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Abstract: Mixed masonry-reinforced concrete buildings (i.e. “Placa” buildings) emerged following a 

period of urban spread in Lisbon during the first half of twentieth century (approximately between the 
1930 and 1960). In the current context of rehabilitation and the mitigation of seismic risk in the 
existing building stock, the problem surrounding this typology of buildings is characterized 
particularly by the pioneering introduction of reinforced concrete as a structural material, where the 
reinforced concrete structural elements were used in a casuistic manner. Moreover, this building 
typology was built without following any kind of regulatory seismic design. 
In order to understand the seismic structural behavior, a “Placa” building inserted in a block in the 
Alvalade neighborhood was studied. The model was developed in the TREMURI Software and, 
subsequently, the seismic behavior was assessed performing to non-linear static analyses, as 
proposed in EC8. Finally, following its analyses, it was concluded that the building, under study, does 
not satisfactorily guarantee the seismic safety criterion. 
Therefore, based on the results obtained and the respective damage patterns, it was decided to 
develop a set of seismic reinforcement solutions. The buildings retrofit with different strengthen 
solutions were seismic assessed again in the TREMURI Software. On this way, it was possible to 
analyze and understand the impact and efficiency of the retrofit solutions, regarding the damage 
minimization and the guarantee of the regulatory safety requirement. 
Among the scenarios analyzed, the application of transversal steel connectors, reinforced plaster 
and a carbon fiber mesh, were applied as a solution for reinforcement of masonry walls, while for 
reinforcement of reinforced concrete elements, it was decided to analyze the effect of steel jacketing 
and CFRP sheets. 
Therefore, following the analysis of the proposed retrofit scenarios, noticeable improvements were 
observed in the seismic performance of the structure and, consequently, the observed damage was 
reduced. In this regard, it was also possible to gather some advantageous considerations regarding 
the behavior and efficiency of the reinforcements applied, both individually and simultaneously with 
other strengthen solutions. 

 

Keywords: Mixed masonry-reinforced concrete buildings, “Placa” buildings, Seismic vulnerability, 

Pushover analysis, Seismic performance, Retrofitting solutions, Reinforcement efficiency.

1. Introduction 

The inevitability of the occurrence of a seismic 
phenomenon, as a natural cause, does not 
require any introduction, as well as any 
technical effort that may contribute to its 
eradication. This is a potentially catastrophic 
event, resulting in most of the cases, in 
numerous human losses and negative effects 
on various infrastructures, which may 
undermine its operability, resulting in 
substantial economic and property damage. 

Among the wide range of existing building 
typologies in Lisbon, one typology of mixed 
masonry-reinforced concrete buildings was 
chosen as case study. These mixed buildings 
(commonly known as “Placa” buildings) were 
built between the 1930s and 1960s, and 
appearing in a transitional period in which 
reinforced concrete begins to gain prominence 
as the main structural material. The main 
problem associated with this type of building 
comes from its wide expression in the current 
national building stock, as well as the lack of 
information regarding the adequate retrofit 
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measures to use to improve their seismic 
performance. It is known that, given the time 
they were built, the regulation adopted for the 
structural design of these buildings, lacks any 
seismic design requirement. 
With that in mind, the general objective of this 
dissertation is to identify the seismic 
vulnerability of a type of “Placa” buildings, the 
one most representative of the Alvalade 
neighborhood. Consequently, analysis of the 
impact of possible reinforcement scenarios 
applicable to old mixed masonry-reinforced 
concrete buildings is performed and presented. 

2. Seismic performance of old mixed 
masonry-reinforced concrete 
buildings 

2.1 General description 
 
During the early 1930s, regarding the General 
Urban Construction Regulation (RGCU, 1930), 
the reinforced concrete frames with the exterior 
masonry walls started to be used. 
“Placa” buildings are distinguished by the 
adoption of reinforced concrete floors. It was 
initially used only in consoles and wet floors, 
specifically kitchens and toilets, eventually 
replacing wood floors completely (Pinho, 2000). 
Regarding their layout, the “Placa” buildings are 
assembled into two distinct types according to 
their plan geometry (Figure 1): (i) rectangular 
plan buildings; (ii) “Rabo de Bacalhau” 
buildings. 

