Available online at www.sciencedirect.com

science (@oinser ENGINEERING
@ GTRUCTURES

o N
ELSEVIER Engineering Structures 27 (2005) 2024—2035

www.elsever.com/locate/engstruct

Seismic evaluation of old masonryilmings. Part I: Method description
and application to a case-study

Rafaela CardospMario Lopes, Rita Bento

DECivil, Instituto Superior Técnico, Av Rovisco Pais, 1, 1049-001 Lisbon, Portugal

Received 23 December 2004; received in revised form 25 May 2005; accepted 13 June 2005
Available online 2 September 2005

Abstract

This paer describes a method developed to evaluate the seismic performance of old masonry buildings, which allows identifying the
expected structural collapse mechanism of the structure. Thepsellmechanism is identified by the accumulation of several damaged
structural elements in specific points of the structure. The methodology allows simulating the non-linear behaviour of masonry buildings by
making use of an iterative procedure, where the structure is chahgadhastep according to the cracking, yielding or collapse of structural
elements at the previous steps. The method was applied to an old masonry building from the city of Lisbon that includes a three-dimensiona
timber structure enclosed in masonry walls aimigkaviding seismic resistance. Discussion is made regarding the advantages of the iterative
procedure for the identification of the expected structural collapse mechanism of old masonry buildings. The method limitations will also be
discussed.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction buildings were not built according to seismic codes because
they didnot exist at the time of their construction.

Old ma®nry buildings are an important percentage ofthe ~ The design of strengthening and/or large modifications of
building stock of many cities. These buildings are still being ©ld masonry buildings to perform new functions leads to the
used and their main functions at present days are mosﬂyddinition of a numerical model of the bU|Id|ng Besides the
housing and services (offices of companies and banks). Thecorrect characterization of strgth and stiffness parameters
importance of the preservation of the cultural heritage and of structural materials (masonry and wood), there are also
the functions that old masonry structures still maintain in difficulties in modelling its non-linear behaviour. In fact, the
our days justify the concern about their structural safety, behaviour of a masonry structure is non-linear mainly due
including under earthquake tns. Recent earthquakes to crack opemg and to the rupture of connections between
showed a deficient performance of masonry buildings under Structural elements. Considering the existence of timber
seismic actions. Poor seismic performance of these buildingsstructual elements, the rupture of connections between
may be expected due to the following reasons: (i) age andtimber elements and masonry walls is also a source of non-
consequent degradation of structural materials leading to alinear béaviour.
decrease of local and global stiffness and strength; (i) the The proposed method was developed aiming at (i)
high number and variety of structural changes that theseaccounting explicitly for most of the main sources of non-
structures suffered during service time, without considering linear bénaviour of masonry structures and (i) being a tool

the effect on the seismic performance; (iii) most of these applicable in current design practice of seismic assessment
and strengthening of old masonry buildings. For these

reasons, non-linear analysis is performed by an iterative
* Corresponding author. Tel.: +351 218418265; fax: +351 218497650, Mmethod where each step is a linear three-dimensional
E-mail addressrafaela@civil.ist.utl.pt (R. Cardoso). analysis of the structure. The structure analysed at each
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1 — Roof wood structure (including
windows)

2 — Masonry exterior walls (main fagade)
3 — Masonry exterior walls (back facade)
4 — wood floors and stairs

5 —'Gaiola’ three-dimensional wood
structure

6 — Vaults of block ceramic masonry and
stone archs (ground floor)

7 — Wood piles

Fig. 1. Structural details of a ‘Pombalino’ buildingdapted fron2]).

iteration results from the struate analysed at the previous
step with the reraval of collapsed connections or stiffness
changes due to cracking or yielding occurred at that step.
Calculations willbe performed with a commercial program
(SAPZOO@ [1]) and linear three-dimensional dynamic
analyses will be performed considering the seismic action
defined by response spectra.

Disaission will be made about the results of the
application of the methodology to the analysis of an existing Fig. 2. ‘Pombalino’ building from Lisbon Downtowrs] (Prata Sreet, 210
building from Lisbon Downtown. The building analysed is 0 220).

a ‘Pombalno’ building, which is an @ masonry building

with timber structural elements enclosed in masonry. The
criterion used to define the collapse of the connections and |
the collapse of the micture will also be discussed in this
paper.

Detail:
2. Description of the building

‘Pombalino’ buildings, as shown iRigs. 1and?2, are old
masonry buildings that can kidentified by the presence
of a three-dimensional timber structure named ‘gaiola
pombalina’ enclosed imterior masonry walls above the first
floor. The other interior walls (partition walls) are wooden
panels without structural functions. Facades are made of
masonry columns and beams without the ‘gaiola’ structure.
The doors and windows define the geometry of the facade
masonry structural elements. Roofs are made with timber |
truss and ceramic tiles and may include window openings. k&
Floors are wood slabs and should be considered as flexible
diaphragms. Ground floor interior walls are masonry walls
supporting a system of vaults made of blocks of ceramic
masonry and stone arches. Foundations include short andhese elements do not exist. Most of the time, timber
small diameter woodpiles connected by a wood gFy( 1). elements of ‘gaiola’ are nohed together or connected

