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SUMMARY:

The out-of-plane behaviour of stone masonry facé&lasnajor cause of several collapses during seisuents.

For this reason, the work presented herein refeasshaking table test performed on a full scakstorey stone
masonry facade, representative of an existing imgjlecom Faial island (Azores, Portugal). All thest protocol
and procedure is described as well as a presemtafithe overall behaviour and obtained resultsrédwer,

since the selection of a ground motion able tageigthe out-of-plane mode was a crucial point far $eismic
test, the method used to select the input motiafsis addressed in the present paper.
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1. INTRODUCTION

Observing several post-earthquake damages amofegetif areas and time periods, out-of-plane
collapses of masonry walls are commonly found, uditlg recent events (e.g. L'Aquila 2009
earthquake). Despite being a well-known problenpeeixnental tests specifically focused on the out-
of-plane behaviour of masonry structures resotiinghaking table tests are not common.

Although the out-of-plane behaviour of masonry walle observed in more general shaking table
tests (e.g. (Tomazeviet al. 1996; Magene®t al. 2010)), only the recent works by D'Ayaéa al.
(2011) and Al Shawat al. (2011) addressed specifically the out-of-planeabedur, the latter on a
full scale tuff masonry specimen.

Regarding out-of-plane shaking table testssancostone masonry walls as commonly observed in
Portugal as well as in the Mediterranean area, uobplane shaking table tests were found,
increasing the research interest in this area.

For the reasons mentioned above, and bearing ind ntiie vulnerability of stone masonry
constructions, the dynamic out-of-plane behavidwsazcostone masonry walls should be studied and
supported by experimental evidence based on tHenghtable tests.

2. SPECIMEN AND SHAKING TABLE TEST SETUP

The assessment of the out-of-plane dynamic behawdba saccostone masonry facade was made
resorting to the LNEC (Laborat6rio Nacional de Ertggria Civil, Lisbon, Portugal) tri-axial shaking
table. Despite the possibility to introduce a 3Dtioo on the table, only the transversal axis,
perpendicular to the main facade, was used in ddstudy specifically the out-of-plane problem. A
realistic full scale specimen was selected, comgew partial reproduction of an existing consticti
from Faial island, Azores, and similar to damaged aollapsed structures found after the 1998
Azores earthquake.



(c)
Figure 2.1.Specimen reproduced on the shaking table testiarapge construction after 1998 Azores
earthquake; b) original specimen in Azores; c) Bpen at LNEC shaking table and direction of motion.

The construction of the specimen was made by lotcasons familiar to work on this type of
structures, respecting traditional constructiorhigques. Attempting to reproduce also the wall's
typology from Azores, walls were built aaccostone masonry (double leaf masonry with poorlinfil
material), made of granite blocks and lime motiading to a total thickness of 65cm. The building
roof was not included in the specimen becausddrtraditional construction from Azores island, the
roof is supported at the front and rear walls dretdfore no vertical load is introduced in the wall
(lateral one) tested in this shaking table test.

Regarding the geometry of the tested specimen,ia fagade with two returning walls was adopted,
as depicted in Figure 2.1, with poor interlockingfivieeen the main facade and perpendicular walls
aiming at activating the fagade overturning witimized the flexural behaviour.

The main specimen dimensions are presented ind-@@r a) while the monitoring points are shown
in Figure b). The returning walls were 2.15 metary.
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Figure 2.2.Characteristics of the tested specimen: a) dimessb) monitoring points and devices

Concerning the instrumentation used to charactetiee out-of-plane behaviour, 13 displacement
transducers (more precisely draw wire positionddaigers), 2 LVDTs and 19 accelerometers were
adopted for the tested specimen; in addition talBHD video cameras (25 frames per second) were
used as well as 3 medium speed full HD (50 franersspcond) and 1 high speed (120 frames per
second) VGA camera.

From the observation of the recorded videos, it p@ssible to make a detailed interpretation of the
behaviour exhibited by the specimen during the sigatable tests, by correlating visual observations
with the acquired experimental data.



3. SELECTION OF THE GROUND MOTION

The selection of the ground motion revealed to berugial point of the work presented herein,
because the accelerogram to be used on the shalkilegshould trigger the out-of-plane mechanism
without inducing severe damage to the specimenebiar, it should be also referred that the main
objective of the shaking table was to induce themete collapse of the main facade, characterizing
the overturning activation as well as the out-ara collapse.

