Design of Seismic Retrofitting for mixed MasonryReinforced Concrete Buildings in Lisbon

Pedro Emanuel Amaral dos Santos Lourenço

Thesis to obtain the Master of Science Degree in Civil Engineering

Master Degree in Civil Engineering

Supervisors: Prof.a Rita Maria do Pranto Nogueira Leite Pereira Bento
Dr a Jelena Milosevic Llic

Examination Committee
Chairperson: Prof. Mário Manuel Paisana dos Santos Lopes
Supervisor: Prof.ª Rita Maria do Pranto Nogueira Leite Pereira Bento
Member of the Committee: Prof. Luís Manuel Coelho Guerreiro

October 2019

Acknowledgement
This work was only possible with the help of a group of people to whom I could not fail to express
my appreciation and gratitude.
First of all, I would like to thank Prof.a Rita Leite Bento, for their availability in the orientation of
this dissertation, for their suggestions and bibliographical references and for their patience in
reading and discussing the texts presented here.
Give a word of thanks to Dra Jelena Milosevic, for her availability, patience and opportunity to
work together, for guidance and bibliographical references and sharing/discussing knowledge
about Mixed Masonry-Reinforced Concrete Buildings and about the Tremuri software.
To my colleagues and friends Hugo Alambre, Hugo Fernandes e André Sousa, with whom I
shared most of my university time, a word of gratitude must be given. Grateful to have such
wonderful friends to spend my time with, sharing knowledge, discussing ideas and problems,
pulling each other to achieve higher and to be better and, most importantly, share a laugh.
To mine remain fellow colleagues of Master of Science Degree in Civil Engineering, for their
support and cooperation. It was a pleasure and a privilege to work with them.
Finally, to my parents for their constant support, motivation, understanding and believing in my
live projects, and making me who I am today. A word of thanks and gratitude to my uncles and
cousins; and to my closest family friends.

1

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 and compare their influence in the building’s
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, Performancebased assessment, Non-linear static (pushover analysis), Tremuri software, Seismic retrofitting
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Sumário
A presente dissertação centra-se na avaliação da vulnerabilidade sísmica de um edifício antigo
misto de alvenaria-betão armado, representativo de uma tipologia do edificado de Lisboa, e em
propor soluções de reforço sísmico de modo a melhorar o comportamento da estrutura. Assim
sendo, o estudo compreende: (i) avaliação sísmica do edifício existente; (ii) identificação das
zonas críticas; (iii) definição de intervenções estruturais adequadas de reforço; (iv)
implementação de soluções de reforço e avaliação do comportamento do edifício reforçado.
O estudo compreende a análise sísmica do edifício selecionado, integrado num agregado,
baseado numa análise estática não linear utilizando software Tremuri. Numa primeira fase, os
resultados foram analisados em termos de curvas de capacidade e, posteriormente, foi avaliado
o desempenho sísmico utilizando o método N2, sugerido no Eurocódigo 8 (EC8-3), que
contempla a determinação dos deslocamentos e distribuição danos. Estes resultados permitiram
constatar que a segurança sísmica da estrutura não era verificada.
Com base nos resultados obtidos, propôs-se um conjunto de soluções de reforço sísmico: (i)
melhorar as ligações entre paredes; (ii) aumentar apenas a rigidez do pavimento de madeira; (iii)
consolidamento das paredes de alvenaria de pedra. Estas soluções foram escolhidas tendo em
conta possíveis restrições, como por exemplo questões económicas ou o grau de
intrusão. Adicionalmente, foram aplicadas de forma cumulativa e com base em recomendações
estabelecidas, de modo a avaliar e comparar os resultados dos reforços sobre o desempenho
sísmico global do edifício.
Por fim, procedeu-se à discussão crítica dos resultados e recomendações para esta tipologia de
edificado.

Palavras-chave Edifício misto de betão armado com alvenaria, Vulnerabilidade sísmica,
Avaliação do desempenho sísmico, Análise estática não linear (curvas de capacidade),
Programa Tremuri, Reforço sísmico de edifícios
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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 buildings’ stock, identify the critical areas of the structures and possible collapse mechanisms
and, then, implement some retrofitting solutions [2, 3, 4].

Figure 1 – 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 (known as “Placa” between contractors, because of
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.

b)

a)

c)

Figure 2 – a), b) and c) Examples of mixed masonry-reinforced concrete buildings, “Bairro de Alvalade”.

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.
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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:
•

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

•

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)

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);

(ii)

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 masonryreinforced 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)

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;

(ii)

Analysis and identification of the main vulnerabilities of the case study building;
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(iii)

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 building’s global seismic performance
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:
•

Chapter 2 – 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.

•

Chapter 3 – Presents the analysis procedure and the results from a seismic performancebased assessment for the case study building on its original condition.

•

Chapter 4 – 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.

•

Chapter 5 – Three traditional retrofitting solutions are described and implemented in the
model. It is discussed and compared the results from a seismic performance-based
assessment of their influence over the building’s behaviour and ensuring the safety
conditions of the Severe Damage Limit State (SD).

•

Chapter 6 – In this chapter, the main conclusions of this dissertation and some
recommendations for future developments are presented.
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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
building is located at “Bairro de Alvalade”, an urban area of Lisbon, which was part of urban
expansion in the beginning of the 20th century. The choice of the case study building was based
on the representativeness of the sample within the existing typologies of “Bairro de Alvalade”,
particularly in Cell I and II (see Figure 3). In fact, based on statistics presented in [6], the buildings
located in Cell I and Cell II 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.

Figure 3 – Top view of “Bairro de Alvalade” and its division into cells [5].
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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 façade walls (frontal – P3 and back – 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
m2. 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.

Figure 4 – Case study building layout.

In what regards the structural details and mechanical properties, the information gather lead to:
- Ground soil foundation at “Bairro de Alvalade” is classified as type B and C (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 II, the following information regarding the minimum depth was found in
documents of Lisbon City Hall: (1) 1.00 m for façades 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: façade 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 regarding the building’s walls materials properties are given in
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 Italy, 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 1 – Mechanical parameters and weight adopted in the numerical model.

Table 2 – Parameters for non-linear response of masonry panels: the drift corresponding to the different
levels of damage (3, 4, 5) and the percentage of residual strength after collapse (β3, β4), different for the
two possible failure modes: shear (S) and flexural (F).
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Table 3 – a) Permanent and variable loads for timber and RC floors, as well as for roof. b) Mechanical
properties in the numerical model.

a)

b)

- 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 façades (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 m2, covered by
timber boards and placed perpendicular to the façade, 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 – 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).

a)

b)

Figure 5 – 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 façade 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’s description is available in [5] and [16].
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a)

b)

c)

d)

Figure 6 – Drawings of the case study building: a) Aggregate layout – top view (case study building on the
left); b) Front façade – Wall P3 (B-B’); c) Back façade – Wall P1 (A-A’); d) Transversal view of the building.
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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 - representation of the structure’s ability to resist the seismic demand [2].
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;

•

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

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

Figure 7 – Example of a mixed masonry-reinforced concrete structure with the corresponding equivalent
frame idealization [17].

Y

X

Figure 8 – Walls distribution of the aggregate modelled in Tremuri Program.
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Figure 9 – Back load-bearing façade wall P1 modelled in Tremuri program.

It should be highlighted that the Tremuri program, used to perform the non-linear analysis, makes
use of a frame method with macro elements derived from observation of the real behaviour of the
buildings, damaged by earthquakes and taking into account the different damage observation,
which shows that, as usually, cracks and failure modes are concentrated in piers and spandrels
[17].
Following the recent formulation implemented in Tremuri program [17, 19], the nonlinear response
of masonry panels is modelled by nonlinear beams characterized by a piecewise linear
constitutive law (Figure 10). Firstly, the elastic response is described according to the beam theory
by defining the initial Young (E) and Shear (G) modulus of masonry, then the progressive
degradation is approximated using a secant stiffness (by assigning a ratio kel between the initial
and secant stiffness at the point in which the maximum strength is reached, and a ratio k0 between
the shear at the end of the elastic phase and the ultimate shear strength). Secondly, this law is
based on a phenomenological approach that allows describing the nonlinear response associated
with increasing levels of damage, by assigning progressive strength drops (𝛽𝐸𝑖 ) at predetermined
drift levels (𝛿𝐸𝑖 ), associated with the achievement of reference damage levels (from DL1 to DL5),
where DL5 is associated with “collapse” of the panel (meaning that it loses the capacity to support
horizontal loads) [12,14, 17]. The corresponding values were presented in Table 2 and 3 b), which
were obtained by experimental tests from similar buildings in Italy.

