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Abstract  

The mixed masonry-wood buildings built in Lisbon downtown after the 1755 earthquake, called 
pombalino buildings, are historically relevant for seismic engineering and Portuguese heritage. Their 
historical value coupled with structural changes and inadequate rehabilitations over the years, justify 
the importance of developing studies for their seismic assessment and for proposing effective 
strengthening solutions. For these studies it was considered relevant to characterize the mechanical 
properties of the masonry typical of these constructions and to study the overall behaviour of a 
pombalino building to the seismic action. 

The numerical study of the in-plane behaviour of a rubble masonry wall with air lime mortar was 
executed using the DIANA program. This nonlinear numerical analysis was performed and calibrated 
based on the experimental tests carried out within the scope of the SEVERES research project. The 
results obtained were consistent with the test results. 

The 3MURI/TREMURI program was used for the seismic evaluation of a selected pombalino building, 
in which a three-dimensional model was carried out and nonlinear static analyses were developed to 
analyse its seismic behaviour. The safety verification for the limit state of significant damage was 
performed according to EC8-3. For the model developed and for the values adopted for the material 
characterization, the seismic safety verification was not fulfilled. 

Finally, based on the damage patterns obtained, some strengthening solutions were proposed and a 
rigid floor case was studied. For this proposal, the building presented an increase of resistance and 
ductility when compared with the results of the flexible floor case. 

Keywords Pombalino buildings; Numerical analysis; Seismic performance-based assessment; 

Nonlinear analysis; Rubble stone masonry; Capacity curves. 

1 Introduction 

In Lisbon there are several types of ancient 
buildings built in masonry; however the ones 
with more importance and recognition, both 
nationally and internationally, are the 
pombalino buildings (Meireles, 2012). After the 
1755 earthquake, followed by a tsunami and 
several fires, it was necessary to rebuild 
Lisbon. The pombalino buildings were built at 
that time in order to resist gravity and 
horizontal loads generated by the seismic 
action. For that purpose, these buildings had 
an innovative structural system named “gaiola” 
(cage), which enables the building to behave 
as a whole. The gaiola structure is based on a 

three-dimensional truss system made of wood 
and filled with masonry (Lopes, 2012). 

Nevertheless, the pombalino buildings have 
been subjected over the years to several 
deterioration and structural changes, in 
specific: enlargement of the façade openings 
(usually due to store windows), removal of 
interior walls (frontal and wooden partition 
walls), rotting of wooden floors and flooring 
addition. Therefore, a seismic performance-
based assessment of these buildings in their 
current state is required. By doing so, it will be 
possible to define adequate retrofitting 
solutions to safeguard human life and to even 
reduce the damages for more frequent seismic 
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actions. Unfortunately, as there are few studies 
on the seismic resistance of pombalino 
buildings, it is considered important to choose 
this as the main goal of this work. And, for a 
reliable seismic assessment of these masonry 
buildings, it is necessary to analyse the 
nonlinear response of buildings to the seismic 
action and to identify their critical parts 
(Meireles, 2012). 

Moreover, in order to understand the behaviour 
of masonry buildings to earthquakes it is 
important to study the behaviour of the 
masonry walls, specifically mechanical 
properties of the material. Therefore, the 
present work also focuses on studying and 
calibrating the mechanical properties of rubble 
masonry with air lime mortar, which is typical of 
external walls of pombalino buildings. 

2 Characterization of masonry 
buildings, in particular the 
pombalino buildings 

The existing types of masonry in old masonry 
buildings in Lisbon are: limestone and/or clay 
brick connected by hydraulic or air lime mortar. 
Few studies exist on masonry buildings and 
most of them are for brick masonry. In 
pombalino buildings, the most common is 
masonry with limestone units connected by air 
lime mortar, with two leaves of stone. The 
existence of two leaves of stone improves the 
structural performance of the wall, when 
compared to a wall with just one leaf. 

Masonry is a quasi-brittle material that exhibits 
a nonlinear behaviour and a non-ductile post-
peak softening behaviour. Softening behaviour 
means that there is a gradual decrease of 
mechanical resistance for a continuous 
increase of the deformation imposed on 
specimen of material or structure (Lourenço, 
1996a).  

