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Abstract

This paper describes the application of the iterative method described in Part | (Cardoso R, Lopes M, Bento, R, Seismic Evaluation of Old
Masonry Buildings. Part I: Method Description and Application to a Case Study, Engineering Structures, 2005) to the seismic strengthening
design of irregular block masonry structures. The method was applied to an old masonry building from the city of Lisbon, which includes
a three-dimensional wood structure braced with diagonal elements, aiming at providing seismic resistance to the building. Three different
strengthening solutions were defined, based on the collapse mechanism obtained. This paper presents the analysis performed for each solut
ard the discussion regarding its qualitatively and quantitatively effects in the seismic structural behaviour: the identification of the expected
collapse mechanism after strengthening and the seismic intensity for which it occurs. This is necessary to define the more efficient anc
economic strengthening strategies.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction the seismic action associated to each damage state. The
value of this fctor at the collapse of the structuneli®,

The importance of the preservation of the cultural quantifies its pantial seismic perforince, and is directly
heritage and the functions that old masonry structures comparable to a safety factor. The low value of fagtgf*
gtill maintain in our days justify the concern about their obtained {Ji>* = 0.25) justifies the concern about the
structural safety, includingnder earthquake actions. Recent seismic performance of these structures and the need to
earthquakes showed a deficient performance of masonryimprove their seismic resistance. Note that the values of
buildings under seismic actions and Portuguese buildings areyJi?* mentioned in this paper are not multiplied by the
not expected to be an exception. g-factor (or force reduction factor), as it would be necessary

A ‘Pombalino’ building, which is a typical old masonry  to evaluate the seismic intensity at collapse. As discussed in
building from Lisbon Downtown built after the 1755 Partl, it was considered that a value qf= 1.5 could be
Lisbon Earthquake, was analysed (Part I) and its expectedreasonable for these type of building if the collapse would
collapse mechanism due to seismic actions was identified.take place after significant hiaontal displacements of the
The methodology proposed allowed simulating, by an interior ‘gaiola’ walls. Theenergy dissipation capacity of
approximate manner, the non-linear behaviour of irregular these walls was already been observed experimentHlly [
block masonry structures with structural timber elements. as mentioned in Part .
Each iteration comprises a linear elastic dynamic analysis  The rupture of relevant structural elements (masonry
by response spectrum, scaled by a factge to define  cracking and the rupture of connections) was introduced in

the model in each step of calculation, until the collapse.

"+ Corresponding author. Tel.: +351 218418210; fax: +351 218418200, 1 his procedure allowed identifying the weakest links of the

E-mail address: rbento@uil.ist.utl.pt (R. Bento). structure, mainly the connections between interior ‘gaiola’
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walls and its perpendicular masry walls, providing useful ~ a wood grid. Floors above the first are wood slabs and
information to the seismic stngthening design. The rupture should be considered as flexible diaphragms, and the roof
of the relevant strctural dements mentioned allowed is made with timber truss and ceramic tiles and may
identifying the fall out-of-plane of the front fagade as the include window openings. A more detailed description of

expected collapse mechanism. ‘Pombalino’ buildings can be found ir2].

The iterative method previously described was also A commercial program was used (SAPZ@)@G]) and
used to analyse the effects of three different strengtheningthe numerical model of the structure is described in Part I.
sdutions, usually adopted in seismic strengthening. The  The masonry of the exterior walls is made of irregular
expected collapse mechanis was icentified and the  blocks of calcareous stone and lime mortar with very poor
corresponding factoryl, was ued to quantify the  strength capacity. The Young's modulus, adopted for the
efficiency of the solution by comparing it with the one stuctural materials were 600 MPa for masonry, 8000 MPa
obtained for the original building, before strengthening. The for timber and 3000 MPa for stone. The Poisson coefficient
solutions stdied are described further in this paper. of all materials was assigned the value 0.2.