 

Figure 1 - Different "Placa" building types 

Regarding the reinforced concrete elements, 
i.e. slabs, beams and columns, the concrete 
commonly used was B20 or B25, currently 
corresponding to C16/20 and C20/25, 
respectively. The steel used corresponds to 
plain bars of class A235 (Lamego, 2014). 
Pavements made of solid reinforced concrete 
slabs usually have thicknesses between 0.07m 
and 0.12m (Monteiro and Bento, 2012) and are 
poorly reinforced, generally designed only to 
positive bending moments (Lopes, 2008). The 
slabs are supported by solid brick masonry 
walls and, in time, also by reinforced concrete 
elements. 

The adoption of beams and columns was 
undergoing a progressive evolution. Initially 
appearing only in the corners of the building, 
reinforced concrete columns also spread to the 
main façade (Sousa et al., 2006). On the 
ground floors, reinforced concrete beams and 
columns often appear, helping to accommodate 
commercial spaces (Lopes, 2008). Specifically, 
the arrangement observed for reinforced 
concrete beams and columns tends to depend 
on the number of floors in the building (Lamego, 
2014 and Milosevic et al., 2018).  
The interior walls consisted either of hollow or 
solid brick masonry, or even concrete blocks, 
with thicknesses ranging from 0.15 m to 0.25 m. 
As for the façades, these were mostly built in 
stone masonry, whose thickness varies 
between 0.40 m and 0.90 m, or brick masonry, 
in thickness ranging between 0.30 m and 0.40 
m. For both, interior walls and façades, there is, 
sometimes, a recurrent decrease in thickness 
as a function of the wall height (Monteiro and 
Bento, 2012). 
“Placa” buildings, which are currently between 
90 and 65 years old, have already reached the 
expected service life limit and, regardless of 
their correct maintenance and satisfactory state 
of preservation, some kind of intervention, 
whether structural or not, should be taken into 
consideration. 

 

2.2 Seismic behavior of ”Placa” 
buildings 

 

Noteworthy in the “Placa” buildings, are the 
reinforced concrete rigid floors, which, although 
it can give the floor a “rigid diaphragm” behavior 
in its own plan, also implies a significant 
increase in the floor's own weight (and 
consequently of inertia forces), which in return 
is not accompanied by an increase in the 
resistance of the vertical elements (Monteiro 
and Bento, 2012). In addition, the poor concrete 
quality and the lack of reinforcement in the 
slabs contribute to the vulnerability of the 
structure. 
A factor to be taken into consideration must 
also be the connections between elements that 
must be adequate, i.e. wall-wall or floor-wall, so 
that a correct redistribution of the inertial forces 
generated by the seismic action could be 
conceivable (Coelho, 2003). 
Equally critical, there are also recurring abrupt 
transitions of stiffness, or even changes in 
terms of typology of structural material, 
between the ground floor and the first floor, 
which may lead to considerable weakness in 
this type of buildings (Lopes, 2008). 
The “block” effect is nonetheless relevant to 
“Placa” buildings, which are usually in a band. 
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For an interior band building, the confinement 
effect of adjacent buildings generally improves 
the overall behavior of the structure against 
seismic action, possibly minimizing façade 
damage. 
Nevertheless, it is relevant to point out that 
according to the time when the structural design 
of the examined building typologies was 
prepared, all reinforced concrete elements were 
designed to verify only the safety for the effects 
of vertical loads, in accordance with the 
regulations in use (RBA, 1935). 
According to Appleton (2008), regarding 
seismic safety in buildings built before 1983, it 
is possible to verify several vulnerabilities in 
beams and columns, justifying the reduced 
ductility of the structure in question. For 
example, in the case of columns it is possible to 
observe a generally insufficient confinement. 
For beams, as the effect of seismic action is not 
considered, the lower longitudinal reinforcement 
at the extremities and the transversal 
reinforcements are usually scarce. Also, the 
use of inclined rods shows a negative behavior 
in the case of reversal of forces, just as the 
existing stirrups alone do not guarantee the 
formation of sufficiently ductile plastic hinges. 
Equally noteworthy, it is also possible to verify, 
in some cases, the insufficient tying of the 
longitudinal reinforcement in the knots, both in 
beams and columns. Figure 2 illustrates some 
details of the building under study in this 
dissertation, referring to some of the 
vulnerabilities just mentioned. 