The masonry mechanical properties depend on 
several parameters, such as the geometry, the 
constructive process and the level of 
compression. Values of mechanical properties 
for different type of the most common masonry 
in ancient buildings were gathered from several 
numerical analyses, experimental tests and the 
Italian Standard (NTC, 2008). These values will 
be used as an initial reference for the 
numerical study of the in-plane behaviour of 
rubble stone masonry with air lime mortar. 

For the masonry elastic modulus E, the tensile 
strength ft and the compression strength fc it 

was found a range of typical values for the 
Portuguese rubble stone masonry with air lime 
mortar (Table 2.1), used in Lisbon´s ancient 
buildings (Simões et al., 2017). 

Table 2.1 - Range of E, ft and fc values for rubble 
stone masonry in Lisbon´s ancient buildings 

(adapted from Simões et al., 2017) 

 E (GPa) 𝒇𝒕 (MPa) 𝒇𝒄 (MPa) 

Values 0.5 – 0.72* 0.027 – 0.039 0.84 – 1.07 

* The value for elastic modulus is reduced by 50% to take 
into account the cracking phenomenon 

For the tensile energy fracture 𝐺𝑓1 an extensive 

literature was found (Van der Plujim, 1999; Van 
der Plujim, 1992; Petersen et al., 2012; Rots et 
al., 2007; Oliveira & Lourenço, 2014; Lourenço, 
2008; Ademovic & Oliveira, 2012; Lourenço et 
al., 2011; Mendes & Lourenço, 2009) that 
embraces a large range of values 
between 0.001 ≤  𝐺𝑓1  < 0.13 𝑁 𝑚𝑚⁄ . These 

values are not for the typical rubble stone 
masonry of pombalino buildings, since no 
indicative values of 𝐺𝑓1 were found for them. 

Regarding the compressive fracture energy 𝐺𝐶, 
the range of values found in literature (Mendes 
& Lourenço, 2009; Lourenço, 2008; Oliveira & 
Lourenço, 2014; Oliveira et al., 2016; 
Ademovic & Oliveira, 2012; Lourenço et al., 
2011; Cattari et al., 2015; Lourenço, 1996b; 
Petersen et al., 2012) is 1.25 ≤  𝐺𝐶  <
23 𝑁 𝑚𝑚⁄ , that is wider than for 𝐺𝑓1. 

2.1 Seismic Behaviour 

Usually, structural walls (resistant to vertical 
and horizontal forces) in these buildings are 
arranged perpendicularly in two main directions 
and floors are flexible diaphragms (wooden 
floors), which means, they are poorly in-plane 
resistant and stiff. Ideally, the floor´s function is 
to distribute horizontal forces by walls, 
proportionally to their rigidity. However, for 
flexible floor, that is not done effectively and 
forces are distributed according to the wall´s 
influence area and not accordingly to the wall´s 
stiffness. 

During a seismic event, the type of connection 
between walls and floors will have a great 
influence on the building behaviour. When 
structural walls are perpendicular to the 
direction of the seismic action, there is a 
tendency to occur an out-of-plane collapse 
mechanism. A way to prevent this fragile failure 
is to provide a good wall-to-floor connection. In 
pombalino buildings the existence of the 
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“gaiola pombalina”, which connects interior 
walls to floors, helps to decrease the tendency 
of the out-of-plane collapse mechanism that 
exists in masonry buildings, if the connections 
are adequate. Thus, it is required a suitable 
connection of the gaiola to the exterior walls. 

In the occurrence of a seismic action, when 
connections between elements are suitable the 
in-plane behaviour of masonry walls is 
activated. Masonry wall panels have three 
failure mechanisms associated with this in-
plane behaviour: 1) rocking and toe crushing 
(related to flexural failure), 2) sliding and 3) 
diagonal cracking (related to shear failure). In 
the first case, the panel behaves as a rigid 
body rotating as a whole around one of the 
lower corners and has cracks along the tensile 
face. If the vertical load is high then there will 
be toe crushing on that corner. For the sliding 
failure mode the panel slides along a horizontal 
joint. In the last failure mode, cracks are 
diagonal; they appear first at the centre of the 
wall and radiate outwards. Cracks can develop 
along the mortar joints or directly through the 
masonry units and their direction is orthogonal 
to the maximum principal strain. (Araújo, 2014) 

Walls reach the collapse for the failure mode 
with the lower resistance value and its 
occurrence depends on geometry, the 
mechanical properties of the masonry 
constituents (stone, mortar and interfaces), 
boundary conditions and the level of 
compression (Oliveira et al., 2016). It is 
possible for a wall to combine different failure 
modes. 