The effects on global behewr of each strengthening According to the Portuguese Cod#,[a uniform service
solution will be discussed, aimg at providing information load (12 kN/m?) acting at all the floors was considered.
to the definition of the more adequate strategies to improve As previously described, linear dynamic modal analysis was
the seismic resistance ofd masonry buildings. performed by response spectrum. The seismic action was
based on the response acceleration spectrum also defined
in the mentioned code, acgjnalong the two horizontal

2. Description of the building and numerical model R
directions.

‘Pombalino’ buildings are old masonry buildings that can
be identified by the presence of a three-dimensional timber 3, Strengthening solutions adopted
structure mmed ‘gaiola pombalina’ enclosed in interior
masonry walls above the first floor. The wood structure of  According to the study of the building presented in Part |,
‘gaiola’ is like a birdcage maal of vertcal and horizontal  the expected collapse mechanism of the building is the fall
elements braced with diagonals named St Andrew’s Crossesout-of-plane of the front facade at the top floor, eventually
The other interior walls are partition walls made of wooden bringing down other parts of the building. Therefore, the
panels and should not be considered as having structurabrimary concern of the studied strengthening solutions,
functions. which are presented ifig. 1, is to inaease thebuilding
The first floor is composed of a system of vaults made of resistance to this mechanism.
regular masonry blocks and stone arches and the foundations The connections between ‘gaiola’ walls and masonry
include short and small diameter woodpiles connected by exteriorwalls (identified in Fig. 2) play an inportant role

RC beam at the ?
Steel Connection top of the building, RC beam connecting

strengthened with connecting the % the floors with
a steel connector roof with masonry

masonry walls

e Strengthened connection Concrete beam Concrete beams
Solution 1 — Strengthening of Solution 2 — Inclusion of a RC Solution 3 — Inclusion of RC
the connections between beam (0.60x0.25m?) around beams (0.60x0.25m2) around
‘gaiola’” walls and the the exterior perimeter on the the exterior perimeter of the
masonry walls of the facades top of the building, connecting building, in all the floors at
with steel elements. the roof structure to the the pavements level.

masonry walls.

Fig. 1. Strengtheningdutions adopted.
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Fig. 2. Analysed connections betwember elements and masonry walls.

in the building’s seismic belk#ur because the fall out-of-  Fsg = Fperm= ¥sisFE. (1)
plane of the facade can only occur after the rupture of its
connections to the perpendicular ‘gaiola’ wall(s). Therefore,
strengthening these connections with steel elements was
one of the strengthening solutions adopted (Solution 1).
The other solutions consideredinforced concrete beams
(0.60 x 0.25 n?) placed around the exterior perimeter of
the building, firstly only athe top floor (Solution 2), and
secondly in all the floors, at the pavement level (Solution 3).
Bar elements connected to the nodes of the shell elements
in the corresponding places of the structure modelled the
reinforced concrete beams (RC beams).

For each structural element or connection, the design
action effects, Fsg, will be compared with respective
resistances,Frq, identifying their rupture, cracking or
yielding if Fsq > Frq.

The structural elements where damage was analysed are
the masonry elments from the exterior walls (resistance
values: 1.3 MB—compression, 0.1 MPa—tension and 0.1
MPa—shear), the connections of timber elements (without
tensile strendt) and the connections between timber
elements and masonry walls (strength value of 5 kN). The
values adopted are justified in Part |.

