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ABSTRACT
Mixed masonry-reinforced concrete buildings represent a significant part of the Portuguese building
stock. Similarly to most of the constructions completed before the introduction of the first seismic
regulations, this typology presents many vulnerabilities that increases the seismic risk of big cities like
Lisbon. However, understanding the behavior of these buildings, under seismic action, allows to act
effectively, employing reinforcement techniques that considerably reduce the damage suffered.
Two mixed buildings, arranged in a band, from Bairro de Alvalade were analyzed. The modeling of the
study case was developed through the 3Muri/TREMURI program, which was then subjected to a
nonlinear static analysis accordingly to EC8 directives.
Through the obtained results, four hypotheses of reinforcement were modeled and analyzed, three of
them being applied on the masonry walls (steel tie bars, reinforced plaster and FRP blanket) and one
applied on the wood floors (bracing of wood floors). The first three reinforcements substantially
improved the seismic performance of the case study but the same did not occur with the last
reinforcement.
Finally, the feasibility of the first three reinforcements was developed. To this end, a cost-benefit
analysis was realized using fragility curves calculated in accordance with the HAZUS-MH 2.1
methodology.
It was concluded that the steel tie rods are the most effective reinforcement of the three studied,
according to the simplifications and assumptions considered.
Keywords: “Placa” buildings, Mixed masonry-reinforced concrete, Nonlinear Static Analysis, CostBenefit Analysis, Pushover curves, Fragility curves
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2.3. Structural behavior to seismic action

1. INTRODUCTION

The structural behaviour to seismic action
depends on the characteristics of the buildings
and on external factors (adjacent buildings,
topography, etc.).

Earthquakes are geological phenomen,
practically unpredictable
and
recurrent,
associated with the loss of human and animal
life, the destruction of infrastructures and
economic and social disruption.

Mixed masonry-RC buildings were, for the
most part, built in bands. This aspect usually
favours the seismic resistance of the buildings
but can become a problem if the slabs, of
adjacent buildings, aren’t at the same height.

Masonry buildings are known for their poor
seismic behaviour. Despite this knowledge,
they represent almost half of all the
Portuguese building stock and are still
significant in all major cities, representing, for
instance, 35% of all the buildings in Lisbon
district (INE 2011).

The introduction of reinforced concrete in
pavements, favours, in theory, the seismic
response by increasing the rigidity in the
horizontal plane, allowing the inertial forces to
be distributed by the vertical elements in
proportion to their rigidity (Lopes 2008).

In order to prevent a future catastrophe, it is
necessary to support and invest in the
investigation of techniques that mitigate
seismic risk.

In practice, the concrete was of low strength
class, weakly steel reinforcing and the slabs
worked isolated, not guaranteeing continuity of
spans. Moreover, the weight that concrete
added was neglected in the design of the
walls.

Aiming at this, the present work is presented,
where four different seismic reinforcement
techniques were studied, from a technical point
of view as well as an economic point of view..

Finally, most of these buildings exhibit
irregularities in stiffness and structural material
with the development in height of the same,
leading to enormous fragilities in higher floors.

2. RELATED WORK
2.1. Seismic Risk
The seismic risk represents a measure of the
potential consequences, economical and
human, for a future earthquake that can occur
in a given period of time. It can be seen as the
product of three factors: hazard, exposure and
vulnerability (Ferreira 2012).

2.4. Collapse mechanisms
Collapse mechanisms of masonry structures
are generally divided into the ones that occur
in the plane of the walls and the ones that
occur in their out-of-the-plane.

Seismic hazard describes the likelihood of a
given place being exposed to any natural
phenomena from the occurrence of an
earthquake
(seismic
action,
tsunamis,
landslide, etc.). Exposure reflects the potential
human and economic loss of life, in a given
area, in the occurrence of an earthquake.
Vulnerability is the quantification of the
resistant capacity of infrastructures to seismic
action (Ferreira 2012).

