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Abstract

The masonry construction is one of oldest condtrnt¢echniques and more used in all over the wattdvever, the structural
response of masonry structures is complex andrtbelledge concerning to their response to seisneatsy or even regarding
to their mechanical behaviour is still limited. Amcreasing interest on the experimental testinghisf type of structures,
particularly in the masonry walls performance, basn observed during the last years, to suppoterbehderstanding of
structural behaviour under earthquake loading, etiphasis on numerical model calibration, developnué efficient
techniques for seismic protection and/or resiliemsprovement of such type of structural elememsthle Laboratory of
Earthquake and Structural Engineering (LESE) of Fheulty of Engineering of University of Porto ada experimental
campaign was conducted during the last decade doacterize the seismic response of masonry waklie. dut-of-plane
response characterization of different type of magavalls was performed by performing tests by gmgl distributed or
point out-of-plane loadings such through the usaidfags or even by a hydraulic actuator. Furtheeyio-situ experimental
tests were performed in existing stone masonryswalexisting buildings in Azores. The in-plane &elbur characterization
of this type of structural elements was also pentt, as also the compression capacity of the masaails. The tests setups
will be described along the manuscript as alsathantages, problems, limitations and improvemergpectives associated
with testing schemes layouts.
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1. Introduction

The use of experimental tests on structural engimges widely used for the characterization of #wect

behaviour and to characterize the structures ptiegerespecially for the important outcome regaydihe

assessment and design objectives. Different typests can be performed on structures/elementsaumaterial
characterization tests, cyclic and/or monotonicavéur characterization of structural elementsvanethe seismic
performance assessment of complete structures.tésickhould be defined taking into account thergaals and
this choice depend significativally of technicatleaconomic issues. Therefore it is possible toeaghequivalent
experimental tests setups alternative to the mbferones. The experimental testing of existingctires possesses
great advantages but also some inconveniencesialbpehen dealing with masonry structures andwitl scale
specimens.

For instance, the simulation of the existing magaonaterials under laboratorial conditions and #@oduction of
the expect loads and also the representativendiss fufcal boundary conditions are one of the fadoat increase
the difficulties of this type of experimental chetexization. On the other hand, a controlled emritent under lab
tests turns out possible the use of reaction strestand extensive instrumentation, characteriziagg clearly the
desire behaviour and taking into account any gtlessible disturbances to the test protocol.

The characterization of the out-of-plane behavioumasonry structures suffer larger advances dutieglast
years, through the implementation of different tggproaches by several authors in the literatuw®.[The main
purpose of an experiment should be the reproducifahe real conditions that the specimen are stdjeto.
Concerning the earthquake evaluation of elements (galls, piers), the materials, axial load andirmary
conditions are those parameters that should be amorectly controlled and conveyed to validateaRkperiment.

The present manuscript is related to the perforemahout-of-plane tests performed with differenpagaches in
stone masonry walls such in-situ or in laborator@hditions. Point load tests and distributed loadse applied
taking into account the complexity of the test pedmd its applicability to laboratory or field cadtidns. In-situ
experimental tests were performed in existing logd, in Azores and additionally a large experirmboampaign
were carried out at the laboratory and the maidifigs related to the complexity and the advantajesach test
approach will be described. With the experiencauied after the experimental campaign of out-ofapl#ests of
stone masonry walls it was developed at the Labogradf Earthquake and Structural engineering (LESE)
innovative test out-of-plane test setup to evalttaecapacity of full-scale infill masonry wallsufthermore, the
in-plane behaviour characterization of this typestiuctural elements was also performed and infaoma
regarding the test setup will be described aloegrianuscript.

2. Experimental testing on stone masonry walls H-situ and laboratory out-of-plane tests
2.1In-situ experimental test in Azores Island
2.1.1 Point load out-of-plane test

Traditional building constructions of Azores, aghie Faial Island, mainly consist of masonry begvimlls giving

support to wooden floor and roof structures. Thestnigpical type is based on basalt or volcanic estarasonry,
with dry joints or poor mortar layers between sfredthough concrete block masonry is presently gpread
throughout the building stock. Concerning the latike most common situation is based on reinfommttrete
frames filled with block masonry panels but, mareemtly (particularly after the last earthquakeloly 1998), an
increasing trend is observed to make this typeoabtruction with duly confined concrete block masoin Fig.