4. Methodology 5. Collapse mechanisms considered

The aim of the analysis of each strengthening solution  The main collapse mechanisiasalysed were the out-of-
is to evaluate its efficiency, which can be quantified by plane fall of the front facade, as described in Part |, and the
the increment of the buildingetssmic resistance, measured global base shear mechanism. Damage patterns (masonry
by the value ofysr}‘sax for each solution. Each solution is cracking and yielding or rupture of connections) allowed
studied by comparing the results obtained in the study of the identifying both mechanisms.
structure before and after strengthening (dynamic behaviour  To identify the out-of-plane fall of the facade, damages at
and expected collapse mechanism). the masnry walls due to bending (tension and compression)

The iterative method presented in Part | will be applied were analysed. Damage due t@ahin the vertical direction
to each solution studied. As brief description of the  was also angsed at the elementsade to the connections
iterative method used, damage in the structural elements orbetween perpendicular masonry walls. The yield or collapse
connections between elemeats identified in each step and of the connections between the interior walls of ‘gaiola’
the structural system chged accordingly. The factokis is and the exterior masonry walls of the facades, considered
a gale factor of the response spectrum used to perform atogether with masonry damages, allowed the identification
linear elastic dynamic analysis in each iteration. This factor of this mechaism. At the limit, the rupture of these
was wsdal to define the seismic action associated to each connections corresponds to the overturning of the facades.
damage state, according to Ef).(This equation defines the The global base shear ethanism was identified by
design action effectsriternal forces) in structural elements, the formation of a continuous slip surface in the vertical
Fsd, whereFpermare the effects of vertical permanent loads masonry elements of the ground floor, parallel to the facades.
andFg are the effects of the code prescribed seismic action. The elements analysed were the masonry walls of the
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facades because their resise@ra shear, due to the doors
and window openings, is smaller than the resistance of
masonry walls without openings, such as the walls between
adjoining buildings.

It was considered that the formation of the horizontal
dip surface would be associated with reaching the shear
capacity in all the columnsfa facade. Even though this
hypothesis may not be considered conservative, it is known
that the error is not too largeiftwo reasons: (i) the columns
have similar dimensions and ttedore itis likely that shear !
effects are close to the shear capacities in most columns !
when the effects match the capacities in a given column, and
(ii) since the columns are made of irregular block masonry;, it |
is acceptable to assume that the elements possess reasonable
pog-ultimate strength mobilized by friction between blocks, Fig. 3. Deformed shape of the front fagade due to seismic actions.
allowing some redistribution of forces. This is equivalent to
admitting ductile behaviour of the columns. Therefore, the
sdsmic capacity associated to the collapse of the fagade due . . I". .' I
to shear in its own plane can be evaluated by comparing the 5 H B EEENR O|g
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ovenll shear strength of all columns with the overall shear
force in the plane of the facades.

In all the cases studied, the possibility of failure of the
columns due to the combined effects of bending and axial

(1 O]

forces was also studied but it was concluded that it is not tension shear out-of-plane
critical as it led to similar results. il g
As descrbed in Part |, the lower value ks will allow [ or-damaged
element

us to identify the collapse mechanism. Although the collapse
mechanism of the hlding was the fall out-of-plane of the  Fig. 4. Damage patterns in masonryretmts athe collapse obtained for
front facade, described in dgtin Part I, the global base the building strengthened with Solution fsfs = 0.60).

shear mechanism was also anagdor the original building.

Assuming thatother collapse mechanisms would not be (pat1) are similar to thosebtained with Solution 1 because
developed before the global base shear mechanism, a valugey correspond to the situation in which all connections are

of ysis = 0.70 was obtained. still active. As obtained before strengthening, the masonry
damages concentrated mainly on the top of the building.

6. Results Fig. 3shows the deformed shape of the front fagade, where
the bending out of plane of this masonry wall is presented.
6.1. Solution 1 As it canbe observed ifrig. 3 the mnnections G1 (between

the ‘gaiola’ interior wall &d the front facade, identified

Solution 1 is the strengthening, with steel elements, of in Fig. 2), provide support to the fagcade, as well as the
the connectins between ‘gaiola’ walls and perpendicular masonry walls perpendicular to the main facade (walls
masonry walls. The rupture of these connections was notbetween adjming buildings).
considered since it was assumed they would be designed Since it was admitted that the rupture of connections
with enough strength to not fail before the collapse of the between ‘gaiola’ walls and the fagades cannot occur, the
building occurred in other modes. identification of the out-of-plane fall mechanism must be