The out-of-plane mechanisms are associated
with overturning of blocks of walls or by
flexure/rocking problems.
The in plane mechanisms are associated with
bending and shear problems.
The good seismic performance of a masonry
building involves the existence of a box
behavior, which limits instability mechanisms
and exploits the resistance of the walls in the
direction of greater inertia. Its correct
functioning depends on the rigidity of floor in
the plane, the connection of the pavements to
the walls and the connections between
orthogonal walls.

Being the seismic risk a product of three
factors, it can be mitigated by reducing only
one of them. Realistically, man can only
influence the vulnerability of his surroundings
(Oliveira 2008).
2.2. Mixed masonry-concrete buildings

3. CASE STUDY AND NONLINEAR STATIC
ANALYSIS

Mixed masonry-reinforced concrete (RC)
buildings emerged in the decade of 1930 and
mark the final phase of the previous
construction typology, “gaioleiros” buildings.

3.1. Case study – Description
The case study is located in ‘Bairro de
Alvalade’, in Lisbon, and is composed by two
buildings in a band, with pavements aligned
(Figure 1)

These buildings are characterized by the
abandonment of wood in walls and by the
introduction of reinforced concrete, mainly in
pavements (Pinho 2000).
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3.2. Case study – Modeling
The geometry of the case study was modeled
in the 3Muri program (STADATA 2006). This
program is strictly limited to the in plane of the
wall behavior, excluding out-of-plane problems,
which can be studied using appropriate
analytical methods (Milosevic et al., 2014).
The program generates automatically (on the
walls) a mesh of macro-elements accordingly
to the relative position to the openings. These
macro-elements can be: pier (located laterally
to the openings), spandrel (located above and
below the openings) or rigid portions (located
between piers and spandrels) (Figure 3).

Figure 1 - Case study - main façade

Each of the buildings consists of three floors,
with two apartments per floor. The interstorey
height is constant and equal to 3.06m. Each
building has a plant layout of 17.5m x 6.30m,
2
and a combined deployment area of 220.5m .
Each flat has two bedrooms, living room,
kitchen and bathroom (Figure 2).

Figure 3 - Main façade modeled in 3Muri (piers in
orange, spandrels in green and rigid elements in blue)

The characterization of the mechanical
parameters of the materials was defined by
using a Bayesian approximation of the values
obtained by the limited in situ tests and by the
available literature (Milosevic et al., 2018).

Figure 2 - Ground floor plan

The exterior walls are of rubble stone masonry
with hydraulic mortar. The main façade and the
back façade have a thickness of 0.50m at the
ground floor and a reduction of 0.05m per floor.
The lateral walls have a constant thickness of
0.5m.

In Table 1 are presented the following
parameters: modulus of elasticity (E), modulus
of distortion (G), compressive strength (f c),
shear strength (τ0) and specific weight (γ).

The facades were strengthened (belted) by
reinforced concrete beams, on all floors, at the
level of the window lintels, with the same
thickness of the walls and 0.20m in height. The
concrete corresponds to a resistance class
between C16/20 and C20/25, and the class of
steel is A235.

Table 1 - Mechanical parameters of materials on walls
(RS - rubble stone; SB - Solid brick; HB - Hollow brick)

The interior walls are made of hollow brick with
thicknesses of 0.15m or 0.25m. The walls
around the service stairs at the ground floor
are made of solid bricks (with thickness of
0.15m), changing to hollow brick at the floors
above (with thickness of 0.25m).

RS

E
[GPa]
0.82

G
[GPa]
0.27

fc
[MPa]
2.33

τ0
[MPa]
0.077

γ
3
[kN/m ]
21

SB

5.73

1.91

7.19

0.277

18

HB

2.95

0.98

1.66

0.277
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Regarding the floors, it was necessary to
characterize the modulus of elasticity in the
longitudinal direction of the beams (E1) and in
the transverse direction (E2), the equivalent
distortion modulus (Geq) and the specific
weight (γ) (Table 2).