The wood structure of ‘gaiola’ is like a birdcage made by nails or iron ties, accordingothistorical information
of vertical and horizontal elements braced with diagonals about construction techniquedl][ Therefore, there are
named St Andrew’s @sses, as shown irFig. 3. The same doubts about the possible intention of allowing the
conception of the ‘gaiola’ three-dimensional wood structure overturning of the fagades after detaching from the interior
aimed at providing resistance to horizontal forces. The ‘gaiola’ walls, in order to avoid complete collapse of the
connections between timber elements of the floors andbuilding. This conception may befficient for one- or two-
‘gaiola’ and masonry walls are supposed to be done with iron floor buildings, as is shown ifrig. 4, which reresents
elements. Nevertheless, experience shows that sometimea bulding whose exterior walls have fallen out-of-plane

Fig. 3. Timber ekments of ‘gaiola’ enclosed in masonry interior walls.
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Fig. 4. Fall out-of-plane of the exterior walls without complete collapse
(1998 Azores earthquake).

3

Fig. 5. Main facade of ‘Pombalino’ building from Lisbon Downtown (Prata
Street, 210 to 2203].

R.Cardoso et al. / Engineering Structures 27 (2005) 2024—2035
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Fig. 6. Plan of a floor (above ground floor) of a ‘Pombalino’ building from
Lisbon Downtown &dapted fron{3]).

The masonry of the exterior walls is made of irregular
blocks of calcareous stone and lime mortar with very poor
strength capacity. Masonry infill of the ‘gaiola’ can be stone
(rubble) or clay bricks, similar to the bricks used at ground
floor vaults. It is usual tdind both type of masonry at
interior walls. The wall's average thickness is 0.8 m for
masonry exterior walls, 08l m for the interior walls of
‘gaiola’ and 0.12 m for the other interior walls. A more
detailed description of ‘Pombalino’ buildings can be found
in [6].

3. Numerical model

As mentbned before, a commercial program was used
(SAPZOO@) in order to perform the iterative procedure
adopted, where linear dynamic modal analysis by response
spectrum is used at each step.

Fig. 7 shows thenumerical model of the building.
Masonry exterior walls were simulated by thin bi-
dimensional elements (shell elements) considering only

in the 1998 Azores earthquake. However, there are somebending deformation in and out of plane. For the interior

uncertanties regarding its efficiency in buildings with more
than two floors because the eaftplane fall of the facades
may bring down other parts of the building.

Figs. 5and 6 show, respectively, the main facade and
the plan of the fivefloor ‘Pombalino’ building that was
analysed. The building is locad at Lisbon Downtown (Prata
Street, 210). According to original conception of Lisbon
Downtown, rebuilt after the 1755 earthquake, Pombalino

walls of ‘gaiola’, only timber elements were considered.
These were simulated by bars that transmit only axial
forces—rotations are free at the connections. The exclusion
of masonry from the model of the interior walls was decided
after a previous study7] where eperimental results of
‘gaiola’ panels were comparedth the results of numerical
models of these panels, modelled with timber and masonry
elements with different meshes and sizes. This study led to

buildings should have similar characteristics, such as the conclusion that the stiféss of the panels obtained with
number of floors, spans, materials, structural conception, inthe numericamodel and considering timber and masonry

order that, in each block, all buildings would perform in a
similar manner. Thefore, the chosen building was analysed

elements was twice the one obtained in the experimental
study. However, the numerical and experimental stiffness

as a single building, assuming that the error by disregardingwould be siniar if, in the numerical model, masonry

interaction between adjacentiitdings is small, as is also
discussed by Ramos and LourenBb [

elements were removed and the connections of diagonal
timber elements under tension were not considered.
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(ii)

stone arches of the
ground floor

masonry vaults of the
ground floor

(iii) (iv)

(i) Shell elements of masonry walls of front facade;

(i) Complete three-dimensional structure with shell elements and bars (detailed in (jii));
(i) 3D ‘gaiola’ interior walls, floors bars, vaults (crosses) and stone arches at ground floor;
(iv) ‘Gaiola’ interior walls and stone arches parallel to front fagade.

Fig. 7. Numerical model of the building].

In fact, historical data regaing construction practices and modelled the stone arches of ground floor. The connections
the observed gaps between the different timber elements ofbeween these bars allow relative rotations transmitting
‘gaiola’ and the absence of iron elements at the connectionscompression forces simulatiniget arch effect. These arches
indicate that the connections of the diagonal bars could were connected to the interior ‘gaiola’ walls of the first
not transfer tensile forces. This study also contributed to floor parallel to the main fagade and were supported by
the decisionon mesh dimensions for masonry elements. It ground floor masonry walls. The foundations were simulated
was oncluded that it was not worth refining the mesh for by built-in connections. Since the pavements cannot be
masonry elements more, bearing in mind that the level of considered rigid in their own plan, the mass was of each floor
accuracy does not need to go beyond the accuracy in thewas dstributed by the nodes of that floor.
evaluation of the material properties as input. Moreover, the  Table 1presents the Young’s modulls, of the stuctural
main objective of studying crack/crush in masonry elements materials adopted in the numerical model. The Poisson
was the evalation of theextenson and location of masonry  coefficient of all materials was assigned the value 0.2.
damage, since it is fundamental to identify the type of  According to the Portuguese Cod#,[a uniform service
collapse mechanism. The mesh size adopted seems to béad (1.2 kN/m?) acting at all the floors was considered.
appropriate for this purpose since the results obtained areThe seismic action was based on the response acceleration
similar to the coll@se observed in buildings of the same spectrum also defined in the mentioned code, acting along
type, also presented in this papEid. 4). the two horiontal directions.