 

3. Case study 

3.1 Description of the model 
 

The building adopted for the case study in this 
dissertation is based on the so-called M2 model 
(figure 3) defined by Milošević (2019), because 
it is a building that, due to its structural 
characterization and the adopted materials, 
represents a considerable portion of the 
building in the Alvalade neighborhood. The 
adopted case study is with “Rabo de bacalhau” 
shape in plan (Figure 3). 

  

Figure 3 - Location of the building model 

The M2 model corresponds to a mixed-use 
building, where the ground floor is dedicated 
exclusively to commercial use, while the three 
upper floors serve as housing. Figure 4 shows 
the differences in floor plan between the ground 
floor (Figure 4 (a)) and the housing floors 
(Figure 4 (b)), as well as the arrangement of the 
reinforced concrete elements and the thickness 
of the walls.  

 

Figure 4 - Building plan (Milosevic, 2019) 

The building under study, with 4 floors, has 
approximately a deployment area of 229 m2, a 
construction area of 916 m2, and a perimeter 
around 64 meters (Silva, 2016). Regarding the 
height of the building, it’s about 15.50m. The 
main façade has an length of about 18 m, as 
well as 10.50m for lateral extension in the side 
walls, with an additional 4.20 m for the “Rabo 
de bacalhau” (Gomes, 2017). 
The floors of the building, consist of reinforced 
concrete slabs 0.12m thick and reinforced in 
both directions. 
Reinforced concrete columns and beams are 
distributed essentially along the border of the 

Figure 2 - Details of the building under study 
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building, except for a few exceptions on the 
ground floor: (i) interior columns that are 
discontinued on the upper floors, as well as (ii) 
some interior beams supported by masonry 
walls and which are strategically positioned to 
assist in supporting the loads generated by 
other walls placed in this alignment on the 
upper floors. 
The main and back façades, 0.40 m thick, 
consist of a reinforced concrete frame structure 
filled with hollow brick masonry. 
The side walls are also made up of a reinforced 
concrete frame system filled with 0.20 m thick 
hollow brick masonry and is shared between 
adjacent buildings. 
Regarding the type of material used in the 
interior walls, there was some lack of 
information in the documents present in the 
Lisbon Municipal Archive as to whether the 
walls are made of hollow or solid brick. Thus, it 
was decided to consider the use of hollow brick 
in the last two floors and solid brick in the 
remaining lower floors, in accordance with the 
1930 General Regulation of Urban 
Constructions (RGCU, 1930). Finally, the 
thickness of the walls varies between 0.25m 
and 0.15m, whether it is the stairwell and 
partition walls, or other partitions, respectively. 
Regarding wall connections, it was considered 
that the connections between the façades and 
some interiors walls were bad. 
Lastly, the values used for drift and strength 
decay regarding the multilinear constitutive law, 
are showed in annex 1 of this thesis.  
Finally, Table 1 presents, respectively, the 
mechanical properties of the materials adopted 
in the building modeling, i. e., the modulus of 
elasticity (E) and shear modulus (G), 
compressive strengths (fc) and shear strength 
(τ), and the density (γ). It should be noted that 
for the characterization of the mechanical 
properties of the materials considered in the 
building model in (Milosevic, 2019), a Bayesian 
approach was adopted, combining the 
mechanical parameter values suggested by the 
Italian standard with the data obtained through 
experimental tests performed in buildings 
similar  to “Placa”. Accordingly, it was possible 
to estimate a mechanical characterization of the 
materials, more appropriate for this typology. 
 

Table 1 - Mechanical properties of the adopted material 

 
E 

(GPa) 

G 

(GPa) 

fc 

(MPa) 

τ 

(MPa) 

γ 

(kN/m3) 

Solid brick 5,73 1,91 7,19 0,277 18 

Hollow 
brick 

2,95 0,98 1,66 0,28 15 

 

Reinforced 
concrete 

Class – C16/20 
Steel – A235 

 
Table 2 presents the permanent and variable 
loads that were taken into consideration in the 
building modeling. 