The overturning of masonry walls is correlatedhe input kinetic energy, which can be associated to
near-fault characteristics of the ground motiomeegally the velocity pulses (forward, backward or
forward-backward) usually observed in this typeesknts. This statement was verified through
numerical simulations by Decaniat al. (2006) where velocity measures, as Peak Grounocig
(PGV) and Housner intensity have good correlatidth vthe overturning of rigid bodies under
earthquake actions. The simulation of the out-afapl behaviour of masonry walls may be achieved
by rigid elements rocking around its base and efioee, its potential overturning is given also bg t
slenderness of the walls. While PGV (Decargtial. 2006) or maximum spectral displacement
(Liberatoreet al.2009) give an idea of potential overturning andgilde damage on rocking bodies,
PGA is the main parameter involved in squat waksponse where higher accelerations are required
to activate rocking.

However, there is no simple correlation betweeimgls parameter related to the seismic motion and
the overturning potential of the masonry wall. Henthe selection of the accelerogram to be used on
the shaking table should be made resorting to alysis which may simulate the overturning
potential of the seismic motion and the tested igpet.

In order to select a ground motion with overturnpaential of the masonry facade, a step-by-step
procedure was defined and followed, as represantétjure 3.1, starting from the selection of a set
of potential accelerograms.
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Figure 3.1.Step-by-step procedure to select the ground motion

Thus, an initial selection was made of the potér@@elerograms to be used in the shaking table,
resulting in a set of 74 accelerograms: 70 fronuRgbroject (more information available in Decanini
et al. (2006)); 1 record of the 9 July 1998 Azores eartkg (HOR, NS and WE components) and 1
record of the 6 April 2009 L’'Aquila (FA090-AQG, N&hd WE components).

With the initial set of accelerograms, three pdtdrtollapse mechanisms were selected based on the
specimen’s geometry and presented in Figure 3.2ccordance with existing proposals based on
geometrical properties (Lagomarsino 1998).

Numerical models were then developed with the dmwsidd mechanisms in order to analyse the
potential overturning of the ground motion for egctential mechanism.

The numerical models presented in Figure 3.2 wafidetl in two different masonry portiong:one
rigid element representative of the potential auwsing mechanism (yellow parts);) the other
masonry portions, which involved the remaining dirthe specimen, were fixed to the shaking table
and considered infinitely rigid.

In order to perform nonlinear dynamic analysis, M@&C Adams™ (Multibody Dynamics Simulation,
Automatic Dynamic Analysis of Mechanical Systenmsfiware (MSC 2012) was used, adopting rigid



bodies to simulate the masonry portions, while eatr@ted nonlinearity at the contact regions in the
form of friction and of a restitution coefficienthich traduces the energy dissipation on impacts
between different elements.
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Figure 3.2.Potential overturning mechanisms considered imthaerical analyses and correspondence with
existing proposal (Lagomarsino 1998): a) gable (ME®) facade (MEC1); c) facade with returning wall
(MEC2).

Finally, the parameters required to perform dynaamalyses were only the rigid bodies’ unit weight,
the friction and restitution coefficients (dividad horizontal and vertical impacts), which were
selected based on literature values as preseniieabie 3.1.

Table 3.1.Parameters used in the preliminary numerical aigly

Specific weight p) Static and dynamic friction Coefficient of
(kN/m3) coefficient () restitution (r)
19.0 0.7 01
(Costa 2002; NTC 2008) (Vasconcelot al.2009) '

After the numerical models development, all thegf@und motions were used as input motions at the
base of models, being all the accelerograms sc¢al@dg, a value sufficiently high to trigger dilet
mechanisms and to observe the potential collagheed by some of the accelerograms.

From the set of 74 ground motions, 4 were iderttifie potential input motions from the displacement
obtained in the numerical analysis, as well ad_tAguila’s NS record (which was selected because it
is a recent record, where several out-of-planeapséls were observed in the Abruzzo region, ltaly).
The main displacement ratio&4,, wheres is the displacement obtained in the numerical rhadd
A,is the instability displacement) are presenteddhld 3.2.