Figure 10 – Multi-piecewise linear constitutive law of Unreinforced Masonry Buildings [21].
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In such a nonlinear beam formulation, the maximum shear and bending strength are calculated,
with regards to the common criteria proposed in codes and literature, by considering the
occurrence of various failure modes: flexural, shear or mixed modes (both flexural and shear
failure). In case of shear response, only the diagonal cracking type of failure according to Turnšek
and Čačovič (1971) criterion was considered, following the proposal of the Italian code (NTC
2008) for existing masonry buildings [12, 14, 20]. The flexural response, combining both
compressive and bending failure, is based on the beam theory, neglecting the tensile strength of
the material, and assuming a rectangular normal stress distribution at the compressed toe.
In what regards the reinforced concrete elements, they were modelled as nonlinear beams by
assuming elasto-perfectly plastic hinges concentrated at the end sections [17]. The initial elastic
branch is directly determined by the stiffness contributions in terms of shear and flexural
behaviour considering only concrete section and neglecting the contribution of steel
reinforcements. In what concerns the failure mechanisms, shear and compressive/ tensile failures
are assumed as brittle failures, while combined axial-bending moment is modelled by plastic
hinges at the end of the element and is considered as a ductile failure. Shear strength is computed
according to the criteria proposed in European and Italian codes [11, 14, 17] in the case of lowmedium ductility classes, for different element types (beam, column and reinforced concrete wall).
It is worth highlighting that in the case of mixed masonry-reinforced concrete buildings under
investigation, in which the presence of reinforced concrete elements is limited only to reinforced
concrete ring beams, the seismic nonlinear response is dominated more by masonry elements
than reinforced concrete elements [5]. Additionally, with this modelling approach, the global
seismic response was the focus of the study, which is governed by the in-plane capacity of the
walls and the degree of the connections between structural elements vertical-vertical and verticalhorizontal. That being said, the out-of-plane walls response was not studied due to the presence
of the RC ring beams, which reduces the vulnerability of local mechanism.
The floor was modelled with orthotropic membrane finite elements, with an equivalent thickness
and characterized by modulus of elasticity E1,eq in the floor warping direction and E2,eq in the
orthogonal direction and an equivalent shear modulus Geq. The Young Modulus, E1,eq and E2,eq
describes the connection degree between the floors and provides a link between the piers of a
wall, influencing the axial force computed in the spandrels [5]. The shear modulus, which
represents the most important parameters of the floor model, influences the distribution of
horizontal forces amongst the walls, in both linear and non-linear phases. Therefore, the timber
floors were defined as an equivalent membrane with 0.022 m thickness and characterized by E1,eq
= 29.45 GPa , E2,eq = 12.00 GPa and Geq = 0.00988 MPa, following Italian tests in similar cases.
For the reinforced concrete slabs, the following properties were considered: 9.17 GPa for Eeq
equal in both directions, as defined in Eurocode 2-1 [11] and 3.82 GPa for Geq (calculated
assuming a Poisson coefficient of 0.2).
In this study, the global seismic response of the building, which is controlled by the in-plane
capacity of the masonry walls, was obtained by means of non-linear static (pushover) analyses,
applying static lateral load patterns the structure. Thus, two different distributions of lateral loads,
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based on the recommendations of the European EC8 [13] and Italian [14] standards and recent
study [21], were used for the definition of pushover curves: (1) uniform, pattern of forces applied
to each node of the building and proportional to its mass and (2) pseudo-triangular, pattern of
forces proportional to the product between the mass of the node and its height with respect to the
base. Moreover, pushover curves for two different directions, namely the longitudinal (Ux) and the
transverse (Uy) direction, have been examined in the presented study, for the case study building,
considering also positive and negative direction.
Unlike Finite Element based programs, Tremuri program does not allow the user neither to select
nor create a fictional control node located in the centre of gravity at the roof level of each structure,
as suggested in the Eurocode for the definition of the pushover curves (described as base shear
versus top displacement). Therefore, in order to perform a non-linear analysis and obtain
pushover curves, it is required to choose a single control node. To overcome this issue, the choice
was based on the recommendations from Tremuri team, which states to adopt the node above
the wall which first reaches damage, knowing that the corner nodes on the upper floors are more
affected by a seismic event. This step was then validated by observing the damage distribution
for each pushover analysis and by evaluating the damage of the macro-elements near to the
selected control node.
For Ux direction, the control node adopted was N20 (Figure 11), upper intersection between main
façade wall P3 and side wall P4, since the façade load-bearing walls are going to be subjected to
higher forces, keeping in mind, as well, that the façade walls P1 and P3 are the only ones with
openings. For Uy direction, it was performed analysis for two possible control nodes N99, upper
intersection between back façade wall P1 and separation wall between buildings P12, and N5,
upper intersection between back façade wall P1 and side wall P4 (see Figure 11). The results
obtain from node N99 are presented along the report, as for the results from node N5 are at the
Appendix D.

Back façade – P1

Main façade – P1

Figure 11 – Three-dimensional representation of the building with the control nodes indicated.
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Three additional remarks must be stated:
(i)

The basic requirements, referred to the damage status of the structure, as
defined in part 3 of Eurocode 8 [13], are associated to the following three limit
states: imminent collapse (structure severely damaged, with reduced resistance
and residual lateral stiffness, where most of non-structural elements have not
collapse), severe damage (structure presents significant damage, with some
residual lateral strength and stiffness, where non-structural elements are
damaged, and partition walls and filling elements have not collapse out-of-plane)
and damage limitation (structure presents only slight damage, where its structural
elements have been kept without being subjected to significant incursions into
the plastic regime, and preserving its strength and stiffness characteristics). For
the purpose of this rehabilitation study, the seismic performance-based
assessment was then conducted by evaluating safety indicators recommended
for the Severe Damage (SD) Limit State safety verification. Moreover, the seismic
action and the ultimate displacements were reduced by a factor of 0.75 as it is
proposed in the national annex of EC8-3 [13].

(ii)

Based on previous study, where it was performed a non-linear dynamic analysis
[5], for similar buildings with rectangular shape in plan, the most appropriate load
pattern that defines the behaviour of the building is: triangular load pattern for the
direction of the façades (Ux direction), and the uniform load pattern for the
direction of the side walls (Uy direction). The results presented along the thesis
follow this recommendation, leaving the remain cases also studied at appendix;

(iii)

Case study building before applying any retrofitting technique was considered
and referred from here down as stage “0”. At this phase, it was considered bad
connections between external – external walls and external – interior walls, to
approximate to the real condition of the building. In order to model this detail, the
values from the Table 4 below were adopted for the equivalent link beam in
connections. These values were obtained by an iterative process, by a
continuous decrease until the pushover curves do not show a significant
difference of stiffness, strength and displacement.

Table 4 – Geometrical properties adopted for equivalent link beams to simulate bad connections.
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3. Seismic Performance-based Assessment
In this section, it is described the analysis procedure, step by step, used in this study and, then,
the results from a seismic performance-based assessment of the case study building, at its
original conditions, are discussed. It is worth noting that in order to explicitly model the interaction
effect among buildings, the whole aggregate, which consists of two buildings, is modelled (Figure
12). Afterwards, with the aim of defining the pushover curves of the case study building, only the
results for one building are considered.

[2]

[1]

Frontal Façade – P3
Shared Wall – P12
Side Wall – P4

Y

X

[1] – Case Study Building
[2] – Adjacent Building

Figure 12 – Three-dimensional representation of the modelled building.

3.1. Pushover analysis
The pushover curves provide essential information about the behaviour of the building in terms
of: (1) stiffness; (2) overall strength and; (3) ultimate displacement capacity [22]. These curves
plot the base shear capacity of the case study building, Vb, versus the average displacement of
nodes located at the roof level of the case study building, dn, and the analyses were only stopped
for 20% decay of the maximum base shear capacity (Figure 13) [13, 14] or when a sharp drop in
pushover curves (consequence of the possible existence of a collapse mechanism) became clear.
The pushover curves obtained for the case study building, for both lateral load distributions and
both directions are plotted in Figure 13.
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Figure 13 – 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).

The most interesting point, one may conclude from the Figure 13, is the fact that the most
vulnerable direction is the Ux direction for these load patterns, exhibiting less strength, ductility
and energy dissipation on structural elements in that direction. This result can be explained by
the fact that a greater number of walls are in the Uy direction, where the most of them are
characterized as blind walls (no openings) in contrast with the higher number of openings in the
Ux direction. Moreover, it is possible to observe a higher ductility in the Uy direction than in the Ux
direction (see Figure 14) due to the prevailing of the flexural damage in Uy direction. It is important
to highlight the fact that this behaviour is the opposite when analysing as block, not just the
average values from one building, showing a considerable increment of stiffness and resistance
in Ux direction [5]. Consequently, put in evidence the importance of analysing the building in all
directions and of considering the building inserted as part of an aggregated block, when doing a
seismic performance-based assessment.

Figure 14 – Ductility chart for the case study building at its original condition for both directions and both load
pattern.
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In Figure 15, it is shown pushover curves representatives of the behaviour of the building,
discretized by walls for each direction, and for the most demanding cases of load pattern. For Ux
direction, the façade walls P1 and P3 face more demand while the interior walls have a more
significant role to redistribution of forces than support, which can be confirmed by the damage
maps (Appendix A). For Uy direction, it is observed a higher redistribution of load among a higher
number of blind walls, being the side and shared walls, P4 and P12 respectively, more conditional.
As expected, the peripheral and shared walls are crucial to describe the behaviour of the building,
because of their position on the layout and cross section.
a)

b)

Figure 15 – Pushover curves characterized in walls. a) Ux direction. b) Uy direction (dot mark the ultimate
displacement considered).
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The damage pattern for the ultimate displacement (du) of the building for back façade wall P1
(pseudo-triangular load pattern) is shown in Figure 16. The caption displays the type of failure for
each structural element, whereas “DL” represents the possible damage level until collapse. It is
worth pointing out that the damage in the Ux direction is very similar for the two different load
patterns, as such it was chosen to represent the most conditioning and representative one (as
previously mentioned), related with the pseudo-triangular distribution.
Figure 16 shows that damage pattern does not vary significantly in Ux direction with the load
pattern considered, supporting the hypothesis of redistribution of forces. The behaviour of
spandrels was mainly characterized by shear failure, due to their geometrical characteristics and
to the presence of reinforced concrete lintel beams of the building façade, while the piers were
mainly characterized by flexural damage. Once comparing the damage maps, one may expect
shear damage around the openings. The interior brick walls present the flexural damage in the
piers (see Appendix A, for damage maps of interior walls in Ux direction).

Figure 16 – Damage map of the back load-bearing façade wall P1 for the ultimate displacement along Ux
direction.

Regarding the analysis in the Uy direction, the pattern of damage is mainly dominated by flexural
damage. The walls P4 and P12 face more demand, where the shared wall collapses before the
side wall of the case study building. Important to highlight that, the pattern of damage is
conditioned by the type of load distribution. With respect to the Uy direction with the uniform load
pattern (concerning the maximum value of base shear), side walls have shown high damage
leading to mechanism at the ground level, being relevant to highlight the relation thickness –
height of the building. Piers in this story reached the shear failure, being an indicator of progress
of in-plane failure mechanism (see Figure 17, damage map for two walls in Uy direction for uniform
load pattern). Additionally, the pseudo-triangular load distribution leads to an identical collapse
mechanism, but on the top of the walls (see Figure 17, damage map for two walls in Uy direction
for pseudo-triangular load pattern). The previous observations can be explained by the
differences of seismic demand simulated by the two force distributions adopted [23].
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Wall P4

Wall P12

Uniform Load
Pattern

Pseudo-Triangular
Load Pattern

Figure 17 – Damage maps of the side wall P4 and shared wall P12 for the ultimate displacement along Uy
direction.