3 In-plane behaviour of masonry 
walls – numerical analysis 

3.1 Model definition 

To study the behaviour of masonry walls with 
air lime mortar to horizontal cyclic loads, a 
nonlinear numerical analysis was performed 
using the software DIANA 9.2 (TNO DIANA 
BV, 2007a), based on the finite elements 
method. The results obtained by the numerical 
analysis were compared with the already 
existing results of a cyclical experimental test 
made in two panels of the pombalino building´s 
typical masonry developed under the research 
project SEVERES - http://www.severes.org 
(Milosevic et al., 2015). In this way, the values 
for the mechanical properties of rubble stone 
masonry with air lime mortar were obtained. 

It was modelled a panel of rubble stone 
masonry with air lime mortar equal to the ones 
built for cyclic shear-compression experimental 
tests in Milosevic et al. (2015), together with its 
foundation and load-distributing beam, both in 
concrete. The wall thickness is 40 cm and the 
other dimensions are presented in Figure 3.1. 

 

Figure 3.1 – Dimensions of the modelled panel 
(m) 

The mesh generated consists of eight-node 
quadrilateral isoparametric plane stress 
elements with the Gaussian integration 
scheme adopted. As boundary conditions, all 
rotations and displacements in the panel 
foundation were blocked, thus representing the 
test conditions. 

Initially, a distributed vertical load is applied 
causing a 0.3 MPa compression (as in 
experimental test), followed by a monotonic 
horizontal load that increases successively 
until failure, applied to the beam. These are all 
in-plane loads. The value of the vertical tension 
adopted corresponds to an average load to 
which a half-height wall of a pombalino building 
is currently subjected, due to the specific 
weight of the building structure. The weight of 
the masonry panel, foundation and concrete 
beam were also considered. (Milosevic et al., 
2015) 

A Smeared Crack model was used instead of a 
Discrete Crack, since in rubble stone masonry 
it cannot be defined in advanced where 
potential cracks could appear. The nonlinear 
behaviour of masonry is defined by the total-
strain fixed crack model, which describes the 
tensile and compressive behaviour of a 
material with one stress-strain relationship 
(TNO DIANA BV, 2007b). The fixed crack 
model maintains the cracks orientation fixed 
during the analysis process, which is more 
similar to reality. Tensile and compressive 
behaviour are described by exponential and 
parabolic softening constitutive laws. For the 
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shear behaviour, in the fixed crack model, it is 
necessary to define the shear retention factor 
β. This variable translates the shear stiffness 
reduction due to cracking. In this model the 
value of the shear retention factor adopted is 
equivalent to a reduction to 10% of the initial 
shear stiffness after the appearance of the first 
crack (β = 0.1). 

The Newton-Raphson Regular method was 
used to calculate the equilibrium equations for 
each step of the nonlinear analysis, with a 
convergence criterion based on internal 
energy. 

The initial values of mechanical properties 
adopted for rubble stone masonry with air lime 
mortar are the mean values taken from the 
literature, abovementioned in section 2, for 
several masonry types. After a correct 
modelling of the panel, it was observed that 
some values of the mechanical properties 
adopted initially were not adequate to the 
results of the experimental test, and therefore 
some changes were necessary. The tensile 
and compressive strength decreased a little, 
yet remain within the range of values 
recommended in literature (Simões et al., 
2017). As the value of the tensile strength of 
rubble stone masonry with air lime mortar is 
very low, it was necessary to greatly increase 
the tensile fracture energy. Only this way, after 
reaching the nonlinear regime, the model 
would have sufficient energy to continue the 

analysis until the maximum point of the force-
displacement curve. 

Concrete was modelled as an elastic material, 
for which the elastic modulus E, the density 𝜌 
and the Poisson coefficient are defined in 
Table 3.1. 

The initial and final calibrated values for the 
mechanical properties of rubble stone masonry 
with air lime mortar are presented in Table 3.2. 

3.2 Results Analysis 

The displacement values that are required to 
obtain the capacity curves are measured at a 
point on the top of the wall, opposite to the 
horizontal load application, which is consistent 
with the experimental tests. As the performed 
numerical analysis is monotonic, only 
corresponding to the positive force, the 
numerical curve was replicated for the negative 
direction. 