Solution 1 doesot change element dimensions; therefore identified essentially by masonry damage. Since all the main
it does not modify the global stiffness of the structure. sources of non-linear behaviour affecting the development of
Moreover, since the rupture of connections will no longer this mechanism are eliminated by the strengthening solution
occur, one of the main reasons for the reduction of the (Solution 1), dinear analysis provides a reasonable estimate
global stiffness is eliminated during an earthquake. In fact, of the seisnt intensity at collapse.
as discussed in Part I, the rupture of the connections According to he damage patterns obtained for the front
between ‘gaiola’ walls and the fagades strongly influences fagade, it was considered that the one reachegfoe 0.60
the evolution of the dynamic behaviour of the structure since (not multiplied by the g-factor of 1.5) corresponds to
it gives rise to leal vibration modes with reduced mass ‘unacceptable’ damage. As shownkFig. 4, for this seismic
patticipation. intensity, masonry damages (&on and bear inthe out-of

The effects of the seismic action evaluated from the plane direction) reach all the levels. Fig. 5, the vetical
calculation of the first iteration of the original building line in the middle of the facade corresponds to connection
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Overturning of the fagade

Fig. 5. Usual strengthening solutiod@pted to prevent fall out-of-plane of
facades @] and [6]).

G1 (Fig. 2. The other vertical line at the ground floor is
the connection between the fagaahd an existing interior
masonry wall.

According to the results presented above, the seismic
resistance of the building increases froff®* = 0.25
(Part 1), before strengthening, @2 = 0.60. Due to
strengthening, the out-of-phee displacement of the front
facade is reduced from 3.7 cm (third step of calculation, Part
I) to 2.88 cm. It corresponds to a value 22% inferior to the
one obtained before strengthening.

The global base shear meclsam was also analysed and
the procedure previously presented was adopted. A value of
ysis = 0.70 was obtained, equal to the one obtained for the
original building.

6.2. Solution 2

Solution 2 consisted of the inclusion of a reinforced
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Fig. 6. Evolution of the horizontal displacements out-of-plane of the facade
relgtive to the corner of the building in the iterative proceggifl) =
Vsis(2) = ysis(3) = 0.45).

values ofysis, for which rupture of different connections
G1 (defined inFig. 2) occurs, and the connections removed
in each iteration. These values are the scale factors
corresponding to the intensity of the seismic action whose
effects in the structurds;sqg, defined ly Eq. (1), are equal to

concrete beam (RC beam) around the exterior perimeter ofthe resistance of each connectiéyg.

the building with a height oh = 0.25 m and a width of
b = 0.60 m, on the top, as shown kig. 5.

Table 1
Rupture of connections G1 after sigthening the building—Solution 2
Number sis(D sis(2) 7sis(3)
5 Strengthened connection
4b 0.40
4a 0.60 0.45
4 0.54 0.35
3b 0.50 0.26
3a 0.42
3 0.42
2b 0.49 0.30
2a 0.54 0.75 0.10
2 0.61 0.37
1b 1.00 1.58 1.59
la 1.43 0.63 4.72
1 0.98 066 0.67

The analysis of the strengthened building led to the
identification of the collapse mechanism in three iterations.
The connections removed along the iterative procedure
are presented iffable 1 This table show the maimum

The results led tasis(1) = vsis(2) = ysis(3) = 0.45,
equal toyJ™. As observed before strengthening and des-
cribed in Part I, the collapse of the structure is sequential at
the same seismic intensity becaysgis equal for all steps.

