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ABSTRACT :

The present paper focuses onimsitu testing campaign recently developedthe Faial island, Azores, Portut
aiming at the assessment of the out-of-plane bebhawif traditional stone masonry walls. This expwmtal activity
carried out by the Laboratory for Earthquake andictral Engineering (LESE, FEUP, Portedarted developir
some years after the Faial/Pico earthquake on @uhly1998, in order to provide adequate charactssizad the
structural response under loading types likelynthuce out-of-plane motion of walls as the caséefseismic action.
A general description is included concerngyglic tests carried out to date, complementedi trie presentation a
discussion of the most important results. Numenpcadictions of strength based on simple modelsase provide
for one tested wall indicating good agreement witherimental findings. Thim-situ programme involved a secc
stage for structural strengtheniagcording to schemes similar to some of those adoghtiring the reconstructic
process in Faial Island. Further tests were thefopeed in order to assess the seismic capacitydugment of th
strengthened structures, leading to interestingpaiachising results concerning both strength and energgigitiol
enhancement.fie paper also highlights that such type of testfaisle and constitute an excellent means of asg
structural parameters for masonry walls as thestaxireality, in order to feed suitable nlimear behaviour mode
for structural analysis.
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1. INTRODUCTION AND OBJECTIVES

It is well known that traditional stone masonry swactions exhibit a poor behavior under seismaxding as
presented by D’Ayala and Speranza (2008) Azores this is periodically and dramaticallgnéirmed durin:
earthquake occurrence, as evidenced after thesaeste seismic crises of 1980 in Terceira ari®68 in Faial, Pic
and S. Jorge islands.

Besides other important effects arising in thedglty cohesion less material of such masonry atrest the pot
out-of-plane response of walls is for sure onédhefrhost critical issues during earthquakeoacsince it is very likel
to entail severe wall damage as well as extensiwmmplete failure of floors and roofs supportedioy walls. Thi
effect is particularly relevant for these structwranfigurations essentially based on stone masamais Single o
double leaf) and wooden floors/roofs, usually withadequate connections between vertical and huekelement:
Moreover, this type of horizontal systems are oftethivery effective concerning plane diaphragm stiffness tha
essentiato ensure a global mobilization of the whole stioetby transferring horizontal forces (as desiratiiehe
walls in their own vertical plane.

In this context, the present work provides somezegrmental evidence on the response of masonry whkxiding
Faial constructions damaged by the 1998 earthqudtes. first testing, the structures were strengiaeby providin
walls with steel reinforced cover and introduciraytp of wood floors and roofs duly connected towadls usin
appropriate steadlements. The first experimental campaign (Aré&dd.e2007) developed in May 2007 on walls \
their original (though seismically damaged) comuaisi while the second testing stage was performedear later, |
May and July 2008. All the experimahtactivity was carried out by the Laboratory fartaquake and Structu
Engineering (LESE) of the Faculty of EngineerindJsfiversity of Porto, with the collaboration of Bldnstitution:
of Faial on the houses” preparation before testimjon the essential-situ logistics (Costa et al., 2007).
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2. TYPES OF MASONRY UNDER STUDY

Traditional building constetions of Azores, as in the Faial island, mainipgist of masonry bearing walls giv
support to wooden floor and roof structures. Thettypical type is based on basalt or volcanic stoasanry, witl
dry joints or poor mortar layers between stonghpalgh concrete block masonry is presently vergagthrougho!
the building stock. Concerning the later, the nooshmon situation is based oginforced concrete frames filled w
block masonry panels but, more recently (particularlgrafihe last earthquake on July 1998), an increasargl it
observed to make this type of construction withydunfined concrete block masonry.

Focusing on the traditional stone masonry, thittésmain concern of the present paper, essentilhtypes can k
found in Faial island:

» Irregular masonry, made of stones of several tygiesensions and shapes, randomly placed and usior
mortar generally made of several types of materi@smmonly clay based material (Figure 1(a)).

» Dry joint stone masonry, occurring quite frequemtiyFaial and Pico islands, usually consistingeafularly
shaped stone blocks without mortar between thegu(gil(b)).

