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1. CASE STUDY – DESCRIPTION OF A ‘PLACA’ BUILDING

1.1 Introduction
The existing building stock in Portugal results from more than eight centuries of history expansion.
Excluding monumental buildings, such as churches, palaces and convents, the building area is primarily
composed by residential buildings, built making use of the available materials and traditional techniques of
construction that changed very little through time. The assessment of the constructive materials,
techniques and structural behaviour of the main typologies of buildings in Lisbon, gives a general
panorama on the evolution of constructive systems in Portugal mainland.
It is estimated that half of the existing building stock in Lisbon County is composed by old masonry
buildings (Ravarra et al., 2001). The survey ‘Censos 2001’ (INE, 2002) confirmed that approximately 67%
of these buildings are in need of structural intervention works and that 10% are in an advanced state of
degradation. In fact, the functions that old buildings still maintain nowadays, justify the concern about their
structural safety and seismic vulnerability.
In Lisbon is possible to identify specific periods of the old masonry buildings, built long earlier than the
massive reinforced concrete framing construction. In this context, four typologies of masonry buildings are
typically recognized in the Lisbon Metropolitan Area: buildings built before 1755, ‘Pombalino’ buildings
built after the 1755 Earthquake, ‘Gaioleiro’ buildings built between 1870 and 1930 and ‘Placa’ buildings
between 1940 and 1960, a short-term structural solution which precede the reinforced concrete buildings.
The increasing concern about the built heritage led to the development of several studies regarding the
assessment of structural performance and seismic vulnerability of old masonry buildings in Lisbon,
especially the ‘Pombalino’ Buildings and ‘Gaioleiro’ Buildings. However, there are still very few studies
regarding ‘Placa’ buildings, because, although there are many examples of these buildings in Lisbon, this
transition period was very short, it lasts less than 20 years.
So, the main purpose of this work is to study the seismic vulnerability of ‘Placa’ buildings in Lisbon, which
corresponds to the last type of buildings made by masonry.
For the seismic assessment of this type of building is need to choose a landmark building. For this work
the ‘Rabo de Bacalhau’ buildings type was chosen, which is the most representative in this period (19401960). These buildings have a particular plant design, which is easy to identify because the buildings have
the salient body in the back.
Figure 1 shows the location of such buildings in Lisbon.

Figure 1 – Location of ‘Placa buildings’ and the ‘Rabo de Bacalhau’ buildings (Google Maps)

This type of construction has the mixed structural elements of masonry and concrete, but the main
characteristic corresponds to the slab in concrete instead of the wooden floor on the previous masonry
buildings.
The building studied was chosen to fulfil the following requirements:


To belong to the beginning of the period of this type of construction, because these buildings
have less structural elements in reinforced concrete;



To have access to drawings and documents supporting the initial project;



To be possible to visit the building, aiming to identify more accurately the materials and the
dimensions of the structural elements, to verify if some structural modifications had been
introduced over the years and to perform the in-situ ambient vibration tests.

1.2 General Characterization of the Building
The ‘Placa’ building used for this study was completed in 1940 and is located at Rua Actor Isidoro N. 13,
belonging to the Bairro dos Actores, near the Alameda D. Afonso Henriques in Lisbon (Figure 2). This
building is inserted into a block, where all buildings have the same characteristics and almost the same
date of construction.

Areeiro

Praça de
Londres

IST

Alameda D. Afonso Henriques

Figure 2 – Location of the ‘Placa’ Building on study Building located in the Bairro dos Actores (Google Maps)

According to the "Descriptive Memory ", the ground was considered in "favourable conditions" (Descriptive
Memory, 1939). However, as shown in Figure 3, the building under consideration is located in a ground
type C, according to the classification criterion of Eurocode 8 (EC8.1, 2009).

Area of the ‘placa buildings’
Ground Type B
Ground Type C
Building in Study

Figure 3 - Location of the building under study according the Geotechnical Plant of Lisbon. [adapted from (Almeida,
1997), (Almeida et al., 1986) and (CML, 2008)]

The building chosen has four floors (ground floor and three floors high), as shown in Figure 4. The story
height is constant with 3.0 m, while the ground floor has a story height of 3.25m.
The total height of the building is around 17m, from the street level until the top of the roof. The façade of
the building has a length of 14.5m and has 20.5m in depth.

Figure 4 –Building façade.

Figure 5 - Back of the building.

For the study of this building, it was possible to access all the information available from the original
design, which include plants, façade designs, some calculations for the design of reinforced concrete
structure and other elements (Figure 6 to Figure 8). All of these elements are available in Annex 1.
Moreover, to complement this information, some visits to the building were made, where some photos
were taken as well as the dimensions of several structural elements were measured. These values were
then compared with the original ones depicted on the drawings.

Figure 6 – Front Façade Design and Back Façade Design (Descriptive Memory, 1939)

Figure 7 – Section A-B (Descriptive Memory, 1939)

B
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A

Figure 8 – Plant of the Ground Floor and of the High Floors (Descriptive Memory, 1939)

According to the information available in the Municipal Archives of Lisbon (1939) this building was targeted
of rehabilitation works in 1988. However these works were not structural works aiming the seismic strength
of the building; they were only to repair the exterior of the façades, roofs and staircase (Figure 9).
Currently this building is habitable and with a good appearance, like almost all the buildings of this period.

Figure 9 – Photograph taken during the repair works of the façade on the building in front.

1.3 Structural Elements
Although it was not done any intrusive testing, the original project of the building (Annex 1) as well as insitu analyse of the building were enough to define adequately of the structural elements.

1.3.1

Foundations

In this building it was used two different types for the execution of foundations (Figure 10). In general, the
foundations were executed continuously over all masonry walls, with about twice the thickness of the walls
so as the maximum stresses do not to exceed 2 MPa according to the original design (Descriptive
Memory, 1939). As this building has a reinforced concrete frame structure on the back of the building, the
column foundations were also made of reinforced concrete (Figure 10 b). The foundation layout is defined
in Figure 11.

a)

b)

Figure 10 – Foundation system: a) Continuous walls in limestone masonry (Appleton, 2003) b) Reinforced concrete
foundations (Descriptive Memory, 1939).

Figure 11 - Foundation plant (Descriptive Memory, 1939).

1.3.2

Walls

This building has different types of walls as shown in Figure 12. The walls on the front façade are made by
rubble stone with a 0.7m of thickness and do not have a reduction in height (Figure 13). However, there is
a zone between the windows in each floor where the thickness of the front wall is only about 0.35cm, as
can be seen in Figure 7.
The exterior walls on the back of the building are made by solid brickwork with 0.2m of thickness, which
are supported on a reinforced concrete structure.

Colour

Designation

Material

Thickness

Partition Walls

Hollow brickwork

0.1 m

Interior and Exterior Walls

Solid brickwork

0.2 m

Gable Walls

Concrete blocks

0.2 m

Front façade wall

Rubble masonry

0.7 m

Figure 12 – Location of the different types of wall.

In this period, there are references to the first use of the concrete blocks in the walls of buildings (Figure
14). These blocks were used in the gable walls. It should be refer that the gable walls on each building of
the quarter are not shared.
The interior walls are made by brick masonry (solid and hollow) and the wall thickness varies from 0.10m
to 0.20m. All the walls that supporting loads (including the stairs walls) are made by solid brick with 0.2m
(Figure 14). The other partitions walls are made by hollow brickwork with 0.1m of thick, thus they do not
really contribute to the seismic resistance of the building.

Figure 13 – Rubble masonry walls - Photograph taken during the repair works of the façade of the building in front.

Figure 14 - Gable wall (on the left) and the stair wall (on the right) in another building at the same period.

1.3.3

Reinforced Concrete Elements

In this type of buildings the reinforced concrete frame structure started to appear at the back of the
buildings that corresponds to the humid zones (kitchens and bathrooms). However these elements were
designed with minimum dimensions and only for the vertical loads.
Through the Figure 15 one can identify the reinforced concrete frame at the back of the building,
constituted by beams and columns. Furthermore, it is also possible to observe the existence of reinforced
concrete lintel in the façade wall at each floor at level of the superior length of the window. The dimensions
of each reinforced concrete elements are shown in Table 1 and identified in Figure 15.

To confirm the existence of reinforced concrete elements in the structure as well as its position according
with the Descriptive Memory (1939), some experimental tests were conducted using the cover meter. This
equipment is a sophisticated device for the non-destructive location of the steel reinforcement and for the
measurement of concrete cover and bar diameters, using the “Eddy current Theory” with pulse induction
as the measuring method. In the Annex 5 the results of this test performed are shown.

Figure 15 - Location of the reinforced concrete elements in the structure (Descriptive Memory, 1939)

Table 1 – Dimensions of the reinforced concrete elements (Descriptive Memory, 1939)

1.3.4

Columns

Dimensions (m)

Beams

Dimensions (m)

P1

0.2x0.3

V1

0.3x0.23

P2

0.3x0.3

V2

0.3x0.23

P3

0.3x0.35

V3

0.35x0.23

P4

0.3x0.3

V5

0.3x0.13

P5

0.35x0.3

V6

0.3x0.13

V7

0.3x0.23

V8

0.3x0.66

Floor

The building floor consists by different materials. At the front, the building has a wooden floor, so it has a
flexible behaviour. On the back of the building, supported by the reinforced concrete frame, there is a
concrete slab, thus providing rigid plan behaviour, although the thickness of the slab is reduced. According
with the Descriptive Memory (1939), the concrete slabs have 0.1m thickness and has reinforcement in
both directions.

The wooden floor is made up of wooden beams (0.08m x 0.18m) spaced from 0.4m to 0.4m and they are
tight by billets. The wooden floors are supported directly on the exterior and interior walls and the overall
thickness is about 0.30m.
According to Costa (1955) the Portuguese floor (“soalho à portuguesa”) was the most common used in
economic houses construction. However, in 'houses of limited income’ the predominant type flooring was
the English (“soalho à inglesa”) (Descriptive Memory, 1939). The great advantage of this floor is that the
nails are not visible on the flooring, as they are at the Portuguese floor (Figure 16).

a)

b)

Figure 16 – Two types of flooring: a) Portuguese flooring (Appleton, 2003) and b) English flooring (Costa, 1971)

1.3.5

Stairs and Roof

The roof of the building consists of ceramic tiles, which are supported on a wooden structure that is
composed by a set of parallel trusses connected by purlins (main beams) and common rafters and slats
(Figure 17).
The main staircase is built by a wooden structure to be compatible with the wooden floor (Figure 18), while
the secondary stair was built by iron structure (Figure 19).

