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ABSTRACT

The influence of masonry infills on the seismic &ebur of reinforced concrete buildings has beeselyi studied
in terms of their strength and stiffness contribatin the in-plane direction while less studieséhbeen carried
out on their response in their out-of-plane (OOIPdion. OOP collapses were observed on recettiagaakes
motivating experimental efforts to characterizes théhaviour combined and not with previous damamgetd in-
plane loading demands. The present paper pretendsntpare the test findings of two different expmmtal
campaigns carried out on full-scale and scaledl mésonry panels under out-of-plane load. The megults of
both experimental campaigns will be detailed asdwsed to evaluate the key parameters that gal/gdreénfill
panels OOP behaviour. The results will be preseintéerms of force-displacement envelopes, eneiggightion
and failure modes. Besides that, the second madéh @fothe manuscript is to present the comparisbthe
experimental results with the analytical modelsilaizée in the literature.
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1. INTRODUCTION

The infill masonry (IM) walls are widely used foamition purposes and to provide thermic and adoust
insulation to the reinforced concrete (RC) struesutJsually the IM walls are considered non-stmadtu
elements and no special attention is given to ttherimg the design process of new buildings andgafe
assessment of existing ones (Furtado et al. 200%adfo et al. 2016; Furtado et al. 2015). However,
their strong influence on the seismic response@gRuctures and their high level of damages oleserv
in recent earthquakes alert the scientific comnyuiaitgive them a special attention (de la Lleralet
2017; De Luca et al. 2014; Gautam et al. 2016; lHems et al. 2014; Roméao et al. 2013; Vicente et al.
2012; Yatgan 2011). Their out-of-plane (OOP) vulnerability emhsubjected to transversal loadings
which resulted on several number of collapses dersive damages that in general increased
significantly the risk to the population and thiabilitation’ costs of the buildings. The infill Ws, due
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to the interaction with the surrounding RC frame davelop a higher OOP strength through arching
mechanism, which mainly depends on the panel’ glarebs, masonry compressive strength and panel
width support conditions. The risks associatechts behaviour can be increased due to constructive
details aspects that nowadays are commonly adtiptedghout the European Southern countries. Such
for example no connection between the panel andutreunding RC elements, no connection between
the leafs in the case of double-leaf IM walls amglifficient width support of the panel can conttébu

to reduce to the IM walls OOP strength capacitylead to fragile collapses. Results from experiraent
studies are of full importance to understand anckiase the understanding regarding the OOP behaviou
of the infill panels, especially for out-of-plaralfire combined with prior in-plane damages.

The present manuscript pretends to present expet@neesults from an extensive experimental
campaign of IM walls OOP tests. Quasi-static tegtse carried out at the Laboratory of Earthquake
and Structural Engineering (LESE) at the UniversiftyPorto and at the University of Naples in Full-
scale and scaled specimens. The experimental ¢astied out on URM infill wall panels at the
Department of Structures for Engineering and Asgdtiire of the University of Naples Federico I
program is aimed at evaluating the influence ofrlatany conditions on URM infills’ OOP response in
terms of stiffness, strength and displacement égpand then, for infills bounded along four edges
assessing the effects of IP damage on the OOP ioeinav terms of strength degradation, i.e., the IP
OORP interaction effects. Specimens’ details andef Hescription of the test setups will be prodde
The main results of each experimental campaignbeilprovided as well as a global discussion and
comparison between both testing campaigns. Fintléyefficiency of analytical models to predict the
IM walls OOP capacity will be assessed. The anadyfpredictions of the specimens tested in both tes
campaigns will be carried out.