» Two leaf masonry walls, with the outer faces maflessentially irregular stone blocks and the ircaarity
filled with poor rubble material (Figure 2(a)).

» Upper quality stone masonry, quite regular anduesadly with straight sides, parallel faces adkquat
strength (Figure 2(b)).

(a) (b)

Figure 1 Stone masonry types: (a) irregular witbrpoortar; (b) essentially regular, with dry joints

(@) (b)

Figure 2 Stone masonry types: (a) two leaf withrgilong material; (b) upper quality regular stohlbck masonry
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The last seismic occurrence of July 1998 made ahailseveral damaged constructions, mainly in raneds of tr
Faial island. Many of these constructions wereated unusable and some of them still wait for déioal ten year
after the earthquake. Therefore, conditions werepéo adopt some of these constructions to parfarsitu testin
that can provide realistic estimates of materiad atructural characteristics of traditional masononstruction
located in such earthquake-prone zones like Azoistands.

In this context, th@resent study mainly concerns experimental testimgasonry constructions existing in rural a
hit by the referred earthquake. The typical andtrawailable types of constructions fit within tlypologiesshown it
Figures 1(b) and 2(a), and furthdustrated in Figures 3(a) and 3(b) that refertihe masonry of two hous
effectively tested within this experimental campaig

(a) (b)
Figure 3 Effectively tested masonry types: (a) teakirregular masonry with poor fill material; (byo-leaf regular
masonry with dry joints.

3. EXPERIMENTAL PROGRAMME AND SET-UP

The basic idea of the adopted experimental systées ion simultaneous testing two opposite walla gfven hous
by applying horizontal forces one against the otined resorting to a pair of hydraulic actuatorsrapeg unde
displacement control. Loading has been appliedeatdp of walls in the form of quasiatic increasing forces duri
repeated and alternate cycles, in order to simutsehorizontal action of roofs on masonry wallgyure 4@)
provides an overall view of the experimental setrupne tested house, where two experimentg werformed on tt
locations indicated in the plan layout shown inufeg4(b).

/)
1001

(a) (b)

Figure 4 Basics of the testing layout in housea)l general inside view; (b) plan layout and tesatmns.

For each test the load was applied centeredyimen wall panel between door/window openings disttibuted alon
its length resorting to steel and wood pieces. atcits were powered by a portable hydraulic rigthedvhole syste
allowed applying forces up to about 120kN and maxmstroke +/-250mmrDisplacements were measured by m
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of draw-wiretransducers attached to external reference stegcand actuator control could be done in termsy
of the transducers, depending on the particuldufea of each test.

Measurement points were always chosen accordirgTteconfigurationin the plan of the tested wall as show
Figure Ra); this allowed obtaining the vertical deflectdthpe of the wall panel as well as any torsion e the
could occur at the top level due to different baamydconditionsin the left and right sides. This measurer
configuration was adopted for both opposite wail@lved in the test which provided fordésplacement informatic
concerning two different walls for each test. Aswh in Figure 5(b), the fae was measured resorting to a loac
inserted in the loading system where appropriatgdd bearings have been include to avoid any bgmdaments.

(a) (b)

Figure 5 Measurement details: (a) layout of disgpaent measurement; (b) load cell.

It is worth mentioning that with this testing systévolving a pair of wallsa priori it is not known which wall wi
perform as the reaction wall because both can mbhis. is not a drawback of éhsystem and, indeed, by tak
adequate care with the actuator control, it isdwaatage since two walls are actually being tesbdaviously, whe
the weaker walls starts degrading or failing, tiieeois no further explored in terms of imposeg@isement, but i
the general the obtained outcome consists of gafednnation on the hysteretic behaviour of one wallto failure
and on the initial incipient cracking phase of tiieer wall.

Three houses were available for testing througtiositcampagn, namely two single storey houses in the Saléish
(Horta district) and a two-storey house in Cedaxsation. The one-storey house 1 is illustratedigufe 4 while
house 2 refers to that shown in Figure 6(a) comeding to the horizontal layout depicted in FigG¢e). An outsid
view of house 3 (similar to house 1) is includedrigure &c), for which only one test was made in the samoatior
as for the first test on house 1.