Table 2 - Permanent and variable loads 

 
RC 
floor 

Stairs Roof Balcony 

Variable loads 
(kN/m2) 

2,0 3,0 0,4 5,0 

Permanent loads 
(kN/m2) 

3,78 3,78 1,15 3,78 

 
3.2 Nonlinear static analysis 

 
Pushover analysis was performed using 
TREMURI Software (S.T.A.DATA, 2013) 
Figure 3 depicts all the model used, for the 
study, including the case study and the 
adjacent buildings, to consider the block effect. 
Analyzes were performed considering the X 
and Y directions (direction of the side walls and 
façades, respectively) in both the positive and 
negative senses, and also considering two 
distinct lateral load distributions: (i) uniform 
distribution, proportional to the mass of the 
building and (ii) a pseudo-triangular distribution, 
proportional to the product between the mass 
and the height of the building (Milosevic et al., 
2019). 
Figure 5 represents the pushover curves of the 
structure according to the X and Y direction (left 
and right graphs respectively).  

 

 

Figure 5 - Pushover Curves 

For any type of loading it is observed that the 
structure is more resistant, i.e. it has higher 
values of the maximum base shear force in the 
X direction (direction of the side walls) in 
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relation to the Y direction. This result derives 
from the existence of the side walls, as well as 
of a larger number of walls, with fewer openings 
in the X direction, comparing to the Y one. On 
the other hand, although the Y direction is the 
largest plan direction and still benefits from the 
insertion of the band building, the lower base 
shear forces are verified. This result, however, 
may be justified by the clear existence of 
numerous openings both in the façades and in 
some interior walls. 
Finally, by defining the capacity curves of the 
structure, the ultimate displacement (du, 
marked with cross on the Figure 5) was 
determined, and corresponds to the 
displacement associated with a reduction of 
20% of the maximum base shear force in the 
nonlinear phase, as indicated in EC8. 
Then, the modeled system, which was 
previously characterized as a Multiple Degree 
of Freedom (MDOF) system was transformed, 
into a system equivalent to a Single Degree of 
Freedom (SDOF). 
To evaluate the seismic performance of the 
structure, the target displacement (dt) was 
determined. For this purpose, the bilinear 
curves are converted into the ADRS 
(Acceleration-Displacement-Response-
Spectrum) format correlated with the seismic 
response spectrum. 
Accordingly, the building under study is located 
on type soil B, and in an earthquake zone 1.3 
for earthquake type 1, determined from EC8 
Part 1 (CEN, 2010). In the case of a social 
housing building, an importance coefficient ϒII = 
1.0 was adopted, resulting in a soil acceleration 
(agr) of 1.13 m/s2. Reduction for agr of  25% 
was made following the Portuguese standard 
[REF], where is defined that for the existing 
buildings, there is no justification for considering 
the same return period adopted for defining the 
seismic action of a new building. 
Finally, as shown in table 3, the seismic 
performance of the structure is evaluated by 
taking into consideration the ratio between the 
ultimate displacement (du) and the target 
displacement (dt), such that the structural 
safety is verified when this value is higher than  
1. 

Table 3 - Ultimate and target displacement and safety check 

 

According to Table 3, it was then concluded 
that the structure does not verify safety only for 
uniform lateral loading distribution in the 
positive Y direction (parallel to the façade). 
Based on this result, the analysis of the 
structure damage pattern for the uniform lateral 
loading distribution in the Y direction and 
corresponding to the respective objective 
displacement was assumed as the most 
conditioning. 
 

3.3 Seismic performance 
 
The distribution of damage is provided by the 
TREMURI Software, which distinguishes the 
damage on five different levels, based on the 
reduction of maximum transverse stress and 
drift of the elements (DL1 - slight damage; DL2 
- moderate damage; DL3 - extensive damage; 
DL4 - near collapse damage; DL5 - collapse) 
(Cattari and Lagomarsino, 2013). 
Figure 6 shows the damage pattern for the 
façade, considering the ultimate displacement 
obtained for the most conditioning case, i.e. for 
Y direction and uniform load distribution. As can 
be observed, spandrels show the collapse by 
shear, while piers are characterized by the 
moderate flexural plastic damage (DL2). 
 