Figure 17 – Wooden structure on the coverage in another building at the same period.

.

Figure 18 – The main stairs of the
building in study

Figure 19 - The service stairs of
the building in study

2. NUMERICAL MODEL
2.1 Introduction
The suitability of the building analysis model is essential for the adequate seismic assessment of the
building. Thus, despite the local visits and different experimental tests performed it is necessary to
consider several hypotheses that should reflect, as much as possible, the current behaviour of the
structure.
Therefore, in this section was defined the mechanical characteristics of materials used, the values
admitted for the mass in the building elements, and the elements used in the modelling of the building.
The final model was calibrated based on dynamic test characterization, as previously referred.
The model was performed using SAP 2000 computer program (SAP2000, 1995), which is based on the
finite element method.

2.2 Mechanical Properties of Materials
The modelling of the building studied began with the definition for the mechanical properties of materials.
Preferably, these values should be based on tests performed in the elements of own building. However
the building is still habitable, so intrusive tests were not possible to do, which is why the values entered in
the model were determined based on data available on some literature, related to studies developed in
buildings with similar properties (Annex 3 and Annex 4) (Cardoso, 2002; Costa and Oliveira, 1989).
Table 2 shows some of the properties of materials used in the building: weight density, modulus of
elasticity, Poisson’s ratio and also the strength values of materials for compression c, tension t and
shear .
Table 2 – The properties of the materials used in the model.

Materials
Rubble
Masonry
Concrete
Block
Brick
Masonry
Wood
Reinforced
Concrete

Weight
density
γ (kN/m3)

Modulus of
Elasticity E
(GPa)

Poisson’s
ratio
ν

Front façade

22

3

Gable Wall

14

Local

Interior walls and
exterior walls on
the back
Floor and
Coverage
Frame and Floor

Strength of Materials
σc
[MPa]

σt
[MPa]

[MPa]

0.2

4

0.4

0.2

2

0.2

4

0.5

0.3

14.6

1

0.2

5

0.1

0.2

6

6

0.2

50

0

5

24

29

0.2

Concrete
fcd = 10.7

(Fmax = 10kN)1

Steel
fyd = 204

Assumed value of the pull-out strength for the connections between the timber elements and the façade - timber beams
attached to masonry walls (Lopes et. al, 2004)
1

2.2.1

Masonry

The value of the modulus of elasticity E assumed in this work is an average value of the overall wall
behaviour instead than a single masonry element. This assumption is mainly due to lack of homogeneity in
the masonry behaviour. This parameter is model adequately the behaviour of the structure. So, it was
used as initial estimate 3.0 GPa for rubble masonry, 2.0 GPa for the concrete blocks and 1.0 GPa for the
brick masonry. Afterwards, some adjustments were made based on the experimental values obtained for
the dynamic characteristics of structure, by means of the in-situ ambient vibration tests.
In this study the damping coefficient considered was 5%, but some other studies suggested higher values.
The adoption of this value was considered more conservative because increases the forces due to seismic
actions (Costa and Arede, 2004).
The masonry comprises two distinct elements: stone and mortar. The joint strength is higher than the
strength of mortar, which is the weakest material. The values of the maximum tensile stress are very low,
including only a residual strength due to the cohesion of the mortar-block connection. As far as the shear
strength concerned, it is worth to be mentioned that the disruption is fragile and occurs through
displacement of the blocks in the matrix of the mortar (Branco, 2005; Cardoso, 2002).
According to the Descriptive Memory (1939), the masonry used on the façade is the lioz (a kind of
limestone), typical of the Lisbon region and it is extensively used in the façade walls at this period. Besides
that, the mortar in the exterior walls is made of cement and sand, while in the interior walls the mortar is
made by lime and sand (Descriptive Memory, 1939).
Figure 20 shows that there is little mortar in the connection of the masonry blocks. So it is possible that the
strength values can be even smaller.

Figure 20 – Photograph taken during the repair works of the façade, on the building in front, where it can observe little
mortar on the middle of the rubble masonry.

2.2.2

Wood

The national pine is the type of timber most often used in these buildings, and according with the
description of the building design was the wood used, for which reason their characteristics were adopted
in this model.
The damping coefficient considered was 5%, although some authors consider the damping of 10% for
wood. As, in these type of buildings the masonry elements are the ones that significantly influence the
seismic response, it was assumed a damping equal for all elements of the structure (Branco, 2005),
(Cardoso, 2002) and (Costa and Arede, 2004).

2.2.3

Concrete

According to the description of the building design (Descriptive Memory, 1939), the reinforced concrete
was designated by "reinforced cement" (in Portuguese "cimento armado") and it should follow the
concepts mentioned in Reinforced Concrete Regulation of the season, 1935 (in Portuguese ‘Regulamento
do Betão Armado’ which is in annex in the “Regulamento Geral da Construção Urbana”, RGCU).
The cement used was the national Normal Portland manufacturing and its dosage was composed by 300
kg of cement, 400l of sand and 800l of gravel (Descriptive Memory, 1939).
The description of the building design only shows the density of concrete used, so for the other
mechanical proprieties the values which are in the Reinforced Concrete Regulations of the time were
considered.
The resistance was defined by the average of test results for the compression simple, to 28 days, on
cubes with 20cm of edge, and should be more than 120 Kg/cm2 (Beton Armado, 1918) and 180 Kg/cm2
(RBA, 1935). According with these codes the design value of concrete compressive strength is around 50
Kg/cm2. So in this study it was considered that the concrete has the properties of the previous concrete of
class B180 (REBA, 1967) and now C15/20 (EC2.1, 2010).

2.2.4

Steel

The code of 1935 refers that the steel available has with an ultimate stress of rupture superior than 3700
kg/cm2. So, for the steel used in this building it was the previous class A24 (REBA, 1967) corresponding to
the current A235 (EC2.1, 2010). At that time, the steel bars were smooth and were designated by inches.

2.3 Definition of Mass
The total mass of the building is crucial to define the dynamic response of the building, and thus the
frequencies and the modes of vibration. When higher is the mass, lower is the fundamental frequency.
Therefore, the masses should be carefully identified, the values as well as their distribution (Azevedo and
Proença, 1991).
The building in study is still habitable, so not only was considered the mass of the building elements but
also the possible life loads. The values of the masses were taken from the Descriptive Memory (1939),
Techniques Tables (Ferreira, 1974) and the remainder bibliography.
All components of the building structure consider the mass in definition of the own material. The exception
is in the definition of the concrete slab at the back of the building where it was decided to model a rigid
diaphragm behaviour and apply the equivalent mass at its center of mass.
The masses of the elements mentioned above are summarized in the following Table 3. These values are
used to define the mass density and weight of the elements corresponding to model the floors, as
described later on.

Table 3 – Mass and weight distribution.

Zone

Dead loads
[kN/m2]

Remaining
Permanent Load
[kN/m2]

Overload
[kN/m2]

Wood floor

0.7 a)

0.6 a)

2.0 a)

Concrete slab

2.4 a)

0.6 a)

2.0 a)

Roof wood

1.3 b)

0.6 a)

0.4 a)

a)

(Descriptive Memory, 1939)

b)

(Branco, 2007) (Farinha and Reis, 1988)

2.4 Structural Elements for the Building Model
The building model was defining by means of different finite elements available in SAP2000. Each
structural component of the building was modelled with the element, which is capable to produce the most
appropriate behaviour. So, it was used elements type shell and frame (SAP 2000).

2.4.1

Masonry Walls

For modelling of the masonry walls were adopted two-dimensional finite elements (shell) of four nodes.
The main purpose of using these elements, instead of three-dimensional, was based on the interest of

simplifying the model. The two-dimensional elements are sufficient to measure the maximum response
values, identifying its location in the structure, which is required in this work.
The size of the shell elements was defined by adaptation of the mesh nodes according with the different
alignments that there are in the model.
To model the building it was considered all masonry walls, with the exception of interior partition walls, and
were represented all the openings (doors and windows) of the façades and of the interior walls with the
real dimensions and location (Figure 21).

Figure 21 – Façade wall with the openings.

The walls on the back of the building, although are included on the concrete frame structure, were taken
into account in the model because these walls have an important role in the resistance of the structure.
There are two kinds of interior walls, as previously referred, with solid bricks and bricks with holes. For the
model only it was considered the walls with solid bricks because they are the ones that significantly affect
the stiffness and strength of the structure.
So, as shown in Figure 12, all the walls were represented in the model (Figure 22) for the dynamic
analysis, with the exception of the partition walls (identified by the black colour in Figure 12), since they
have a reduced thickness and thus a small influence on the seismic response of the building.

Figure 22 – Masonry walls in the building model

2.4.2

Floors

Wooden Floor

For the wooden floors, the hypothesis of rigid floor is not acceptable because the planks of wood, which
link the support beams of the floor, do not ensure sufficient rigidity. As an example, it is assumed that the
deformation shown in Figure 23 can occur.

a)

b)

Figure 23 – Possible deformation in wooden floor: a) distortion: one nail per plank of wood; b) flexion: two nails per
plank of wood (Carvalho and Oliveira, 1997)

To model the wooden floor a mesh of bar elements was used, where were introduced bars to simulate the
wooden floor beams, assuming that these bars are arranged according shorter span, which in this case
corresponds to the direction perpendicular to the façade wall. This orientation is also mentioned in the
literature (Segurado, nd), since the timber beams were placed over the masonry walls resistant, that are
parallels to the façade.
In order to adjust the mesh modelling of the timber beams (Figure 24), according the spacing between
elements in real distribution, it was created four classes of spaces, avoiding defining different properties
for each element which had a different influence area.
Each class of elements considers that the beams have a section of 0.18 × 0.08 m2 and a spacing of 0.40m
to the axis, corresponding to 2.5 beams per meter. These dimensions are common in this type of building
and the section of the wooden floor is shown in Figure 25. For each class of spacing it was calculated the
area and the moments of inertia per meter.

Figure 24 – Mesh of wooden beams in plant.

Figure 25 – Section of wooden floor per meter (Branco, 2005)

To determine the correct moments of inertia for each class of spacing was enough multiply the values
calculated per meter ( ) by their spacing and divide them by the moment of inertia of one beam (

),

according to the following equation (Eq. 1).

(Eq. 1)

The definition of the masses and weights of each element took into account the mass defined in the
previous section and it was considered an equivalent density per element. The elements are designed
with a section of 0.18 × 0.08 m2, with densities equivalent according to the class spacing and were
calculated according to equation 2.