The floors were modelled as truss bars with free
rotations at the connectionto the walls, simulating 4. Methodology of analysis
flexible diaphragms and restraining out-of-plane relative
displacements of parallel walls. The connections between4.1. Introduction
timber elements oftte ‘gaiola’ and perpendicular masonry
walls were simulated considering short bars that only  The aim of this analysis is to evaluate the building’s
resist axial forces, intendingp simulate the strength of potential seismic performancegstablishing a relation
the connection. No iron elements were considered in the between the inteiity of the seismic action and different
evaludgion of the stength of the connections due to the damage states up to collapse.
uncertainties about their real existence in the buildings. In this study, the demic action was modelled by means

As can be seen irFig. 7, the oof structure was not  of acceleration response spectrum, scaled by a parameter
included in the model. Its self-weight was assigned to ysjsthat, in this nanner, defines the intensity of the seismic
the nodes at the top of the building. Two rigid diagonal action. Therefore, in this work, the intensity of the seismic
bars Eig. 7(iii)), with free rotations in their connections action designates the scale factor of this action (the level of
to masonry walls, simulated the masonry vaults of the seismic action) and not the usual Mercalli seismic intensity.
ground floor. A triangular truss of rigid bargif. 7(iv)) The reference acceleration response spectrum used in the
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Table 1
Properties of suctural materials considered in the numerical model
Materials and structural elements Young's modutigMPa)
Masonr Facades and walls between buildings %00
y Shell elemerg between perpendicular masonry walls #50
Bars of ‘gaiola’ 8008
Timber Bars of the connections between timber elements and masonry walls
Bars of the floors
Stone Arches and vaults (ground floor) 3600

@ Values adopted are discussed & [
b Calcareous stone: value adopted is discussed]in [
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Fig. 8. Response spectrum of accelerations according to Portuguese Code

(9] (Seismic Action type 2, Soil type lll—soft soil). Fig. 9. Relationship betweepsjs and displacemend, considered in the

iterative method.

analysis performed in this work, correspondingtg = 1,
is presented iifrig. 8. Itis intended to represent a far-distant
earthquake, with low frequency contents, which is the one to represent masonry compressive stiffness by mean of a
that induces higher accelerationghese type of structures.  constant secant Young’s modulus up to a given stress level.
The average peak ground acceleration of accelerogramsThis approach is considered quite reasonable, given the
associated with that response spectrumi12§. large variability of material properties and, moreover, can

Changing the value of the parametetis allows the be easily implemented by means of linear analyses.
consideration of different intensities of the seismic action.  The intensity of the seismic action whose effects lead to
The purpose of the analyses is to obtain the valugigthat cracking or rupture of structural elements corresponds to a
defines the intensity of the seismic action corresponding to given value of factos;s. If ysis Obtained for each iteration
the collapse of the sicture, quantifying, in this manner, its is expressed as a function of a given control variable, for
seismic resistace. The value ofsjs obtained at the end of  instance a displacemeiat, the reldionship may be as shown
each analysis is calleg™. in Fig. 9. It can be observed that the building’s global

Since it was also intended to develop a methodology that stiffness (the slope of each step line) is reduced during the
can be used in current design practice, it would be useful thatiterative process due to the evolution of damage states.
the analyses could be done with commercial programs that  Since in each step the seisngiction is fully considered,
perform essentially linear dynamic analyses. This restriction the effect of the duration of the seismic action is neglected.
led b the toice of an iterative procedure — a step by If the seismic action was defined by an accelerogram,
step pocedure — in order to simulate, in an approximate this would be equivalent to starting each step from the
manner, the non-linear behaviour of the structure. In fact, by beginning of the accelerogram and not from the part of the
introducing a number of changes itmgctural configuration,  accelerogram where the last step finished. Obviously this
it is possible to simulate the main sources of non-linear is a conservative procedurespecially if the accelerogram
behaviour: (i) cracking of the masonry elements and (ii) has few peaks with amplitude similar to the maximum
failure of the connections between the timber elements andamplitude. This problem can only be accounted for in
masonry walls. It is also possible to simulate the respective time history analyses, which is obviously more complex.
segquence of ruptures, which is relevant in the structure It is probably much less important in the case of long
global behaviour as the rupture of some structural elementsduration accelerograms with several peaks with amplitude
can lead to the rupture of others. Masonry mechanical similar to the maimum, which is the base of large distance
behaviour in compression is also non-linear but it is usual earthquakes.
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Another disadvantage of the method is that it does not
account directly for hysteretic energy dissipation. Thus, in
this type of analysis, this phenomenon can only be accounted
for in an approximate manner, for instance by means of
changing the viscous damping coefficient, and/or by means
of a behaviour coefficientg¢factor in EC8 [LQ]). Cyclic
tests on real ‘gaiola’ panelsl]] have shownthat these

elements possess reasonable energy dissipation capacity.