.

(@) (b) (c)

Figure 6 House 2: (a) general outside view angl@m layout with test locations. (¢) House 3: owiemw
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Houses 1 and 3 have tieaf walls made of basalt stone masonry, quitgita and of poor quality. House 1 has
a more recent annex made of unconfined hollow bmielsonry panels. In itm, house 2 exhibits a much better
regular masonry construction of two-leaf walls with any signs of mortar in the joints.

4. STRENGTHENING SCHEMES

Seismic strengthening for this type of structuresswased on proposals implemented after the £3@®quak
(Costa and Aréde, 2006) and defined according ¢oftllowing main guidelinesi) to improve the strength
masonry walls aiming at preventing their disaggtiegaduring seismic events) to enforce a global behaviof the
construction as a whole by improving connectiorntsvben structural elements, namely walls, floors raad.

In order to pursue these main objectives, masomiswere strengthened with steel reinforced martaver, abot
3-4cm thick as shown in Figure 7(a), placedhie outer and inner wall faces (Costa, 2002)ngvarsal steel ro
were included to ensure a more monolithic behragiothe wall cross section by improving the sheannectiol
between the new mortar covers and the existingeea#. This techniqueads to a sort of “poor” reinforced conc
wall section, while preserving the original matkiiiaside that is quite suitable for hygrothermicdaacousti
purposes.

Aiming at simulating the presence of wooden flawofrstructures effectively connectéal the walls, two or thre
criptomeria wood beams (9x20cm2, cross sectiong wkrced between opposite walls, supported andduit righ
angle steel shapes fixed to each wall by steel cooissing its total section (Figure 7(b)). Thisqedure was axptec
at the roof level of houses 1 (loc. 1) and 2 (lband 2). Where floor presence should be simulatedd boards we
also nailed to the beams as adopted in house 21{j@nd shown in Figure 7(c).

(a) (b) (c)
Figure 7 Strengthening schemes: (a) steel reinflomartar cover in masonry walls; (b) wood beamssujed and
fixed to opposite walls; (c) wood boards nailedid@r beams to include pavement contribution

5. TEST RESULTS AND ANALYSES
5.1. Experimental evidence

Although not yet fully processed, some of the main tests resalte briefly referred here in terms
force-displacement diagrams, where the displacemlevays refer to the top section oetlwalls. Plots shown
Figure 8 refer to tests on house 1, including cotapas between results from original (2007) andnsftigene
conditions (2008).
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(a) (b) (c)
Figure 8 Test results for house 1. (a) Locatiooriyinal v.s. retrofitted, (b) location 2: originak. retrofitted and (c)
brick v.s. retroffited stone masonry panels

Figure 8a) clearly shows the benefits of the strengthentragtegy where the strength increased more thae thme
the original value for the wall in location 1; te¥ange response in the negative sense (walls aghirm) is duea
wood beams that become mobilized in compressiosulRefor the wall in location 2 are depicted iglie 8b),
showing that in 2007 the stone masonry panel wasusty damaged during a test where appropriatetigacoulc
be mobilized thanks to theturn walls orthogonal to the panel. After stréwegiing, this panel became so stiff th
hardly move in 2008 tests, which in turn alloweglerng the opposite brick masonry panel as showiigure 8¢)
somehow reproducing similar results as the onesradd by Griffithet al. (2007) with a different test setup.
Figures 9-a) and B) illustrate test results for house 2, where aghéncomparison between original (2007)
strengthened (2008) puts into evidence a clear ghistrength for both sees of wall displacement (posit
outwards) on location 1; note that wall deflectioi2008 was not pushed so far as in 2007 for saéstyons related
eminent wall instability. The response of both frand rear walls in location 2, connected byf tmmams and tested
2008 for the first time, shows a quite stable barawvith appreciable energy dissipation througholatzaling histor
that reached about 1.2% drift (equivalent to ti&Bere t is the wall thickness).