2. EXPERIMENTAL CAMPAIGN OF INFILL MASONRY WALLSOUT-OF-PLANE TESTS
2.1 Introduction

The present section will present the details oftéstés carried out at the LESE Laboratory and &t th
University of Naples. The test setup and the expental results will be presented (cracking patserth
force-displacement curves). The test campaignezhout at the LESE laboratory is composed by four
full-scaled specimens that were subjected to OGR wwith airbags. The main objective of the test
campaign was to evaluate the effect of the grdeiyg and the previous in-plane damage. The results
of OOP pseudo-static tests carried out on URMIinfdll panels at the Department of Structures for
Engineering and Architecture of the University aipées Federico Il are presented. Single-wythel infil
walls tested were equal to each other for geonatrproperties, construction materials and
workmanship but provided of different boundary dtinds to the confining RC frames, which were
2/3 scaled and designed addressing seismic prasigigen by the current Italian building code (NBCO
2008). A panel bounded along all edges to the sading frame was tested (Test OOP_4E), as well as
a panel detached from the confining frame at theupdge (Test OOP_3E) and a panel bounded to the
confining frame only along the upper and lower ed@est OOP_2E). Moreover, three infills bounded
along four edges were first cyclically tested ia tR direction up to three different nominal digvels
(0.2% for test specimen IP+OOP_L, 0.4% for testspen IP+OOP_M and 0.6% for test specimen
IP+OOP_H) and then monotonically tested in the @@é&xtion.

2.2 Tests with uniform loading
2.2.1 Specimens description and test setup

Four IM walls were built with the same geometrimdnsions (4.20 x 2.30 meters length and height
respectively) and made with hollow clay bricks ¢itmiess equal to 0.15 meters), which is a solution
typically adopted in the Southern Europe (Furtati@le 2016). The mortar used to construct the
specimens was an industrial pre-dosed M5 clasg(t@ar type). No plaster was adopted. All the panels
were built totally supported in the bottom RC bedrhe contact between both specimens and the
surrounding columns and the bottom beam was prdviyeapproximately 1cm layer of mortar (full

bedded joints). No gaps were introduced betweermpémel and the frame and no reinforcement was
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used. Regarding the contact between the top bealfAbiick and mortar are used to fill the gap that
resulted from the IM wall construction. Specimeh 01 and Inf_04 were tested with the aim of evaduat
the effect of the gravity load in the OOP respoofkthe wall. Specimen Inf_01 was subjected to a
monotonic OOP load and Inf_04 to a cyclic one. 8pen Inf_03 was first subjected to a previous in-
plane drift of 0.5% and then subjected to a purdP@gxlic load. The effect of the previous in-plane
drift in the panel response was assessed. Theneespecimen is Inf_02 that was tested only tbacyc
OOP loading. The main characteristics of the fest specimens tested are summarized in Table 1.

Table 1 - Summary of the specimens’ informatiopetyf test, gravity load, mechanical and mateniapprties.

OOoP Gravity | Previous | Infill panel Masonry Mortar . Mortar
. . Type of compressive | compressive | flexural
Specimen| Loading load In-plane support h h S h

strategy test (KN) Drift conditions strengt strengt trengt

(MPa) (MPa) (MPa)

Inf_01 Monotonic 270 No Ful 0.53 16.55 5.65
Support

Inf_02 Cyclic - No SF”” 0.53 5.66 2.11
. upport

Airbag Eull

Inf_03 Cyclic - 0.5% 0.53 13.40 4.27
Support

Inf_04 Cyclic 270 No Ful 1.10 8.76 5.16
Support

The OOP test consisted on the application of eoumifdistributed pressure, throughout the entireepan
under tested, through nylon airbags (Figure 1). Tiiéorm load applied through all the infill parisl
reacted against a self-equilibrated steel strudhaeis composed by five vertical and four horizbn
alignments that are rigidly connected to the R@h&avith steel re-bars in twelve previous drilledeso
The gravity load was applied in the top of eacluowl through hydraulic jacks inserted between d stee
cap placed on the top of the columns and an upp® 200 steel shape, which, in turn, was connected
to the foundation steel shape resorting to a daiigh-strength rods per column. Hinged connections
were adopted between these rods and the top anddtian steel shapes. In Figure 1 it can be obderve
the general view of the test setup.
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Figure 1 — Tests with uniform loading: Test setjpkront View; b) Lateral view schematic layout.

0 - strong floor, 1 — foundation steel shape, Belstap, 6 - steel rods (g20mm) connecting therB@d and the
reaction structure, 8 - self-equilibrated reacsteel structure, 9 — counterweight, 10 — wood H&ks, hydraulic
jack (for axial load application).