(Eq. 2)

In the direction perpendicular to the main bar elements were used bars with the dimensions 0.08 x 0.08
m2, in order to represent the billets sections usual in this type of flooring. The weight of these elements is
distributed by the main elements (Branco, 2005). These bars have a small area only, because the
objective is to prevent relative displacement between the alignments that unite them.

Since it is unknown the conditions of connections between the wooden beams to the masonry wall,
another study was performed, as these connections to the masonry could be weak points of the structure.
So, was chosen to label the ends of the bars that connect to the masonry (Figure 26). However, this
modification did not cause significant changes to the response of the structure.

Figure 26 - Placement of the hinge bars at the ends on the links between the wooden beams to masonry walls.

Reinforced Concrete Floor

The slab on the back of the building has a reduced thickness (only 10 cm). Nevertheless, it was chosen a
rigid diaphragm to model the slab, although some authors supporter that, in these cases, the behaviour of
the floor in its plan cannot be considered as rigid.
In this way, it was considered that the floors don not have axial deformations, but may have displacements
perpendicular to the plane (it can occur deformations due to bending). After modelling the rigid diaphragm,

it was applied at the center of mass to each floor all of the mass representing the weight of the concrete
slab, as well as the load it supports.

2.4.3

Reinforced Concrete Frames

Frame elements were also used to model the concrete frame, i.e. the beams and columns, as shown in
Figure 27 and Figure 28.
Some concrete beams, according to the description memory of the building, are simply supported on
masonry walls. Thus, in the model, these elements were labelled at their ends.
A good example is on the façade wall where there are some reinforced concrete lintels over the openings
(Figure 28).

Figure 27 - Model without the exterior walls on the back to show the reinforced concrete frame.

Figure 28 – Façade Model with the reinforced concrete lintels over the openings.

2.5 3D Model
After defining materials, the structural elements of the building and the values of the mass, the model has
been analysed, in a general way. Figure 29 and Figure 30 show various views of the model, to provide a
general insight of the model defined.

Figure 29 – 3D Model perspective.

Figure 30 - Plant model of the building.

The foundations were considered fully restrained, because most of the settlements have already occurred
and the land has good features according to the geological map of the area (e-Geo).
The structure of the roof was not considered on the model. However it was considered the influence of its
mass in the dynamic analysis.
Furthermore, it is important to refer that both stairs (main and the secondary) were not considered in the
model once the first is constructed of wood and the second is made iron and it is in the outer contour of
the building.
Moreover, the decorative elements of the façade and the balconies also were not considered in the model.

3. DYNAMIC CHARACTERISATION STUDIES – IN-SITU AMBIENT
VIBRATION TESTS

3.1 Introduction
The model described in the previous chapter aims to provide a good approximation of the real behaviour
of the building. However some calibration is still need to define adequately some of the parameters
assuming in the model, specially the current characteristics of the different materials used.
Thus, the focus in this chapter is given on the definition of the dynamic characteristics of the building,
leading to the calibration of the numerical model, defined in the previous chapter. Based on the
frequencies and mode shapes identified, in the experimental campaign, it was possible to improve the
characterization of the dynamic structural system behaviour of the ‘Placa’ building, and therefore to
calibrate the analytical model developed.

3.2 In-Situ Ambient Vibration Tests
As already mentioned, it is crucial identify the dynamic characteristics of the structure in study for a better
calibration of the model created, with direct influence on the characterization of the seismic response. In
this sense were carried out several of tests with the purpose to obtain the fundamental frequencies and
the most relevant vibration modes, in order to perform the dynamic characterization.
The dynamic characterization tests consist on the analysis of data on the structure’s response imposed by
dynamic vibration of the environment or forced which not affect its integrity. The response is registered in
terms of acceleration and it is possible to identify the frequencies through the Fourier transform of these
signals, which correspond to the peaks of the Fourier spectrum obtained.
The ambient vibration records were obtained with triaxial episensor force balance accelerometer existing
in the ICIST of Instituto Superior Técnico, configurable from a PC laptop (Figure 32) via the Quick Talk
software (Kinemetrics).
The data processing allows the reading of the signals simultaneously on all channels (all the directions).
Each channel has an accelerometer that records accelerations over time (Cardoso, 2002; Guerreiro and
Azevedo, 2001; Guerreiro and Azevedo, 2004).
These devices are brand Kinemetrics model Etna, with internal sensors Episensor, whose specifications
are listed in the following (Figure 31 and Figure 3.2):
• Dynamic range greater than 135dB;
• Bandwidth of the DC sensor to 200 Hz;

• Full-scale is selectable through hardware-between 0.25 g and 4.0 g (corresponding to the
gravitational acceleration g) and are particularly adjusted for low frequency vibrations (0-10 Hz).

Figure 32 – Etna device (Kinemetrics)

Figure 31 - Equipment connected to computer,
which read the signals of acceleration in each
direction.

The tests were performed on 23 of February 2012, starting at 3 pm. Figure 33 shows the location of the
tests on the plant of the top floor. The equipment was placed in some places with some eccentricity
relative to the center of the building for registering the most important modes of vibration including the
torsion. The device had the X-axis direction parallel to the façade, the Y-axis was perpendicular to the
façade and the Z-axis corresponded to the vertical.
During the testes were made eighteen vibration records, each with duration of 120 seconds, induced by
environmental noise, caused by the vehicles on the street. The designations of each record are shown in
the Table 4 and in Figure 33.

Table 4 - Characteristics of the tests carried out.

Record

Local

Record

Local

Record

Local

Record

Local

Record

Local

GD001

A

GE001

B

GF001

C

GG001

D

GH001

F

GD002

A

GE002

B

GF002

C

GG002

D

GH002

F

GD003

A

GE003

B

GF003

C

GG003

E

GD004

A

GE004

B

GF004

C

GG004

E

Figure 33 – Places on the last floor where it obtained the records

The following graph (Graph 1) shows an example of the GE002 recorded accelerogram for each channel.
The signals from the other tests are similar. The program used for reading the accelerograms called TSoft
(TSoft).

Graph 1 - Accelerogram recorded for the test GE002: the signals correspond to channel of the X-Y-Z direction by this
order; the maximum amplitude is about 0.1 m/s2

3.3 Experimental Results
Based on all registered signals the results obtaining the Fourier spectrum that identified the natural
frequencies for each direction were processed. The concepts and calculations made are shown in annex
(Annex 2) (Branco, 2007). The example of the Fourier spectrum for X-direction based in all the records is
shown in the graph below (Graph 2).
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Graph 2 – The Fourier spectrum for the record in the X channel.

The graphs show symmetry in relation to 125Hz because it is related to the use of the algorithm FFT (Fast
Fourier Transform).
In the Z-direction only were recorded very high excitation frequencies, as expected, which correspond to
vibration modes with small contribution of the mass, caused by vertical translations of the floor. As this
direction has little practical interest to dynamic characterization of the building, it will only be analysed in
greater detail the results from the X and Y channels.
The Graph 3 represents the overlap of both Fourier spectra (X and Y directions) for the range between 1
to 7 Hz, which corresponds the main frequencies of the building under study.
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Graph 3 – Fourier Spectrum in each direction between the 1 and 7 Hz.

Based on the graph 3 is possible to conclude that the fundamental frequency is 4.45Hz in X-direction and
it is 5.1Hz in the Y-direction. Furthermore, and although this may not be clearly noticed in the graph, there
is a mode corresponding to a vibration torsion phenomenon of 5.85 Hz.
At first sight, these values seem very high, even if they are compared with other studies for masonry
buildings of Lisbon, which are on the middle of aggregate buildings, such as ‘Pombalinos’ buildings or
‘Gaioleiros’ buildings. Usually, according to some studies (Branco, 2007; Oliveira, 2009; Jesus, 2007) this
type of buildings (Pombalino and Gaioleiros) has the fundamental frequency around 2 and 3 Hz.
However, one may take into account the fact that the building in study has a different structure when
compared with the previous buildings of masonry in Lisbon.
The fact that this building is on the middle of aggregate buildings is not the only reason that justifies the
high frequency values. In the ‘Placa’ buildings, the appearance of the reinforced concrete in the structure
(essentially at the level of floors) and the substitution of the wooden walls by walls of brick masonry, have
a great influence on the dynamic response of the building.
Although there is no study about specific 'Placa' buildings, according to Oliveira (2004 and 2010) there are
some documents present several studies about the fundamental periods of vibration of some buildings in
Portugal from in-situ experimental tests (Table 5).

Table 5 - Average fundamental frequency of some buildings which were studied. (Oliveira, 2004)

Types of buildings
according the time of

Average fundamental
Number of Floors

construction

frequency
[Hz]

Before 1900

5-7

2.3 – 3

1900-1940

4-7

3.7 – 3.8

1940-1950

3-6

5 – 5.5

This study shows that this type of masonry buildings was becoming stiffer than the previous one, mainly
due to the introduction of reinforced concrete elements on the buildings.
Furthermore, there are some studies that show some characteristics of buildings around the same time of
construction and with the same type of structure, which supports the frequency values, obtained in the
dynamic characterization tests (Annex 3).

3.4 Calibration of the Numerical Model - Sensitivity Analysis
The model described in the previous chapter is intended to provide a good approximation of the current
behaviour of the building. However, there is always the possibility of some parameter could be not
adequately defined, essentially as far as the characteristics of the materials concerned.
Thus, the calibration of the model was performed, aiming to reach the dynamic characteristics of the
building, i.e. the frequencies and mode shapes identified experimentally.
The calibration had special focus on the definition on the modulus of elasticity (Young Modulus) for
masonry. The masonry is the material with the most variable proprieties because is a heterogeneous
material, anisotropic and discontinuous, and besides that, its properties are greatly conditioned by the
construction technique and the conservation status. After to consider several options and performed a lot
of studies it was chosen to increase modulus of elasticity of brick masonry from 1 to 1.3 GPa.
Since the frequencies obtained experimentally were high, it was considered relevant to the study the
building take into account in the model the influence of adjacent buildings, which somehow increase the
stiffness due to the quarter effect. So in the model, the building has been replicated for each of the sides
with the same properties (Figure 34).

Figure 34 – The model with the adjacent buildings in each side.

Table 6 presents the comparative results obtained with the two models previously referred (isolated model
and the aggregate buildings). The latter leads to values closer to the experimental values.