Concrete floors have a thickness of 0.12m and
are weakly steel reinforcing. The wooden floors
are of ‘Pinho Bravo’ with thickness of 0.022m.
The wooden beams are oriented towards
façades, their sections have sections of
2
0.08x0.16 m and are spaced 0.40m apart.

Table 2 - Mechanical parameters of materials on
pavements

Underneath the wooden floors at the ground
floor, there is an air box that goes to 0.95m
height from the ground level, to promote air
circulation and to combat accumulations of
moisture.

Concrete

E1
[GPa]
9.17

Wood

29.45

9.17

Geq
[Mpa]
3821.0

γ
3
[kN/m ]
25

12.00

9.9

5.8

E2 [GPa]

These pavements were modelled as individual
panels.
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The permanent loads (Cp) and overloads (Sc),
are presented in Table 3.

80% of the maximum shear force, in the nonlinear phase.

Table 3 - Permanent loads and overloads (values in
kN/m2)

In order to allow the later comparison between
the pushover curves and the response
spectrum
(to
calculate
the
target
displacement), it was necessary to convert
them to the ADRS format by transforming the
system of multiple degrees of freedom (MDOF)
into an equivalent system of one degree of
freedom (SDOF). These calculations were
made accordingly to EC8.

Cp

Wooden
floor
1.1

Concrete
floor
3.78

Sc

2.0

2.0

Stairs

Roof

Balcony

3.78

1.15

3.78

3.0

0.4

5.0

The connections between walls were
considered weak. With that purpose,
equivalent beams have been modeled in wall
elements. These equivalent beams were
weakened by assigning them a cross-sectional
-4
2
-4
4
area of 2x10 m and inertia of 1x10 m for
connections between exterior walls, and a
-6
2
cross-sectional area of 2x10 m and inertia of
-6
4
1x10 m for connections between outer wall
and inner wall.

Then, the pushover curves obtain in the SDOF
system were converted into an equivalent
bilinear curve, assuming that the yielding force
is equal to 70% of the maximum shear force,
the ultimate displacement are equals and that
the areas below the curves (pushover and
bilinear curves) are the same. The bilinear
curves are presented in Figure 5.

3.3. Nonlinear Static Analysis
Nonlinear static analyses were applied in the X
and Y axes (direction of façades and side
walls, respectively), with positive (left to right
and upwards) and negative direction, and
assuming two different load distributions:
uniform distribution, proportional to mass, and
pseudo - triangular distribution, proportional to
the product between mass and height
(Milosevic et al., 2014), leading to eight
different pushover curves.

Figure 5 - Bilinear curves in ADRS format

The buildings of the case study lays on a type
C soil and are located in seismic zone 1.3 and
2.3, which corresponds to values of peak
2
2
ground accelerations of 1.5m/s and 1.7m/s
for earthquake 1 and 2, respectively. With
those values and the equivalent fundamental
period of the structure, it was calculated the
target displacement with the EC8 directives
(Figure 6).

The curves were obtained with Tremuri
program (Galaso et al., 2002) and are shown
in Figure 4. The curves are characterized by
their load distribution (U-uniform and Ttriangular), by their axes (X or Y) and by their
direction (+ or -).

Figure 6 - Determination of target displacements [taken
from EC8]

Finally, the target displacements of SDOF
system were converted back to MDOF system.
The structural safety is verified when the ratio
between the ultimate displacement and target
displacement is larger than 1 (Milosevic et al.,
2014).