The collapse mechanism obtained after strengthening the
building with the top beam is still the out-of-plane fall of
the front facade, triggered by the collapse of the connections
with the ‘gaiola’ wall. However, the sequence of collapse
starts by the annections at third floor level and not at the
top (Table ). Fig. 6 shows the relative displacement pattern
along the height for each step of the iterative procedure,
scaled by the corresponding values @fis(ysis(1)
ysis(2) = ysis(3) = 0.45). These displacements are the
difference between the horizontal displacements observed in
the connection GIFig. 2) and the displacements in the same
direction observed in the left corner of the front facade of the
building, asdescribed in Part I.

Table 2 shows the in@ases of the deformation of the
front facade at the top and at 12 m high in the out-of-plane
direction, to illustrate that the non-linear behaviour of the
building induces larger deformationslat= 12 m. This dif-
ference is compatlb with the evolution of damage in the
masonry walls and the pattern of rupture of connections G1
(Fig. 2) presented imable 2 Theobserved collapse mecha-
nism may indicate that the introduction of a metallic tie or a
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Table 2
Horizontal relative out-of-plane displacements at connectionygd(l) = ysis(2) = ysis(3) = 0.45)
1st Step 2nd Step 3rd Step
Relativé! displacement TOP (cm) 1.03 1.05 1.15
Increase in displacement (cm) - 0.02 0.10
Total inaease 0.12 cm (12%)
Relativé! displacemenh = 12 m (cm) 0.4 0.47 082
Increase in displacement (cmj—= 12 m - 0.03 0.35

Total inaease-h =12 m

0.38 cm (87%)

@ Relative to the corner of the building.

concrete beam in all the floors of the building, connecting the
facade to the floors and to the ‘gaiola’ walls at these levels

(strengthening Solutions 1 and 3, respectively), can be ade-

guateto increase further the seismic capacity of the building.

According to the results obtaéd, the expected collapse
mechanism of the building before and after strengthening
will be the fall out-of-plane of the front fagcade. Nevertheless,
the strendtening solution increases the global seismic
resistance of the building becaugf™ was inceased from
0.25, before strengthening, @45, after strengthening.

The global shear mechaniswas also analysed and a
value ofysis = 0.63 was obtained, which will be discussed
further.

6.3. Solution 3

Solution 3, which was an extension of Solution 2,
considers the inclusion of RC bea@60x 0.25 n?) around
the exterior perimeter of theuilding, at the pavement level
of all the floors. It was assumed that all the connections
between timber elements (pavements and ‘gaiola’ interior
walls) and the facades were strengthened at this level;
therefore theirupture was not considered in the analysis.

Table 3

Rupture of connections G1 after sigthening the building—Solution 3
Number ysis(1)
5 Srengthened connection
4b 14 260
4a 1.78
4 Strengthened connection
3b 0.82
3a 8361
3 Srengthened connection
2b 0.70
2a 0.90
2 Srengthened connection
1b 0.71
la 0.83
1 Strengthened connection

Table 3presents the values gfjs for which rupture of the
connections G1 occurs (values obtained as those presente

[ damaged
element

non-damaged
element

tension

Fig. 7. Damage levels in masonry elements from the main fagade at
the collapse ¥sijs = 0.50), obtained for the building strengthened with
Solution 3.

in Table ). The values marked bold ifable 3correspond
to the connections fowhich rupture is not likely to occur.

The values presented ifable 3 and the dmages
obtained in the masonry walls of the front facade for
ysis = 0.50 (Fig. 7), indicate that the collapse due to the
out-of plane fall of the front facade can only occur due to
bending of the fagade between the RC beams, since there
is no wpture of connections. The damage pattern shown
in Fig. 7, obtained fory[®* = 0.50, corresponds to an
‘unacceptable’ situation, whitwas considered to identify
the collapse mechanism. Wever, the masonry damages
due to this mechanism cannot be clearly distinguished from
those that allow identifying the bending parallel to the plane
of the facades.

Since the masonry damage pattern is evident in all
the floors for values of seismic intensity inferior to those
corresponding to the rupture of the connections, the collapse
does not depend on the rupture of the connections. In this
condition, one iteration is enough to identify the failure
mechanism, as for Solution 1.