When analysing the damage on the interior walls of the case study building, it was observed no
significant damage, meaning not enough to collapse and redistribution along a high number of
walls. Thus, a more careful look at damage distribution on façade (wall P1 and P3), side wall (P4)
and shared wall (P12) was done. Additionally, it may be stated that approximately the same
damage was observed in the adjacent building.
Nevertheless, it is important to highlight that, when studying a masonry-reinforced concrete
building with very flexible floors, the adoption of the criterion proposed in the Part 1 of Eurocode
8 [12] to define the ultimate displacement (the stop-condition of pushover curves) may lead to
non-conservative results [22]. This remark can be explained by the fact that different walls behave
practically as independent, leading to an unpredictable redistribution of seismic loads among the
masonry walls. Therefore, severe damage and the eventual collapse of some walls could not be
directly identified through the global pushover curves.
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3.2. N2 Method
The seismic performance-based assessment of the case study was carried out according a nonlinear static simplified method, commonly used to determine the structure’s performance point
(d*t) which is the intersection between the capacity curve of the structure and the seismic demand
in terms of response spectrum. Following the recommendations of structural code EC8-1 (CEN
2004b) [13], originally proposed by Fajfar [24], it was adopted the N2 Method, for evaluating the
performance of the structure [12, 24].
Therefore, the capacity curves, presented in the following Figure 18, were obtained by properly
converting the pushover curve representative of the non-linear response of the original multi
degree of freedom (MDOF) into an equivalent single degree of freedom (SDOF) system.
In this procedure, an elasto-perfectly plastic force-displacement relationship was assumed to
define the SDOF bi-linear capacity curve: (1) the initial stiffness was determined by the point
corresponding to 70% of the maximum base shear reached on the first branch of the curve as
suggested by NTC [11]; (2) the yield force was determined in such way that the areas under the
pushover and the elasto-perfectly plastic curves are equal. In the following Figure 18, the capacity
curves, which represent the structure global behaviour, were plotted for each main direction and
type of load pattern distribution, according to the abovementioned criterion and concerning to the
most unfavourable analyses.

Figure 18 – Capacity curves for the case study building at its original state for both directions and considering
the conditional cases of load pattern.

Looking more closely at the behaviour of initial capacity curve, it is important to highlight that, in
the elastic phase, in general, the structure has greater stiffness in Uy direction than in Ux direction.
This can also relate to the bigger area of openings in Ux direction, where the maximum strength
is lower, comparing to the Uy direction (see Figure 18). Moreover, in contrast to what was
observed in the Uy direction, the available ductility in the Ux direction is higher in the curve
corresponding to the pseudo-triangular distribution. Additionally, the results with both load
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distributions for each direction are presented in Appendix A. From the capacity curves presented
in Appendix A, one may conclude higher limit is defined by uniform load distribution, while the
higher displacements are achieved by a pseudo-triangular, despite a decrease of strength limit
by around 40%. In this case is worth referring that in both directions the uniform pattern
distribution gives higher capacity, but lower ultimate displacements.

3.3. Period of the idealized equivalent SDOF system
By analysing the results obtained from Tremuri, it may take some conclusions about period of the
idealized equivalent SDOF system, T*, using the equation from [12] as it can be seen in Appendix
A:
(i) The highest value of T*, correspondent to the lowest value of frequency, occurs in the
Uy direction, as shown in Figure 19. This result was affected by the behaviour of the aggregate,
as, in order to explicitly model the interaction effect among buildings, the whole aggregate was
modelled;
(ii) In a scenario where the whole aggregate was not modelled, just the case study
building, the expected results would follow the conclusion from observing Figure 13. Therefore,
the expected first mode of vibration would occurred in the Ux direction, showing to be less rigid
along this direction, because of the layout of the building and the cross section associated to the
walls along this axis, including the fact that a lower number of walls and more openings are
presented in this direction;
(iii) The results obtained from pseudo-triangular load pattern are more demanding for both
directions (see Appendix A for remain results).

Figure 19 – Period and frequency charts for the case study building at its original state for both directions
and considering the conditional cases of load pattern.
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3.4. Discussion of the results
The seismic performance-based assessment was then conducted by evaluating the following
indicators, recommended both by EN 1998-3 [13] and the NTC [14] for the SD safety verification.
The latter recommends the ratio q*, computed by dividing the acceleration in the structure with
the unlimited elastic behaviour, Se (T*), for the limited structural strength F*y/ m*, to be lower than
3, aiming to limit the overall acceptable ductility of the building. Moreover, according to these
same codes, safety is verified when the ratio between ultimate and target displacement d*u / d*t is
larger than 1. Finally, in which regards the ratio between the maximum admissible ground
acceleration, ag,max compatible with the fulfilment of the SD limit state (see Appendix A for the
formulas used to calculate the previous parameter: ag,max), and the reference ground acceleration,
agR (considered equal to 1.50 ms-2), safety is verified if this ratio is larger than 1.
This final step of the assessment consists of checking if the building withstands the seismic
demand defined according to the national Annex of Part 3 of EC8 [13] (correspondent to a return
period of 308 years). The response spectrum was initially defined for 5% viscous damping and
for soil type C, earthquake type 1.3. The buildings’ importance factors are equal to 1. For the nonlinear static analysis processed, to evaluate the seismic performance, it was considered only the
earthquake type 1.3, which is more demanding for the structure, as it was proven at [5]; thus, the
peak ground acceleration defined in EC8-1 [12] was multiplied by 0.75, meaning that design
ground acceleration was obtained by multiplying the factor, the peak ground acceleration and the
building’s importance factor. Information regarding the procedure and used formulas are in
Appendix A and the response spectrum used in the study is defined in Figure 20.

Figure 20 – 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 (bottom).
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In Figure 21, which represents the values of q* for the two load patterns and for both direction, it
is possible to observe that, firstly, the safety condition q* < 3 is verified and; secondly, a quite
significant dispersion of the q* ratio values between Ux and Uy, which can be related to the degree
(or lack of it) of connection between walls. Additionally, one can conclude that the building
presents a slightly better behaviour in terms of the q* ratio for the analyses computed with the
uniform load pattern distribution, for Uy direction.

Higher Limit

Higher Limit

Figure 21 – q* ratio charts for the case study building at its original state for both directions and considering
the conditional cases of load pattern.

The Figure 22 shows the results of the seismic performance-based assessment in terms of the
ratio between the ultimate (d*u) and the performance displacement (or target displacement d*t) for
the equivalent SDOF system for both types of lateral load distribution. Regarding the obtained
results, it can be seen that in case of Ux direction with pseudo-triangular load pattern the ratio
requirement of being higher than 1 is not satisfied, while for Uy direction safety is already verified.

Lower Limit

Lower Limit

Figure 22 – 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.

In what regards the values achieved for the ratio ag,max/ agR, presented in the Figure 23, one may
conclude: firstly, the results follow the trend of the previous indicator d*u/ d*t; and secondly, most
of the analyses for the case study building fulfil the required safety verification ag,max/ agR > 1,
exception made for the analyses carried out for the Ux direction, as already happened with
previous verification (d*u/ d*t).
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Lower Limit
Lower Limit

Figure 23 – Ratio ag,max/ agR charts for the case study building at its original state for both directions and
considering the conditional cases of load pattern.

In Table 5, the corresponding properties of the capacity curves for both load patterns and for the
equivalent SDOF system are presented, namely: equivalent period (T*, calculated following EC8
– see the used formula in Appendix A), ductility (µ*, computed by the ratio between the ultimate
displacement d*u and yielding displacement d*y), target displacement (dt) and strength (computed
from the ratio between yielding force and mass F*y / m*).
Moreover, the Table 5 summarises the most relevant parameters of the most unfavourable
analyses for each main direction (Ux and Uy) and lateral load pattern distributions (uniform and
pseudo-triangular). In terms of equivalent period T*, the differences between the main directions
suggests a higher deformability in the Ux direction, characterised by a higher area of openings,
consistent with the pushover curves. The values obtained for the limited structural strength F*y /
m* for Ux direction are almost significantly lower than the corresponding values obtained for Uy
direction, again justified by the number of openings and effective section of structural walls.
Table 5 – Results of q* ratio, ratio between the ultimate and target displacements, and ratio a g,max/ agR for
the case study building at its original state for both directions, considering the conditional cases of load
pattern.

These two last indicators did not meet the safety requirements only in Ux direction, leading to the
conclusion that the possible retrofitting solutions should be applied and have more impact along
that axis. These results obtained from the application of the N2 Method procedure show that
practically all analyses failed to verify the previously mentioned safety requirements, which has
driven the need for seismic retrofitting, detailed in the next chapters 4 and 5.
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4. Seismic Retrofitting Solutions
It is well recognized that a key aspect that supports social and urban lives is the capacity of built
environment to maintain their functionality and acceptable structural safety levels, but with special
significance during and after unpredictable events, such as earthquakes. Therefore, promoting
and investing in risk mitigation policies is an important step towards to limit the building stock
damages and, consequently, protecting adjacent sectors, such as community live and safety,
environmental aspects, and financial/ economic areas [26].
In this section, some retrofitting solutions are described in order to improve the seismic
performance of a mixed masonry-reinforced concrete building, bearing in mind the conservation
principles: minimal intervention, reversibility and authenticity. Although, in order to promote and
implement retrofitting solutions for a specific building, it is important, firstly, to evaluate possible
restrictions such as economic or social restrains, technical issues like building materials or quality
of the construction, and building and site conditions. Therefore, for the purpose of this study, to
improve the integrity of structure, by increasing the in-plane and out-of-plane walls strength
capacity and redistribute seismic loads between the load-bearing walls, the use of strengthening
through traditional techniques are suggested.