Table 3.2.Displacements obtained in the numerical analysishfe selected records

Earthquake Record M, D:i[km] PGA(g) PGV (cm/s) I\I/?Ilzsg:)acer&%rg{atlo'\fé%)z

Northridge NWH360 6.7 4.0 0.59 96.9 0.07 0.42 0.11
Loma Prieta HOLLO 6.9 33.0 0.37 63.0 0.10 Collaps®.19

Loma Prieta A02043 6.9 47.4 0.27 53.6 0.09 074 101
Loma Prieta HCH180 6.9 27.8 0.21 45.0 0.02 0.87 00.1

LAguila ~ AQG(NS) 5.8 43 0.49 35.7 000 002  0.00




As presented in Figure 3.1, the selection of thmugd motion was made on three different steps: i)
selection of 5 potential accelerograms, based enntimerical resultsj) observation of response
spectra of the 5 selected ground motions, evalgdtie frequency contentij) introduction of the
ground motions on the bare shaking table and observof the shaking table movements, selecting
the most adequate accelerogram to be used.

At the end of the selection procedure, it was aetbghe 1994 Northridge earthquake recorded at
Newhall Fire station (NWH360), filtered at long et vibration €..: = 0.2 Hz) in order to fully
explore the limits of the shaking table withouteating the final results. Moreover, this acceleangr
was possible to be scaled down for different intgrevels, while the other records should be stale
up in order to have higher PGA values.

The final input ground motion used on the shakalgd tests is presented in Figure 3.3.
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Figure 3.3.Input ground motion for the shaking table tes&January 1994 Northridge earthquake recorded at
Newhall Fire station (NWH360) filtered at low fresncies

Five different levels of the ground motion weredaauced at the shaking table, as percentages of the
full scale signall) 10%;2) 20%;3) 40%:;4) 60%;5) 80%. The response spectra of the input ground
motion (NWH360 original signal) and measured datamesented in Figure 3.4 for each test stage,
where it is possible to observe the good respohsigecshaking table when compared to the original

signal.
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Figure 3.4.Response spectra for different levels of grountianocomparison between input motion and
acquired data (solid lines, input; dot lines, mees)y a) acceleration spectra; b) pseudo-velocity.



4. EXPERIMENTAL RESULTS AND DATA INTERPRETATION

During the seismic testing campaign, the behavifihe specimen may be divided in two different
stages: before stage L3 (scale factor 40%); affteyesL.3. As presented in Table 4.1, the specimén di
not exhibit damage until the stage L3. After thiage level, the formation of the overturning
mechanism occurred for stage L4 (60%), where thactenent of the facade occurred at the window
level with a triangular shape.

At the final stage of the shaking table campaiba,dollapse of the masonry fagade occurred with wel
defined overturning of the masonry facade aboveninelow level, as shown in Figure 4.1. After the
detachment between the facade and returning welisie 4.1 a)), the collapse was mainly caused by
the instability of the outer leaf, induced by thregence of window frame. If Figure 4.1 b) is obeérv
more carefully, the rotation of the window jambrste is visible and, due to their vertical orierafi
the instability of these elements became easilieaeld. This local instability led to the collapdette
complete wall facade also due to global instabhiliith the final collapse form of Figure 4.1 c).

Table 4.1.Description of the damage evolution

Stage Scale Behaviour of the Damage and observed behaviour
factor facade

L1 10% Monolithic No visible damage

L2 20% Monolithic No visible damage

L3 40% Flexural response Small vertical cracks at tr_\e facade and diagoradks in

returning walls

L4 60% Rigid pody moti_on Facade detachment at the window level (1.0 metet) a
(one-sided rocking) cracks at the gable

L5 80% Rigid body motion with Facade collapse caused by instability of the detsrat

overturning window level
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Figure 4.1.Overturning and collapse mechanism: a) formatioth@ mechanism; b) collapse development; ¢)
final collapse figure at stage L5 (80%).