Figure 4 - Pushover Curves

In Table 4 is presented the ultimate
displacement (du) and the maximum target
displacement (dt) (between earthquake 1 and
2), as well as the ratio between them. The

Afterwards, the ultimate displacement was
calculated accordingly to EC8 (CEN 2004),
corresponding to the displacement relative to
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4. SEISMIC PERFORMANCE AFTER
SEISMIC REINFORCEMENT

ratios in red identify the cases where the
structural safety is not verified.
Table 4 - Ultimate and target displacement + safety
verification

UX- UX+ TX-

TX+ UY- UY+

TY-

TY+

du 0.97 0.95 1.28 1.23 5.09 4.96 5.52

6.93

In this chapter, the following four reinforcement
techniques will be explored: steel tie bars,
reinforced plaster, FRP blanket and bracing of
wood floors.
st

4.1. 1 reinforcement - Steel tie bars

dt 0.43 0.44 1.33 1.33 3.82 5.64 4.63 10.88
du/
2.24 2.14 0.97 0.93 1.33 0.88 1.19 0.64
dt

This technique is used to reinforce the
connections of walls promoting the box
behaviour of the structure. For future cost
accounting, it was assumed the drilling with
one meter depth and 3cm of diameter and the
use of steel bars with 16mm thickness and
class S235. It was considered four steel
elements, distributed in height, per floor and by
wall that composes the connection between
exterior-exterior walls and exterior-interior
walls.

3.4. Seismic Performance
The case study does not verify the security
conditions.
The structure presents higher vulnerabilities in
the Y direction and the triangular load is the
conditioning one.

The modeling was done using the previous
equivalent beams. Those beams were
considered rigid by changing the values of
2
cross-sectional area and inertia to 10m and
4
5m , respectively.

In direction X, the structure exhibits high
strength with a high yielding force but low
ductility, with an abrupt decay in the nonlinear
phase. This behavior is explained by the high
value of the length of the façade walls and by
the band effect on that direction.

The pushover curves of the reinforced
structure will be identified by the suffix “_R”
and the original pushover curves will be
identified by the suffix “_O”. Furthermore, it will
be shown only one pushover curve by load and
direction, corresponding to the worst case.

In direction Y, the structure exhibits smaller
resistance compared to the X direction, but it
shows good capacity of deformation, allowing
to a slow decay of maximum shear force.
The Tremuri program provides the distribution
of damages in the macro-elements based on
the values of shear stress decay and drift,
originating five different damage levels (DL1 light; DL2 - moderate; DL3 - extensive; DL4 close to collapse; DL5 – collapse).

The bilinear curves in ADRS format and the
safety verification is shown below in Figure 8
and Table 5 respectively.

By analyzing the walls for all the target
displacements greater than the ultimate
displacements, it was shown that the case
study as a soft-story problem at the second
floor level (Figure 7).

Figure 8 - Bilinear curves for 1st reinforcement
Table 5 - Ultimate and target displacement + safety
verification for 1st reinforcement

UX- UX+ TXFigure 7 - Damage levels in exterior side-wall (left) and
interior wall (right)

The main cause of this problem is the
reduction of stiffness that is verified in the
higher floors, due to the small thickness of the
walls.

TX+ UY- UY+

TY-

TY+

du 0.97 0.97 1.55 1.51 4.36 4.16 4.63

4.28

dt 0.43 0.45 1.40 1.49 1.92 1.61 2.65
du/
2.25 2.14 1.11 1.01 2.27 2.57 1.75
dt

2.01
2.13

It stands out that the reinforcement improved
the resistance of the structure in the Y direction
as well as the ductility, through the reduction of
the yielding displacement.
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Table 7 - Ultimate and target displacement + safety
verification for 2nd reinforcement (scenario B)

Overall the reinforcement allowed the safety
verification.
nd

4.2. 2

UX- UX+ TX-

reinforcement - Reinforced Plaster

TX+ UY-

UY+

TY-

TY+

du 0.98 0.96 1.69 1.58 4.22 12.06 8.52 10.73

This technique increases the mechanical
parameters of the walls and the global ductility
of the structure.

dt 0.33 0.32 1.10 0.87 1.76 3.35 4.54 10.09
du/
3.00 2.96 1.54 1.82 2.40 3.60 1.88 1.06
dt

It was considered a grid of 20cm x 25cm, of
S235 steel with thickness of 10mm and
covered by a 4cm layer, on each side of the
wall, of sand and lime mortar.