1 are illustrated the stone masonry facade waltsrofhouses that were effectively tested withireaperimental
campaign.
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Fig. 1 - Effectively tested masonry typea) twc-leaf irregular msonry with poor fill materialb) twc-leaf
regular masonry with dry joints.

The basic idea of the adopted experimental systi@sron simultaneous testing two opposite walls given

house, by applying horizontal forces one agairestother and resorting to a pair of hydraulic adtsabperating
under displacement control. Loading has been appti¢he top of walls in the form of quasi-staticrieasing forces
during repeated and alternate cycles, in ordemtalate the horizontal action of roofs on masonallsv Fig. 2a

provides an overall view of the experimental setrupne tested house, where two experiments weferpged on

the locations indicated in the plan layout showFim 2b.
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Fig. 2 - Basics of the testing layout in t'se 1: a) general inside vieb) plan layout antest location:

For each test the load was applied centred in @ngivall panel between door/window openings andidisgted
along its length resorting to steel and wood piegéesuators were powered by a portable hydrauticamd the
whole system allowed applying forces up to abo@kiN?and maximum stroke +/-250mm. Displacements were
measured by means of draw-wire transducers attachexternal reference structures and actuatoraocould

be done in terms of any of the transducers, depgrat the particular features of each test.

Measurement points were always chosen accordiagitaonfiguration in the plan of the tested walshswn in
Fig. 3a; this allowed obtaining the vertical defestshape of the wall panel as well as any torsiomement that
could occur at the top level due to different baamydconditions in the left and right sides. Thisaswrement
configuration was adopted for both opposite waligolved in the test which provided force-displacatne
information concerning two different walls for eaelst. As shown in Fig. 3b, the force was meastesdrting to
a load cell inserted in the loading system whep@gmriate hinged bearings have been include tadeatoy bending
moments.
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a) b)
Fig. 3 - Measurement detaila) layott of displacement measuremeb) load cell

It is worth mentioning that with this testing systénvolving a pair of walls, a priori it is not kmm which wall
will perform as the reaction wall because both gave. This is not a drawback of the system andgedd by
taking adequate care with the actuator controls ian advantage since two walls are actually béasged.
Obviously, when the weaker walls starts degradinfgiting, the other is no further explored in texwf imposed
displacement, but in the general the obtained outcoonsists of good information on the hysteregicaviour of
one wall up to failure and on the initial incipiemacking phase of the other wall.

2.1.2 Distributed load out-of-plane tests

Taking into account the difficulties inherent tcsitu tests, three fundamental orientation linesevaefined: (i) the
test setup should be self-equilibrated; (ii) highdl of load capacity to perform experiments omrsithened
specimens; (iii) ability to perform out-of-planeste. Concerning its versatility and straightforwenglementation,
the testing system was designed to work with sinaple light components (less than 30 kg), avoidixigréor
reaction elements (self-equilibrated system).

The reaction frame defined for the experimentaMes composed by tubular steel elemedt$0 mm) connecting
this reaction frame of the airbags to a reactiol (part of the existing construction). Besides thetallic elements,
there are two reaction surfaces to the airbagsstitoted by wood elements and marine plywood plétes Fig.
4).

= _11. -
Fig. 4 -In situimplementation for tests
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The test setup developed makes use of three aidragach sides of the wall, one compressor, assefipipes
(6=8 mm andp=14 mm) connecting the airbags, pressure-contieksadisplacement and pressure transducers
properly connected to a portable data acquisitystesn. As already noted, the application of thérithisted loads
on this kind of test is not new have already besadun the past by other authors. However, the eay the test
setup was implemented in experimental campaigmceed with an original structural configuratioh the
reaction system which allows bigger displacemestsld constitute a step forward in this kind otseas well as
its cyclic loads capability. The displacement o twall relatively to the reaction structure is & Kactor to
estimating values of force during the airbag tEsatring the test, with the gradual inflating of th&bag, this
displacement is responsible for the reduction efdbntact area between the wall and the airbag. gfiénomenon
occurs because the inflated airbag does not asaupeefect rectangular parallelepiped shape preggotirved
faces, leading to deficient contact areas neabdl@daries of the airbag body (see Fig 5).
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Fig. 5 - Variation of the contact area for extredigplacement situations