Table 6 - Comparison between the fundamental frequencies of the models and experimental tests

Description
Experimental
Isolated
Model
Aggregate
Buildings

Ux

Uy

Rz

Error f/fexp

Error f/fexp

Error f/fexp

[Hz]

[Hz]

[Hz]

[%]

[%]

[%]

4.45

5.10

5.85

1.00

1.00

1.00

3.88

5.14

5.76

0.87

1.01

0.98

4.12

5.03

5.24

0.93

0.99

0.90

The model considering the adjacent buildings was chosen as the final model, and is this model that the
seismic study was developed. As expected, the buildings adjacent introduce rigidity on the model in the
longitudinal direction approaching the fundamental frequency to the frequency obtained in the
experimental tests.

4. SEISMIC ASSESSMENT OF THE ‘PLACA’ BUILDING - LINEAR
DYNAMIC ANALYSIS

4.1 Introduction
This chapter describes the results obtained by means of linear dynamic response spectrum analysis.
It begins by characterizing the dynamic behaviour of the building in terms of frequency and vibration
modes. Then it is verify the seismic safety assessment of the building and the results are presented for the
seismic load combination and analysing and discussed in terms of displacements and stresses, in several
structural elements of the building.

4.2 Seismic Action Definition
The response spectra are obtained in accordance with the provisions on Eurocode 8 and the National
Annex (2009). Reflecting the two types of seismic sources (interplate and intraplate) there are two different
zonings in Portugal continental that are included in the Portuguese annex of EC8 (2009). So, in this way,
were considered two types of earthquakes, because the building responds differently to each one. The
design spectrum is defined by the following expressions, as presented in EC8 - 3.2.2.2:

( )

(

[

)]

(Eq. 3)

( )

(Eq. 4)

( )
( )

[

[ ]

(Eq. 5)

]

(Eq. 6)

Where:
( ) is the design spectrum;
is the vibration period of a linear single-degree-of-freedom system;
is the design ground acceleration on type A ground (

), function of the importance of

the structure ( ) and of the value of the ground acceleration reference (
is the lower limit of the period of the constant spectral acceleration branch;

);

is the upper limit of the period of the constant spectral acceleration branch;
is the value defining the beginning of the constant displacement response range of the spectrum;
is the soil factor;
is the behaviour factor;
is the lower bound factor for the horizontal design spectrum.

The aforementioned parameters depend on several factors including the type of soil of foundation, its
geographical location and the material predominantly used.
As already mentioned, the building is located in Lisbon, and therefore in accordance with Portuguese
annex of EC8 (2009) it is in the seismic zone 1.3 and 2.3, for the earthquake type 1 and 2, respectively.
The area in question has properties related to the ground type C and the building is considered to
belonging to the common importance class of buildings (class II:

= 1.0).

In relation to existent structures, Part 3 of Eurocode 8 (2005), this document does not refer behaviour
factor (q factor), which must to be used. However, if there is not any kind of recommendations, it may be
adopts the value of 1.5 for this coefficient to the side of safety (EC8.3, 2005). So the building is limited to a
minimum of energy dissipation, which is consistent because many of these structural elements in masonry
are neither reinforced or have not any concern in terms of its design seismic (Lopes et. al, 2004).
Thus, the required parameters for the both response spectra were calculated, which are illustrated in
Graph 4.
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Graph 4 - The design spectrum for the both earthquakes
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By analysing the graph, it is observed that the earthquake 2.3 is the determinant earthquake according to
the fundamental periods of the structure (the periods correspondent to the first and second modes are
depicted in the graph).
In this study the CQC combination for the modal combination and SRSS combination for the directional
combination were adopted.
The combination of actions used to assess the level of stress and displacement of the structural elements
to Ultimate Limit State is defined in the following equation:

(Eq. 7)

Where:
Effects due to the action of permanent loads;
Effects due to the action of overloads distributed;
Effects due to seismic action;
).

Factor for quasi-permanent value of a variable action (

4.3 Dynamic characteristics of the building
As mentioned in the previous chapter the model chosen was the one that considers the influence of
adjacent buildings. For better understanding the model the most relevant modes of vibration in the building
are presented, as shown in the Table 7 and from Figure 35 to Figure 38.

Table 7 - Frequencies and mass participation of the main modes of vibration of the building model.

Translation in X

Translation in Y

Rotation in X

Period

Frequency

[s]

[Hz]

%

Ʃ%

%

Ʃ%

%

Ʃ%

1

0.24

4.12

0.64

0.64

5.1E-09

5.1E-09

0.24

0.24

2

0.20

5.03

1.8E-08

0.64

0.70

0.70

0.12

0.36

3

0.19

5.24

3.6E-04

0.64

4.9E-08

0.70

0.32

0.68

4

0.18

5.67

2.0E-07

0.64

4.9E-03

0.70

8.2E-04

0.68

5

0.16

6.18

0.09

0.74

5.7E-09

0.70

0.02

0.69

6

0.14

7.00

0.00

0.74

8.1E-09

0.70

0.01

0.71

Modes

Figure 35 - The first three vibration modes of the model.

The first mode has a natural frequency of 4.12 Hz and has a participation of mass around 65%. This
vibration mode is an overall translation of the building according to X-direction, because is the direction
which has a smaller rigidity due to having only the façade wall (with openings) as a resistant wall.

Figure 36 - The first vibration mode of the model.

The second mode of vibration occurs for a natural frequency of 5.03 Hz and also has a high participation
of the mass, around 70%. This vibration mode is an overall translation of the building according to the Ydirection, which corresponds to the direction more rigid, due to the presence of the gable walls.

Figure 37 - The second vibration mode of the model

Finally, the third mode vibration is a global torsional mode with a frequency of 5.24Hz but only with 30%
participation of mass, with the effect of aggregate buildings restricts the rotation capacity.

Figure 38 – The third vibration mode of the model

Another important aspect to consider is it is worth to take, or not, the effects of accidental torsion in the
model of the building.
It is not possible to treat the aggregate building as if it is a single large building in plant because part of the
floors is not rigid. However the sharing of gable walls on the adjacent buildings strongly reduces the
overall torsional effects at each building, as the buildings cannot rotate separately.
Thus, as the building will be analysed considering the quarter effect, there is no need to consider the
additional torsional eccentricities, as defined in the Eurocode 8 (2009) for analysis of structures.

4.4 Influence of the Quarter in the Building Response
Firstly, the effect of the quarter due to the adjacent buildings was assessed comparing the displacements
of both, the building inserted in the quarter or isolated. The objective is to determine the influence of the
adjacent buildings (which represent the quarter) on the response of the building under study.
To better interpret the results, in the Figure 39 is identified of the alignments where were recorded the
displacements.

Figure 39 – Places in plant where they were registered values of the displacements in height.
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Graph 5 – Displacements in X direction for each model considering the building isolated and the building aggregate.
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Graph 6 - Displacements in Y direction for each model considering the building isolated and the aggregate buildings.

Taking into account only the difference on the behaviour of the structure isolated and the one inserted on
the quarter, from Graph 5 can be observed that the horizontal displacement in the longitudinal direction
(alignment of front façade) is larger when the structure is considered isolated, as expected.
The reduction of deformation in the x direction considering the effect of quarter is about 25% in the
alignment of the front façade, and 9% for the alignment on the back façade. Therefore, is natural that the
reduction of displacements is greater on the alignment of the masonry façade walls because are longer
and more rigid, while on the back, the building continues to works almost without any restriction, even
considering the effect of the quarter.
The increase of the displacements on the transverse direction of the building (Graph 6), considering the
effect of the quarter, can be explained by the fact that the increase of the inertia in this direction is no
greater in the same proportion than the rigidity increase of the gable walls.
Besides this, the model does not correspond exactly to the reality because it does not consider all the
buildings that complete the quarter, mainly those located in the opposite direction, which will increase the
stiffness in this direction.

4.5 Seismic Assessment
According to EC8-3 (2005), the seismic safety assessment is a quantitative process that checks if an
existing structure (damaged or not) is capable to resist to the design seismic combination and ensures, at
the same time, an adequate level of damage. This means that the performance requirements are met.
The performance assessment includes a study of the displacements in reference points, a survey of the
strengths and stresses in several structural elements and then, the results are compared with the strength
values of the materials, previously defined in the Table 2.

4.5.1

Displacements

In the following graphs (Graph 7 and Graph 8) are indicated the displacements in different points at the
building plant, according the Figure 39, along the height and in both directions of the model adopted for
the study.
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Graph 7 – Displacements in X direction for the model adopted.
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Graph 8 - Displacements in Y direction for the model adopted.

The analysis of previous graphics (Graph 7 and Graph 8) allows outline some conclusions:
First, only looking for the displacements on aligning of the façade wall (point A, B and G) the graphs show
that the values are inferior in the longitudinal direction, since that is more rigid direction, with façades
longer and stronger, which restrict the global deformation.

However, it is in the point G theret is truly remarkable this difference, where the displacement in the
direction perpendicular to the front façade is about twice the displacement in the direction parallel to the
façade wall. In addition to the reason mentioned abovementioned, this is mainly due to the fact that the
wooden floor is not rigid in plan and therefore the point in the middle of the front wall will have a greater
displacement for out-of-plane of the façade, because is quite distant from the resistant walls (gable walls).

In relation to the values of displacements at the back of the building (point E and F), it can be observed
that these are higher than the displacements in alignment of the front façade (except for point G), since
this part of the building works almost like an isolated body, that has only one constraint which connects the
central body, and it has more mass on the floors due to the concrete slab (i.e. higher inertia forces). So
this body on the back is more flexible and therefore has greater displacement, where the displacements in
the x-direction are greater than the y-direction.

The displacements assessment includes determining the horizontal displacement in vertical alignments
close to the center of the façade, since are the areas more distant of the bracing walls and resistant walls.
In accordance with the recommendations in EC8-1 (2009) for the general requirement of "limited damage "
a set of limits to the relative displacement between floors must be met according the following limits:
a) for buildings having non-structural elements of brittle materials attached to the structure:
;
b) for buildings having ductile non-structural elements:
;
c) for buildings having non-structural elements fixed in a way so as not to interfere with structural
deformations, or without non-structural elements:

Where:
is the design interstorey drift;
is the storey height;
is the reduction factor which takes into account the lower return period of the seismic action associated
with the damage limitation requirement, and in this case

(EC8.1 NA; 2009).

After determined the relative displacements between floors and taking account the limits recommended in
EC8-1 (2009), the requisite of "damage limitation" has been satisfied as established by the limit defined in
a) in the code.