2.2.2 Test Results

From the OOP tests, different cracking pattern vabtained for each IM panel. Three different patser
were found, namely:
- Specimens with gravity load (Inf_01 and Inf_04)reuwertical cracking associated with the
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detachment of the top and bottom of the wall froen surrounding frame;

- Specimen with previous damage (Inf_03): no visiscking, but it was observed that due to
the existing detachment of the panel from the suntling corner due to the previous in-plane
test, it was observed a pure rigid body behaviodrtae entire wall was mobilized to OOP;

- Specimen without previous damage and gravity Idafl @2): trilinear cracking with the

concentration of the OOP displacement in the ceofttre panel.

From the force-displacement curves (Figure 2 amirei 3) it can be observed that the panels with
gravity load achieved higher initial stiffness. Ti@nel with previous in-plane damaged obtained the
lower OOP force, about 30% of the reference speatirievery fragile behaviour was observed, with
the rupture of the panel occurring for lower OO$pthcement demands. Regarding the specimens with
gravity load, different responses were obtaineca: pénel Inf_01 reached the higher OOP force, about
75kN, which is 1.7 times higher than the maximumeéoobtained by the panel Inf_04. It was observed
that the monotonic test maximum force occurrecafo©OP displacement 30% larger than Inf_01.
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Figure 2 — Tests with uniform loading results: Fadisplacement curves and Cracking pattern.
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Figure 3 - Tests with uniform loading results: Glbforce-displacement envelope curves.
2.3 Tests with four points loading
2.3.1 Specimens description and test setup

The experimental tests herein described were chaig on 2/3 scaled infilled RC frames designed
accordingly to the current seismic Italian buildowgle. The RC frames were realized using class3528/
concrete and steel reinforcement bars with nomjigdtling stress equal to 450 N/rAnConstruction
drawings of the RC frame, with geometric and reicdmnent details are reported in Figure 4. Infillla/a
with thickness t=80 mm were realized by using 25&én+ clay hollow bricks placed with horizontal
holes and 1 cm thick horizontal and vertical cosigfeclass M5 mortar. Infill walls had a width wued,

to 2350 mm and a height equal to 1830 mm. Masomghanical properties are reportediable 2

The experimental setup was constituted by two paitst, an OOP setup constituted by steel members
and clamps aimed at preventing OOP drift of the fR{the during OOP tests and at functioning as
reaction structure for the OOP hydraulic actuaggcond, an IP setup was realized. A cantileveicatr
beam was used as reaction structure for the IPajidractuator. IP cyclic loads were applied at one
end of the RC frame beam. No axial load was apiedolumns.
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Figure 4 — Tests with four point loading: Constroictdrawings of the RC frame specimen.

Table 2 - Masonry mechanical properties.

Masonry properties Specimen

OOP_4E/OOP_3E OOP_2E/IP+OO0P (all)
Compressive strength // to brick holes [N/mm?] 2.21 2.45
Compressive strength-to brick holes | [N/mn] 1.80 181
Elastic modulus // to brick holes [N/mm?] 1188 1255
Elastic modulus" to brick holes [N/mm?] 1517 1080

2.3.2 Test Results

The overall response of test specimens is showncangpared in Figure 5. OOP_4E and OOP_3E
responses are similar and characterized by fivegshd) pseudo-elastic behaviour until first macro-
cracking; Il) a linear response with reduced séffs up to peak load, which occurs soon after first
macro-cracking; Ill) a first softening branch wilgnificant slope, similar to a load-bearing capaci
drop; IV) a pseudo-plastic phase; V) a softeningnbh up to complete load-bearing capacity loss.
OOP_Z2E had a different response, constituted tya3¢s: 1) pseudo-elastic behaviour until first rmacr
cracking; 1) a non-linear response up to peak ;lddpa sudden drop in load-bearing capacity soon
after peak load.