Table 3.1 - Concrete mechanical properties 
adopted 

E (GPa) ν ρ (Kg/m
3
) 

30 0.2 25000 

 

 

Table 3.2 – Initial and final (calibrated) mechanical properties for rubble stone masonry with air lime 
mortar 

Parameters E (GPa) ν ρ (𝐊𝐠 𝐦𝟑⁄ ) 𝒇𝒕 (MPa) 𝑮𝒇𝟏 (N/mm) β 𝒇𝒄 (MPa) 𝑮𝑪 (N/mm) 

Initial 0.61* 0.2 18350 0.033 0.0655 0.1 0.955 15.0 

Final 0.5* 0.2 18350 0.028 7.0 0.1 0.92 15.0 

* The value for elastic modulus is reduced by 50% to take into account the cracking phenomenon. 

 

Figure 3.2- Experimental and Numerical curves modelled with a tolerance level of a) 10
-3

 at the beginning 
and 10

-2
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Figure 3.3 – Failure mode for calibrated panel: a) deformation and b) cracking 

Figure 3.2a) shows two graphics with force-
displacement curves of the modelled panel 
with different convergence tolerance limits and 
of the experimental test. In the first analysis 
(numerical curve 1), a tolerance of 10

-3
 was 

used, as indicated in Araújo (2014) and 
Ademovic & Oliveira (2012). However, after the 
point (6.9m; 43.25kN), the program failed to 
converge for this tolerance. As the values of 
the mechanical parameters were within the 
values of the abovementioned references, it 
was imperative to lower the tolerance level to 
10

-2
 from that point forward and to continue to 

perform the analysis. To validate this option, 
another analysis was made (numerical curve 2) 
with a tolerance of 10

-2 
from the beginning. 

Figure 3.2b) shows that the results are very 
similar for both numerical curves; therefore, a 
tolerance of 10

-2
 can be adopted. 

As it can be noticed, the numerical curve 2 is 
more similar to the negative experimental curve 
and the numerical curve 1 is more similar to the 
positive experimental curve. Both numerical 
curves are coherent with the experimental 
curve, which indicates the masonry mechanical 
properties are well calibrated. 

The first cracks to appear in the model were 
diagonal cracks at the centre of the panel due 
to shear, as it also happened in the 
experimental tests. Failure was considered to 
have been reached when the panel was almost 
completely cracked and the corner crushed. 
These damages observed in the numerical 
model are coherent with the ones observed 
during experimental tests (Figure 3.3). 

4 Numerical modelling of a 
pombalino building 

4.1 Case Study 

The case study is a pombalino building located 
in Rua Augusta, 100, with 5 floors above the 
ground (including the roof). This building has 
some structural modifications regarding the 
original one. In Figure 4.1, the case study 
building is the one in the middle. 

 

Figure 4.1 – Main façade of the case study 
building 

Information on the foundations of the building 
could not be obtained. Therefore, it can be 
concluded that, like other pombalino buildings, 
it will have foundations made by caissons 
connected by arches and with submerged 
timber piles (Simões & Bento, 2012). 

The ground floor (floor 1) is entirely built in 
stone so that fires and humidity do not spread. 
In this building, there are not columns at the 
ground floor because they were removed from 
the original building; therefore, the 2

nd
 floor 

walls are supported by metallic beams. 

a) b) 
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The “frontal” walls are interior walls used in 
pombalino buildings to resist both to gravity 
loads and seismic action. They are made of a 
wooden truss structure (composed by vertical, 
horizontal and diagonal elements) filled with 
rubble stone masonry. (Mascarenhas, 1996; 
Simões & Bento, 2012) 

The floors above ground floor are composed by 
wooden beams arranged perpendicular to the 
main façade and boards arranged 
perpendicular to the beams.  

The exterior walls are thicker than the interior 
walls and are made of rubble stone masonry 
with air lime mortar, except for the façades on 
the ground level which are made of regular 
limestone blocks (Simões & Bento, 2012). 

The stairs are built in masonry on the ground 
floor and built in timber on the upper floors. 
The roof is also made of wood and it is 
habitable. 

4.2 Structural modelling 

For the seismic performance-based 
assessment of the building it was used the 
software 3MURI/TREMURI (S.T.A. DATA, 
2005; Lagomarsino et al., 2013). This program 
models the nonlinear behaviour of masonry 
structures and allows to perform nonlinear 
static analyses, as it is recommended in the 
Eurocode 1998-3 (CEN, 2005) – EC8-3. 