4.1. Basic principles of Buildings Design
The main vulnerabilities of existing buildings are due to the fact that they were not properly design
for the seismic action or/and they did not follow the basic principles of conceptual design. The
strengthening techniques to be adopted needs to mitigate the existing vulnerabilities. Thus, firstly
and before describing the strengthening possibilities, a careful look at the design phase was
made, in particular which are the main criteria to follow to design a building able to have an
adequate seismic performance. The design phase assumes itself as one of the most important
phases in the project of any structure and, when it comes to seismic regions, this aspect assumes
particular importance, given the random and unpredictable character of seismic action, resulting
in huge material and human losses. It is at this phase, when the choices of the structural system
of the building, even the floors, and the location and layout of the vertical support elements are
made, knowing that the structures shall be designed to support vertical and horizontal loads to
which they may be subjected and ensure an adequate dynamic behaviour of the structure.
Therefore, the design of a building must start from a dialogue between engineering and
architecture, among other entities, in order to design a structure that performs both the aesthetic
requirements and the functionality to which it is proposed.
At this stage of the project, this can be translated from the fact that it is advisable to consider
some principles: a good link between the elements, structural redundancy, symmetry and
uniformity in plant and height [12, 25].
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(I) Simplicity of the Structure
This criterion is hardly verified when looking at the regular and rectangular layout in plant but
irregular elevations, where the thickness of the load-bearing walls decreases in height. In the
other hand, when analysing the case of study, the structural system and the choice of materials
lead to the existence of unclear trajectories of seismic forces because, which allows to a low
reliable prediction of seismic behaviour. In addition, the fact that the structure is provided with
links between elements that are not as effective as possible in order to ensure proper functioning,
which contribute to the previous observation.
(II) Regularity, Symmetry and Structural Redundancy
The principle of regularity applies in plan and in elevation, and intend to avoid premature local
ruptures. The building under study only presents significant geometric variation in elevation, not
in plant, between floors, since the thickness of the façade walls decrease 0.05 m in each floor till
a minimum of 0.4 m, which affects the behaviour of the structure. It is relevant to state that the
geometry of the building in height is a preponderant factor of the seismic behaviour of a structure.
On the one hand, symmetry is not always easy to impose, in view of the irregularity of the
structures and the compatibility with the architecture. For example, in the present case, the
symmetry is only observed on one axis and the existence of elements of great rigidity orientated
in the perpendicular direction (see Figure 24). Therefore, the effect of the asymmetrical behaviour
of structures is inconvenient in view of the seismic action response, since the structural elements
further away from the center of rotation/ stiffness suffer an increase of stress and displacements,
which may lead to the collapse of those elements. For these reasons, there was the need to scale
the structures to accommodate some torsion. Nevertheless, it is worth to mention that the torsion
of buildings (due to asymmetries of the vertical structural elements or masses) is attenuate in
buildings inserted in blocks, as it the case study.

Y

X
Load-bearing façade walls with openings
Figure 24 – Case study building layout indicating the symmetry axis and orientation used in the model.
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The building under study satisfies the principle of structural redundancy, including structural
elements in masonry. The principle creates alternatives paths in the transmission of loads in case
there is some lack of resistance in a structural element, thus reducing the probability of collapse
of the building.
(III) Resistance and Rigidity in both directions
Since seismic action can act in any direction, this criterion should be verified for both main
directions. Looking at the layout of the building (Figure 24), there is only two significant resistant
walls, with openings, along Ux direction while, for Uy direction, there are more resistant and blind
walls; thus, there are not similarity in terms of stiffness (necessary control of deformations) and
resistance (necessary for transmission of loads from the point of application to the foundations
without exceeding the capacity of the structural elements) in both directions.
(IV) Torsional resistance and stiffness
The torsion effect induces an increase of inertia forces, with greater relevance in the resistant
elements furthest from the center of stiffness. As such, it is advisable to provide the structure
under study with an important torsion rigidity by placing resistant elements. That can be done, for
example by introduction of reinforced concrete wall elements as far away from the centre of rigidity
as possible. One hypothesis would be to replace the existing staircase made of wood for one
made of concrete, since the application of concrete elements at the periphery of the building does
not seem reliable and easy to perform, facing the degree of intrusiveness and compatibility with
the architecture project. It is relevant to highlight that in the case of mixed masonry-reinforced
concrete building under investigation, the seismic nonlinear response is dominated more by
masonry elements than reinforced concrete elements, since these elements are limited to
reinforced concrete ring beams.
(V) Diaphragmatic behaviour of floors
A wooden pavement was used, commonly applied at the time in unreinforced masonry buildings.
Therefore, the observed flexible behaviour in plan does not ensure two fundamental aspects: (i)
receiving and transmitting the inertial forces to the vertical structural elements properly and; (ii)
proper

connection

between

vertical

elements

when

facing

a

horizontal

action.

Since, the floor structure plays a crucial role in the overall seismic behaviour, it shall be provided
with sufficient rigidity and resistance, along with effective connections to the structural vertical
elements.
(VI) The appropriate Foundation
Regarding the foundations, those play an important role in the overall behaviour of buildings to
earthquakes, since the accelerations of the terrain are transmitted by the foundations and the
forces of seismic inertia must be resisted by the foundations themselves. The foundation solution
adopted in the case of study was a thick continuous wall, which was enlarged in its base, leading
to the possibility of implementing techniques of intervention such as under-pinning, instatement
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of root- or micro-piles and soil improvement by grouting, thus trying to ensure a uniform seismic
excitation of the entire building [12].

4.2. Improvement of the Connections between elements
This traditional strengthening technique consists on acting on the connection between parallel
and perpendicular elements, by restraining walls to walls or walls to floor/ roof, using steel and/
or wood as connecting elements’ materials. As for any connection to be effective, both structural
elements should present adequate mechanical characteristics. Various techniques and materials
could be used for the improvement of connections, such as:
(i)

Application of external steel ties, straps, etc (Figure 25);

(ii)

Application of connectors, anchors, dowels, etc., especially for the cases of cracks;

(iii)

Construction of belts, vertical and/or horizontal, external or partly embedded in the
masonry walls (subjected to both axial tension and compression), etc (Figure 26b).

The main objective of this strengthening type is to restrain effectively out-of-plane movements of
façades, connecting the building’s elements, leading to a like box behaviour. Therefore, this
technique allows the global bracing of the all elements of the structures, promoting and improving
the in-plane behaviour of the main structural resistant elements [2, 26, 27].

Figure 25 – a) Vertical cross section of the application of external steel ties. b) Horizontal cross section of
the application of external steel ties [2].

Nevertheless, it is relevant to highlight, especially considering this retrofitting solution, that all
connections between the horizontal and the vertical load-bearing elements should be carefully
made. As any case, the materials and the techniques should be carefully selected and applied,
covering all related problems and connections, in an almost uniform way throughout the whole of
the building. Therefore, this solution respects the three main conservation principles: minimal
intervention, reversibility and preservation.
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4.3. Improvement of the Wooden floor solution
This traditional strengthening technique acts on the timber floor, since timber diaphragms are
commonly used in unreinforced masonry buildings. In general, this type of floors is classified as
flexible, which may result in large diaphragm displacements during an earthquake, consequently
these will impose large displacement demand on the face-loaded walls. It is important to highlight
the fact that if floors are too flexible, their ability to work as tying the walls together and ensuring
that lateral loads are transferred to the load resisting elements is compromised. However, the
complete opposite has also its consequences, such as excessive diaphragm effect, imposing
large displacement demands on the load-bearing walls, which may result in collapse.
It is well studied and recognized that an increased horizontal strength and stiffness of the floor
diaphragms is favourable, especially in cases with proper connections between diaphragmstructural elements and between structural elements (load-bearing masonry walls), in all
directions [30, 31, 32].
In this respect, various techniques and materials could be used for the improvement of the floor
diaphragm. For example, double (or even triple) planking may be used together with horizontal
bracing elements, made of wood or steel. For most cases, this intervention is supplemented with
the use of horizontal frames or trusses to promote a continuous connection between diaphragmstructural elements, meaning on the addition of anchorages to the walls, with a possible
combination of ties, belts, etc (Figure 26) [28, 29].
In what concerns to the conservation of the timber elements and the investment made in
development of rehabilitation and reinforcement techniques, in most cases, these elements can
be implemented more easily, providing great efficiency in terms of structural behaviour, with the
accessibility to lower prices. The degradation of structural elements made of wood can be solved
and limited, most of the time relatively easily, promoting the long-life span of this material and
avoiding total replacement o even demolition.
Additionally, some considerations should be taken in rehabilitation of wooden structures: (i) all
possible causes of degradation of the material must be eliminated; (ii) ventilation must be
ensured, as well as, avoiding contact with material that retain humidity; (iii) if possible, conduct
periodical inspections to control the deformability, degradation and stability of the elements. It is
relevant to highlight that the use of this material, commonly applied in the construction sector,
respects the conservation of the Portuguese built heritage, and what regards rehabilitation it is
highly associated to minimal interventions and reversibility [30].
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a)

Double wooden
planking

Steel beams

Secondary wooden beam
Primary wooden beam

Steel bracket connection
system

b)

Rubble stone
masonry wall

Concrete ring beam

Figure 26 – 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.
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4.4. Strengthening and confinement of masonry structural wall
This strengthening technique, highly intrusive, is based on the use of a reinforced plaster system,
which consists in the application of a steel mesh (e.g. made of galvanized or stainless steel) on
each wall face, linked through transverse connectors as schematically shown in Figure 27. A
special attention should be given, for the opening zones and corners, where additional steel
shapes or folded plates should be adopted, connected by screwed rods, in order to provide an
effective linking between crossing walls. The extent of application of this solution should be
clarified from damage mapping and it can be limited as possible, to preserve as much as possible
the initial integrity of the building and promote a better interlocking between old and new masonry
parts. This solution is currently under study, since it is very effective on improving the seismic
performance of this type of buildings, allowing the load bearing walls to resist: (i) more load and;
(ii) imposed displacements [33, 34].