Test specimen IP-OOP_L exhibited an almost bilif@@P behaviour, with a pseudo-linear response
up to peak load and a steep softening branch thetoomplete OOP resistance loss. A smother OOP
response was observed for specimen IP-OOP_M, veithtaof pseudo-plastic phase over the attainment
of peak load, while a nearly bilinear response aggsn observed for specimen IP-OOP_H. The strength,
stiffness and displacement capacity reduction duBP+OOP interaction is clearly visible from the
comparison of the response curves shown in Figufih® OOP strength of IP damaged specimens is
equal to 1.06, 0.48 and 0.27 times the OOP stresfdtie reference undamaged specimen for specimens
IP+OOP_L, IP+O0OP_M and IP+OO0OP_H, respectively. Kragpatterns at the end of tests for all test
specimens are shown in Figure 6 and Figure 7.
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Figure 5 - OOP response of test specimen OOP_4&dree specimen) compared with the OOP responigt of
undamaged infills with different boundary conditsof@) and with the OOP response of IP damagedsinfil
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Figure 6 - Cracking pattern at the end of OOP test®OP_4E, OOP_3E and OOP_2E specimens.
TEST IP-OOP_L TEST IP-OOP_M TEST IP-OOP_H
IP drift=0.16% IP drift=0.37% IP drift=0.58%

M T T TT1] TTITI T T L

NaANNNSE LITT I T
[ TTTTT11 [T 1T TAT ]
ATTTTITETN 7]

Figure 7 - Cracking pattern at the end of OOP tiestd?+OO0P_L, IP+OOP_M and IP+OOP_H tests. Reelslin
represent IP cracks, blue lines represent OOP sr&tiaded areas represent failed brick tiles.

3. GLOBAL OUT-OF-PLANE TEST RESULTS: CRITICAL DISCUSSION
3.1 Loading application approaches

Regarding the quasi-static tests, different loagiragocols were considered all over the researaksvo

In fact, the real seismic scenario that the pasmslbjected to combined loading demands, such as IP
and OORP lateral loadings combined with gravity Badue to the complexity of the tests setups and
due to the absence of a complete characterizatidwe M walls pure OOP behaviour and the respectiv
influence of the multiple variables 42% of the sextnsisted only on the application of an OOP logdi
The full-scale tests were performed with airbagse firetended to mobilize the entire panel and thus
simulating the expected inertial forces developeding) an earthquake.

For tests carried out at the University of Nap@®P loads were applied on four points/sphericajdsn
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through a loading scheme two times symmetric wagpect to the horizontal and vertical directions in
the infill's plane. This loading scheme was alsodd by Calvi and Bolognini (2001) and by Guidi et
al. (2013) for OOP tests and combined IP-OOP tddts. loading points are placed on the infill's

diagonals, at a distance from both diagonal’s enml to one-third of the diagonal length.

3.2 Gravity load effect

Throughout the literature, four different authoasried out OOP tests in as-built specimens conisiger
the vertical dead load. In 1994 Angel et al. (1984)ed one specimen specifically to assess theirde

of the gravity load in the panel response. The lwad applied in the top of the frame columns. A
normalized axial stress of 0.04 was applied in emthhmn. The authors obtained almost similar force-
deflection curves between the specimen 6¢ withvétitbut gravity load (specimen 6t). No new cracks
were observed during the test. However, the vérttass provides an increment of the specimen
stiffness until the vertical stress was overcomeahgyOOP loading. After this, the behaviour of both
specimens were not distinguished from each other.

As presented before, the full-scale specimens Infa®d Inf_04 pretended to study specifically the
effect of the gravity load applied in the top of firames column®€0.11) in the IM wall OOP capacity.
These two specimens were tested considering thetygilaad, being the first one subjected to a
monotonic OOP loading and the second one to acchgdd. Both were compared with the response of
the reference specimen Inf_02 (cyclic OOP load evitlgravity load). Different responses between the
specimens with and without gravity load were oledin

From the study it was observed that the both panils gravity load (Inf_01 and Inf_04) achieved
lower initial stiffness, higher strength degradatiblowever, different impact in the maximum stréngt
was observed, since panel Inf_01 increased abowriebtnf 04 decreased 35%. This can be explained
by the fact that Inf_01 was subjected to a monat@®P tests instead of the reference one that was
subjected to a cyclic loading. Furtado et al. (0dvaluated also the effect of the gravity loadhie
panel OOP frequency. The author found a variatichb@6 with the gravity load increment applied in
the top of the columns. Cracking pattern was afseceed by the gravity load, namely the Specimen
Inf_02 was characterized by a trilinear crackingtéad of the Specimens Inf_01 and Inf_04 that
obtained a vertical cracking at the middle of tlamed plus the detachment from the top and bottom
beam.