Both the scenarios of reinforcement increase
the resistance and ductility of the structure but
the scenario B allows a greater benefit and the
safety verification, which the scenario A does
not.

The modeling is contemplated in 3Muri
program through the definition of the material
and the disposition of the reinforcement grid. It
was tested 2 different scenarios of
reinforcement accordingly to the damage
levels presented at the end of chapter 3.

rd

4.3. 3 reinforcement - FRP blanket
This technique resembles the reinforced
plaster differing in the mechanical properties of
the materials.

The scenario A of reinforcement contemplated
the reinforced plaster in all portions of wall that
presented at least extensive damage (DL3)
and the scenario B contemplated the continued
reinforcement to the foundations in all walls
that presented high damage levels (DL4),
yielding the distributions of Figure 9.

In this work, it was assumed the commercial
coat ARMO-mesh 200/200 with E=160GPa,
tensile strength of
and fracture
extension of
.
The reinforcement was distributed by the walls
accordingly to the previous scenario A and B.
The results are shown in Figure 11, Table 8
and Table 9.

Figure 9 - Scenario A (above) and B (below) of
reinforcement

The results are presented in Figure 10, Table 6
and Table 7.

Figure 11 - Bilinear curves for 3rd reinforcement
Table 8 - Ultimate and target displacement + safety
verification for 3rd reinforcement (scenario A)

UX- UX+ TXdu

TX+ UY- UY+ TY-

1.27 1.23 1.15 1.19 3.78 8.55 4.17 10.95

dt 0.40 0.40 0.94 0.92 3.24 5.43 4.42
du/
3.21 3.07 1.23 1.29 1.17 1.58 0.95
dt

Table 6 – Ultimate and target displacement + safety
verification for 2nd reinforcement (scenario A)

TX+ UY- UY+

TY-

8.60
1.27

Table 9 - Ultimate and target displacement + safety
verification for 3rd reinforcement (scenario B)

Figure 10 - Bilinear curves for 2nd reinforcement

UX- UX+ TX-

TY+

UX- UX+ TX-

TX+ UY-

UY+

TY-

TY+

du 1.16 1.16 1.14 1.17 7.84 13.10 8.55 13.27

TY+

dt 0.40 0.40 0.92 1.10 3.34 4.39 4.85 11.33
du/
2.89 2.88 1.24 1.06 2.35 2.99 1.76 1.17
dt

du 1.26 1.23 1.18 1.21 3.80 9.47 3.85 11.37
dt 0.40 0.40 0.97 0.95 2.41 4.74 4.72 10.09
du/
3.16 3.05 1.22 1.27 1.58 2.00 0.82 1.13
dt
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Table 11 - Variation of du/dt (values in %)

The results are similar to the reinforced plaster
with improvements on both resistance and
ductility. The scenario B is once again the best
between the two, allowing the safety
verification.

R1

th

4.4. 4 reinforcement - Bracing of wood
floor

UX-

UX+

TX-

TX+

UY-

0.2

0.0

14.7

8.8

70.1 193.0 46.7 233.8

TY-

TY+

R2 33.6

38.0 59.7 95.3 80.1 309.9 57.6

66.9

R3 28.9

34.5 27.9 14.3 75.9 239.9 47.8

84.0

R4 -14.7 -14.3 11.1 16.7 17.7

This technique aims to increase the stiffness in
the plane of the pavement, allowing the
distribution of inertia forces by increase the
stiffness of vertical elements.

UY+

-1.2

7.9

41.3

The first three reinforcements promoted a good
increase in seismic performance and can be
considered as reinforcements in a potential
future intervention. The results obtained by the
second and third reinforcements are very
similar.