This may be either due to frictiobetween elements of the

panel, displacements associated with opening and closing

of gaps between the timber elements of the ‘gaiola’, or
to metallic elements at the connections. However, this is
not well characterized yet; thefiore, the energy dissipation
capacity was directly accounted for by means of a constant
relative viscous damping coefficient of 10%. This may be a
conservative procedure, especially if large deformations of
the ‘gaiola’ take place before rupture. It is thought that a
g-factor of 1.5 can be considered in this situation.

The proposed method cannot be used in regular block

masonry buildings because, for these structures, the non-

linear bénaviour of the joints, as well as the geometrically
non-linearity, should be included in the analyses.

The method, besides making use of accessible compu-

tational bols, has the advantage of identifying the weakest
links of the structureTherdore, it provides useful informa-
tion eout the potential efficiency of possible strengthening
interventions, as discussed it@ampanion paper (Bento, R,
Cadoso, R, and Lopes, M, 2005—Seismic evaluation of old
masonry buildings. Part II: Analysis of strengthening solu-
tions for a case study, Engineering Structures, 2005).

4.2. Description of the iterative method

The sequence of the iterative procedure is as follows.

. A linear model of the structure is defined, intending to
represent the extiimg structure.

. A linear dynamic analysis is performed, in which the
sdsmic action is defined aceding to the prescribed
acceleration response spectrupgi{ does not scale this
response spectrum).

. One value ofysjs is set, assuming a given intensity of
seismic action acting in the structure:

e The design action effects (internal forces) in structural
elements,Fsq, are defied by Eq. 1), where Fperm
are the effects of vertical permanent loads dngl
are the effects of the code prescribed seismic action.
Therefore, the value of the permanent load effects is
constant and only the value of earthquake effects is
scaled by means of parametejs.

1)

For each structural element or connection, the design
action effectsFsg, will be compared with respective
resistancesrq, identifying their rupture, cracking or
yielding if Fsq > FRrq.

Fsd = Fperm=* J/sisFE~

2029

e A damage level is define@ccording to the cracking,
yielding or collapse of a set of elements or connections
in the structure, as preseutfurther in this section.

It is admitted that, if the rupture of the set of elements
that define he current damage level can change
structual behaviour, as explained soon after in this
section, a damage state isitified. In this case, the
associated value ofsis is namedysis(n). If not, ysis

is incremented and step 3 of the iterative process is

repeated.
The damage state fogis(n) is modelled by removing

collapsed elements or connections or reducing the
stiffness of he elements or connections which suffered
significant yielding or cacking. The stiffness can be
reduced gradually or all at once, depending on how
sudden is the effect been modelled. The number of
elements to be removed at each time depends on the
precision required in the analysis.

If the accumulated damage is considered to correspond
to structural collapse, & pracess stops. If not, the
previous sequence is repeated, including the changes in
the structural radel. The value ofsjs at the collapse will

be the value ofsis(n) of the last step and will be named
max

Vsis -

The value of ysis allows controlling the iterative
procedure because (i) in each step, it defines damage levels
in the structure until a daage state is reached and (ii)
between steps, it defines thetermediate damage states
reached until the collapse of the structure.

The structural elements where damage was analysed
are the masonry elements from the exterior walls and the
connections of timber elements. The connections considered
relevant in the analysis are (i) the connections of the
diagonals to the other elements of ‘gaiola’ and (ii) the
connections between timber elements (‘gaiola’ and floors)
and masonry walls. These connections were chosen due to
their bracing funtion of the stricture against horizontal
actions. The connections analysed are identifigeign10.

In this study, a complete drop in stiffness was considered
to model the rupture of connections within the ‘gaiola’
wals and between these and the masonry walls. For
masonry elements an average state in each element was
considered to identify damage. In some masonry elements, a
partial stiffness reduction (50%) was considered. However,
a designer may wish to adopt a different criterion for stress
evaludion aiming at higher precision.

Table 2presents tensile strength values considered for the
mentioned connections. It also presents masonry strength
values obtained from a bibliographic searct8][ The
masonry strength values are average values that cannot
be considered the same for all masonry buildings, mainly
dueto the large variability of the properties of structural
materials and to the variety of structural solutions found
in old masonry buildings. The tensile capacity of the
connections between timber elements and masonry walls is
probably below real average values of the strength of the

4.

5.
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Fig. 10. Analysed connections betwe@nber elements and masonry walls.
Table 2 only possible after the rupture of part of the connections to
Strength values adopted for damagecukdtion in relevant structural the inner ‘gaiola’ walls.
elements Besideslie level of damage in the structural elements or
Structual element Strength valuesFrg connections, the evolution of the valueggf in the iterative
Braced timber bars in ‘gaiola’ 0 kN process may also lead to t.mﬁentlﬂcalon of the collapse
g (Only tension) mechanism. Due to the brittle nature of the behaviour of
ConnectionS i her bars — rasonry walls 5 kN many elements and connections, it is possible that the
(only tension) seismic intensity ssocated to the new significant damage
Compression 1.3 MPa in a given iteration is equal to or inferior to the seismic
Masonry Tension 0.1 MPa intensity registered in the previous iteration. This identifies a
SheaP 0.1 MPa situation in which damage increases in the structure without

@ Valuesjustified in [7].

an increase of the seismic intensity, which may lead to

b This was onsidered an average shear stress in a cross-section related teseqjuential collapse in a manner similar to a ‘domino effect’.
diagonal cracking.

connections to inner ‘gaiola’ walls. This is because there is 5. Method application
a large uncertainty about the details of these connections.