3.3 Previous IP damage

Similar findings were observed in both experimentahpaigns, namely in terms of maximum strength
and cracking pattern. From the full-scale test 08f it was observed with slenderness equal to 15.3,
obtained 60% lower maximum OOP strength and it elzserved a very fragile behaviour. The panel
behaved as a rigid body behaviour during the O@Pw#h no visible cracks. The energy dissipation
capacity of the panel reduced 95% when compardu thit reference one. As shown in Figure 6, it is
observed that specimen IP-OOP_L, which was preljaemaged at the lowest IP drift, exhibited an
OORP strength (f slightly greater than that exhibited by referespecimen OOP_4E. This is quite
unexpected but acceptable considering the expetaneariability typical of URM infills and the low

IP drift imposed prior to the OOP test.

A similar circumstance is registered for secarftrgss at first macro-cracking,cKc for the same
specimen. Except for these unexpected but accepidilits secant stiffness at first macro-crachimdy

at peak load (Kay, as well as force at first macro-cracking:{fy and at peak load, decrease at
increasing previously applied IP displacement,xqeeted. Moreover, all specimens seem to exhibit a
similar softening negative stiffness and a redudeghlacement capacity at increasing IP damage.
Empirical relationships obtained by considering @@P tests presented in this paper and also those
carried out on RC infilled frames by Angel et &994) and Calvi and Bolognini (2001), for the
prediction of Fax Ferack Kmaxand Keackdegradation due to IP damage are proposed in &ieti (2017).



4. ANALYTICAL MODELSFOR PREDICTION OF THE INFILL MASONRY WALLSOUT-
OF-PLANE CAPACITY

4.1 Literature review of existing models

In the literature, mechanical OOP strength modateld on arching action were proposed for one-way
spanning infill walls by Mcdowell et al. (1956) abgl Abrams et al. (1996)It is worth to be noted tha
Abrams et al. (1996) strength model allows accogntior the effects of the confining frame
deformability and of the IP damage on the OOP gtrenAlso Eurocode 6 (CEN 2005) proposed a
strength model for masonry walls potentially exibhedto infill walls. Such strength model is simply
based on the equilibrium between the external daf@ressure and the internal maximum allowable
arching thrust, which is calculated by assumingaamgular distribution of compressive stressedat t
ends of the considered unit-width masonry stripgw® and Seah (1989) proposed a stripe procedure
based on yield-line theory for the prediction & #ntire OOP force-displacement curve of one-waly an
two-way spanning masonry infills. A mechanical fotation for the OOP strength of two-way spanning
infills was also provided by Bashandy et al. (198%)th models are based on the application of the
principle of virtual works and can be adapted ®ftbur-point loading point condition, as shown by D
Dominceco et al. (2018). Empirical formulation f@ro-way spanning infills were proposed by Dawe
and Seah (1989) modified by Flanagan and Bennkthdgan and Bennett 1999) and by Ricci et al.
(2017).

4.2 Assessment of analytical models’ effectiveness

From the comparison between the analytic modelgfame@xperimental results some differences were
observed (Table 3). Large differences were obsefoethe prediction by all models to predict the
maximum OOP capacity of the full-scale specimensttdB results were obtained by McDowell
proposal, however with differences around 50% Qlgpall the prediction models underestimate the
OOP capacity the panels. Only McDowell and Angehl. proposals overestimate the Inf_04 OOP
capacity (35% and 3% respectively). The experimesitangth exhibited by specimen OOP_2E was
compared to that predicted by strength model adooyifior one-way arching adapted to the specific
loading condition. The experimental strength ofcapens OOP_3E and OOP_4E is compared with the
prediction of Dawe and Seah (1989) and Bashanaly €t995) strength models adapted for the specifi
loading condition.