The reinforcement was assumed similar to the
one tested in (Nunes 2017).
The modelling of this reinforce technique was
based on the results obtained by Piazza et al.
(2008) that verified that the value of in-plane
stiffness of the pavements can vary between
20 and 50 times the original one, depending on
the system used. In this paper, it was assumed
that the stiffness increased 25 times, similar to
the results obtained by Nunes (2017), resulting
in Geq being equal to 247MPa.

The fourth reinforcement did not have the
desired impact and did not verify the structural
safety conditions.
5. COST-BENEFIT ANALYSIS
The cost-benefit analysis (CBA) developed in
this work was based on the HAZUS-MH 2.1
(FEMA 2015) methodology by FEMA agency,
that resorts to fragility curves in its calculations.

The results are shown in Figure 12 and Table
10.

5.1. Fragility curves
The fragility curves are an essential element
for the evaluation of the seismic risk, since
they account for the probability of a structure to
reach or exceed a certain damage state for a
given seismic intensity. This intensity can be
measured, for example, in peek ground
acceleration (PGA), spectral displacement
(Sd), spectral acceleration (Sa), among others
(Kaynia 2013).
Hazus methodology contemplates 5 damage
states: absence of damage (
), slight
damage ( ), moderate damage (
),
extensive or severe damage (
), and
complete damage or collapse (
). The limit
between two damage states is defined by a
damage limit state (Figure 13).

Figure 12 - Bilinear curves for 2nd reinforcement

Table 10 - Ultimate and target displacement + safety
verification for 4th reinforcement

TY-

TY+

du 0.96 0.96 1.59 1.58 5.79 3.64 5.94

UX- UX+ TX-

TX+ UY- UY+

6.61

dt 0.50 0.52 1.48 1.45 3.69 4.19 4.62
du/
1.91 1.83 1.07 1.09 1.57 0.87 1.29
dt

7.34
0.90

The reinforcement has a small effect on the
seismic performance of the case study and do
not verify the structural safety conditions.

Figure 13 - Damage states and damage limit states
[(Lamego 2014)]

4.5. Comparison of results

The calculation of the fragility curves followed
the assumptions made in (Marques et al. 2017)
which should be consulted for further detail.
These curves were calculated for the first three
reinforcements and for both directions. In this
paper it will be presented only the worst case.

Comparing the variation of the ratio du/dt for all
four reinforcements (considering scenario B for
second and third reinforcement), it is presented
the Table 11.
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Table 14 - Probability of each damage state for 3rd
reinforcement (values in %)

5.1.1. Steel tie bars
In Figure 14 and Table 12 is shown the fragility
curves and probability of damage states for the
X direction.

Dir. X

0.0

0.5

13.5

39.6

46.4

The probabilities for each damage state are
similar
to
the
three
reinforcements.
Nevertheless, the first reinforcement is the one
that has the higher probability of complete
damage, followed by the reinforced plaster and
the FRP blanket.
5.2. Costs
st

The costs calculated in this paper are:
reinforcement costs, repair/construction costs,
content costs, costs of loss of functionality and
costs of personal injury.

Figure 14 - Fragility curves for 1 reinforcement
Table 12 - Probability of each damage state for 1st
reinforcement (values in %)

5.2.1. Reinforcement costs
Dir. X

0.0

0.1

12.4

38.1

49.4

In order to simulate the effect of an earthquake
on the supply and demand of the construction
market, it was assumed an increase in current
prices by 30%, which is in the range of values
obtained by the work of Olsen (2012).

5.1.2. Reinforced Plaster
In Figure 15 and Table 13 is shown the fragility
curves and probability of damage states for the
Y direction.

The cost associated with the first reinforcement
was 30€/m with 368m of drilling totalizing
11040€.
The cost associated with the second and third
2
reinforcement was 40€/m with an intervention
2
area of 1218.8m totalizing 48752€.
5.2.2. Repair/Construction costs
The original case study doesn’t verify the
safety conditions and as such it was admitted
that the cost of repair isn’t economically viable,
leaving the construction of a new building as
2
the only option. Admitting a cost of 900€/m for
new construction in the city of Lisbon and the
supply and demand factor previous mentioned,
the loss of the building would represent a cost
of 773995€.