Considering a poor detail, a strength value of 5 kN was 5.1. Firstiteration
adopted for the connections.

The connections achieve rupture only in tension, The evolution of damage levels in the first step of
corresponding to timber elements being pulled out from the the iterative procgure can be observed #Rig. 11, which
masonry walls. Even though the connections may continuepresents the masonry elements from the main facade
to transfer compressive forces this is enough to allow the for which cracking due to tension occurred (the darkest
detachment of the exterior walls from the inner ‘gaiola’ elements), for different values g&ijs. The vertcal line in
walls. Therefore, it is considered that the connections are nothe middle of the fagade above the first floor represents the
longer effective and they are removed from the model. connection G1 identified ifrig. 10. In Fig. 11, the vetical
lines at the ground floor represent the connections of the
existing interior masorywalls to the fagcade.

Fig.11 shows that masry damaged elements are

The definition of a collapse mechanism is associated to amainly located at the top of theuilding. The obtained
damage state considered “unacceptable”. Therefore it cannotlamage patterns identify the expected collapse mechanism,
be defined with complete precision. For instance, the out- corresponding to the fall out-of-plane of the front facade at

4.3. Collapse mechanism identification

of-plane fall of the facades isonsidered collapse, even if
the inner structure of the buillg remains stnding, since
the building will be left in an irrecoverable state. However,

the top fbor. This mechanism is one of the typical collapse
mechanisms of masonry buildings which was observed
in buildings that collapsed during recent earthquakes in

it does not mean that it leads to human causalities amongEurope, as shown iRig. 12[12].

the ocwpants. The identification of this collapse mechanism  The table inFig. 13 presents the mamum values ofysis

is therefore associated to a given level of damage in the for which rupture of different connections G1 occurs. These
masonry walls and large out-of-plane displacements that arevalues are the scale factors corresponding to the intensity
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Fig. 11. Damage levels in masonry elements from main fagade for increasing valugs of
: 4 15 step y45(1) = 0.25 Rupture of connections G1
E along the iterative process
i
: Number | Ygs(1) | Yeis® | 7esis(3)
! 5 0.06
= i — 4b 0.14
o 4a 1.15 0.02
| .8 ) 2 Giiaia =0an 4 047 | 0.6
| e— t
3b 0.22
| | 3a 0.21
4| = ; 3 032 | 005
i | 2b 0.38 0.16
. . o . 3rd step Ysis(3) = 0.25 2a 0.52 0.36 0.04
Fig. 12. Bending out-of-plane of masry buildings as a typical collapse 2 0.72 1.96 0.62
mechanism due to seismic actiori<]. 1b 118 154 017
1a 1.18 2.26 0.31
Rupture of the connections 1 0.94 0.98 1.38
G1 (15tstep)
M Damaged element
Number of the analysed Number Tsis [ Non-damaged element
connection 5 0.06
5 A 4b 0.14 Fig. 14. Results (main facade)—all steps of iterative method.
4b
ia 4a 1.15
4 0.47 . . . . . .
;b ~ o2 intermediate step introducing their rupture in the structure
3a ‘gaiola’ wall . 0‘21 wasnot judified mainly due to the reduced damage level of
23b (four floors) 3a 0'32 masonry elements of the front fagade at those levels.
2 2 0.38
1b 2a 0.52 5.2. Results of all the iterations
113 ) 2 0.72
ground masonry interior b 118 In the fdlowing steps of analysis higher levels of damage
floor wall (ground floor) 1a 118 associated to the out-of-pla displacements of the front
1 0.94 facade were obtained without increasing the valuespf

Fig. 13. Values ofysjs corresponding to the rupture of the connections G1
(‘gaiola’ wall to fagade masonry wall).

of the seismic action whose effects in the structutey,
defined by Eq. 1), are equal to the resistance of each
connectionFrg.

Considering the damage levels of the front facade
presented irFig. 11, defined to alues ofysis between 0.20

The collapse mechanism wasached after three steps of
calculation. As allsisvalues werequal to 0.25, the collapse
of the dructure is sequential, as describedSaction 4.3
This type of mechanism was observed in small buildings
during the 1998 Azores earthquake, as showrign 4.