 
 
 
With regard to the interior walls, except for a 
few cases, where collapse or near collapse 
damage occurs (DL4), the remaining walls 
generally present only moderate damage (DL2). 
In relation to the reinforced concrete elements, 
bending damage in both the columns and the 
beam-column connecting knots stands out. 

4. Seismic performance of different 
reinforcement scenarios 

This section proposes different retrofit solutions 
and assesses their effect on the seismic 
performance of the building. The objective is to 

 
Triangular X Uniform X Triangular Y Uniform Y 

Dir. + - + - + - + - 

dt (m) 0,007 0,005 0,004 0,003 0,012 0,013 0,008 0,008 

du (m) 0,044 0,059 0,033 0,042 0,017 0,027 0,009 0,021 

 

4,79 7,91 6,25 8,91 1,08 1,49 0,80 2,02 

Figure 6 - Damage pattern in the front façade 



6/10 

minimize the damage observed in the building 
regarding the most demanding situation. 
The proposed seismic retrofit solutions were 
modeled and included in the existing numerical 
of the building modeled developed in the 
TREMURI program. To evaluate the efficiency 
of strengthen solutions in the seismic 
performance of the building, the N2 method 
was again used, as well as the analysis of the 
damage patterns obtained. 
Regarding the seismic retrofit techniques that 
were chosen, it was decided not to include 
more invasive solutions, such as the demolition 
of existing masonry walls to consequently add 
either reinforced concrete columns or a steel 
bracing structure. In other words, it was decided 
to analyze only alternative, less invasive, 
solutions that did not result either in an 
excessive increase in the weight of the 
structure or in the eventual need to resort to the 
reinforcement of the foundation elements. 
In this context, it was chosen relatively common 
solutions in the current scenario of rehabilitation 
in Portugal, in accordance, whenever possible, 
with the credibility of the reinforcement 
application, as well as its efficiency regarding 
the cost and associated benefits. 
Therefore, the study focused on the analysis of 
the following retrofit techniques: 
• Strengthen of wall-to-wall connections using 
steel tie bars; 
• Strengthen of masonry piers and spandrels 
using reinforced plaster, that is, by applying a 
steel mesh to the face of the masonry element 
to be reinforced; 
• Strengthen of masonry elements with carbon 
fiber (CFRP). It corresponds to an approach 
similar to reinforced plaster, that is, through a 
reinforcement mesh, whose material (instead of 
steel) is based on carbon fibers, thus 
resembling the strengthen technique by the 
TRM system; 
• Strengthen of reinforced concrete beams and 
columns by means of metal jacketing bonded to 
the structural element through epoxy resin; 
• Strengthen of reinforced concrete beams and 
columns by means of jacketing with CFRP 
strips bonded to the structural element through 
epoxy resin. 
In total, 12 retrofit scenarios were selected and 
studied (see Figure 7). 
 

4.1 Scenario C1 
 
The use of the technique of steel tie bars is 
intended to improve the connections between 
perpendicularly arranged masonry walls, 
namely the connections of the façades to the 
adjacent interior walls. 

The TREMURI program does not include any 
tools that directly simulate the application of this 
reinforcement. 
For this reason, for the modeling of steel tie 
bars and in particular the quality of the 
connections between masonry members, the 
“trave elastica” element, which is an equivalent 
beam, was used. Since it was intended to 
ensure good connections in order to simulate 
the reinforcement technique, the “trave elastica” 
element was considered as rigid, adopting for 
the area and inertia of the element the values of 
10 m2 and 5 m4, respectively. 
 