Then, it was decided to calculate the "interstory drift" from the ratio of the relative displacement between
two consecutive floors and the floor height. This parameter, expressed as a percentage, will subsequently
be compared with the limits imposed by the American Code FEMA 356/357 (2000) that is more
demanding and it establishes a classification on the state of degradation for a unreinforced masonry
structure, as shown in Table 8.

Table 8 - Structural Performance Levels and Damage for Unreinforced Masonry Infill Walls (FEMA 356, 2000) and
(FEMA 357, 2000)
Structural Performance

Description

Levels

Interstory Drift

Minor (<1/8" width) cracking of masonry infills
Immediate Occupancy

and veneers. Minor spalling in veneers at a

0.1%

few corner openings.
Extensive cracking and some crushing but
wall remains in place. No falling units.

Life Safety

Extensive crushing and spalling of veneers at

0.5%

corners of openings.
Extensive cracking and crushing; portions of

Collapse Prevention

face course shed. Some walls dislodge.

0.6%

Thus, in Table 9 is shown the interstory drift in the two kinds of floor that there is the building.

Table 9 – Interstory drift in each type of floor and in each direction

Wooden Floor

Concrete Floor

Ux

Uy

Ux

Uy

R/C

0.07%

0.05%

0.09%

0.05%

1st floor

0.06%

0.05%

0.08%

0.05%

2nd floor

0.05%

0.04%

0.06%

0.04%

3rd floor

0.02%

0.02%

0.04%

0.03%

By analysing the table above, it is observed that the limits imposed by the regulation are not exceeded.
This is mainly due to the high stiffness of the building, with displacements values very low.
Anyway, it can be observed that the lower floors are the floors, which have more displacements, mainly in
the longitudinal direction and in the area of the concrete floor, as expected.

4.5.2

Strengths and Stresses in Structural Elements

In this section are presented the values of the stresses obtained for the walls and for other structural
elements (wooden floor and the reinforced concrete frame) and then some comparison with strengths
values is done. For each wall, first is presented the stress distribution corresponding to the vertical loads
and then the results obtained for the seismic load combination.

4.5.2.1

Façade Walls

Figure 40 to Figure 45 depict the distribution of vertical and shear stresses in the façade wall. The
stresses values shown in all figures are in kPa.

Figure 40 - Vertical stress diagram for the masonry of the façade due to the quasi-permanent loads.

Figure 41 - Vertical stress diagram for the masonry of the façade due to the seismic load combination (maximum
compression stress)

Figure 42 - Vertical stress diagram for the masonry of the façade due to the seismic load combination (maximum tensile
stress)

The stress analysis in the masonry elements of the façade shows that for the vertical loads (Figure 40),
the stress values are not relevant, so they can be ignored.
Analysing the distribution of stresses due to the seismic load combination, there are considerable
compression efforts, particularly at level of the vertical elements on the ground floor façade (Figure 41).
However, in this case the maximum stress corresponds to approximately 35% of the compressive stress
capacity defined for the limestone and therefore is still far of the resistant values considered (4 MPa,
Table 2).

The use of masonry as a structural element is essentially based on its compression functioning. But it is
also necessary to consider the tensile and shear stresses, which can be installed in the structural element
due to the eccentricity of vertical load with the actuation of the seismic load.
In general, according with the distribution of stresses in the masonry presented in the previous figures,
there is a stress concentration close to the openings. In fact, the corners of the doors and windows are
areas of stress concentration because of the discontinuities that existing in the façade (Figure 42). This
zones corresponding to the areas where the cracking is expected.

In the vertical elements of the façades at the level of the ground floor there are considerable axial tensile
stresses (Figure 42) but which do not exceed the resistance values (just 60% of the total). Although it is
considered that the joints between the stone elements of masonry does not resist to tensile forces, the
occurrence of tensile stresses do not mean occurring directly the collapse of the structure but only some
tensile cracks in the joints.

Figure 43 - Shear stress diagram for the masonry of the façade due to the seismic load combination.

The analysis of the shear stresses on the elements of the façade (Figure 43) shows that the stress
resistance values are exceeded in the area of the ground floor between the openings and in the zone
corresponding to the fictitious columns of masonry too. These values are three times higher than the
maximum limits, so these elements reach their resistance values by more than half, for the seismic design
load expected.
Most of the areas in the façade with high shear stress values are close to the openings in the two first
floors, and the zones under the windows have a thickness smaller than the current thickness of the façade
(0.35 cm instead of 0.70 cm). So these areas, as shown in the Figure 44 should have little importance for
the resistance of the structure.
Thus, in a parallel study it was decided to remove the masonry elements in those areas of the model,
ignoring their contribution in order to verify the difference in the behaviour of the shear stresses in the
façade (Figure 44).

Figure 44 - Shear stress diagram for the masonry of the façade due to the seismic load combination – the areas with
reduced thickness are neglected in the model.

However, the changes made in the model did not lead to significant improvements in relation to the
analysis of shear stresses in the wall of the façade previously defined.
Besides, according to the Italian Seismic Regulation (2003, 2005) there is the possibility of reducing the
level of seismic protection in cases of "rehabilitation interventions and reinforcement through a decrease in
vulnerability of existing structures". In this case the code allows reducing the intensity of seismic load to
65% of the design one.
After reducing the intensity of the seismic action as suggested in Italian Regulation, a reduction of shear
stresses around to 0.2MPa was verified, as shown in Figure 45. However the values are still higher in the
base of the façade than the maximum strength (0.1 MPa).

Figure 45 – Shear stress diagram for the masonry of the façade due to the seismic load combination with a reducing of
65% according the Italian Regulation.

The global collapse of the building will always depend on the reserve strength of these masonry elements
as well as the real capacity of shear strength. The collapse or rupture by bending of the façades for out of
your plan are the most common mechanisms of collapse in masonry buildings, and is usually due to poor
quality of connection between the façade and to the gables walls (Cardoso, 2002).

4.5.2.2

Gable Walls and Exterior Walls on the Back of the Building

Other structural elements with major contribution to resist the horizontal loads are the gable walls of
buildings, made of concrete blocks without openings. The analysis of shear stresses in these elements is
presented in the following figures (Figure 46 to Figure 49).
In addition, the figures also show the stresses in the exterior walls at the back of the building, which are
built of solid brick masonry.

Since the stress distribution in the both gable walls is equal, it was decided only show one side of the
building.

Figure 46 - Vertical stress diagram for the elements of the gable wall and exterior walls due to the quasi-permanent
loads.

Figure 47 - Vertical stress diagram for the elements of the gable wall and exterior walls due to the seismic load
combination (maximum compression stress).

Figure 48 - Vertical stress diagram for the elements of the gable wall and exterior walls due to the seismic load
combination (maximum tensile stress).

The previous figures (Figure 46 and Figure 47) show an increase of the vertical compression from the top
to the base of the building, although there are some occasional disturbances due to connection between
the interior walls to the gable wall and between the concrete beams to the exterior wall. However, the
compressive stresses registered do not exceed the maximum capacity value (Table 2).

In general, the tensile stresses in the walls are reduced and do not exceed the maximum strength (with
the exception of localized areas with no significant importance). Anyway, Figure 48 shows an increase of
the stresses in the connection zone of the interior walls, also close to the windows and finally in the
masonry elements near the reinforced concrete structure.
For the shear stresses, Figure 49 shows higher values than the resistant values in the area of the 1st floor
in the gable wall.

Figure 49 - Shear stress diagram for the elements of the gable wall and exterior walls due to the seismic load
combination.

In this case, the first damage (cracking) in these elements will occur for lower values of the seismic
intensity estimated. However, according to Oliveira (2009), the reduction in stifness of the gable walls
associated with increase of the cracking due to increase of the seismic action, can give rise to the
redistribution of the efforts in the structure, which by itself does not change significantly the behaviour of
these elements.
Besides that, there are also high shear stresses in the exterior walls of brick masonry, mainly close to de
windows that are near to the gable walls. However, in this part of the building there is also a reinforced
concrete structure, so that it is not just the masonry walls which resisting to the seismic loads. The
question remains whether the reinforced concrete structure is in good conditions and if it has the enough
resistance.

4.5.2.3

Interior Walls

In this section are presented, from Figure 50 to Figure 53 the stress distribution in the interior walls of brick
masonry. It is essential to refer again that these walls have a significant importance in the resistance of the
structure, because there is not a load distribution of the floor due to the wooden floor neither vertical
elements that supporting the vertical loads.

Figure 50 - Vertical stress diagram for the masonry of the interior walls due to the quasi-permanent loads.

Figure 51 - Vertical stress diagram for the masonry of the interior walls due to the seismic load (maximum compression
stress).

Figure 52 - Vertical stress diagram for the masonry of the interior walls due to the seismic load combination (maximum
tensile stress).

The previous figures show that the interior walls with openings (windows and doors) are those that have
higher stresses than the walls from the stairs.
In relation to the compression stresses, it is in the base of the walls that higher values are shown, as
expected. However these values are smaller than the capacity ones. For the tensile stresses, there are
high values in the area of the openings as well as the base of the walls; however these areas are not
significant to the overall resistance of the structure.

Figure 53 - Shear stress diagram for the masonry of the interior walls due to the seismic load combination

For the shear stresses, Figure 53 shows that the maximum values are exceeded mainly in the connection
between the interior walls (parallel to the façade) to the gable walls. This happens essentially due to the
weak connection between these walls because there are a lot of openings in these zones and the area of
masonry that connects both walls is negligible.
This can be a real problem for several reasons: the connection area between the two walls is minimal, the
connection quality between these perpendicular walls is not known, the wooden floor does not have a rigid
behaviour in plan, so it cannot ensure the loads distribution, and finally the quality of the connection
between the masonry and wood is also unknown.

4.5.2.4

Connections between the Elements of Timber Floor and Masonry Walls

The connection between the timber elements and the masonry walls was assessed for the direction
perpendicular to the façade, since it is the direction of the timber main beams of the floors.
The strength of the connection depends essentially on the way and geometry between both elements in
the contact area, as well the friction force that can be mobilized.
It is a brittle failure mode, because the yield strength corresponds to rupture. In this case, the adopted limit
for the pull-out force was 10kN. The Table 10 shows the values of maximum forces in the connections
along the height of the building.
Table 10 - Values of maximum forces in connections between the timber elements and masonry.