The relevant masonry damage states analysed for the
three steps are presentedHiy. 14. The tale in this figure
shows the connections G1 suppressed during the iterative
procedure (bold values). According to these values, the value

and 0.30, and, simultaneously, the rupture of the connectionsof ysis associated with the rupture of some connections

presented in the table iRig. 13 (bold values), the damage
state asswmated toysis(1) = 0.25 was adopted to define

in the second and third iterations decreases, which is a
consequence of the increase in the tensile forces in the

the first step. According to the values presented in the table connections due to the removal of the adjacent connections

of Fig. 13, the wpture of the connections number 5 (at the
roof level) occurred at values gfks inferior to 0.25. An

from the model that suffered rupture in the first and second
iterations, respectively.
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Horizontal relative displacements eof-plane at the top of connection Gisis(1) = ¥sis(2) = ysis(3) = 0.25)

1st Step 2nd Step 3rd Step Building without ‘gaiola’
ys'}"sax =025
Relativé* displacement (cm) 1.20 2.30 3.70 3.90
Increment of displacement (cm) between successive steps - 1.10 1.40 -
Increment of displacements (cm) 2.50 (217%) 0.2 (‘S%)

2 Relative to the left corner of the front fagade.

b Relative to the last step of the iterative procedure for the building with ‘gaiola’.

Connection G1 relative horizontal displacements
(out-of-plane of fagade)
Ysi5(1}=7315(2) =Ysis(3) =0.25

—1st Step

——2nd Step
—a—3rd Step
——Building without 'gaiola’

2
d (cm)

Fig. 15. Horizontal displacements out-of-plane of the facade, relative to the
corner of the building.

The collapse mechanisngan be identified by the
out-of-plane horizontal disptements associated with the
deformation of the main facade. Those displacements,
presented inFig.15 are the dference between the
horizontal displacements observed in the connection G1
(Fig.10) and the displacements ithe same direction
observed in the left corner of the front fagcade of the building.

This procedure was adopted to better understand the real

deformed shape of the front fagade in the out-of-plane
direction. The maximum values were obtained at the top of
the building and are presented Tiable 3for each step of

the iterative procedure, scaled by the corresponding values

of ysis (¥sis(1) = ¥sis(2) = ysis(3) = 0.25). In this @ble, the

displacements observed at the end of the iterative procedure

(step 3) at thetop of the building were 2.50 cm higher
than the value obtaed in the first iteration. The observed

displacement corresponds to an increase of 217% of the
displacement observed in the linear analyses (step 1), which
indicates that the iterative procedure leads to a more realistic

evaluation of displacements.
Table 3 and Fig.15 also include the displacements
observed in the numeric model of the same building without

‘gaiola’. It can be observed that displacements measured atk = F/d.

the end of the iterative procedure were 0.2 cm (5%) smaller
than the displacements measd in the same building
without the ‘gaiola’ Table 3. Thisis due to the emaining
active connections after the collapse of the building (third
step) that still contributes to its stiffness.

A previous study 7] allowed understanding that the
presence of ‘gaiola’ in the lilding braces masonry walls.
The analysis showed that independent (local) vibration
modes of each masonry wall and relative displacements
between paiel walls were restrained at the first iteration.
The frequency of the first mode of vibration wds =
0.942 Hz, higher tharf = 0.398 Hz obtained for the same
building without ‘gaiola’.Fig. 16 shows theconfiguration of
the first threemodes for both buildings.

Fig. 16 and the mentioned results show that the ‘gaiola’
are effective in bracing masonry walls and give an important
contribution to the global stiffness. The dynamic behaviour
of the gructure analysed in the last step is closer to the
dynamic behaviour of the building without ‘gaiola’ due
to the high number of reoved connectins. This can
be observed irifable 4 which presents the values of the
frequencies for the first vibtimn modes of the building with
‘gaiola’ analysed in the iterative procedure.

The reduction of the frequencies between iterations also
confirms the reduction of the global stiffness of the building
during the iterative procedure, explained by the rupture
of the connections between wood structural elements and
masonry (floor elements, ‘gaiola’, etc) and wood elements
between themselvesléenents of ‘gaiola’).

The reported results, regarding out-of-plane displace-
ments of the fagade and the duencies, indicate that the
building collapse is due to #hovertuning of the front
facade.

5.3. Evolution of the building global behaviour along the
different steps

Table 5presents the evation of the global stiffness of
the building,K, for each stefysis(1) = ysis(2) = vsis(3) =
0.25). Theglobal stiffness of the structur&,, wasobtained
with Eq. (2), considering the effects of the seismic action
obtained in the analyses, the global base shear reactons,
and the average of the displacements of all the nodes of the
top of the buildingd, for both horizontal directions.

2
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Building with 'gaiola’ (1st Step)
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Fig. 16. Dynamic shapes of the building with and without ‘gaiola’.