The program defines macro-elements (walls 
with openings) using the equivalent frame 
method. The macro-elements are divided in: 
piers (vertical element) and spandrels 
(horizontal element), linked by rigid nodes. The 
program analyses the global behaviour of the 
building by only considering the in-plane 
behaviour of walls. For pombalino buildings, it 
has been implemented in TREMURI, by 
Meireles (2012), a macro-element to model the 
nonlinear behaviour of the “frontal” walls.  

The building was modelled in an initial phase 
with its original main façade, i.e., without the 
large openings of shop windows. The 
mechanical properties of materials were 
defined using values proposed by the Italian 
Standard (NTC, 2008), Meireles (2012), LNEC 
(1997), Brignola et al. (2012), Giongo et al. 
(2014) and by the analysis previously made in 
DIANA for rubble stone masonry with air lime 
mortar. These properties are presented in 
Table 4.1 and Table 4.2. 

Table 4.1 – Masonry mechanical properties 

 
E 

(GPa) 

G 

(GPa) 

ft 

(MPa) 

fc 

(MPa) 

ԝ 
(𝒌𝑵/
𝒎𝟑) 

Stone 
masonry 

2.8* 0.86* 0.158 7.0 22 

Rubble 

masonry 
0.5 0.167 0.028 0.84 18.35 

Solid 

brick 
masonry 

0.855 0.285 0.115 1.07 18 

Holow 
brick 

masonry 
0.855 0.285 0.115 0.88 15 

Frontal 
wall 

1.5 0.5 0.114 7.15 5.6** 

* The value for elastic modulus is reduced by 50% to take 

into account the cracking phenomenon. 
** The value was defined as a distributed load. 

Table 4.2 - Wood mechanical properties 

 
E 

(GPa) 
E90 

(GPa) 
G 

(GPa) 
fc 

(MPa) 

ԝ 
(𝒌𝑵/𝒎𝟑) 

Wood 12.0 0.4 0.018 18 5.8 

 

HEA300 (S325) beams were adopted for the 
interior metallic beams that support the 2

nd
 

floor walls. 

For existing buildings, according to EC8-3 
(CEN, 2005), the material´s mechanical 
properties should be reduced by a confidence 
factor. It was adopted a level of Limited 
Knowledge (KL1), which requires the tensile 
and compressive strength of the materials to 
be divided by 1.35. 

In Figure 4.2 are presented the main and back 
façade of the building modelled in the 
TREMURI program. 

 

Figure 4.2 - Modelled building in TREMURI with 
macro-element mesh: main (left) and back (right) 

façade 
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The calibration of the model was performed 
based on the dynamic characteristics of the 
building obtained by in situ ambient vibration 
tests, using the TSoft program (Van Camp & 
Vauterin, 2005). 

5 Seismic performance-based 
assessment 

The nonlinear static analyses (pushover) were 
performed according to the EC8-3 (CEN, 
2005). These analyses were developed in two 
directions (X, parallel to the façade, and Y, 
perpendicular to the façade) and in two 
directions (positive, from left to right, and 
negative, from the main façade to backwards). 

According to the EC8-3 (CEN, n.d.), for existing 
ordinary masonry buildings, the safety 
verification should be made for the ultimate 
limit state of Significant Damage (SD). 

A non-linear analysis characterizes the 
structure through a capacity curve (pushover) 
that relates the base shear and the 
displacement of the building at a control node, 
located on the top floor. For this building, 
several analyses were developed that are 
presented with detail in Ponte (2017).  

Two types of load distribution were considered: 
uniform, proportional to mass, and pseudo-

triangular, proportional to mass × heigh. In this 
case the most demanding load case is the 
pseudo-triangular. 

For the determination of ultimate displacement 
three different criteria were used: 1) reduction 
of 20% of base shear force; 2) collapse 
mechanism; 3) maximum value of interstorey 
drift (0.5% for SD) (Simões et al., 2014). 

Analysing the capacity curves (Figure 5.1) it is 
possible to conclude that Y direction has more 
resistance and rigidity, while X direction 
presents more ductility. This happens due to 
the existence of several openings in the façade 
walls and none in the gable walls. The capacity 
curves are given until the ultimate 
displacement. Almost all curves are 
conditioned by criterion 2) (marked with a blue 
circle), except one curve that is conditioned by 
criterion 1) (marked with a blue square). 