Floor

Maximum Force

Coverage

21

% timber elements
with more than 10kN
44

3rd floor

21

55

2nd floor

20

44

1st floor

13

33

From the results presented in Table 10 it is observed there is a significant number of links that exceed
their tensile strength for lower levels to the seismic intensity considered. Thus, it was decided realize again
a parallel study, decreasing the intensity of seismic action for 65%, as suggested by the Italian code (2003
and 2005). The results obtained for this seismic intensity are presented in Table 11.
Table 11 - Values of maximum forces in connections between the timber elements and masonry (65% of

seismic intensity).
% timber
Floor

Maximum Force

elements with
more than 10kN

Coverage

15

28

3rd floor

15

11

2nd floor

14

11

1st floor

10

0

Based on the results obtained, one can conclude that the percentage of timber elements exceeding the
pull-out strength decreases more than half when is compared with the initially design response spectrum.
The analysis in the timber beams shows that the levels of force are considerable even with reduced
intensity seismic. The maximum axial force that was obtained was 15 kN, in the roof, where the inertia
forces are higher, verifying that the total proportion of elements with exceeded tensile stress is about 30%.
Thus, it is concluded that the façade wall can be unsafe as far as to the out-of-plan collapse concerned.
However, there are also the perpendicular walls that can keep the façade wall protected to the collapse.

4.5.2.5

Reinforced Concrete Structure

To verify the ultimate limit state, it was analysed if the strength capacity of structure is exceeded by means
the internal forces (shear forces and bending moments) in the vertical structural elements and beams.
However, it is known that the best way to verify the seismic safety assessment of this existing reinforced
concrete structure is by means of a static non-linear analysis (pushover analysis), since it is known the
reinforcements in each element according the descriptive memory.
The results presented in the following are the largest absolute values obtained from the numerical model,
considering the existence or not of the exterior walls of brick masonry.

Columns
Table 12 shows the dimensions of the section and the reinforcements of each column. It is considered that
these characteristics are constant in height (Descriptive Memory, 1939). In the following graphs (Graph 9
to Graph 11), it can be seen the difference between the values of the forces and moments observed from
the building model with resistant values based on the reinforcement of each column.
Table 12 - Dimensions and reinforcements of each column (Descriptive Memory, 1939).

b

h

Longitudinal

As

Transverse

ASW/s

Reinforcement

[cm2/m]

[m]

[m]

Reinforcement

[cm2]

P1

0.25

0.25

4Φ1/2''

5.08

P2

0.3

0.25

4Φ5/8

7.96

2Φ5/16''

P3

0.3

0.35

4Φ3/4''

11.48

spacing by

P4

0.3

0.3

6Φ5/8''

11.94

15 cm

P5

0.35

0.3

8Φ5/8''

15.92

100

80

80

60
Med x
Mrd x

40

M (kN.m)

100

20

6.60

60
Med y
Mrd y

40

20

0
1

2

3

4

0

5

1

2

Columns

3

4

5
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Graph 9 - Bending moments in x-direction

Graph 10 - Bending moments in y-direction
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From the analysis of previous graphs, in general, it can be stated that the bending moments are lower
than the correspondent maximum capacity of each column (Graph 9 and Graph 10).
However, for the shear force (Graph 11), the values, which are obtained with the model defined, are
significantly higher than the shear resistance. Moreover, according to the literature, the transverse
reinforcement in much of the old buildings was quite deficient, and often did not even exist. Thus, it can
conclude that the resistance of the columns to the shear force will be a serious problem for the possible
collapse of the structure on the back of the building.
Beams
Table 13 depicts the dimensions and the reinforcements of each beam. In the following graphs (Graph 12
to Graph 14), it can see the difference between the values of the internal forces observed from the building
model with correspondent resistant values based on the reinforcement of each beam.
Table 13 - Dimensions and reinforcements of each beam (Descriptive Memory, 1939).

Longitudinal

As

Reinforcement

[cm2]

M-

3Φ5/8''

5.97

0.3

M+

5Φ5/8''

9.95

0.23

0.3

M- (lateral)

2Φ5/8''

398

0.23

0.3

M+

4Φ5/8''

7.96

0.23

0.3

M- (center)

4Φ5/8''

7.96

2Φ5/16''

0.23

0.35

M- (lateral)

2Φ3/8''+ 2Φ3/4''

7.16

spacing by

0.23

0.35

M+

4Φ3/4''

11.48

15 cm

0.23

0.35

M- (center)

4Φ3/4''+ 2Φ5/8'

15.46

V5 and V6

0.13

0.3

M+

3Φ7/16''

2.91

V7

0.23

0.28

M+

5Φ7/16''

4.85

V8

0.66

0.3

M+

8Φ1/2''

10.16

Beam
V1

V2

V3

b

h

[m]

[m]

0.23

0.3

0.23

Place

Transverse

ASW/s

Reinforcement [cm2/m]

6.60

80

Force (kN)

60
Med +

40

Mrd +
20

0
V1

V2

V3

V5 and V6

V7

V8

Beams
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In most of the beams analysed, the resistance capacity is not exceeded. The exception is mainly to V2
and V3 beams, because corresponding to the beams with a larger area of influence to the vertical loads
and they are in the periphery of the building, so they are going to suffer greater efforts of the seismic
action.

5. CONCLUSION

The three-dimensional dynamic response spectrum modal analysis of the quarter presented in this paper
allows drawing some conclusions, not only on the dynamic characteristics of the building (and also of the
aggregate buildings), but also in relation to the seismic performance of the existent structure studied. In
particular, it can enumerate the following overall conclusions:


First, it was possible to know more about the structure of the 'placa' buildings and their materials,
because there are no other identical to this one, in relation to this type of buildings.



This study shows that this last type of masonry buildings (‘placa’ buildings) was becoming stiffer,
with higher frequencies, mainly due to the introduction of reinforced concrete elements on the
buildings.



Based on the mode shapes of vibration obtained, the behaviour of the quarter as a single
structural unit does not exist in this structure, mainly due to the lack of rigidity of the floor to the
distortion in the horizontal plane. However, the axial rigidity of the floor significantly contributes to
the configuration of the main vibration modes in which the aggregate buildings move together in
one direction. Another important aspect to emphasize in the context of linear analysis performed
is the absence of significant displacements of the gable walls between the buildings in their own
plans. The sharing of gable walls in different buildings greatly reduces the effects of global torsion
at each building, because they cannot rotate separately from each other.



The most rigid direction of the building corresponding to the transverse direction due to the gable
walls, while in the other direction only the wall of the façade behaves as a resistance element.
Besides that, the salient body on the back (corresponding to the reinforced concrete structure)
works almost likes an isolated body, that has only one constraint which connects the central
body, and it has more mass on the floors due to the concrete slab. So this body on the back is
more flexible and therefore presents greater displacement.



In façades, for the seismic load combination, the resistance values of shear stresses are
exceeded especially in the vertical elements of the first floor. The results obtained showed that
the first damage (cracking) by cutting in the façade elements can occur at less levels of seismic
regulation. However the collapse, or not, of the structure depends on the global resistance of the
other structural elements.



For the vertical stress, tensile values in the base of the façade at the ground floor was obtained,
signifying opening of tensile cracks in the joints accompanied by a reduction in the overall
stiffness of the columns. However, the maximum values were not exceeded.



On the other hand, the compression stresses in the columns of the façades are still far from the
resistance values adopted.



In general the gable walls and the exterior walls do not suffer high stresses. Only some higher
values than the allowable stresses can be seen only in localized areas.



The interior walls with openings (windows and doors) have higher stresses than the walls from
the stairs. For the shear stresses, the maximum values are exceeded mainly in the connection
between the interior walls (parallel to the façade) to the gable walls. This happens essentially due
to the weak connection between these walls because there are a lot of openings in these zones
and the area of masonry that connects the both walls is minimal.



The analysis of the connection between the timber floor and the façade shows that the levels of
force are considerable and it is concluded that the façade wall can be weakened in relation to the
out-of-plan collapse.



Finally, in relation to the reinforced concrete structure, on the back of the building, the main
problem corresponds to the shear resistance of the columns.
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ANNEX 1 - Descriptive Memory

ANNEX 2 – Processing of the results from the dynamic characterization tests.

The digital measuring device supplies a series of discrete-time data. In the case where the function is not
periodic, it is difficult to make the analysis through of a Fourier series (n linear combination of sinusoidal
functions) (Eq. 1). Thus in case of a discrete sample data it is possible determine a Fourier Transform
(DFT - Discrete Fourier Transform), where the integral is determined numerically. The expression that
defines the DFT is as follows (Eq. 2).
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(Eq. 3)

(Eq. 4)

In this study we used the method of Fast Fourier Transform (FFT - Fast Fourier Transform), which is an
algorithm for determining the DFT of a discrete sample data. This method reduces the number of
multiplications N2 to N.log2N for the conventional algorithm, where N is the size of the register. This
algorithm has the advantage of requiring less processing time.
One of the limitations of the algorithm FFT is that require samples whose size is integer power of 2.
Several tests were performed as mentioned in Chapter 3, whose signal obtained is shown in the graph
above. Each set of signals is divided into groups 212 (4096) elements. The signals are separated by
intervals of time of 0.004 seconds, with a total duration of 16.384 sec.
With the program Microsoft Excel, was calculated DFT function for the same duration of signal (16.384s).
For the design of the Fourier spectrum was necessary to convert the time intervals in frequency ranges in
order to be able to identify the natural frequencies of vibration. These are identified by the maximum of the
function for the lowest frequency.
For each step of the Fourier spectrum function is defined frequency ranges according the following
equation:
(Eq. 5)

Where ‘n’ is the step.

After realize the different tests, it was possible to run the average of the values of the Fourier spectrum
function for each frequency. This process helps to eliminate effects of ambient noise in the individual
estimates. So now it is possible to obtain the graph of the function for Fourier spectrum after removal of
noise and fluctuations (Proença, 1989) and (Guerreiro and Azevedo, 2004).

ANNEX 3 – Other studies

There are still very few studies regarding the ‘Placa’ buildings, because, although there are many
examples of these buildings in Lisbon, this transition period was very fast, less than 20 years.
However, there are some documents that show some characteristics of buildings on the same time of
construction and with the same type of structure, which support the frequency values obtained in the
dynamic characterization tests realized and also the mechanical material properties of the elements used.
The Figure 1 shows the location of ‘placa’ buildings that knows the fundamental dynamic characteristics,
based in dynamic characterization tests. All of these buildings are also ‘Rabo de Bacalhau’ buildings and
include the building in study.

3
2

1

Figure 1 - Location of ‘placa’ buildings who know the dynamic characteristics (Google Maps)

Table 1 - Dynamic characteristics of ‘placa’ buildings.