4.2 Scenario C2 
 
Essentially seeking to reduce the collapse 
observed in some masonry spandrels and also 
extensive damage (DL3) or greater on some 
interior walls, it was decided to use reinforced 
plaster. This strengthen technique could ideally 
be applied to both sides of the wall to ensure 
greater rigidity and strength (and certainly 
ductility) of the reinforced element. Scenario C2 
corresponds to a more localized retrofit 
approach, with only the reinforced plaster 
reinforcement applied to the masonry elements 
which, upon initial examination of the 
unreinforced building, show either extensive 
damage or greater (DL> 3). 
In the context of the modeling of reinforced 
plaster in TREMURI, the recommendation of 
the Italian Regulation OPCM 3431 (2005) was 
considered, which suggests the application of a 
multiplicative factor of 1.3 to the values for the 
mechanical properties of the reinforced 
masonry, that is, the modulus of elasticity (E) 
and shear modulus (G), and the parameters of 
shear strength (τ) and compression (fm). 
Finally, based on experimental results 
mentioned in Vanin et al. (2017), regarding the 
drift limit values, it was also decided to apply a 
multiplicative factor of 1.8, 2.9 and 3.0 for the 
drifts corresponding to damage levels 3, 4 and 
5, respectively. 
 

4.3 Scenario C3 
 
For scenario 3, it was tried to simulate the 
application of a carbon fiber reinforcement 
mesh (CFRP) to the masonry walls. However, 
similarly to scenario C2, the same localized 
strengthen approach was adopted, and the 
same masonry elements were reinforced in 
order to allow a direct comparison of the 
efficiency of both reinforcement techniques. 
Thus, all elements presenting either collapse or 
extensive or superior damage (DL> 3) were 
then reinforced. 
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For the CFRP reinforcement mesh modeling, it 
was used the “muratura armata” tool available 
in the TREMURI software, which allows the 
integration of a reinforcement mesh applied to 
the masonry elements. 
 

4.4 Scenario C4 
 
Scenario C4 also adopts the strengthen 
solution based on the application of a carbon 
fiber reinforcement mesh (CFRP), although it 
corresponds to a globalized reinforcement 
approach. Therefore, the reinforcement was 
added to both façades in their integrity, as well 
as some interior walls where extensive or 
superior damage was observed (DL> 3). 
 

4.5 Scenario C5 
 
Still following the two previous scenarios, the 
present scenario also consists of a solution 
using a carbon fiber reinforcement mesh 
(CFRP). It was then decided to analyze the 
possible reinforcement of the stairway walls, in 
order to determine its impact both in reducing 
the displacement of the structure and in 
minimizing the torsional effects and consequent 
damages. In summary, scenario 5 describes 
the application of a CFRP reinforcement mesh 
on both sides of the stairway walls. 
 

4.6 Scenario C6 
 
Scenario 6, with a view to improving the 
structural behavior of the building, corresponds 
to the reinforcement to its full extent of the 
corner columns of the building. The simulated 
reinforcement solution is the application of 
metal angles (50 x 50 x 5 mm) attached to the 
surface in order to strengthen longitudinal 
reinforcement deficiencies and ensure better 
bending behavior. It should also be noted that, 
although it is an advantageous solution 
compared to reinforced concrete jacketing, for 
example, it may also present some feasibility 
difficulties.  
Since the TREMURI software does not include 
the simulation of this reinforcement technique, 
the modeling of the reinforcement solution was 
elaborated by calculating an equivalent 
reinforcement corresponding to the sum of the 
existing reinforcement with the addition of the 
metal angles. 
 

4.7 Scenario C7 
 
Scenario 7 provides an analysis of the 
structural behavior of the building, taking into 
account the application of metal sheets to 

retrofit some of the most damaged beams at 
ground level. 
The approach adopted for the simulation of 
reinforcement in the beams, similar to what was 
done for the columns, is to calculate an 
equivalent reinforcement area. 
 

4.8 Scenario C8 
 
Scenario 8 consists of the combination of 
scenarios C6 and C7, adding the reinforcement, 
once again with metal angles, only in the 
remaining columns at ground floor level of the 
main façade. 
 