5.1 N2 Method 

For the seismic assessment of the building it 
was defined the target displacement according 
to the N2 method developed by Fajfar (2000) 
and suggested in the Eurocode 1998-1 (CEN, 
2010) – EC8-1. 

 

 

Figure 5.1 – Capacity curves for a) negative and b) positive directions 

Table 5.1 – Properties of the SDOF capacity curve 

 
Uniform Pseudo-Triangular 

X + X - Y + Y - X + X - Y + Y - 

𝑭𝒚
∗ 𝒎∗⁄  (m/s

2
) 1.28 1.12 2.38 2.30 0.99 0.93 1.89 2.05 

𝑻∗ (s) 0.77 1.06 0.34 0.33 0.78 1.15 0.39 0.40 

𝝁∗ = 𝒅𝒖
∗ 𝒅𝒚

∗⁄  3.41 1.87 1.69 1.40 2.99 2.03 2.09 2.03 

𝒅𝒖
∗  (m) 0.065 0.060 0.012 0.009 0.045 0.063 0.015 0.017 

𝒅𝒕
∗ (Type 1.3) 0.052 0.072 0.018 0.017 0.052 0.077 0.023 0.023 

𝒅𝒕
∗ (Type 2.3) 0.026 0.037 0.016 0.015 0.027 0.039 0.021 0.022 
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The target displacement is determined by the 
intersection of the capacity curve with the 
response spectrum of the seismic action and, 
for the safety verification, it should be higher 
than the ultimate displacement (𝑑𝑢

∗ 𝑑𝑡
∗⁄ > 1). 

Both displacements are obtained for an 
equivalent single degree of freedom (SDOF) 
system (Table 5.1), where the seismic action 
type 1.3 is the most demanding one. As it can 
be seen in Figure 5.2 the safety verification is 
not satisfied in both structural directions, where 
𝑑𝑢

∗  was multiplied by 3 4⁄  according to EC8-3 
(CEN, 2005). 

 

Figure 5.2 - Ratio between 𝒅𝒖
∗  and 𝒅𝒕

∗ for type 1.3 

Analysing the damage patterns for positive 
pseudo-triangular load (Figure 5.3 and Figure 
5.4) and for the ultimate displacement it is 
possible to observe that the façade walls have 
most damages concentrated in spandrels, 
which have a flexural collapse, while in gable 
walls damages are due to shear. 

 

Figure 5.3 – Damage patterns of the ultimate 
displacement for pseudo-triangular X positive 

load: a) Front Façade; b) Back Façade 

 

Figure 5.4 – Damage patterns of the ultimate 
displacement for pseudo-triangular Y positive 
load: a) Left Gable Wall; b) Right Gable Wall 

5.2 Current Façade 

As there is in fact a large opening on the main 
façade, it is important to study how this 
influences the building´s seismic performance. 
The structural reinforcement solution currently 
existing in this façade is not known and 
therefore two solutions were modelled in 
3MURI. The first solution only has a steel 
beam (HEA300 – S235), while the second one 
has the same beam supported by two steel 
columns (IPE200 – S235) (Figure 5.5). 

 

Figure 5.5 - Structural reinforcement solutions 
modelled in 3MURI: a) beam; b) beam + columns 

The capacity curves for these two solutions are 
presented in Figure 5.6 for the pseudo-
triangular load distribution, the most 
demanding distribution, in the positive 
direction. It can be noticed that the highest 
differences are found for X direction, as 
expected, because it is the direction of the 
main façade. The original façade is the best 
solution and the weakest one is the solution 
with just a steel beam. This reinforcement 
solution has less resistance than the other 
solutions for both directions. It also has a 
decrease of the initial stiffness in X direction. 
However, these two reinforcement solutions 
have a similar behaviour as the original façade 
for the seismic action. 
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Figure 5.6 - Capacity curves of the façade´s different structural solutions for a positive pseudo-triangular 
load in a) X and b) Y directions. 

It is very important to notice that during the 
modelling of these two structural reinforcement 
solutions, the nodes connections were 
considered as monolithic, which in fact does 
not happen. In the reinforcement solutions the 
connections of the introduced elements in the 
existing structure of the building are not 
perfect, usually being the more fragile points of 
the reinforcement and where occurs the 
collapse. Therefore, a more realistic 
connection of the elements would lead to a 
less ductile and resistant capacity curves and 
to a worse seismic performance-based 
assessment of the building. 