The global base shear mechanism of the structure
corresponding to Solution 3 was also analysed and the value
of 0.55 was obtained. Due to similarity of the values of
ysis Obtained for both collapse mechanismgid = 0.50
to the bending of the facade ampgs = 0.55 for the base
shear), it is expcted that the collapse mechanism combines
both mechanisms and takes place at a seismic intensity value
YaeX = 0.50.

Solution 3 proves to be effient because the global
seismic resistance of the building increases from 0.25, before
direngthening, to 0.50, after strengthening. This solution
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solutions in preventing thexpected collapse mechanism
(fall out-of-plane of the fagag) of the original building.

The building global stiffness is changed also by
the strendtening solutions, which can be confirmed by
analysing the frequencies and configurations of the first three
vibration modes of the buildings, shownHig. 10.

By comparing the values of the frequencies of the
structues strengthened with Solutions 2 and 3 with the
corresponding values for the original building, presented in
Fig. 10, it is evident that there is an increase of the global
stiffness. This increment is higher for Solution 3 in which a
higher number of RC beams were considered. In the case of
Solution 1 there is no increase in stiffness as compared with
the orighal unstrengthened building.

As expected, the increase of stiffness when RC beams

Original Building/ Solution 2 Sslifion 8 are adopted is more relevant for the direction perpendicular

Solution 1 to the front facade, the out-ofane direction. According
to Fig.10, the first nodes with relevant out-of-plane
Fig. 8. Deformed shape of the_ front fagade of the building before and after displacements of the front facade are the first mode,
been strengthened with Solutions 1, 2 and 3 (same scale factor). before strengthening/Sqution 1, and the second mode, after
strengthening (Solutions 2 and 3). The increment of the
increases seismic capacity more than Solution 2 (from frequency is due to the increment of the global stiffness of
0.25, before strengthening, ©.45, after strengthening), the building in this direction.
which confirms the relevant role of the connections between  Table 4 shows thevalues of ysis corresponding to the
‘gaiola’ walls and the fagcades on the structural behaviour. fall out-of-plane of the front facade and to the global
In fact, the rupture of these connections decreases thebase shear mechanism. As showriTable 4 the pected
maximum seismic itensity the structure can withstand, as collapse is the fall out-of-plane of the front facade for all the
the analysis of Solution 2 has shown. A more detailed strengthening solutions studied (marked bold). Solution 1 is
discussion on the influence of Solution 3 in the global the most efficient of all because it corresponds to the highest

behaviour will be presented further 8ection 7 increment of the seismic resistance (140%). As mentioned
while presenting Solution 3, the seismic resistance of the
6.4. Comparison of the strengthening solutions adopted structure or the global base shear mechanism is similar

to the resistance ohined for the fall out-of-plane of the

The deformed shapes of the front fagade of the buildings front facade, being expected a mechanism that combines
before and after strengthening are presentdedn8. It can both mechanisms due to the similarity of the corresponding
be observed that the deformed shape of the front fagadevalues ofysis.
after strengthening with RC beams is smoother than before  The values ofysis obtained for the global base shear
strengthening. This result shows the increment of the out- mechanismTable 4 decrease with the increase of the global
of-plane stiffness of the front fagcade due to the presence ofstiffness. The incrment of stiffness leads to higher values
these concrete elements. Howevafter strengthening, the of the seisrit action effects (the iméia forces increase).
outof-plane displacements are still relevant, justifying the As the resistance of the stture to the global base shear
collapse mechanism obtained fat the analysed solutions.  mechanism does not change, the seismic intensity associated

Fig. 9 shows the out-of-plane displacements along the to collapse in this mechanisnedreases with the adoption of
height of the front fagade at the collapse, corresponding to Solutions2 and3.