4.9 Scenario C9 
 
Scenario 9 focuses on strengthen reinforced 
concrete elements by confining them with the 
addition of 2 layers of carbon fiber sheets 
(CFRP). 
Reinforced elements consist of the columns 
along the contour of the building, the interior 
columns on the ground floor and the beams 
near the intersection with the reinforced 
columns. 
Since TREMURI software, does not once again, 
include any tool to simulate the application of 
CFRP sheets to reinforced concrete elements, 
it has been alternatively attempted to simplify 
the effect of CFRP confinement on the 
respective elements. Thus, based on the 
theoretical stress-strain model for confined 
concrete proposed in Mander et al. (1988) and 
the expressions for predicting the action of FRP 
jacketing proposed in both EC8-3 (CEN, 2017) 
and the Italian standard CNR-DT200 (2013), 
different values of compressive strength and 
ultimate strain were determined for the 
respective sections of confined concrete. 
Therefore, these parameters were added to the 
mechanical properties that characterize the 
material of the reinforced elements and then 
analyzed. 
 

4.10 Scenario C10 
 
Scenario 10 consisted of the combination of 
scenarios C8 and C3. That is, as for the 
reinforced concrete elements, all the columns 
were reinforced with metallic elements, where 
the corner columns were covered in full length 
and the remaining columns only on the ground 
floor of the building. Finally, the interior beams 
also present on the ground floor were 
reinforced. Concerning the masonry elements, 
all the spandrels present in the façades were 
reinforced with carbon fiber mesh (CFRP), as 
well as all masonry members perpendicular to 
the side walls. 
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4.11 Scenario C11 
 
Scenario 11 follows scenario 10, adopting 
exactly the same reinforcement options as 
regards the techniques and respective 
elements to be reinforced, but still conjugating 
scenario C5, i.e. the reinforcement of the 
stairway enclosure walls with a CFRP mesh, in 
an attempt to somehow minimize the effects of 
torsion on the structure and consequent 
associated damage. 
 

4.12 Scenario C12 
 
Scenario 12 consists of the combination of 
scenarios C9, C3 and C5. In other words, the 
reinforced concrete elements were reinforced 
by the CFRP confinement of all the building's 
columns and also the interior beams present on 
the ground floor. Concerning the masonry 
elements, all the spandrels present in the 
façades were reinforced with carbon fiber mesh 
(CFRP), as well as all masonry members 
perpendicular to the side walls. 
In summary, scenario 12 differs from scenario 
11 only with respect to the strengthen solution 
adopted for reinforced concrete elements. 
 

4.13 Comparative analysis of results 
 
Considering the results obtained in each 
scenario, it was possible to extrapolate some 
observations regarding the effect of the 
strengthen application on the building under 
study: 
• All predicted strengthen scenarios met the 
seismic action safety criterion (du / dt> 1) for 
the conditioning load distribution (Uniform Y+) 
as shown schematically in figure 7; 

Figure 7 - Schematic correlation of the different 
reinforcement scenarios 

 