In order to calibrate the contact area betweerattig and the wall, a laboratory full-scale teaswperformed,
through which was possible to estimate a corrediémtor. Therefore, for a certain value of displaeat, the
correction factor is given by the ratio between vhkie measured by a load cell and the value meddur the
pressure cell. In this test, the calibration wadquened only for a single airbag. For the casesifs with multiple
airbags (see Fig. 6) the calibration process falewactly the same procedure, resulting in a coore€actor for
each single airbag. In this case the control digpteent (d) is determined in relation to the ceotrgravity of each
airbag.
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2.2 Laboratory experimental tests

As already introduced, this experimental campaigred at characterizing the out-of-plane behaviddulb-scale

masonry walls resorting to quasi-static loads &gply means of two different testing setups anceutitree
distinct pre-compression states. The first tesipsebnsisted of the application of a uniformly dizited surface
load using a system of three nylon airbags (with0OL&m height, 700 mm width and 350 mm thick), whieacts
against a backing frame. The latter is connectea teaction structure composed of a set of HEB &egms,
connected to the reaction wall of the laboratorthwiiechanical anchors (Fig. 7). The level of presguside the
airbags and the top displacement of the specinsa as control displacement during the tests, a@rénuously
acquired through a data acquisition system.

airbugs | B backing frams Beactioa wall —\
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— pomcrEe Tourdation " memction srmeue {sder e

Fig. 7: Out-of-plane distributed loads using airbsest setup implemented in the Laboratory of Emidke and
Structural Engineering.

The second test setup consisted on the applicatiarhorizontal line-load by means of a displacetemtrolled
hydraulic actuator. In order to avoid an eventoadibnal response of the specimen, the actuatohwaazsontally
centered at the top of the back surface of the nigisgall. The actuator reaction is provided byifi steel structure,
anchored to the test slab of the laboratory, FigC8ncerning the foundations of the specimenss ivorth
mentioning that these traditional masonry consimast usually do not include any special foundattement,
being simply settled on soil with some layereddiotstones right below the ground level. This situraits naturally
more common in low-rise buildings, which usually mot need very deep and large foundations. Consdlgue
aiming at full control the boundary condition oéthxperiments, all the masonry walls were tested centilever
structural scheme, settled on a concrete footimdgpendently from the pre-compression level anddbesetup.
Note that, even in the most unfavorable casepitb.no axial compression force, the friction betweahe concrete
footing and the first layer of granitic stones igfigient to guaranty that no sliding will occur thite base of the
wall. This issue was also monitored during the eixpents with a displacement transducer betweehdttem of
the wall and the concrete footing, and no slidinguored. In order to apply the vertical load, araytdic actuator
was installed at the top of the masonry wall, iegcagainst a steel frame connected to the foumaatirough
hinged steel rods in which load cells were usethéasure the imposed force. As the vertical hydraadtuator
used is not force-controlled and consequently aifségnt variation of vertical compression was abed during
the experimental tests. This non-negligible loadatmn was due to the absence of oil volume cdiwadnside
the hydraulic actuator to compensate the upliféind the vertical deformation of the specimen.
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Fig. 8: Out-of-plane point load test setup impletedrin the Laboratory of Earthquake and Structural
Engineering.

3. Experimental testing of full-scale infill masony walls — in-plane and out-of-plane
laboratory tests

It is consensual that further and deeper knowléslgequired of the out-of-plane behaviour of infilsonry (IM)
walls to develop effective retrofit strategies thegvent this type of collapse and consequentlieptdhe buildings’
users’ safety, as well as that of people near thiklihg. The study of this type of collapse meckaniis also
important to support the development of accurataarical models that represent the expected behawiol/
walls subjected to out-of-plane loadings, combinechot with in-plane loadings. Thus, the experinaénést
appears to be an excellent tool that allows theystd IM walls subjected to static or dynamic cgatixperimental
tests combining different types of test variatismgh as: evaluation of the out-of-plane performawitie different
in-plane damage levels, variations in the dimersiohthe IM walls, different types of masonry bsgletc.
However this type of experimental test is diffictdt perform as it requires complex experimentaiuget with
sufficient capacity for large samples. Some expenital studies have been carried out in order toacherize the
out-of-plane performance of the infill panels calesing and ignoring previous in-plane damage [6H9jvas
observed that the out-of-plane capacity of the Idisvis reduced with the increase of the in-plaemands, leading
to the conclusion that further experimental ingations, mainly of specimens representative ofcitnentry’s
building stock, are of extreme importance.