Figure 27 – Reinforcement by strengthening and confinement of the masonry wall [34].

A complementary solution would be the introduction of reinforced concrete beams at the
foundation level (Figure 28). Therefore, it would be a more complete intervention and
improvement of the behaviour of the structure, by applying a proper link (anchor) to the steel mesh
from reinforced plaster system, adding a proper transmission of the ground accelerations and
higher resistance to the forces of seismic inertia.
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Terrain level
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Reinforced-concrete
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Stirrup

Foundation

Figure 28 – Improvement by using reinforced concrete beams at the foundation level [34].

4.5. Alternative solutions
In many cases, old masonry traditional buildings are not feasible to apply certain interventions
(for example the one explained above), leading to the necessity of alternative solutions. These
buildings should work with a limited dissipation capacity and ductility. Then, some alternative
solutions are stated:
(i)

Partial or local rebuilding and recovering, reestablishment of the structural continuity;

(ii)

Closing/ building openings, doors and windows, with proper connectors, shear keys,
etc;

(iii)

Overall upgrading of cavity or double-leaf walls or of thick rubble stone masonry, by
means of grout injections and impregnation, securing a reliable degree of monolithic
and continuous response;

(iv)

Reestablishment or addition of buttresses can efficiently address low or comprised
out-of-plane capacity and minimize lateral deflections, especially in walls of large
spans;

(v)

For existing cracks, several processes that respect the historic fabric can be
applicable, such as partial replacement of material, stitching, repointing and grout
injections, with mud-based grouts [29].
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4.6. Control of the Interventions
One of the most important, and sometimes disregarded, is the quality control of the final product,
which implies the supervision of design phase, execution works and monitoring period. Once the
retrofitting solutions have been implemented, they must be inspected periodically and monitoring
over time, in order to make sure the degree of effectiveness is appropriate. Therefore, there are
two possible ways that may be used: non-destructive and partially destructive tests. It relevant to
state that the performance of such tests requires qualified workers.
Additionally, the type and number of tests to be carried out should be related with the type and
importance of the intervention, the importance of the building (e.g. building with public or strategic
functions), the possible impact for the surroundings and the degree of data available about the
short and long-term behaviour of the materials used.
The tests may be used to monitor the following parameters (or only some of them):
- Ambient humidity;
- Displacement and deformation;
- Extension of bonding defects [35].
Regarding the disregard of this moment of the life cycle of the building, a simple measure like
monitoring by sampling, reducing the necessary resources over systematic monitoring, or even
the application of fines/ punishments to the companies that fail to control or establish rewards to
the companies that respect and promote this step, accordingly to the behaviour of the building
and proportional to the seismic risks.

44

5. Seismic Retrofitting of mixed Masonry-Reinforced Concrete Buildings
In this chapter, three retrofitting solutions are described and implemented in order to improve the
seismic performance of a mixed masonry-reinforced concrete building, keeping in mind the
economic restrictions, even social boundaries and preserve the heritage, since replacement or
demolition of these structures are not an option, or feasible/ financially viable.
From a perspective of the seismic performance-based assessment, it was discussed the results
for safety verification of the Severe Damage Limit State (SD), which were already described,
recommended by EN 1998-1, EN 1998-3, NTC 2008 and ATC-40 seismic codes [12, 13, 14, 25].
5.1. Application of traditional retrofitting solutions
Taking into consideration the information above, it is important to state the fact that the three
retrofitting strategies were adopted and modelled following the design recommendations. These
improvement solutions were implemented according their degree of intrusiveness and cost (from
Solution 1.1 to Solution 3.2), here addressed at Table 6 and described in the next sections. In the
following section, it will be discussed: (i) each solution details; (ii) how they were implemented in
the model; (iii) the seismic performance of the structure before and after each retrofit solution; (iv)
the degree of improvement of each retrofitting solution.
Table 6 – Retrofitting techniques studied.

It is relevant to add the fact that the retrofitting solutions to improve the behaviour of the building
were implemented in a cumulative way, decision based on the results presented in the following
section. Additionally, regarding the degree of intrusiveness, it was left for last (solution 3.1 and
3.2) two interventions considered as moderate-to-high intrusive, while the solutions 1.1 to 2.2 can
be considered as low-to-moderate.
5.1.1. Solutions 1.1 and 1.2
The retrofitting solutions 1.1 and 1.2 are related to the improvement of the wall-to-wall connections
by means of effectively tying walls together with steel tie-rods. A possibility could be the use of
threaded steel tie-rods with a diameter of 16 mm, which are usually installed horizontally beneath
floors and roofs on both sides of the wall and restrained at the ends by steel anchor plates
(following the possible solution presented in Figure 25a, in the previous chapter).
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This improvement is an old provision and regularly used in rehabilitations, to enhance the building
integrity. The advantages of the use of these solutions are: (i) prevent out-of-plane collapse during
an earthquake, leading to a like box behaviour; (ii) enhancing the connections providing a better
load distribution and distributing diaphragm loads along the length of the wall.
In order to simulate this technique, the equivalent beam elements (modelled as the connection
between masonry members) were considered rigid, over the simple connection used in the nonreinforced models (see Table 7 for the new geometrical values, based on the default values
considering as good connection given by the program). The solution 1.1, referred as “1.1”, only
takes into consideration the improvement of the connections between perimeter walls, as the
solution 1.2, referred as “1.2”, adds the connections between the interior and exterior walls (Figure
29).

Y
X

Solution 1.1. Improvement of the connections between perimeter walls
Solution 1.2. Additional improvement of the connections between interior and
exterior walls

Figure 29 – Layout of the Case Study Building with the indication of the connections’ improved.
Table 7 – Geometrical properties adopted for equivalent link beams to simulate good connections.

5.1.1.1. Discussion of the Results
The results obtained to each one of the mentioned global indicators are provided in the following
figures, discretised by direction, lateral load pattern and building condition (from before retrofitting
to Solution 1.2).
In Figure 30 it is possible to observe: firstly, the safety condition q* < 3 is verified; and secondly,
it was observed that not only q* values tend to decrease by implementing these retrofitting
solutions cumulatively, but also that the safety condition is verified for all directions and load
pattern. Additionally, one can conclude that the building presents a slightly better behaviour in
terms of the q* ratio for the analyses with the uniform load pattern distribution, for Uy direction.
This result was expected, since there are more connections to improve along Uy direction.
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Higher Limit

Higher Limit

Figure 30 – q* 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.

In what regards the ratio d*u/ d*t, depicted in Figure 31, it is observed that neither Solution 1.1 and
1.2 fulfil the required safety condition d*u/ d*t > 1, for Ux direction. In Ux direction, it is possible to
observe that the solution 1.2 presents worse results, leading and verifying the possibility of
redistribution of forces between buildings. The case study building was more affected, since the
retrofitting solutions are only applied in that building of the aggregate. In the other hand, for the
Uy direction, safety was always verified, even before the application of retrofitting solutions.
Moreover, the results demonstrate a general increase of d*u/ d*t and safety is verified by a
significant margin for Uy direction.
Finally, the values achieved for the ratio ag,max/ agR are presented in Figure 32. These results
confirm the trend of the previous indicator d*u/ d*t, as most of the analyses in the case of the
retrofitting solution 1.1 and 1.2 fulfil the required safety verification ag,max/ agR > 1, exception made
for the analyses carried out for the Ux direction.
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Lower Limit

Lower Limit

Figure 31 – 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 of load pattern.

Lower Limit

Lower Limit

Figure 32 – Ratio ag,max/ 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.
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When looking at the damage pattern for Ux and critical direction (Figure 33), the behaviour of piers
was mainly characterized by flexural damage but at mid height, due to the relation height – cross
section of the wall, while the spandrels were mainly characterized by shear failure. Additionally,
it is possible to observe higher damage on the case study building than the adjacent building,
which can be explain by being stiffer and having higher strength to hold these forces, and
supporting the idea of redistribution of forces between buildings. The observation of the damage
maps confirms the previous results from safety verification. On the other hand, the interior brick
walls present mainly the flexural damage in the piers, but quite less significant than the façade
walls.
Wall P1 – Back façade

Wall P3 – Front façade

Wall P24 – Interior Wall

Figure 33 – Damage map of the back and front load-bearing façades, and an interior wall for the ultimate
displacement along Ux direction.