Table 4
Dynamic analysis—frequency values aioied during the iterative process

Mode Mode of vibration 1st Step (Hz) 2ndStep f (Hz) 3rd Stepf (Hz)
1 Translgion parallel toy-axis 0.942 0.671 0.438
2 Transldion parallel tox-axis with torsion 1.055 0.806 0.622
3 Translaion parallel tox-axis with torsion 1.196 1.096 0.700

Fig. 17 relates the base shear reactions in each step, withMoreover, the iterative procedure allows for detecting
the displacements of the topthie building, accordingto the  seguential collapse.
valuespresented iffable 5 The main advantages of defining the v  are that it

As shown inTable 5and inFig. 17, the global stiffness ~ provides, with a single variable, information about the seis-
is reduced along the iteratiyocedure for both horizontal  mic vulnerability of the buildings and also gives information
directions. The global base shear reactions in the out-of- about the relevance of different collapse mechanisms.
plane direction of the front facade are also reduced along  The definition of the damage state in each step, according
the iterative procedure. to the number and location ohé structural elements that

The decrease in the overall stiffness of the building from haye yielded, collapsed or reached a given stress level,
iteration to iteration is due to the reduction in the number may not be obvious and straightforward. Therefore the
of effective connections between the ‘gaiola’ walls and the jnterpretation of the results, like those presente8im 14,
masonry walls, as well as the effects of masonry cracking. s not always simple. Thus, the accuracy in the evaluation of

Another consequence of the reduction of the effective ). at each step depends on the accuracy of the definition of
number of connections is the fact that the masses of thegamage states.

facades and of the inner part of the building do not vibrate £y an it the value ofyM3 cannot be evaluated with
together. This changed the mode shapes and is responsiblg,e precision that there 19

X " s X walibe fora reinforced concrete
for the reductlon of the mass mobilized in the first modes, as or steel building, the value evaluated can be considered a
shown inTable 5

parameter that allows for quantifying the building’s potential
performance under seismic actions, and therefore its seismic
vulnerability.

In the structural design of new structures, the design
action effects including the effects of the seismic action are

By applying the iterative procedure it is possible to obtain defined by an equation similar to EdL){ in which ysis is
more realistic out-of-plane horizontal displacements of replaced by the safety factoys. Sincethe safety factor
masonry walls and corresponding damages, so the collapses scales the seismic action, it can be directly compared

6. Discussion

mechanism of the structaerwill be more realistically
characterized. Because th&usture is changed at each
step, the analysis allows modelling non-linear behaviour.

with the factor yJi*. The low valies obtained for this
factor show a low strength of these structures for seismic
actions, justifying the concern about the potential seismic
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Table 5
Evolution of the global stiffness of the structures analysed in each iteration, for all the analysed modes (values obiaiged ferysis(2) = ysis(3) = 0.25)
x direction y direction
parallel to the front facade perpendicular to the front facade
Step 1 Step 2 Step 3 Step 1 Step 2 Step 3
F (kN) 619 626 611 527 408 370
d (cm) 0.912 0.976 0.972 0.941 1.159 1.432
K (kN/m) 67870 64154 62855 55930 35156 25848
% of the massnobilized? in the first mode in each direction 27.9 44.1 39.2 35.1 22.2 16.2
(3rd mode) (3rd mode) (5th mode) 1gt mode) (1st mode) (1st mode)

@ Perentage in the mass mobilized in all the modes considered in the an@ysi 100 nodes, which include local modes of vibration of the timber

elements of ‘gaiola’).

Shear-Base Reactions
(Parallel to the front fagade)
Ysis(1)=7sis(2)=1sis(3)=0.25

Shear-Base Reactions
(Out-of-plane of the front fagade)
'Ysis(‘l)=¥5i5(2)=‘f5i5(3)=0-25
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Fig. 17. Evolution of the global stiffness of tlamalysed structures (values obtainedyigg(1) = ysis(2) = ysis(3) = 0.25).

performance of these buildings. However, the final value values presented and adopted in this work, the most
yaex also depends of the hypothesis adopted to define therelevant that should be reasonably assessed are the tensile
model: (i) assuminghat the seismic action starts in all capacity of the connections involving timber elements and
the geps by adopting the same response spectrum in all the masonry mechanical progies. In particilar, masonry
the iterations and (ii) accounting for the hysteretic energy shear strength is fundamental to quantify the resistance
dissipation capacity of ‘gaiola’ walls to dissipate energy and to the global shear mechanism. These values can be
theone due to the rupture of structural elements during the calibrated in real cases by non-destructive techniques or
iterative calculation by adopting a constant viscous damping ‘in situ’ tests, which can be prescribed by the structural
coefficient equal to 10%. These hypotheses are conservativalesigner7].
and lead to an underestimation of the valueyd*. The Only three steps of analysis were necessary to reach
consideration of the-factor (force reduction factor) equal the wllapse mechanism and to understand the structural
to 1.5 would increase the values gfjs by 50% and would behaviour of the original building. Although a higher
be closer to the expected seismic behaviour of the buildings.number of iterations could be necessary if a higher level of
The value ofyi™ obtained also depends on the strength accuracy in the definition of the damage states was required,
parameters considered, which must be calibrated casethe analyses performed showed that the most relevant
by case. The values of the strength parameters adoptedinformation could le obtained with a reduced number of
presented ifable 2 are acceptable or below average values. iterations. However, the amount of work associated with the
But it should not be forgotten that these values have identification of damagd elements all over the structure is
a large variability due to the variability of the material significant. Therefore, the autatic implementation of this
characteristics and construction techniques in this type of step-by-steprocedure in an interactive manner is probably
building, as the values found in the literatur8] [show. necessary for design applications. Another advantage of the
Degradation due to age and structural changes performedautomatic implementation of the iterative procedure is that
during the structure lifetime also justify the large range of it would allow performing diferent analyses for the same
some material property values. For all the material propertiesbuilding covering a given rangef material properties, in
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order to deal with ucertainties in the characterization of relatively low seismic intensity, initiated by failure of the
these properties. connections of the fagade to thener horizontal resisting
The proposed method allows, within certain limits, the braced timber structure on the upper floors. This induced
simulation of fragile and ductile behaviour. An example of the collapse of mdsof the other connections at the lower
the first is thebehaviour of the connections between the floors, followed by the out-of-plane fall of the front facade,
‘gaiola’ walls and the fagades, and an example of the secondall at the same intensity of the seismic action. This type of
is the type of behaviour admitted for the fagcades in their own behaviour is associated to a slight decrease of the inertia
plan. forces as the damage increases. This would correspond, in
a force—displacement diagram, to a descending branch after
the ultimate load was reached and is due to the brittle nature