Table 3 - Experimental OOP strength compared wtigdture models’ predictions.

OOP strength [kN] OOP 2E | OOP 3E | OOP 4E Inf 01 Inf 02 Inf_04
Experimental 14.6 17.6 22.0 75.9 69.8 46
McDowell et al. (1956) 12.1 - - 37.1 37.1 71.9
Abram set al. (1996) 5.1 - - 22.8 22.8 47.1
Eurocode 6 (CEN,2005) 12.0 - - 17.1 17.1 35.4
Dawe and Seah (1989) 12.9 19.5 26.3 23.6 23. 40
Bashandy et al. (1995) - - 5.6 - - -

The OOP strength degradation experimentally obseore specimens IP+OOP_L, IP+OOP_M and
IP+OOP_H is compared to the strength reductiorofazdiculated by applying Angel et al. (1994) and
Ricci et al. (Di Dominceco et al. 2018) formulatiori-or a slenderness ratio equal to 22.9, as in the
present case, Angel et al. (1994) strength redludtictor R can be written as reported in Equation 1.

1 If IDR<IDRcrack
0.64DR/2IDRerack If: IDR>IDR¢rack

Ri= Equation 1

Ricci et al. (2017b)’s formulation is reported igu&tion 2.



R, = min(1;0.17IDR[%]%9%) Equation 2

In Equations 2, IDR is the maximum inter-storeytdgtio attained during the IP test and IRRis the
inter-storey drift ratio at first masonry crackinghich was equal to 0.072%, 0.069% and 0.068%
respectively for tests IP+OOP_L, IP+OOP_M and IPFO8.

A comparison between the experimental and predRtddctor for these tests is reported in Figure 8.
It can be observed that Angel et al.’s relationshijghly overestimates the OOP strength degradation
due to IP damage for these tests.

’ 1
0.8} 0.8
06| 06}
[0 v
04t 047
0.2 02}
0 : 0 . ‘ . .
0 1 2 3 4 5 0 02 04 06 08 1
IDR/2IDR __ IDR [%]

(@) (b)

Figure 8 - Experimental OOP strength degradationest specimens IP+OOP_L, IP+OOP_M and IP+OOP_H
(blue dots) compared with the prediction by Angedle(1994) (a) and by Riceit al. (Di Dominceco et al.
2018) (b).

5. CONCLUSIONS

This manuscript presented an experimental workdeduin the influence of different variables sush a

gravity load, load application and previous damagehe panel OOP capacity. Two experimental

campaigns of specimens tested with uniform or fmint loading were carried out and posterior

compared. From the tests with uniform loading isvelserved that the application of the gravity load
during the OOP tests modified the cracking patteswever different results were obtained for the

maxim strength capacity. The panel subjected toatwmmc OOP loading achieved 10% higher OOP

strength capacity than the reference specimenkanganel subjected to cyclic OOP loading achieved
a reduction about 50% of the maximum OOP strengtivas observed that the panel subjected to a
previous IP drift of 0.5% resulted in a reductidittee OOP maximum strength of 60% and a fragile
failure mechanism characterized by the expulsiat@fpanel evidencing a rigid body behaviour.

From the results of the tests with four-points iagdhe following conclusions can be drawn:

- The OOP strength and stiffness of URM infills degeron their boundary conditions and
increase at increasing number of supported edges;

- The OOP strength of infills in which one-way arahioccurs is well predicted by classical
literature/code mechanical models such as Euro8q@&N 2005) and Mcdowell et al. (1956)
model;

- The OOP strength of infills in which two-way arcioccurs is well predicted by Dawe and
Seah (1989) stripe method:

- IP+OOP interaction seems to have significant effeatthe OOP strength and stiffness of infills
by reducing them;

- Such reduction activates in a non-negligible waly dor IP drift greater than a certain lower
bound roughly equal to 0.2%;

- Angel et al. (1994) formulation is too much consgie in predicting the OOP strength
degradation due to IP damage.
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