Force [kN]
Force [kN]
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(a) (b) (c)
Figure 9 Test results: house 2, (a) Location Diwai v.s. retrofitted, (b) location 2, front arehr walls and (c)
house 3, front and rear walls

Finally, Figure 9-c) shows the response of testatisvof house 3 where a clear degrading mechargsewidenced
after reaching 1% drift, although with significarapacity for energy dissipation.

5.2. Analitycal predictions

House 2 has a structural typology that allowedearctiefinition of the wall zones involved in thetteand, therefore,
permitted obtaining simple estimates of the maxintateral out-ofplane strength of the tested wallet. Thus, resg
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to limit analysis, according to which the forcesmmatible with equilibrium must follow Eqgn. 5.1 (wileetensils
strength of joints between blocks is neglected} fiossible to estimate the maximum foktg, to be applied at ti
top of the wallet. In this expressidm,, refers to the wall height (at the level of the legaplateral force)Wis the wal
weight and stands for the corresponding thickness.

MO:prmop—w%:o (5.1)

In order to estimate the lateral force compatikitl ¥he wallet self-weight in the natrengthened version of the te
the unit weight of masonry was assumedyasl8kN /n? according to mean ua¢s obtained in previous stuc
(Costa, 2002). The remaining values were takeh=a8.13m, t =0.66m, h=5.0m, hy, = 4.6m, from which the wall¢
weight W) was obtained as 127.1 kN. By introducingsthgalues in Eqn. 5.1 the maximum top force corfatvitt
limit equilibrium iSH,,, = 9.1kN.

Moreover, using this maximum foreed the maximum allowable displacement compatilifle the syster
equilibrium @...«=t/2 = 0.33m), it is possible to obtaithe maximum envelope foreseen for the wallet nasg
given by the dashed line included in Figure 10&ifocd = 0m— Hyp, = 9.1kNand ford = dyax— Hiop = OkN. The
same figure includes the results obtained for thre strengthened wall test (bottomt and rear walls) anc
is quite apparent that the front wall response eisvn fairly good agreement with the above estthdimit

lateral force.
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Force [kN]
°

N
@

— Front wall
Rear wall
= Analytical predictior

-70 -60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60 70

Displacement [mm]

Figure 10 Top force-displacement diagram and lanalysis predictions

Figure 10 shows also thtdte tested wall exhibited a very dissipation ofrggethough with stiffness decrease

becomes quite significant after reaching about Stomdisplacement (approximately 0.1% total driRggardin:
strength, degradation started beyond 50-60mm,ahast 1.2% driftThe envelope of the measured response sh
strong trend of fast loss of strength, such thaheae extrapolated draft of the referred envelopelevsuggest tt
total loss of strength for displacements on thepad 100 to 120mm (2% drift). However, this value would stay
behind the theoretical maximum displacement (330) restimated from limit analysis, which points tovery
deficient capacity of the wall to accommodate duplane displacements while ensuring adequate gtineeserve.
In the framework of out-of-plane behaviour of thipe of masonrythe mentioned deficiency can be the critical i
in the case of real seismic events because, shesildual displacements keep significant (as inptlesent case f
one response sense) then instability can devedajirig to the collapse of these elements.

Figure 10 shows also that the rear wall behavealrasction wall since the level of reached peagldi®ments wi
far below (5 mm) that of the front wall, thus alliogy the later to be more explored in terms of riaedr behavior.
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6. FINAL REMARKS

Although in a very succinct way, the above describfows concluding the great potential of thesitu tests ¢
performed in the last two years on typical masamystrictions of Faial Island, Azores. The outcome of stasits i
of utmost importance for understanding the behawabrtraditional masonry walls as they exist, padacly
concerning the out-of-plane response as addressdiois study. A significant contriltion is also achieved 1
appropriate numerical modelingalibration. In addition, concerning the assesgnwhactually implemente
strengthening interventions, the brief insight heygovided allows concluding the clear improvemehstructure
behaviorunder cyclic loading. This fact is even more intpot since these strengthening schemes were et#by
used in the reconstruction process after the 1888 quake.
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