the deformd shages presented iRig. 8 The displacements The seismic intensity corresponding to the global base
in Fig. 9 were obtained in the connections C (connection shear mechanism for Solutions 2 and 3j)gs = 0.63
G1—Fig.2) and W (the lef comer of the building— and ysis = 0.55, respectively. These values are inferior to

connection between perpendicular masonry walls), alsoysis = 0.70 and can be explained by the increase in the
identified in Fig. 9. As prevbusly mentioned, the out-of- global base shear forces in the buildings strengthened with
plane deformations of the front fagade can be measuredRC beams, as presentedTable 5
by the difference between the displacements obtained in  According to the values presentedTiable 5 theglobal
connections C and W. base shear forces due to the stiffening effect induced by the
According to the displacement patterns showrig. 9, RC beams are incremented in both directions. This derives
the strendtening solutions where RC beams are used from the increase in the inertiforces associated to the
(Solutions 2 and 3educe the out-of-plane displacements of increase in stiffness due to the beams. The increment of the
the front facade. This resuldicates the efficiency of these global base shear force is more relevant in the out-of-plane
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‘gaiola’ wall

masonry walls
between
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buildings

W c front facade
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Fig. 9. Displacements of the front facade after strengthening due to seismic actions, at the collapse.
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Fig. 10. Mode shapes of the first step of the analysethfobulding before and after being strengthened.

direction of the front facade (19% for Solution 2 and 21% contrary to what happens in the direction perpendicular to

for Solution 3) than in the direction parallel to its plane (9% the front fagade. This may be due stiffness rettribution

for Solution 2 and 8o for Solution 3). in the structure due to the inclusion of the RC beams in
The increment of the force in the direction parallel to the all the floors, and to torsion. The global stiffness increment

front facade is higher for Solion 2 than for Solution 3, also indicates that the baskesr mechanism may become
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Table 4
Values ofysjs corresponding to the mechanisms analysed for each strengthening solution
Collapse mechanism Original building Strengthening solution
Without stiffness increment With stiffness increment
Solution 1 Solution 2 Solution 3
Fdl out-of-plane of the front fagade 0.25 0.60 0.45 0.50
Global baselsear mechanism 0.70 0.70 0.63 0.55
Seismic resistance increment - 140% 80% 100%
Table 5
Seismic base shear forces for the building befard after strengthening corresponding to therfaion of the shear-base collapse mechanism
Building before strength- Soluion 2 (one RC top Soluion 3 (RC beams in
ening/Solution 1 beam) all the floors)
Global base skar force [kN] parallel to the 1733 1888 {9%) 1886 ¢-8%)
front fagade X direction)
Global base shear force [kN] out-of-plane of 1474 1756 419%) 1785 ¢-21%)

the front facadey( direction)

the collapse mechanism of tha&ructue, instead of the  adopted influence the seismic resistance of different collapse
fall out-of-plane of the front facade. The global base shear mechanisms.
mechanism probably would be observed if higher stiffness  The previous discussion concentrated on comparing some

RC beams were adopted. of the most current strengthening strategies. The most usual
As shown inTable 5 the value ofyJi™ = 0.60 obtained solutions comprise the streingining of elements or connec-
for Solution 1 is higher thanysis = 0.45 obtained tions, sometimes without a criterion. In order to assess the

for Solution 2. This difference indicates that the front efficiency of different solutions, the resistance to the global
facade resistance to the out-of-plane mechanism increasebase shear mechanism and te tut-of-plane fall of the

if a top beam, that provides a continuous support to the facades was studied. However, it should be mentioned that
facade, is replaced by a connection in a single point in other mechanisms may exist, and therefore the discussion
all floors. For Solution 1, the strengthened connections arepresented cannot be considered exhaustive, but an illustra-
better distributed along the height of the building and this tion of the type of analysis that is considered necessary to
eliminates the progressive collapse of the fagade observed irdecide between different seismic upgrading strategies of old
the study of the building strengthened with Solution 2. This masonry buildings.