‘Placa’ Building

Date

Floors

fx (longitudinal)

fy (transverse)

Rua Actor Isidoro, nº 13

1940

4

4.45

5.1

Rua Augusto Gil nº 10

1940

5

4.1

4.3

Praça Afrânio Peixoto nº 2

1950

6

4.2

4.4

In the following a brief description of the characteristics of the building located on the Rua Augusto Gil
(nº10) is presented.

Rua Augusto Gil, nº 10 (Oliveira, 1997; Oliveira and Navarro, 2010)

Since the early nineteen seventies Oliveira and Navarro (2010) have been measuring the in-situ dynamic
characteristics of the different structures built in Portugal, essentially based on ambient vibration and using
expedite techniques. A data-base containing not only the fundamental dynamic characteristics of those
structures but also their most important geometric and constructive properties has been created with the
aim of setting correlations between construction typologies and fundamental periods or frequencies, and
damping characteristics, and calibrate numerical modelling of those structures.
In these data-base there is one ‘Placa’ building in Lisbon was also completed in 1940 and is located at
Rua Augusto Gil No. 10, belonging to the S. João de Deus district (Figure 2). This building is inserted into
a quarter, but the buildings have not all the same characteristics.

Rua Augusto Gil

Av. João XXI

Figure 2 - Location of the ‘Placa’ Building in Rua Augusto Gil (Google Maps)

This example corresponds also to the ‘Rabo de Bacalhau’ buildings,
which is the most representative in this period (1940-1960). The plant
characteristics (Figure 56) are almost the same in relation to the
previous building in Rua Actor Isidoro, n. 13.

Figure 3 - Plant of the High Floors

According to the information this building was targeted of rehabilitation works recently. However these
works were not structural works, were just at the level the repair of the façades, roofs and staircase
(Figure 4). The building in study has five floors (ground floor and four floors high), as shown in Figure 5.

Figure 4 – Façade of the building before the rehabilitation works

Figure 5 - Façade of the building after the rehabilitation works

This building has the same structural elements than the building on study. The façade wall is made by
rubble masonry, the gable walls by concrete blocks and the interior walls made by brick masonry. In
relation to the floors, on the front there is a wooden floor and on the back there is a concrete slab
supported on the reinforced concrete frame.
During the rehabilitation works it was possible take some photos of the buildings elements (Figure 6 to
Figure 9).

Figure 6 – Photograph of the gable wall.

Figure 7 - Photograph of the stair wall on the
coverage.

Figure 8 - Wooden structure on the
coverage

Figure 9 - Wooden floor on the roof

Initially, it was built the model of the building (considering also the effect of the quarter), as shown in the
next figure (Figure 10), but only when was performed the dynamic characterization tests in the building is
that it was faced with the high frequencies, as obtained for the building under study.

Figure 10 – Building Model considering the effect of the quarter

The Table 2 presents the comparative results between the model and the experimental values.

Table 2 - Comparison between the fundamental frequencies of the model and experimental tests

Ux

Uy

Rz

[Hz]

[Hz]

[Hz]

Experimental

4.1

4.3

5.6

Model

2.28

2.91

2.94

Description

In addition to the buildings above mentioned, there are another school buildings that can be used to
support this study. Although it is not a building of habitation is a good example for comparison with the
study case since the structure has the same date of construction, has the same characteristics and has a
similar behaviour to quarter, since it is a long building in plan.
These schools (D. João de Castro and Sá da Bandeira) were targeted interventions within the scope of
the national schools’ modernization programme.

D. João de Castro School, Lisbon (Proença and Gago, 2011; Gago et. al, 2008;
Gago and Proença, 2009)
The D. João de Castro School is in the Alto de Santo Amaro, parish of Alcântara, in Lisbon, and is located
halfway up a natural slope, facing south. The building was designed by José Costae Silva in 1945. It was
built between 1946 and 1949 and originally had three floors, one of which was partly underground (Figure
64 and Figure 65).
The modernization of the D. João de Castro School by Parque Escolar, EPE took place of the Schools
Modernization Programme for Secondary Education.

Figure 11 - Escola de D. João de Castro

Figure 12 – Main Building

Description of Existing Construction
Basically, the structure of the original building consisted of load bearing walls made of stonemasonry (the
exterior ones) and voided concrete blocks (the interior ones), which support the horizontal elements,
beams and slabs, of reinforced concrete. The building’s exterior outline and the earth retaining walls are
made of stone masonry and are between 35 and 80cm thick (Figure 67). The interior voided concrete
block masonry walls are 25 to 35cm thick (Figure 66). The floor slabs are of reinforced concrete and 12 to
15cm thick, and the roof slab, also made of reinforced concrete, incorporates precast reinforced concrete
joists, voided concrete blocks and cast in place concrete screed (Figure 15).The floor slabs and the roof
slab, reinforced in one direction with smooth steel rebars, are supported on the exterior walls (stone
masonry), on the interior walls (voided concrete blocks) and on the reinforced concrete beams, with these
last being supported on the exterior masonry wall sand interior walls. On the ground floor, in the covered
courtyard areas and the main entrance of the original building, where space had to be freed up to facilitate
movement, the masonry walls were replaced by reinforced concrete columns, which support reinforced
concrete beams with a generous cross-section, and these in turn support the voided concrete
block masonry walls of the upper floors. The foundation ground exhibits good strength characteristics and
so the foundations are direct.

Figure 13 – Voided concrete block
interior masonry walls

Figure 14 – Exterior Stone Masonry Walls

Figure 15 – Roof slab supported on inverted reinforced concrete beams

Experimental tests
The strength behaviour of the voided concrete block and stone masonry walls was assessed by
experimental tests carried out. They consisted of applying horizontal and vertical loads to stretches of the
two kinds of wall in both the original state (Figure 16).

Figure 16 - General view of the two experimental models, voided concrete block and stonemasonry walls

The following table shows the results obtained:

Table 3 – Results of the experimental tests

Wall
Rubble masonry
Voided concrete
block

Axial Force

Compression

Ultimate

Ultimate

Applied

Stress Applied

Axial Force

Shear Stress

[kN]

[kPa]

[kN]

[kPa]

1.05 x 0.48

230.62

768.73

131.46

438.20

1.5 x 0.2

414.74

822.90

158.80

315.08

Section
[m2]

Besides, it was also done the dynamic characterization tests in the building. The main purpose of these
tests consists identify the fundamental frequencies and the mode shapes of the building.
Based on the testes the fundamental frequency is 4.45Hz in X-direction and it is 5.1Hz in the Y-direction.

Structural Analysis
Taking into account the information collected in situ, the experimental tests and in the original design
drawings, it was considered the following mechanical characteristics of the elements:

Table 4 - The mechanical characteristics of the elements considered.

Weight density

Modulus of Elasticity

Poisson’s ratio

(kN/m3)

(MPa)

ν

Rubble masonry

23

2.000

0.49

Voided concrete block

13

2.000

0.3

Reinforced Concrete

25

30.000

0.2

Wall

The Erro! A origem da referência não foi encontrada. presents the comparative results between the
two models (isolated model and the aggregate buildings), where it can check the proximity to the
experimental values.

Table 5 - Comparison between the fundamental frequencies of the model and experimental tests

Description

Ux [Hz]

Uy [Hz]

Rz [Hz]

Experimental

5.1

5.8

-

Model

5.6

4.9

5.8

The construction of a computational finite element model of the building (Figure 17), calibrated with the
results from experimental modal identification tests conducted for the purpose, made it possible to
understand the dynamic behaviour of the building and how to quantify the forces in each wall element.
When defining the model analysis dimensions of the structural elements, taken from the geometric survey,
the mechanical characteristics identified in inspections and the in situ experimental tests’ results were
taken into consideration. These characteristics were adjusted for the numerical model’s results to be
compatible with the experimental modal identification tests’ results. The actions and structural safety
checking criteria were defined in compliance with the regulations in force, i.e., the RSAEEP (1983).

The results of the analyses showed that most of the masonry walls, both the exterior stonemasonry ones
and the interior block ones, exhibited internal forces that exceeded their bearing capacity and strength,
thus requiring generalised structural strengthening of these walls. Other problems of a structural/seismic
nature were identified in the same model, including insufficient strength in the reinforced concrete columns
and risk of the gable toppling onto the building’s main entrance.

Figure 17 – Structural Analysis Model. Mode 1: translation along y-axis; Mode 2: translation along x-axis.

Seismic Strengthening Intervention
The promising test results led to this reinforced plastering mortar solution being used in the building’s
seismic refurbishment project. So if the exterior and interior masonry walls were identified in the numerical
studies as those with the poorest strength or offering the greatest seismic risk, as Experimental tests
conducted were as follows: is the case of the interior concrete block walls supporting the floors of the
classrooms and corridors, they were strengthened using the proposed solutions.
In addition to the generalised strengthening of the walls, the exterior stone masonry ones were
strengthened at the building’s capping by improving the fixing of the reinforced concrete slab and roof slab
beams to the stone masonry walls (Figure 72). This reinforcement consisted of reinforced plastering
mortar with polymer mesh (the option of stretched steel mesh was discarded for reasons of durability), and
the inverted beams of the ceiling slab were nailed to the masonry walls through anchorage plates. To
supplement the reinforced plastering mortar strengthening of the walls the reinforced concrete columns of
the covered courtyards were jacketed (Figure 71) and the gable was stabilised by being fixed to a steel
frame attached to the roof slab structure.

Figure 18 – Strengthening
of a reinforced
column
Figure 19(Gago
– Strengthening
a reinforced
column
Sá da Bandeira
Highconcrete
School
, Santarém
et. al, of2009)
and concrete
(Proença
and
by jacketing. Cross section and detail
by jacketing. Cross section and detail

Gago, 2011)

The Escola Secundária de Sá da Bandeira is in a residential part of Santarém called São Bento.
Construction of the present buildings started in 1939, following the official model for school buildings
promulgated by the New State (Estado Novo). The building was opened in 1943 under the name ‘Liceu
Nacional Sá da Bandeira’. The original building has an approximately square plan, with an interior
courtyard and comprises two floors (Figure 20).

Figure 20 – View of the school in 1943

Description of Existing Construction
Basically, the structure of the original building consisted of stone masonry walls (the exterior ones) and
clay brick walls (the interior ones) that supported the horizontal elements, beams and slabs, of reinforced
concrete. The floor slabs and stairs were made of reinforced concrete and there was no roof slab, just a
false ceiling over the classrooms, corridors and gym.
The original building looked robust and was in a good state of repair, both structurally and in constructive
terms, so efforts were made to retain the original structural philosophy and strength en only the elements
that were found to have inadequate resistance
The structural behaviour of the original Sá da Bandeira school building was characterized with the aid of a
computational finite element model of it, developed by ICIST (Figure 21). The model took into account the
typical mechanical characteristics of the materials found in situ and it was calibrated with the experimental
modal identification test results, also carried out by ICIST.