Additionally, as previously mentioned, the retrofitting solutions 1.1 to 1.2, of low-to-moderate
intrusiveness, are known to be effective on enhancing the box-like behaviour of stone masonry
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buildings and on prevent the formation of partial mechanisms due the out-of-plane behaviour of
the walls. However, this intervention was not so much effective for the in-plane global capacity
of the structure, as shown for Ux direction. Moreover, these retrofitting solutions proves to be
effective for the Uy direction where there are more connections to be improved, but not so much
for Ux direction (see pushover curves represented in Figure 44). The results show that is still
necessary to improve the behaviour of the building, requiring the introduction of additional
solutions.
5.1.2. Solutions 2.1 and 2.2
The solutions 2.1 and 2.2 adopted in this study are referred for retrofitting the floors, avoiding a
high intrusiveness technique and increasing the stiffness of the flexible floor in-plane. The solution
2.1, referred as “2.1”, was only implemented on the building case of study, while the solution 2.2,
referred as “2.2”, includes the retrofitting of the adjacent building’s floor. These solutions were
added to solution 1.2, where the case study building already has improved connections. The
purpose of this second solution (2.2) is to analyse the overall impact and damage on the adjacent
building, since until then the retrofit measures were only applied on the case study building.
These two solutions require the replacing of all deteriorated structural timber elements by new
elements adequately connected, restoring their original resistant capacity. Additionally, a possible
solution could be: the installation of diagonal steel braces at both floors and roof level between
timber joists, anchored with galvanised steel threaded rods and galvanised steel angle brackets
as well as a new layer of timber sheathing, laid perpendicular to the existing one and adequately
nailed to the floor.
In order to simulate this technique and taking into consideration the Tremuri program limitation
on designing such a solution, it was adopted a stiffness multiplier for the above strengthen
described timber floor. This decision was based on the NZSSE guidelines, after ASCE (2014) [28,
29], which proposed stiffness multipliers for other forms of timber diaphragms. Therefore, it was
considered a double straight sheathing membrane typology, with diagonal sheathing chorded,
using a fair rating condition to the new timber floor provision. Hence, a multiplier of 9.0 was applied
to the Gd values both for the load direction, acting parallel and perpendicular to timber joists (see
tables 1, 2 and 3, in Appendix B). Consequently, the new equivalent shear modulus Geq was then
obtained by dividing Gd (already multiplied by the factor of 9) by the thickness of the new
membrane (double straight sheathing), which was considered equal to 4.2 cm (2.2 cm related to
the original single straight sheathing typology assigned in before retrofitting condition plus 2.0 cm
of the new timber sheathing layer).
5.1.2.1. Discussion of the Results
The comparison of the results obtained to each one of the mentioned global indicators are
presented in the following figures, discretised by direction, lateral load pattern and building
condition, from before retrofitting to solutions 2.1 and 2.2.
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In Figure 34, it is possible to observe: firstly, the safety condition q* < 3 is verified, as expected;
secondly, for Ux direction, the results slightly increase, going in a different way as the expected
and as the tendency; and thirdly, the application of the solution on the aggregate presents
practically the same results as the one applied for the building case study. For the Uy direction, it
is possible to observe the same prone as for the results of solutions 1.1 and 1.2.

Higher Limit

Higher Limit

Figure 34 – q* 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.

Regarding the ratio d*u/ d*t (Figure 35), the required safety condition d*u/ d*t > 1 continues to be
not fulfil in Ux direction, contrarily to what happens in Uy direction, where safety was always
verified, even before the application of retrofitting solutions. Moreover, results demonstrate a
significant difference when analysing in Ux and Uy directions, being the former critical case where
the solutions values are decreasing. This last observation can be explained by the imposition of
larger displacements on the two load-bearing façade walls along Ux direction, due to the stiffening
of the floors, leading to an earlier collapse of those walls (see Appendix C for ultimate
displacements and yielding displacements). However, for the Uy direction, it is observed
practically the same increase of d*u/ d*t for both retrofitting solutions, which can be explained by a
higher redistribution of forces among a higher number of blind walls.
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Lower Limit

Lower Limit

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 of load pattern.

In what regards the values achieved for the ratio ag,max/ agR, presented in the Figure 36, one may
conclude: firstly, the results follow the trend of the previous indicator d*u/ d*t; just like before; and
secondly, most of the analyses in the case of the retrofitting solutions 2.1 and 2.2 fulfil the required
safety verification ag,max/ agR > 1 for the Uy direction. In the other hand, and once more, the safety
criterion was not verified for Ux direction.
The results for Ux direction, in terms of damage pattern, follow the previous retrofit solutions, with
an increase of resistance, but limited due to effect of the floors and roof diaphragm, and
consequently redistribution of forces.
Analysing damage maps for Uy direction, one may say that the centre of rotation/ stiffness is
moving to the left, towards the case of study centre, where the improvements until solution 2.1
were applied.
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Lower Limit

Lower Limit

Figure 36 – Ratio ag,max/ 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.

Additionally, the results from retrofitting solution 2.2 proved to be less effective as expected,
regarding the global indicators for verifying the safety condition and improving the structure
behaviour in Uy direction. The solution 2.2 presents improvements and contributes to a reduction
of torsion along Uy direction, by not imposing larger displacements on the adjacent building. From
Figure 37, the damage map is represented from a top view for different average displacement at
the top of the case study building. One can see a more uniform displacement of the block,
reducing the imposition at the adjacent building and promoting translation movement. From
Figure 38, one can see the impact of the solution 2.2 in terms of available displacement and
ductility, where the trend is decrease of yielding displacement and increase of ultimate
displacement. As it was mentioned, this solution 2.2 proved to be less effective and limited,
mainly, due to the fact that the adjacent building does not have improved connections.
One can say that, once stiffening the floor pavement and roof, the connections between structural
elements should also be improved. Nevertheless, the results from solution 1.1 to 2.2 show great
influence over the global shear strength capacity and ductility, consequently, improving the
building global behaviour, but still insufficient to satisfy all the safety conditions. Thus, it was
needed to improve the global seismic behaviour of the case study building, by applying, at least,
one more retrofit solution, possibly more intrusive.
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Displacement = 0.25 cm

Displacement = 0.50 cm

Displacement = 1.00 cm

Ultimate Displacement

Figure 37 - Case of study 2.2: top view of the aggregate’s model to evaluate the deform shape for

a specific average top displacement at the case study building (Uy positive direction for uniform
load pattern).
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Figure 38 – 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.

5.1.3. Solutions 3.1 and 3.2
The retrofitting Solution 3.1 and 3.2 involve the shear strengthening and confinement of masonry
structural walls by the implementation of reinforced steel mesh, in the building already with the
connections improved (1.2) and stiffening of the floors and the roof (2.1). The solution 3.1, referred
as “3.1”, was designed to reinforce only the two load-bearing walls in Ux direction (front and back
façades), while the solution 3.2, referred as “3.2”, adds reinforcement on the side (P4) and shared
(P12) walls to the solution 3.1, in other words, reinforcement on both directions (see Figure 11 for
the identification of the walls). The reason to separate this solution by direction can be explained
due to the high degree of intrusiveness, cost [34] and the fact that the Ux direction is proven to be
conditioned.
A possible solution could be: firstly, the application of a first layer of filling mortar in the proportion
of 1:3 (sand, Portland cement and water) for voids and surface regularisation, introduction
afterwards of a welded steel mesh made of S275 steel and spaced ribs, then fixed on both sides
of the masonry wall through a system composed of galvanised screws, galvanised steel threaded
rods and steel anchor plates equally spaced. Finally, the application of a second layer of fine
sand-blasted finishing mortar [33].
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This retrofitting solution was simulated in the model by considering an improvement of the
parameters of the masonry, which comprises an increase of the mechanical parameters adopted
for the stone masonry typology assigned to the original, before retrofitting, condition of the
building. The multiplier factor was based on previous study [2], and verified following the Italian
code [36] where it can be found a multiplicative factor for each possible feasible solution (see
table 4 in Appendix B). Thus, a multiplicative factor of 2.5 was adopted to the values for the
mechanical properties of the masonry walls, represented on Table 8, without significant change
in the unit weight. Finally, based on experimental results mentioned in [37], regarding the drift
limit values, it was also decided to apply an equal multiplicative factor of 2.5 for the drifts
corresponding to damage levels 3, 4 and 5, respectively.
The final values adopted, regarding the mechanical properties, are presented in Tables 8 and 9,
already affected by the multiplicative factor.
Table 8 – Mechanical parameters and weight adopted in the numerical model once applying solution 3.1
and 3.2.

Table 9 - Parameters which include the drift corresponding to the different levels of damage ( 3, 4, 5) and
the percentage of residual strength after collapse (β3, β4), different for the two possible failure modes: shear
(S) and flexural (F) – once applying solution 3.1 and 3.2.
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5.1.3.1. Discussion of the Results
The comparison of the results obtained to each one of the mentioned global indicators are
presented in the following figures, for each direction, lateral load pattern and building condition,
from the building case study before retrofitting to the implemented solutions 3.1 and 3.2.
Regarding the safety condition q* < 3, it is possible to observe that this indicator is verified,
following the previous results (Figure 39). For both directions, especially for Ux direction, the
results decrease significantly, following the tendency and the required. For Uy direction, the
solution 3.1 shows worse results, an increase of the values, as expected, since the reinforcement
was only applied in Ux direction. This previous observation can be supported by verifying the
weight involved and yielding force for the situation 3.1 (see Figure 46 and 52, respectively, in the
next section).

Higher Limit

Higher Limit

Figure 39 – q* 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.

In what regards the ratio d*u/ d*t (Figure 40), the required safety condition d*u/ d*t > 1 was fulfilled
for the Ux direction, only for the solution 3.1. Analysing for Uy direction, safety was verified, as
was before for all the previously situations analysed. Moreover, both solutions 3.1 and 3.2 present
a way more significant increase of results values, leading to the conclusion that these
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interventions, despite the fact that require a high degree of intrusiveness, have a higher impact
on the behaviour of the structure.

Lower Limit

Lower Limit

Figure 40 – 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 load pattern.

In Figure 41, regarding the values achieved for the ratio ag,max / agR, one may conclude: firstly, the
results follow the trend of the previous indicator d*u/ d*t; just like in the previous analysis; secondly,
for Uy direction, all the analyses fulfil the required safety verification ag,max / agR > 1, even before
retrofitting; thirdly, for Ux direction, only solution 3.1 fulfils this safety condition.
After all these analyses, it was observed that only solution 3.1, which involves strengthening and
confinement of masonry structural walls (highly intrusive intervention) along Ux axis, together with
the improvement of the connections (1.2) and stiffening the floors and roof (2.1), verifies the safety
conditions.
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Lower Limit

Lower Limit

Figure 41 – Ratio ag,max/ 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.