indicates that a better improvement of the seismic resistance By amalysing the results obtained, it is possible to infer
can be reached if strengtheniiigerventions are designed the relative efficiency of thermlysed strengthening solu-
based on the knowledge of the building’s global behaviour, tions. Solution 1 proved to be the most effective one, with
like Solution 1, and not just to pvent theexpected collapse  an improvement of 140% in the related seismic resistance.

mechanism from occumg, like Solution 2. Besides, this solution is less intrusive than the introduction
of an RC beam, which is a positive factor with regard to the
7. Summary and conclusions preservation of the cultural (historic) value of the building.

The changes in the dynamic behaviour of the structure
The previous discussion shows that the strengtheningdue to the introduction of new structural elements, such
solutions stidied increase the building’s capacity as regards as the RC beams included in the model (Solutions 2 and
the resistance to horizontaldrtia forces but may have other 3), may reduce the seismic intensity associated to collapse
effects, namely the stiffness increment. This generally leadsmechanisms that were not relean the original building;
to an increase of the inertia forces, a negative effect for the this may result, for examplesa @nsequence of the incre-
building’s seismic performance. ment of the global stiffness. If such a mechanism becomes
Other intervention strategies may aim at producing the new collapse mechanism, the strengthening solution may
other types of change in the structural behaviour, such not only change the type of collapse mechanism, but also
as increasing the energysdipationcapacity, by means reduce the efficiency of that solution.
of specific devices, or decreasing the inertia forces, for It should also be mentioned that these results strongly
instance by means of base isolation. It is therefore importantdepend on the number and distance between the support
that the choice of a seismic upgrading strategy consider points of facades (connections perpendicular walls) and
all the changes in structural behaviour it may induce. therefore can vary from building to building or even between
Moreover, it is very important to know how the solutions the facades of the same building.
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According to theconclusions of the study, seismic

strengthening solutions that do not significantly change
the dobal stiffness and the dynamic characteristics of the
structure would be more efficient. The above discussion
points to the importance of analysing the efficiency of
different upgrading strategies in order to make the best
possible use of the funds invested in seismic strengthening.

References

[1] Alvarez ML. Pombalino Downtown, Synthesis of a research work

on several disciplines, since geophysical prospecting to sociologic

prospective, with urban planning as objective. Lisbon City Hall, Lisbon;
2000 [in Portuguese].

2023

[2] Cardoso R, Lopes M, Bento R, D’Ayala D. Historic, braced frame

(3]

(4

5

—

(6]

timber buildings with masonry irfi(‘Pombalino’ Buildings). World
Housing Encyclopedia Report. Earthquake Engineering Research
Institute EERI,www.world-housing.netCountry: Portugal).

sAP200®. Three dimensional static and dynamic finite element
analysis and design of structures, Version 7.0. CSI. Computers &
Structures, inc, Structural an&athquake Engineering Software,
Berkeley, Californa, USA; October 1998.

RSA—Rules for the definition of actions and safety in buildings and
bridges. INCM; 1983 [in Portuguese].

Carvalho EC, Qleira CS. Ari-Seismic Construction—Small build-
ings, ICT. Structures Technical Information LNEC, DIT 13. Lisbon;
1997 [in Portuguese].

Costa A, Aréde A, Moreira D, Nees N. Stregthening techniques
that can be used in seismic strengthening of traditional constructions
damaged by the 9th July Azores Huaptiake. In: Proceedings of Sismica
2001. 2001 [in Portuguese].


http://www.world-housing.net

	Seismic evaluation of old masonry buildings. Part II: Analysis of strengthening solutions for a case study
	Introduction
	Description of the building and numerical model
	Strengthening solutions adopted
	Methodology
	Collapse mechanisms considered
	Results
	Solution 1
	Solution 2
	Solution 3
	Comparison of the strengthening solutions adopted

	Summary and conclusions
	References


