RC beams 3.78
(2.00)
Roof 1.15
(0.40)
b) kg 0.65 Value of the shear for which starts the degradation of

the stiffness, normalized to the ultimate shear.
Ratio between shear at the end of the elastic phase
and the ultimate shear strength.

ke 1.50 Ratio between initial and the secant stiffness at the
point in which the maximum strength is reached.

- In terms of reinforced concrete elements, exterior walls of these buildings were
strengthened (belted) on all floors at the height of the window by reinforced concrete lintels
characterized by thickness equal to that of walls and height of 0.20 m. It is assumed that the
existence of these RC beams along the front and back facades (P3 and P1, respectively), will
reduce the out-of-plane local mechanism of masonry walls in critical zones. However, local
mechanism should also be analysed in detail. The concrete used on the buildings has a low to
moderate resistance (C16/20) and the RC elements have lower percentages of steel

reinforcement, whereas the steel corresponds to the class A235 [5, 15].
Regarding the floors, the following characteristics were adopted:

- Timber floors made of Pinho Bravo beams, with a section of 0.08 x 0.16 m?, covered by
timber boards and placed perpendicular to the fagcade, with an average offset of 0.40m. These
beams are restrained in the perpendicular direction by smaller timber beams and covered by
timber boards with 0.022 m thickness. This type of floor is presented mainly at the social and
private areas;

- Reinforced concrete slabs are mainly presented at the service areas such as kitchens,
bathrooms and balconies, due to the inadequate behaviour of wood in contact with moisture in
those humid zones. It is worth mentioning that these concrete slabs were barely reinforced by
steel bars, and there is no guarantee on the continuity of the reinforcement between spans, thus
the slabs do not work as a continuous floor. It should be mentioned that for this building there is
no exact information about the thicknesses of the RC slabs. Based on literature, it was found that
thickness can vary between 0.07 i 0.12 m (it was adopted a thickness of 0.12 m) [5, 9]. In this
dissertation, mean value was adopted and applied by changing the masses of intermediate floors
(permanent and live loads). Additionally, the type of concrete used was C16/20 whereas, most
steel corresponds to the class A235. On the ground floor, only below the part where the timber
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floor exists, the ventilation box provides air circulation and accumulation of moisture below the

floor is avoided by it (Figure 5).

Timber Floor Concrete Floor
T e s Yo Y e ] | y 1
| "Ventilation box" ':"t,"“"‘“', } b
X
i ! | e
” I
f Soll E
|
b)

Figure 571 a) Drawing of the ventilation box at the time; b) View of the holes of the ventilation box from
outside the building [5].

- The configuration of roof is timber framed of Pinho Bravo, which consists on main beams
mainly disposed parallel to the facade and supported by vertical or diagonal timber elements
loading the main internal and side walls. A range of perpendicular beams, distancing from 0.40
m, was placed on the top of main beams to support Portuguese roof tiles (Telha Lusa or
Marseille).

- The main stairs are located in the middle of the building for Ux direction, providing
symmetry along Uy axis (side walls), and made with of wooden materials.

More detailed information about the building& description is available in [5] and [16].
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6.40 m

Figure 6 1 Drawings of the case study building: a) Aggregate layout i top view (case study building on the
c ) BiaWakP1f(AaA 6a) dTeangvirsal view of the building.

left); b) Front facade i WallP3 (B-B 6 ) ;

20



2.2. Modelling details of the Case Study Building

Since the beginning of this century, the use of non-linear static procedures for the assessment of

the seismic performance of the buildings have become more appealing and attractive [17].

The global response of the case study building, a mixed masonry-reinforced concrete structure,
was assessed using the Tremuri program [18, 19], by just analysing the results from the isolated
building modelling in the aggregate. In order to realize a performance-based assessment

procedure, it is essential to keep in mind the main elements:
(1) Demand - representation of the effects of the earthquake ground motion and,;
(2) Capacity-r epr esent ati on of totrekis thesseismic damand E]6 s

The main characteristic in modelling using Tremuri program is the generation of a mesh of the
masonry walls. The masonry walls with openings may be discretized by a set of panels,

deformable elements that are connected between themselves (Figures 7, 8 and 9):

Piers - vertical resistant elements which support vertical and lateral loads;
Spandrels - horizontal elements between two vertically aligned openings, which couple
piers in the case of seismic loads and;

1 Rigid nodes - undamaged masonry portions confined between piers and spandrels.

More information about how to conduct this discretization process can be found in [19].

Equivalent Frame Idealisation
m == N e |
1 |
|
l |
|
|
|
, [
i L J 1

7
Legend:
Pier
Barycentric Axis of masonry ) R.C. non-linear beam
slenié ’ Spandrel -
¢clements = Non-linear beam / macro-element
RC clement - Rigidnode

Figure 77 Example of a mixed masonry-reinforced concrete structure with the corresponding equivalent
frame idealization [17].

X
Figure 8 1 Walls distribution of the aggregate modelled in Tremuri Program.
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