Taking into account the information collected in situ, the experimental tests and in the original design
drawings, it was considered the following mechanical characteristics of the elements:

Table 6 - The mechanical characteristics of the elements considered.

Weight density

Modulus of Elasticity

Poisson’s ratio

(kN/m3)

(MPa)

ν

Rubble masonry

23

2.500

0.49

Brick masonry

13

2.500

0.3

Reinforced Concrete

25

29.000

0.2

Wall

The Table 7 presents the comparative results between the model and the experimental values.

Table 7 - Comparison between the fundamental frequencies of the model and experimental tests

Description

Ux [Hz]

Uy [Hz]

Experimental

7.73

10.87

Model

8.35

10.67

The results of the numerical model, i.e., the internal forces and stresses due to seismic action (computed
according to RSAEEP), showed that in general the load bearing walls lacked resistance. The brick
masonry walls inside the building, unbraced on top, presented a significant seismic risk.

Figure 21 – Numerical analysis model

In brief, the structural refurbishment consisted of: a) strengthening the stone and clay brick masonry load
bearing walls with plastering mortar reinforced with stretched steel mesh fixed to the slabs with anchor
bolts; b) building reinforced concrete walls in the interior courtyard areas which had been identified as
exhibiting deficient seismic behaviour; c) adding steel structures at roof slab level to connect and brace the
top ends of the walls; d) and then complemented by a peripheral beam along the top which was sealed
horizontally to the prefabricated cornice and vertically to the roof slab and wall.

ANNEX 4 – Mechanical Properties of Materials

Table 8 to Table 24 summarize the main mechanical properties of the structural materials obtained from
the case studies referred in the precious section and other bibliographic related with old masonry
buildings.

Table 8 - Rubble Stone Masonry Mechanical Properties.
Structural Material

Mechanical Properties
𝛾 = 23 kN/m3
E = 2.000 MPa
𝜐 = 0.49

t = - 0.26 MPa
𝜏 = 0.44 MPa

Proença and Gago (2008 e 2011)

𝛾 = 23 kN/m3
E = 2.500 MPa
𝜐 = 0.49

--

Proença and Gago (2009)

𝛾 = 24.6 kN/m3
E = 15000 MPa
ξ = 5%

c = 4.00 MPa
t = - 0.40 MPa
𝜏 = 0.14 MPa

Costa and Oliveira (1989)

𝛾 = 22 kN/m3
E = 1000 MPa
𝜈 = 0.2

c = 4.00 MPa
t = - 0.40 MPa
𝜏 = 0.14 MPa

Branco (2007)

Good Quality Rubble
Stone Masonry

𝛾 = 22 kN/m3
E = 4000 MPa
𝜈 = 0.2

c = 8.00 MPa
t = - 0.20 MPa
𝜏 = 0.40 MPa

Medium Quality Rubble
Stone Masonry

𝛾 = 22 kN/m3
E = 600 MPa
𝜈 = 0.2

c = 0.90 MPa
t = - 0.10 MPa
𝜏 = 0.10 MPa

Rubble Stone Masonry
with air lime mortar

E = 563 MPa
G = 57 MPa
G = 92 MPa

c = 7.4 MPa
𝜏 = 0.024 MPa

Milosevic et al. (2012)

Self compacting bentonitelime concrete

𝛾 = 19.1 kN/m3
E = 750 MPa
𝜐 = 0.20

c = 0.70 MPa

Candeias (2008)

Rubble masonry *

Rubble Stone Masonry

*

Author of the Study

Jesus (2007)

These results are the only values obtained in tests on the building typology (‘placa’ buildings) of the
building under study.

Limestone Masonry

𝛾 = 19.1 kN/m3
E = 750 MPa
G = 250 MPa

c = 0.70 MPa
𝜏 = 0.125 MPa

Salvado (2008)

𝛾 = 19.10 kN/m3
E = 779 MPa
𝜐 = 0.2

c = 0.80 MPa
Gc = 1.25 N/mm
ft = 0.125 MPa
Gt = 0.125 N/mm

Mendes and Lourenço (2009)

𝛾 = 22.54 kN/m3
E = 25000 MPa

--

Technique Tables (2003)

Table 9 - Brick Masonry Mechanical Properties.
Structural Material
Brick Masonry †

Mechanical Properties

Author of the Study

𝛾 = 13 kN/m3
E = 2500 MPa
𝜐 = 0.3

--

Proença and Gago (2009)

𝛾 = 15.7 kN/m3
E = 5000 MPa

--

Technique Tables (2003)

𝛾 = 14.60 kN/m3
E = 5000 MPa

--

Costa and Oliveira (1989)

𝛾 = 14.60 kN/m3
E = 500 MPa
𝜈 = 0.2
ξ = 5%

--

Branco (2007)

𝛾 = 3.75 kN/m3
E = 3200 MPa
𝜈 = 0.2

c = 5 MPa
t = - 0.10 MPa
𝜏 = 0.20 MPa

Jesus (2007)

𝛾 = 2.10 kN/m3
E = 3200 MPa
𝜈 = 0.2

c = 5 MPa
t = - 0.10 MPa
𝜏 = 0.20 MPa

Jesus (2007)

Brick Masonry

‘a uma vez’

‘a meia-vez’

In what concerns the values in the tables, it should be noted that almost all the references corresponding
to the mechanical properties of the masonry correspond to a 'gaioleiro' buildings, because, as mentioned
before, there are a very few studies about the 'placa' buildings and its materials.
So, it was tried to find some works related with buildings in the same period of construction and with the
same structural elements, like the 'placa buildings'.
That is why in the Annex 3 it was mentioned the examples of the studies done by Proença and Gago
(2008, 2009 and 2011) about school buildings, due to the schools modernization programme for
secondary education.

†

These results are the only values obtained in tests on the building typology (‘placa’ buildings) of the
building under study.

Nevertheless, the results listed in Table 21 to Table 23 for the masonry (rubble stone and brick) are highly
changeable and dispersed, revealing the need of specific and reliable information about the structural
materials of ‘Placa’ buildings.

Table 10 - Wood Mechanical Properties.
Structural Material

Pine Wood
(Floors)

Mechanical Properties

Author of the Study

𝛾 = 6 kN/m3
E = 6000 MPa
𝜈 = 0.2

--

Branco (2007)

E = 8000 MPa
𝜈 = 0.2

--

Jesus (2007)

𝛾 = 5.80 kN/m3
E = 12000 MPa

--

Candeias (2008)

𝛾 = 7 kN/m3
E = 8000 MPa
𝜈 = 0.2

c = 50 MPa
t = - 90 MPa
𝜏 = 5 MPa

Tabelas Técnicas (1998)

--

Farrancamento = 10 kN

Lopes (2004)

Table 11 – Concrete Block Mechanical Properties.
Structural Material

Voided concrete block

Mechanical Properties

Author of the Study

𝛾 = 13.00 kN/m3
E = 2.000 MPa
𝜈 = 0.3

t = - 0.53 MPa
𝜏 = 0.32 MPa

Proença e Gago (2008 e 2011)

--

c = 3.5 a 7.5 MPa

Tabelas Técnicas (1998)

--

c = 4 a 5 MPa

LNEC (1986)

In relation to the mechanical properties of reinforced concrete used in that time, first the table shows the
values corresponding to the studies made by Proença and Gago (2008, 2009 and 2011) in the school
buildings, after the values in the descriptive memory of the building in study, and finally the values in the
regulations.

Table 12 – Reinforced Concrete Mechanical Properties.
Structural Material

Reinforced Concrete *

Reinforced Concrete
(Regulations)

Mechanical Properties

Author of the Study

𝛾 = 25.00 kN/m3
E = 30.000 MPa
𝜈 = 0.2

--

Proença e Gago (2008 e
2011)

𝛾 = 25.00 kN/m3
E = 29.000 MPa
𝜈 = 0.2

--

Proença e Gago (2009)

𝛾 = 24.00 kN/m3

--

Descriptive Memory (1939)

--

fck > 18 MPa
fcd > 5 MPa

fyk > 370 MPa
fyd > 220 MPa

--

B180 fck = 18 MPa

A24 fyk = 240 MPa

𝛾 = 24.00 kN/m3
E = 29.000 MPa
𝜈 = 0.2

C16/20
fck = 16 MPa
fcd = 10.7 MPa

A235
fyk = 235 MPa
fyd = 204 MPa

RBA (1935)
REBA (1967)

Eurocode (2008)

ANNEX 5 – Survey of the Reinforced Concrete Elements in the Structure and
its Steel Reinforcement

The main purpose of this test it was to confirm the existence of reinforced concrete elements in the
structure as well as to confirm their position according with the Descriptive Memory (1939). So some
experimental tests were conducted using the cover meter. This equipment is a sophisticated device for the
non-destructive location of reinforcement and for the measurement of concrete cover, using the ‘Eddy
Current Theory’ with pulse induction as the measuring method.

Figure 22 – Cover Meter

First, it was possible to confirm the difference between the two types of floors existing in the building
(concrete slab and wooden floors). At the front of the building, the device did not detect any metallic
element as was expected and on the back, the equipment detected the presence of reinforcement mesh in
the zone of the concrete slab. The concrete cover for steel bar recorded ranged from 2 to 3 cm.
Subsequently it was confirmed the location of reinforced concrete elements possible to identify. Based on
the descriptive memory, the great doubt corresponded to the location of the beams on the façade of the
building, because it did not specify if the beams were located at the level of each floor or in the upper area
of the openings of the windows. Thus, the cover meter used allowed identify the existence reinforced
concrete lintels on the front windows.

In relation to the concrete cover for steel bar,as is shown in Figure 23.

Table 13 presents the values recorded in some reinforced concrete elements, as is shown in Figure 23.

Table 13 - The values recorded of the concrete cover for steel bar in some reinforced concrete elements (beams and
columns)

Beams

Concrete Cover (cm)

Columns

Concrete Cover (cm)

V1

3–4

P1

3

V6

3

P2

3

V8

3–4

P5

3

Figure 23 - The reinforced concrete elements (beams and columns) where it was made the tests

Although the values recorded for the concrete cover are not high (except for the area of concrete slabs)
they are reasonable when compared with the minimum values required in the actual regulation [EC2,
2010].