• Only the reinforcement of the interior wall 
connections (Scenario C1) with the façades 
was sufficient to verify the safety criterion 
(du/dt> 1). Given its affordable applicability and 
verified efficiency, this is a recommended 
strengthen solution, regardless of any other 
reinforcement intervention. Additionally, it is 
important to note that this strengthen solution 
prevents the collapse of the walls out of the 
plane (analysis not studied in this dissertation); 
• Comparing scenarios C2 and C3, where for 
masonry walls, respectively, it was considered 
the application of reinforced plaster with a steel 
mesh and the application of a CFRP mesh, 
both solutions promote a practically similar 
increase in seismic performance (43% and 
45%, respectively). However, the application of 
carbon fiber reinforcement mesh (CFRP), over 
the other solution, has proven to be vastly more 
efficient in minimizing damage to masonry 
spandrels and indirectly improving the behavior 
of interior beams; 
• The overall reinforcement of the masonry 
elements on the façades and main interior 
resistant walls with a CFRP reinforcement 
mesh has considerably improved performance 
to most reinforced walls, however inducing 
partial rupture of the ground floor beams on the 
façades; 
• The reinforcement of the stairway walls with 
the application of a CFRP reinforcement mesh 
indirectly promoted a better behavior of the 
masonry spandrels on the façades and also the 
interior beams on the ground floor; 
• Strengthen of the reinforced concrete 
elements with metal jacketing alone proved to 
be insufficient to promote improvements in 
seismic performance to the masonry walls of 
the building; 
• The strengthen on the ground floor of the 
beams in the façade and some interior beams, 
allowed the complete suppression of shear 
collapse that were observed in some of these 
elements in the original case of the 
unstrengthen building; 
• The strengthen, only on the ground floor, with 
metallic jacketing of the main façade columns, 
effectively mitigated the flexural damage on the 
respective columns both, on the floor where the 
reinforcement was applied, as well as on the 
upper floors; 
• Combination of reinforcement with metal 
elements on both, the ground floor beams and 
corner columns proved to be more efficient 
compared to separate reinforcement on beams 
and columns. However, it is noteworthy that it 
was not possible to completely eliminate the 
flexural damage in the beam-column nodes. In 
this sense, the reinforcement of the beam-
column connecting nodes is assumed as the 
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main limitation found in the option adopted for 
the modeling of reinforcement with metallic 
elements; 
• Strengthen the reinforced concrete elements 
together with CFRP on some masonry walls 
(C10) led to the shear breaking of a column on 
the ground floor of the back façade, as well as 
an 11% decrease in the overall building safety 
check criterion, compared to the scenario of 
strengthen only the reinforced concrete 
elements; 
• Some remarks is highlighted around the 
results obtained in scenario C9, namely the 
analysis of the effect of the confinement of 
reinforced concrete elements with CFRP 
sheets. Undoubtedly, the reinforcement solution 
contributed to the mitigation of damage to all 
columns above the ground floor, as well as to 
the precautionary of shear damage that had 
been evident in the interior beams. However, 
damage to the beam-to-column connecting 
nodes persisted despite the reinforcement 
modeling. In this sense, one can only mention 
the doubts that arise regarding the suitability of 
the modeling proposal adopted in the 
TREMURI program for confinement with CFRP 
sheets. Namely, regarding the obtained results, 
it has been found that the modeling proposal 
could be practicable to simulate CFRP 
confinement in the columns and, on the other 
hand, completely ineffective in modeling the 
confining effect on the beam-to-column 
connecting nodes. In sum, it was considered 
that the proposed modeling of reinforcement of 
reinforced concrete elements by confinement 
with CFRP sheets was not fully effective; 
• In short, the proposal for appropriate 
strengthen solution should take into account not 
only the performance presented but also any 
analysis of the cost of intervention. However, in 
view of the observed results, it can be 
concluded that localized reinforcement of 
masonry elements, either of reinforced plaster 
or CFRP, was not particularly efficient in 
increasing the overall performance of the 
structure, although less damage was observed. 
Having said that, the most appropriate 
strengthen solution should be to reinforce bad 
connections with steel tie bars and overall 
reinforcement of stairway walls and façades by 
applying reinforced plaster or CFRP 
reinforcement mesh (the latter should be based 
on a cost-benefit analysis). Finally, with regard 
to reinforced concrete elements, the CFRP 
jacketing solution on the corner columns (along 
its entire length) and the reinforcement of the 
beams on the ground floor should also be taken 
into account, given its structural importance. 

5. Conclusion 

The mixed masonry-reinforced concrete 
buildings (“Placa” buildings), built between the 
30's and 60's, are reflected as a significant 
portion of the Lisbon building stock invariably 
exposed to a non-negligible seismic hazard. 
In the present dissertation, the structural 
behavior of a “Placa” building, representative of 
a typology, subjected to the effect of an 
earthquake, was studied and the impact of 
some retrofit interventions on the building and 
its seismic performance were consecutively 
analyzed. 
Seismic evaluation of the original building 
(without any reinforcement) showed that 
structural safety in the façade direction (Y 
direction) was not fulfil. In this sense, different 
strengthen solutions were proposed and the 
impact of these solutions on the seismic 
performance of the building were analyzed. 
The results obtained showed that overall the 
structural safety of the building was satisfied, 
avoiding the global collapse of the structure. At 
the same time, the observed damage levels 
were appreciably mitigate. 
Finally, even before the development of a cost-
benefit analysis, a recommendation was given 
as far as the most adequate retrofit solution 
concern (see the last paragraph of section 4.) 
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