From this type of experimental tests some importantsiderations can be withdrawn for the futured &m
particular can be fundamental to earthquake prooetdes, namely:

» The structural designers are sensitized to take dotount with the structural contribution of thien-
structural elements in the buildings response vaudajected to earthquake loadings;

» With the experimental characterization of the IMllat is possible to develop some strengthening
strategies that could reduce their vulnerabilityd ahus save people’s lives and decrease the tdvel
damages that this non-structural elements are ctebij¢o;

* New guidelines regarding the IM walls constructimmocess can be drawn to improve their seismic
performance, and thus eliminate some factors thaease their in-plane and/or out-of-plane seismic
vulnerability (such for example construction ofilinbanels disconnected of the surrounding RC frame
etc.);

» The experimental data results can be used to atdibrumerical models, and thus assess the seismic
vulnerability of existing and/or new buildings cadering the IM walls real and expected behaviouemwh
subjected to an earthquake.

Based on this motivation and with the knowledgeugegfrom the experimental campaign of the outdafap tests
performed in full-scale stone masonry walls, amirative test setup was developed to characterizeutrof-plane
behaviour of IM walls with geometry based on a jes statistical study conducted into PortuguesedRitgling
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stock, namely buildings constructed in the 1960d @0’s [10]. Additionally an in-plane test setupsadeveloped
to characterize the capacity of infilled RC franmesler loadings along their plane. Further infororatiegarding
both tests setup will be described along the nexsections.

7
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3.1 IM walls out-of-plane test setup

The out-of-plane test consisted of the applicati uniformly distributed surface load througtystem composed
of seven nylon airbags, reacting against a selilibgated steel structure, as shown in Fig. 9 aigl EQ. The
application of a uniform out-of-plane loading preds (as was observed) to globally mobilize the aftjttane
response of the IM wall, as verified in the pred@ection. This reaction structure is composedefifertical and
four horizontal alignments of rigidly connectedettiears, in front of which a vertical wooden platfois placed to
resist the airbag pressure and transfer it to tie seacting grid elements. Thus, 12 steel théadds, crossing
the RC elements in previously drilled holes, wesediuto equilibrate the reaction force resultingrfthe pressure
applied by the airbags in the infill panel. Theest@ds were strategically placed to evaluate diael Idistribution
throughout the entire infilled RC frame resortimgldad cells attached to each rod, which allowedtinaous
measurement of the forces transmitted to the @astiructure to which the rods were directly scidw@n the
other extremity of each tensioned rod, appropmiatis and steel plates were used to anchor thembadyaply its
reaction force to the concrete surface by unifordiggributed normal stresses, thus avoiding loattentration on
the RC elements crossed by the rods. In each coltheraxial load was applied by means of a hydcgalik
inserted between a steel cap placed on the tapeofdlumn and an upper HEB steel shape, whichyrin tvas
connected to the foundation steel shape resomirggpair of high-strength rods per column. Hingednections
were adopted between these rods and the top anddtan steel shapes; the axial load actually efgpio the
columns was continuously measured by load cellried between the jacks and the top of each colwhith
was paramount in performing the in-plane tests.

The pressure level inside the airbags was set byptessure valves which were controlled accordindpé target
and measured out-of-plane displacement of the aeptint of the infill panel (the control node awmdriable)
continuously acquired during the tests using a datgisition and control system developed in théiddal
Instruments LabVIEW software platform [11]. Priar the experiments, calibration of the whole systgas
undertaken; this consisted of comparing the suthesfoad cell forces with the airbag pressure tasuforce (the
pressure multiplied by the theoretical loaded pamned), in order to obtain the variation of loastribution, i.e.
indirectly the actually loaded area, with the ireme in distance between the steel reaction steuahua the surface
loaded panel. This calibration was achieved byrtirgga vertical wooden panel supported in woodheeeacting
against the RC top and bottom beams, thus witmwaiving the brick masonry panel.
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c)