In the following Figure 42, it is shown the damage maps, corresponding to solution 3.1,
strengthening and confinement of the masonry walls along Ux direction, for pseudo-triangular load
pattern, since it was the retrofit solution that satisfy the safety requirements. Both façade walls
along Ux directions are the ones subjected to more forces, being the back-loading façade wall P1
more demanding, as it can be seen in Figure 42 (pier under the red box is associated to the stair
case, which suffers more damage) and 43 (pushover curve in orange, which shows lower strength
resistance), which can be related to existence of openings and presence of smaller piers at the
corners and middle of the back façade wall P1 comparing to front façade wall P3. Additionally, it
is possible to observe shear failure in piers, contributing to the development of this in-plane failure
mechanism, but at mid height of the building (piers with a low shear ratio). The spandrels were
mainly characterized by shear failure.
Analysing for Uy direction, the results follow the previous analyses conclusions, where the
behaviour of the case study building is highly affected by the adjacent structure. The
implementation of solution 3.1 and 3.2 had increase the torsion effect, where the centre of
stiffness moved to the left, to the centre of the case of study due to (i) redistribution of forces to
the elements with higher stiffness and strength of the case study building, since the forces are
proportional distributed to the stiffness; (ii) an increase of weight involved in the seismic action,
consequence of the implementation of retrofitting techniques to improve the structure’s behaviour.
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It is explained in more detailed in the next section the effects of the retrofitting solutions in Uy
direction.
a)

b)

c)

a) Top view of the deform shape
b) Back load-bearing façade wall P1
c) Front load-bearing façade wall P3

Figure 42 – For ultimate displacement once applying solution 3.1: a) Top view of the building’s model deform
shape. b) Damage map of the back load-bearing façade wall P1. c) Damage map of the front load-bearing
façade wall P3.
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Figure 43 – 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 considered).

Regarding the results from solution 3.2, it is possible to observe improvements for Uy direction
safety conditions, but not so much for Ux direction. This observation can also be seen in Figure
45, where the pushover curves for Ux direction and pseudo-triangular load pattern are
represented.
The reason why solution 3.2 presented worse results than solution 3.1 just for Ux direction can be
explained by looking at the pushover curves and damage map (Figure 44 and 45). The first drops
of the pushover curves associated to solution 3.2 (point “x” in Figure 45a), are related to the
collapse of the adjacent building (Figure 44a). Afterwards, the forces are redistributed to the case
study building, since the adjacent building can hold any more (it had reached collapse). The final
value of the pushover curves, point “y” in Figure 45a, represents the ultimate displacement of the
case study building for the Severe Damage limit state (Figure 44b). One may say that solution
3.2 increased stiffness and strength, in both directions, in such a way that adjacent building
collapsed earlier than expected, leading to redistribution of forces (better than solution 3.1)
followed by collapse of the case study building. The damage map obtained is similar to the one
presented in Figure 42b, where the behaviour of piers was mainly characterized by flexural
damage at mid height, due to the shear span ratio, while the spandrels were mainly characterized
by shear failure. Additionally, it is possible to observe higher and mixed damage for the pier
associated to the staircase at mid height, thus being crucial point of the case study building.
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a)

b)

Ux direction + Pseudo-triangular load pattern
Wall P1 – Back façade
a) Point “x” – First drop of pushover curve

b) Point “y” – Endpoint of pushover curve
Figure 44 – Damage map of the back load-bearing façade P1 for Ux direction and pseudo-triangular load
pattern corresponding to solution 3.2: a) First drop of corresponding pushover curve. b) Ultimate
displacement.

All the final results can be seen in Tables 10,11 and 12, for each global indicator: q*, d*u/ d*t and
ag,max/ agR (see Appendix D for final results for the remains studied cases).
Table 10 – q* ratio values from original state to solution 3.2 for both directions and considering the most
demanding cases of load pattern.

Table 11 – 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.
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Table 12 – Ratio ag,max/ agR values from original state to solution 3.2 for both directions and considering the
most demanding cases of load pattern.

5.2. Discussion of the results
In this section, it is discussed the influence of the previous retrofitting solutions on the seismic
performance of the building, from a global perspective.
When analysing the pushover curves in the Ux direction, the most demanding direction (Figure
45), it is possible to observe a continuous increase of stiffness as implementing the retrofitting
solutions and a continuous increase of strength. The solutions 1.1 and 1.2 represent an
improvement but not enough to verify the safety conditions, while the solutions 2.1 and 2.2
represent a decrease of displacement by increasing the stiffness of the flexible floor diaphragms.
In the other hand, the solutions 3.1 and 3.2 represent a significant increase in every aspect.
Additionally, it was also studied the impact of the multiplier factor on the drifts, affecting the
solutions 3.1 and 3.2. Thus, it is defined retrofit solutions 3.3 and 3.4, equal to the previously 3.1
and 3.2, respectively, but assuming that this strengthen solution in the walls is not improving their
ductility. Therefore, the drifts were not multiplied by 2.5, meaning that the values from Table 2
were the ones applied. Important to highlight that, these two last solutions mainly differ on the
displacement achieved in terms of pushover curve and, thus, the results from these solutions did
not respect the safety conditions (see Appendix D).
Finally, it is worth to highlight that retrofit solutions 3.3 and 3.4 corresponds to follow directly the
recommendations in the Italian code, as it is not suggested any multiplier factors to affect the drift
values when applying reinforced plaster.
Table 13 – Complementing retrofitting techniques: impact over drifts parameters
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a)

x
y

b)

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

In the following, the comparison of different parameters needed to define for the evaluation of the
target displacement are presented, namely: transformation factor, weight, and period, yield force,
yield displacement, ultimate displacement of the equivalent SDOF of the building case study.
In what regards the transformation factor (Figure 46a), used to convert the original multi degree
of freedom (MDOF) into an equivalent single degree of freedom (SDOF) system, it is possible to
observe a general increase in Ux direction and a decrease in Uy direction (quite significant when
applying solution 3.2).
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a)

b)

Figure 46 – a) Comparison of the transformation factors between analysed cases. b) Comparison of the
building’s weight associated to the seismic action between all analysed cases.

Regarding the weight component (Figure 46b), it is observed a general increased for both
directions (more significant for Uy direction, coherent with previous observations). It is possible to
observe that there was a more significant increase in Uy direction, consequence of the fact that:
(i) the retrofitting solutions applied, had more effect for Uy direction; (ii) the torsion effect is
predominate in Uy direction, where the reinforcements were only applied on one of the two
buildings of the aggregate, leading to the observed increase in Figure 46b. Solution 2.2 represents
a significant increase of weight involved for Uy comparing to solution 2.1, as expected, which is
related to improving the floor stiffness of the adjacent building and, consequently, reducing an
unwanted torsion effect. It is relevant to highlight the results from strengthening and confinement
of the walls (solutions 3) are coherent with the pushover curves, where the results for Uy direction
suffer more difference, which can be explained by the effects of the adjacent building on the case
study and, consequently, an earlier collapse. Nevertheless, it is the strengthening technique that
verifies safety. Regarding the results from solutions 3.3 and 3.4, it is possible to observe that not
affecting the drifts values have led, approximately, to same results from solutions 3.1 and 3.2
respectively.
In the following Figure 47, regarding the period of vibration of SDOF corresponding to the building
case study, one may conclude a continuous decrease of the period for both directions and both
lateral load patterns. Consequently, the frequency increases as one introduces the retrofitting
solutions. So, the interventions led to the reduction of equivalent period and displacement
demand, as it can also be seen in Figure 48, where it is represented response spectra in ADSR
format (plots Sa versus Sd and shows the period T, as radial lines). Consequently, the building’s
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spectrum goes to the left side of response spectra earthquake type 1.3, meaning that the enhance
techniques improved the response of the building when facing an earthquake.

a)

b)

Figure 47 – Comparison of period for analysed cases for both directions and considering the conditional
cases of load pattern. a) Ux direction. b) Uy direction.
ξ = 5%
ξ = 10%
ξ = 15%

Peak Acceleration, Sa

T = 0.5s

T = 1.0s

T = 1.5s

Spectral Displacement, Sd
Figure 48 – 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].
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In terms of displacement, it is possible to see a general decrease of the yielding displacement in
both directions and both lateral load patterns, meaning a higher stiffness, as desired (see Figure
49). Interesting to point out that the results from solutions 3.3 and 3.4, by not affecting only the
drifts values of the masonry walls, when compared with solutions 3.1 and 3.1, have led to similar
results in terms of yield displacements of the equivalent SDOF. Meanwhile, the ultimate
displacement (Figure 50) has increased, as expected mainly for solution 3.1 and 3.2, exception
made for the solutions 1.2, 2.1 and 2.2; this can be explained by the fact than displacement
capacity of the masonry walls has not increased for these retrofit interventions. Additionally, one
may observe that the retrofitting solutions 3.1 and 3.2 allowed the structure to withstand larger
displacements than solutions 3.3 and 3.4, mainly in Ux direction, as expected. For Ux direction,
solution 3.1 presents higher ultimate displacement than solution 3.2, which is related to the earlier
collapse of the adjacent building and, consequently redistribution and an increase of forces in the
case study building, as previously mentioned and seen in Figures 44 and 45.

Figure 49 – Comparison of yielding displacements for analysed cases for both directions and considering
the conditional cases of load pattern.
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Figure 50 – Comparison of ultimate displacements for analysed cases for both directions and considering
the conditional cases of load pattern.

Therefore, the ductility charts (Figure 51) show a general increase for all cases of study, as
expected and desired, since the ductility is associated with the structure’s ability to resist the
seismic demand and it is represented as the ultimate displacement divided by the yielding
displacement. Regarding this parameter, the results for Uy direction are more significant, while for
Ux direction mainly the strengthening techniques associated to confinement of the walls proved
to be effective. Additionally, and as expected, the results from 3.3 and 3.4 show lower ductility
than the ones from solution 3.1 and 3.2, respectively.
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Figure 51 – Comparison of the ductility between analysed cases for both directions and considering the
conditional cases of load pattern.