5.3 Rigid floor 

One of the most common and important 
structural reinforcement solutions in pombalino 
buildings is to increase the stiffness of the 
floor, making it rigid in plan. 

By multiplying the floor´s shear modulus (G) by 
100, a rigid solution is obtained in the 
numerical model, as shown in Figure 5.7. 
Through the capacity curves it is possible to 
observe that the rigid floor solution leads to a 
building with more resistance in Y direction and 
more ductility in X direction, when comparing 
with the flexible floor solution. 

Other reinforcement solutions are proposed, 
such as: to increase the resistance of the 
weakest spandrels and the resistance of all the 
piers for the main and back façades; to 
increase the number of resistant elements in X 
direction; and to strengthen the gable walls. A 
technique of reinforcing masonry walls to shear 
is suggested by Maio et al. (2017). 

 

 

 

 

Figure 5.7 – Rigid and Flexible floor capacity curves for a pseudo-triangular load in a) negative and b) 
positive direction 
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6 Conclusions 

The pombalino buildings, built just after the 
1755 earthquake in Lisbon, are historically 
very relevant for seismic engineering and 
Portuguese heritage. These ancient buildings 
are made of wood and masonry, with a 
structure conceived to resist gravity and 
horizontal loads generated by the seismic 
action. 

This work presents a seismic performance-
based assessment of a pombalino building. In 
a first phase it was studied the in-plane 
behaviour of the rubble stone masonry walls 
with air lime mortar, material typically used in 
the external walls of the pombalino buildings. 
Herein, the mechanical properties of the 
masonry were calibrated by performing non-
linear analyses using the DIANA program. 

For the properly defined numerical model (with 
the beam and the concrete foundation), the 
masonry mechanical properties, the damage 
pattern and the force-displacement curve all 
present a great similarity with the experimental 
results. The first cracks to appear were 
diagonal in the centre of the panel, due to 
shear, and at the end of the analyses the lower 
right corner of the panel was crushed. The 
point at which the modelled panel reached its 
collapse is practically coincident with the one 
observed during experimental test. It can be 
concluded that the program adequately 
characterizes the non-linear behaviour of 
masonry, the mode of collapse and its ultimate 
capacity. 

The results obtained in this study contribute to 
the increase of the existing information 
regarding the in-plane behaviour of the 
masonry used in the pombalino buildings. Due 
to the limited information that exists on the 
subject, these results were of great importance 
in the study of the overall behaviour of a 
pombalino building to the seismic action, that 
was carried out in the second phase of this 
work. 

The results of the nonlinear analyses of a 
pombalino building were obtained with the 
3MURI/TREMURI program. The model was 
calibrated with the experimental frequencies 
obtained by in situ tests, in order to obtain 
realistic results. The seismic performance-
based assessment of the structure was 
performed for all the lateral load distributions 
considered. It is concluded that the building 

does not satisfy the safety verification for the 
Significant Damage Limit State using the 
ultimate displacement criterion. 

Force-displacement curves were also 
presented for two structural reinforcement 
solutions of the main façade that would 
represent the building´s current state. The first 
solution only has a steel beam, while the 
second one has the same beam supported on 
two steel columns of small dimensions. The 
two presented similar behaviours to the 
original façade´s behaviour; however the 
second reinforcement solution is the best one. 
It should be noted that these structural 
reinforcement solutions are modelled with 
monolithic connections to the existing structure 
of the building, which does not happen in 
reality. Therefore these seismic capacity 
curves lead to a better seismic performance-
based assessment when comparing to the 
seismic performance-based assessment of the 
actual reinforcement solution. 

As the building does not satisfy the safety 
verification, it was studied the most common 
structural reinforcement solution in ancient 
buildings: to increase the in-plane stiffness of 
the floor from flexible to rigid. 

Only the results for the most demanding 
distribution were presented, the pseudo-
triangular load. With the force-displacement 
curves it was concluded that for both directions 
there is always an increase of resistance with 
the increase of the floor shear modulus and 
that there is also a significant increase of 
ductility for the X direction. 

By the analysis of the damage patterns it was 
proposed the strengthening of some walls, the 
increase of resistant elements in the direction 
of the façades and the increase of resistance 
of some spandrels. 
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