Fig. 9 — Layout of the out-of-plane test set-upfrait, b) lateral and c) plan view. 0 — strongofiol — foundation
steel shape, 2 — high-strength rods (g30mm) fikiegfoundation steel shape to the reaction slabstgel rod
(20mm) connecting the RC frame to the foundatieal shape, 4 — vertical high-strength rods (g30mrapply
axial load, 5 — steel cap, 6 — steel rods (g20mmmjecting the RC frame and the reaction struciure,
distributing load plate, 8 — self-equilibrated réaw steel structure, 9 — counterweight, 10 — wback, 11 —
hydraulic jack (for axial load application), 12 ertical wooden platform, 13 — airbags, 14 — irgdinel, 15 — RC

column, 16 — steel plate for rod force distribution

Fig. 10 — General view of the out-of-plane experitaétest set-up: a) front view, b) lateral view.

3.2 IM walls In-plane test setup

The in-plane test consisted of the application dfoazontal force on the top of the RC frame usingervo-
controlled hydraulic actuator (+/-500kN capacitytiwit/-150mm stroke) attached to a steel reactiomctire
(Figure 11). The horizontal force was transmit@the RC frame by two high strength rods (g22mmjHe front
and rear specimen sides) tying two steel shapbs &ft and right extremities of the top beam (ifgy12), in order
to apply in-plane loading cycle reversals. The tigh strength rods were linked at 1/4, 1/2 andd/the beam
length to steel plates that connect with the cpaading one of the other side of the beam by 2 stels (a10mm)
with the main objective of mobilize and distributee in-plane load along the entire top beam crestiem
uniformly. The column axial load was applied usamg hydraulic jack per column, attached to theatag bottom
of the steel devices by means of high-strength wittshinged extremities. The in-plane infilled ina was tested
under the so-applied column axial load of 300kNtlamstant with the prescribed value measured ag tells
attached to the jacks. The test set-up was alseda® with an additional guiding structure to pretveut-of-plane
displacements of the infilled RC frame, while allogit to slide along the steel shape guides. Figshows the
layout of the in-plane experimental test set-Upsitating each element with a corresponding detari.
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Fig. 11 — Layout of the in-plane experimental settup: a) Front view; b) Lateral view and c) Ba@w. 0 —
Top beam, 1 — hydraulic jack (for axial load apafion), 2 — steel plates for horizontal force dlsttion, 3 —
horizontal high-strength rods (g22mm), 4 — heael steape, 5 — vertical high-strength rods (a30n@m) steel
rod (20mm) connecting the RC frame to the foundasieel shape, 7 — high-strength rods (a30mmditie
foundation steel shape to the reaction slab, &rdation steel shape, 9 — strong floor, 10 — img@laeaction
frame, 11 — out-of-plane reaction and guiding stme; 12 - Servo-controlled hydraulic actuator ~1Right and
left head steel profile and 14 - 5 — Transversdsr@12mm).

Fig. 12 — Detail of: a) Servo-controlled hydrawdictuator (+/-500kN capacity with +/-150mm strokiaehed to
a reaction steel frame; and b) horizontal highrgjtle rods (g30mm) that are connected to the leftrigyht steel
profile placed at mid-height of the top beam.

5. Conclusions

This work included a general overview of differéopics, starting with the experimental out-of-pldyehaviour
characterization of unreinforced and strengthemedesmasonry walls, namely through the presentatfamin
situ experimental campaign carried out on typical maseonstructions of Faial Island, Azores. The omtecof
such tests is of utmost importance for understantlie behaviour of traditional masonry walls asytbeist,
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particularly concerning the out-of-plane resporsaddressed in this study. Experimental tests dpedlin full-
scale stone masonry walls in laboratory were ategsgnted and the main findings related to the cexityl and
the advantages of each test approach were alsasdest. The outcome of such tests is of utmost irapce for
understanding the behaviour of traditional masomajls as they exist, particularly concerning thé-ofdplane
response as addressed in this study. A signifaamtribution is also achieved for appropriate nuoamodelling
calibration.

Finally, it was presented an innovative test sedapeloped at the Laboratory of Earthquake and iraic
Engineering (LESE) to perform static out-of-plaests of full-scale IM walls with and without preumin-plane
damaged with the main goal of characterize theaste®n between the in-plane and out-of-plane dapand
develop efficient strengthening solutions to im@ tkis non-structural elements seismic performance
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