The facade top displacement time history (meashyethe wire transducer 10, in Figure 2.2 b)) is
presented in Figure 4.2, where the out-of-planeatielorr of the fagade is visible. The 40% signal did
not induce any considerable displacement in thé (@alx= 5.1 mm). However, the 60% scaled signal
triggered the out-of-plane mechanism (for the tatep 6.5 s), thus increasing the facade flexibiiy
evidenced in Figure 4.2. After that time step, displacement increased significantly and it became
possible to observe the fagcade rocking behaviooe. 80% signal led to the out-of-plane collapse of
the wall as mentioned previously.
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Figure 4.2.Top displacement time histories for 40%, 60% adh8

The facade collapse occurred when the out-of-pleope displacement achieved 400 mm (or
approximately60% A,, whereA, is the instability displacement). However, becatlsecollapse was
achieved due to the outer leaf instability, a lidigplacement similar to the outer leaf 250 mm)
may be more representative of the ultimate dispiecg for this type of walls. Therefore,
displacement-based assessment procedures concérairgit-of-plane behaviour of multiple leaves
masonry walls should consider the instability af Wmall governed by the thickness of the outer leaf.

Figure 4.3 presents the top acceleration vs. teplattement where the hysteretic behaviour of the
masonry facade can be observed. In the same lipesa®usly mentioned, the figure shows that the
40% signal started to induce some nonlinearity cvisignificantly increased in the L4 test (60%).

As expected, the maximum acceleration is highethe positive sense due to the presence of the
returning walls, reflected also in the achievedpléisement (smaller in the negative sense when
compared to positive ones). The curves shape shopsak negative acceleration value of -0.62 g
(achieved at L4 stage) which can be the threshotelaration to form the overturning mechanism.
The stiffness and strength degradation is also reabke but it is influenced, in the positive
displacement sense, by facade rocking behavioherahan flexural response which may lead to
misinterpreted stiffness evaluation.

At the last test level, the behaviour is charagestiby strong nonlinearity with stiffness and sitén
degradation when compared to previous test stdgean be observed that a constant acceleration
level around -0.22¢g induced the collapse of thecigpen, which is consistent with the threshold
acceleration value required for the out-of-planemaaism (0.23 g) that can be computed based on the
geometry of the activated masonry block (Costa 2012

As a general comment, the maximum strength waseaetii for 0.3% drift, while the estimated
ultimate displacement of 1.2% drift was reached.
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Figure 4.3: Top absolute acceleration vs. top displacement3a)0%; b) L4-60%; c¢) L5-80%.



The velocity time histories, shown in Figure 4.4 tiee vertical profile of accelerometers placethat
centre line of the main facade, are consistent With rocking behaviour of the masonry facade,
highlighting this type of behaviour with experimaihdata.

Indeed, it is possible to observe the fagade rgckiehaviour in the results of stage L4, showing in-
phase responses at the top and window levels,métkimum velocity of 50cm/s; by contrast, out-of-
phase response of velocities is observed in stagedaching maximum velocity of 65cm/s before
attaining the collapse, which suggests that theamahodified the rocking point axis position in the
facade plane.

Thus, it may be possible to infer that a minimurtoeity pulse of 60-65 cm/s was required to induce
sufficient kinetic energy for the global overturgiof the facade.
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Figure 4.4.Velocity time histories: upper plot for stage Laddower plot for L5 test.

5. CONCLUSIONS

A full scale shaking table test was reported i thork, focusing on the out-of-plane behaviour of a
saccostone masonry facade with two returning walls. fdsted specimen geometry and its properties
were described as a partial reproduction of artiagistone masonry from Azores.

Moreover, the selection of the ground motion toused on the shaking table was presented, which
was an important component of the work to ensueegthbal overturning of the main facade without
inducing severe damage in the tested construction.

Concerning the observed behaviour of the structieemain objective of the experimental campaign
was achieved with the out-of-plane collapse ofrttagn fagade for a PGA value of 0.48g. The window
frame was found to be the most vulnerable elemktiteofacade, particularly the window jamb stones
due to their vertical orientation. It was also aled that the collapse was induced by instabilitthe
outer leaf rather than the complete wall overtugnifor this reason, it may be plausible suggesting
that displacement-based assessment proceduresiogade out-of-plane behaviour of multiple-leaf
masonry walls should consider the outer leaf théslsninstead of the total wall thickness.



Finally, it is worth mentioning that the experimaintlata acquired in the shaking table tests allowed
confirming both the rocking behaviour of the maagdde and the modifications observed prior to
collapse in stage L5.
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