Figure 15 - Fragility curves for 2nd reinforcement
Table 13 - Probability of each damage state for 2nd
reinforcement (values in %)

Dir. X

0.0

0.1

14.3

38.3

47.4

The repair costs (RC) were calculated using
eq. (1) (where
is the construction cost), and
are presented in Table 15.

5.1.3. FRP blanket
In Figure 16 and Table 14 is shown the fragility
curves and probability of damage states for the
X direction.

(1)
Table 15 - Repair costs

[€]

Figure 16 - Fragility curves for 3rd reinforcement
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R1

R2

R3

539369

525778

522770

Table 18 - Costs of personal injuries (values in €)

5.2.3. Content costs
The content costs (CC) lost in a seismic event
were calculated through eq. (2) (where
is
the construction cost without the supply and
demand factor), and are presented in Table 16.

Lvl1

Lvl3

(2)

Table 16 - Content costs

R1

2452

4041

1826

2393

R2

2370

3922

1761

2308

R3

2338

3848

1730

2268

Original 4960 21079 246362

Original

R1

R2

R3

297675

207449

202222

201065

Lvl4

Original 17071 72553 847964 2222827
Daytime

[€]

Lvl2

Night-time

645807

R1

712

1174

531

695

R2

688

1139

512

671

R3

679

1118

503

659

5.2.4. Costs of loss of functionality
5.3. Cost-Benefit Analysis

The costs of loss of functionality are
associated with the loss of residence by the
resident people on the case study building.

The CBA contemplates a 50 year study. The
viability of each reinforcement depends on the
difference between his net present value
(NPV) and the one for the original structure.
The NPV was calculated by the product of the
average of the fifty cash flows (one for each
year) and the probability of exceedance of the
project earthquake (10%). This model
simulates the fact that the reinforcement costs
are always effective but his benefits are not.

It was assumed that the people that were
renting the apartment would move to a place
with similar cost. Accordingly to the census
(INE 2011), 67% of accommodations in the
Lisbon area are owner-occupied, which means
8 of the 12 families that inhabit the building,
would need to start paying a rent.
This cost (CLF) is dependent on the period of
inactivity and repair time resulting Table 17.

The prices were updated by a tax of 1,26%
and it was assumed an actualization rate of
3%. The results are shown in Table 19 and 20.

Table 17 - Costs of functionality loss

Original
[€]

154368

R1

R2

Table 19 - Night-time scenario

R3

108851 106335 105644

R1

R2

R3

Viability +236240 +200051 +200405
5.2.5. Costs of personal injuries
Using Hazus methodology, it was calculated an
estimation of personal injury costs to two
scenarios: daytime and night-time. Hazus
classifies four different levels of personal
injuries: level 1- light; level 2 - moderate; level
3 - serious; level 4 - death.

Table 20 - Daytime scenario

R1

R2

R3

Viability +79260 +43054 +43399
6. CONCLUSIONS

Using the ratios provided by Hazus and
estimating an average resident population,
through census, of 32.4 and 9,4 people, for
night-time and daytime scenarios respectively,
it was estimated the number of injuries for
each level of personal injuries.

The mixed masonry-RC building studied did
not verify the code structural safety conditions.
Four strengthen solution were studied and the
first three are economically viable.
The increase in performance, provided by
reinforcement, isn’t the only factor when it
comes to make the best decision.

Based on Lamego (2014) it was assumed the
following costs for each injury level: level 11317€; level 2 - 11196€; level 3 - 523435€;
level 4 - 686058€.

From the four reinforcements studied, and
according with the assumptions considered,
the steel tie bars are the most efficient.

The costs are presented in Table 18.
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