When analysing the results of the seismic performance-based assessment obtained by using the
N2 method, it is possible to observe that in general terms, the values of the ratio F*y increase as
implementing these retrofitting solutions (Figure 52). The increase is more significant for Ux
direction when applying strengthening and confinement of the wall’s solutions, while for the
perpendicular direction, a general and constant increase is observed. Regarding Uy direction, it
is interesting to point the worst results from solution 3.1 and 3.3, where the reinforcement is mainly
applied in the perpendicular direction and consequently a higher torsion effect, led to lower values
of yielding force.
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Figure 52 – Comparison of yielding forces for all analysed cases for both directions and considering the
conditional cases of load pattern.
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A final remark must be stated regarding the damage maps, for Uy direction, from the original
building (before retrofitting) to Solution 3.2 (Figure 54). It can be seen higher displacements for
the adjacent building as implementing the retrofitting techniques on the case study building and,
consequently, affecting this last one. The retrofitting solutions are improving the case study
building but affecting directly the adjacent building by torsion since the centre of stiffness moved
to the left where the building is reinforced. Consequently, the walls of the case study building that
are closer to the adjacent building are getting more damaged and the collapse occurs on the
adjacent building. This can be confirmed by observing the Figure 54, taken for a certain
displacement and case of study (additional frames for displacement equal to 0.25 cm and 0.50
cm were taken and they can be seen in Appendix E). Note that, these displacements were
carefully chosen, which they represent crucial instants of the pushover curve. The first
displacement at 0.25 cm is mainly associated to the elastic phase of the curves, the second
displacement at 0.50 cm is mainly a midpoint between the end of elastic phase and the maximum
force achieved, while the displacement of 1.00 cm is connected to the maximum force reached
(see Figure 53 for a representative pushover curve indicating the respective instants).

3

2

1

Figure 53 – Representative pushover curve indicating the instants of each frame: 1º 0.0025m; 2º 0.0050m;
3º 0.0100m.
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1.

Displacement = 1.0 cm

2.

3.

4.

Figure 54 – Top view of the building’s model to compare the deform shape for a specific displacement and
specific analysis.
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6. Conclusion
The work presented aims to contribute for a step forward in terms of knowledge about the seismic
assessment of the mixed masonry-reinforced concrete structures, taking into consideration the
fact that this building system represents a large part of the Portuguese building stock. Thus, the
main objectives of this thesis are to assess the seismic vulnerability by identifying the main
vulnerabilities, investigating and developing appropriate strengthening techniques in order to
improve its seismic performance.
The approach to assess the seismic response of the chosen traditional mixed stone masonryreinforced concrete building, included in an aggregate, was the one proposed in Eurocode 8, by
performing non-linear static (pushover) analysis, using the commercial version of Tremuri
software and aiming to fulfil the safety requirements also proposed in that code.
This work first identifies the main vulnerabilities associated to this typology of buildings, and then
suggest different sustainable and widely applied retrofit solutions and study their influence on the
improvement of the global seismic response of the building. The chosen retrofit solutions took
into account: (i) different limitations related to boundaries (mainly regarding the adjacent building)
or economics conditions by a careful choice of materials; (ii) and the conservation principles of
minimal intervention, reversibility of the intervention and preservation of the built heritage.
Regarding the seismic performance-based assessment analysis before the implementation of the
strengthen solutions, it was concluded that safety requirements for the Severe Damage Limit
State defined in EC8-3 (CEN 2017) and Italian code (NTC 2008) were not satisfied. By analysing
the results of the original building case study, studied inserted in a band, it was observed that the
direction of the façades (Ux direction) was more demanding, being necessary to improve the
capacity along this direction. Then, the next step includes an overall view of some improvement
strategies; these were chosen (trying) to be adequate traditional, minimal intrusiveness and costeffective.
The study comprises the implementation of retrofit solutions, in a cumulative way, and with the
following sequence: (i) improvement of the connections between walls; (ii) increase of the floor
and roof stiffness in plan and; (iii) retrofit of the most vulnerable walls (the external ones) with
reinforced plaster, leaving this highly intrusive technique for last.
Based on the results obtained from the global seismic analyses of the building, the solution which
includes improvement of the connections between walls, the increase of the floor and roof
stiffness in plan and the retrofit of the external walls in the direction of the façades (i.e. the retrofit
of the main and back façades, Ux direction) fulfil the Severe Damage limit states’ safety
requirements of current seismic codes (EC8-3 CEN 2017 and Italian code NTC 2008). It was
found that the most critical structural elements regarding the safety to the SD Limit State are those
surrounding openings for Ux direction, mainly the pier associated to the central staircase at mid
height. This result can be explained by the fact that the walls are mainly oriented in the Uy
direction, where there are side and long walls, and the most of them are characterized by not
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having openings; on the other hand, in Ux direction there are a lower number of walls mainly with
openings, despite the higher cross-section and, consequently, higher resistant area. It is worth
mentioning that the direction along the load-bearing façade walls is associated with insufficient
capacity in terms of overall strength and ductility, while in the perpendicular direction, the opposite
verifies. Additionally, one may conclude that the global seismic response of the building, governed
by the in-plane behaviour, was only significant and respected after applying appropriate
connections, sufficiently stiff diaphragms and proper strengthening of the load-bearing walls along
the direction of the façades.
Moreover, it was observed, mainly for Uy direction, that the structural behaviour of the case study
building is significantly affected by that fact that the interventions were only made on one building
of the aggregate, as expected. The application of retrofit solutions on both buildings is a key
aspect, which can improve significantly the behaviour of the aggregate by sharing the seismic
behaviour in a global way. Thus, these analyses should ideally consider the structural interaction
between buildings and determine the influence of the aggregate in the seismic behaviour.
Another relevant aspect, parallel to this dissertation, is associated with maintenance of the
building structure and the retrofitting solutions, since it is very common these days the disregard
of the conservation and sustainability of those components. Neglecting the maintenance of the
building is usually associated with the cost, when, in reality, it has little impact over total cost of
renovation, even considering the global structural project design. Therefore, this small and final
remark points to a careful look the preservation and sustainability of the building stock, trying to
avoid reductions of material strength due to weathering, rotting of timber or other processes that
weaken masonry, connection capability, timber and reinforced concrete elements.
According to the work developed and presented in previous chapters, the contributions of this
dissertation indicates that the following aspects should be further developed:
•

Study of more buildings of this typology, in order to gather more information, in quantity
and quality, about their seismic vulnerability, so that suitable and capable retrofitting
interventions might be proposed and implemented for all types of mixed masonryreinforced concrete buildings.

•

Realizing proper sensitivity analysis, to approach the uncertainties and the reliability of
the seismic performance-based assessment procedures currently used, would be very
interesting field to explore in future projects.

•

Test other appropriate retrofitting techniques for masonry, but as well as for reinforced
concrete beams.

•

Develop fragility curves for the examined typology before and after retrofitting solutions,

•

Perform cost-benefit analysis should be executed to help to choose the most adequate
retrofit solutions.
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8. Appendix
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Appendix A
Results of period and frequency for the case study building at its original state for both directions,
considering the conditional cases of load pattern.

Capacity curves for the case study building at its original state for both directions and considering
both load patterns.
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Case of study 0 – before retrofitting: Damage map of interior walls for the ultimate displacement
along Ux positive direction, according pseudo-triangular load pattern

Wall P26

Wall P20

Wall P24

Multiplier factors of the reference seismic action to obtain the maximum reference acceleration
[13].
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Procedure to calculate the Horizontal elastic response spectrum, according the Eurocode 8. Note
that the design ground acceleration was affected by a factor of 3/4 (seismic action 1 for severe
damage – SD).
1º

f

2º

3º

Determination of equivalent period for single degree of freedom (SDOF) system [12, Annex B].

Determination of maximum admissible ground acceleration (ag,max) [12].
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Appendix B
Table 1 - Diaphragm condition assessment criteria [29, 30].

Table 2 - Shear stiffness values for straight sheathed vintage flexible timber floor diaphragms [29,
30].

Table 3 – Stiffness multipliers for other forms of flexible timber diaphragms [29, 30]
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Table 4 - Maximum corrective coefficients to be applied in the presence of: mortar of good
characteristics; systematic transverse connections; mortar injection consolidation; reinforced
plaster consolidation [37].
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Appendix C
Case of study 2.2: Damage map of side walls for the ultimate displacement along Uy positive
direction, according uniform load pattern.
Ultimate Displacement
Wall P2 – Adjacent Building

Wall P4

Wall P12
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Appendix D
Pushover curves for all analysed cases for Uy direction using uniform load pattern and node N99
as critical. a) Positive direction. b) Negative direction.

a)

b)

85

Pushover curves for all analysed cases for Uy direction using uniform load pattern and node N5
as critical. a) Positive direction. b) Negative direction.

a)

b)
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Comparison of period and frequency charts for: Ux direction, considering uniform load pattern and
node N20 as critical.

87

Comparison of period and frequency charts for: Uy direction, considering pseudo-triangular load
pattern and node N99 as critical.

88

Tables of equivalent period and frequency for all analysed cases for both directions and load
patterns.
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Results of yielding displacements for: Ux direction, considering uniform load pattern and node
N20 as critical.

Results of yielding displacements for: Uy direction, considering pseudo-triangular load pattern and
node N99 as critical.
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Results of yielding displacements for all analysed cases for both directions, considering the
conditional cases of load pattern and node N5 as critical.

Table of yielding displacement for all analysed cases for both directions and load patterns.
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Results of ultimate displacements for: Ux direction, considering uniform load pattern and node
N20 as critical.

Results of ultimate displacements for: Uy direction, considering pseudo-triangular load pattern
and node N99 as critical.
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Results of ultimate displacements for all analysed cases for both directions, considering the
conditional cases of load pattern and node N5 as critical.

Table of ultimate displacement for all analysed cases for both directions and load patterns.

Table of ductility for all analysed cases for both directions and load patterns.
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Results of yielding force for: Ux direction, considering uniform load pattern and node N20 as
critical.

Results of yielding force for: Uy direction, considering pseudo-triangular load pattern and node
N99 as critical.
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Results of yielding force for all analysed cases for both directions, considering the conditional
cases of load pattern and node N5 as critical.

Table of yielding force for all analysed cases for both directions and load patterns.
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Results of q* ratio, ratio between the ultimate and the target displacement, and ratio ag,max/ agR for
all analysed cases for both directions and considering both load pattern.

Table of target displacement for all analysed cases for both directions and load patterns.
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Appendix E
Sky view of the building’s model to compare the deform shape for a specific displacement and
specific analysis.
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Displacement = 0.5 cm
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