7. Summary and conclusions of the behaviour of the connections.
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assessment of old masonry buildings. In each iteration, References
damage in the structural elements or connections between
elements due to collapse (brittle behaviour) or yielding [1l SAP2008°. Three dimensional static and dynamic finite element
(dudile behaviour) are identified and the structural system  2nalysis and design of structures, version 7.0. CSI, Computers &

h d dinalv. Eacherati . i Structures, inc, Structural anBathquake Engineering Software,
changed accoraingly. eachieration comprises a linear Berkeley, Californa, USA; October 1998.

elastic dynamic analysis by response spectrum, scaled by [2] mascarenhas J. Pombaline downtown, some technical innovations,
a factorysis to define the seismic action associated to each 2nd ENCORE. Lisbon: LNEC; 1994 [in Portuguese].
damage state. The value of this factor at the collapse of the [3] Santos MHR. The Pombaline downtown, past and future. Horizon
strucure,y®, quantifies its pantial seismic performance, Books; 2000 [in Portuguese]. o ,
. [4] Segurado J. Carpentry civil worktbrary of professional instruction,

and is dlre_ctly comarablg to a safety facFor. The fact that without date [in Portuguese].
each iteration only comprisediaear analysis allows the use  [5] Ramos L, Lourenco P. Seismic analysis of the old buildings in Baixa
of the method in current design practice. Pombalina, Lisbon, Portugal. In: Proc of the 9th North American

Besides he seismic irgnsity at collapse, the method masonry conference. 2003, p. 908-19.
allows the identification of the weakest links and [6] Cardoso R, Lopes M, Bento R, D'Ayala D. Historic, braced frame

. . . e . timber buildings with masonry iffi(‘Pombalino’ Buildings). World

F:onnectlons in the structure a,nd the _Idemlflcaﬂon of Housing Encyclopedia Report, Earthquake Engineering Research
its expected collapse mechanism, which are relevant Institute EERI,http://www.world-housing.netCountry: Portugal).
information to the dsignof seismic strengthening solutions.  [7] Cardoso R. Seismic vulnerability of old masonry structures —

The proposed method is conservative, as it does not application to a ‘Pombalino’ buildg. Master of Science Thesys in
account for the energy dissipation capacity, which is likely g‘;‘:titglzae'sglngi”ee”"g' Institutouerior Técnico; October 2002 [in
to be L.mderestllm.ated by means of.usmg an equivalent linear [8] Cardoso R, Lopes M, Bento R. Seiic evalugion of old masonry
damping coefficient, and overestimates the effects of the buildings. In: Proceedings of 12th European conference on earthquake
sdsmic action, as it does not account for its duration. It engineering. vol. 463; 2002.
cannot be applied to regular block masonry, as it cannot [9] RSA. Rules for the definition of actions and safety in buildings and

simulate the behaviour of the interfaces and the geometrical __ Pridges. INCM; 1983 [in Portuguese]. _
[10] EC8, Eurocode 8. Design provisions for earthquake resistance of

non-linearity. _ stuctures, ENV 1998.1. Brussels; 1994.

The proposed method was applied to an old masonry[11] Aarez ML. Pombalino Dowrswn, S/nthesis of a research work
‘Pombalino’ building typical of Lisbon Downtown, built on several disciplines, since geophysical prospecting to sociologic
after the Great Lisbon Earthquake of 1755 with the concern prospective, with urban planning as objective. Lisbon City Hall,
of providing seismic resistance. Lisbon; 2000 [in Portuguese].

The results. which can be confirmed by comparison [12] Ita!lan Ru!es. Umbria Ednguake in Mar_ch _19975afety strer_]gth—

. v . y p ening design and examples to the application of the technical rules
with masonry builihgs’ collapse mechanisms observed defined by the D.G.R. Umbria 5180/98 e D.G.R Marche 2153/98 in

during earthquakes, indicated a sequential collapse at a  attuazione L.61/98. Italy; 1998 [in Italian].


http://www.world-housing.net

	Seismic evaluation of old masonry buildings. Part I: Method description and application to a case-study
	Introduction
	Description of the building
	Numerical model
	Methodology of analysis
	Introduction
	Description of the iterative method
	Collapse mechanism identification

	Method application
	First iteration
	Results of all the iterations
	Evolution of the building global behaviour along the different steps

	Discussion
	Summary and conclusions
	References


