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ABSTRACT: In the paper, an innovative solution tbe problem of damage occurrence to
masonry infills in r.c. frame structures during tequakes is presented and analyzed using
experimental testing and numerical calculations.ain attempt to alleviate the problem of
premature damage to infills while retaining thaustural interaction between infill and frame,
an idea of using flexible polyurethanes (polymer)Ridtween the r.c. frame and masonry infill
was proposed. In the experimental research paet,béhavior of the polymer of stiffness
E =~ 4 MPa and ultimate strain of up to 150% is studigt monotonic and cyclic shear tests of
the joint on a large-scale specimen. Results obthfrom analysis confirmed that despite the
flexibility of the polymer, the brick-to-concretenint would be capable of transferring
significant loads during in-plane and out-of-planeitations. The proposed innovative method
can be used as a structural element applied tobouddings, as pre-seismic retrofit of existing
ones or during rehabilitation works after earthgsak

1 INTRODUCTION

11 Behavior of masonry infillsin r.c. frame structures under lateral loads

Buildings having brick wall infills in r.c. framérsictures (Fig. 1) are widely used all around the
world as constructions resistant to earthquakedortimately, present experience after many
earthquakes shows that they are vulnerable to @efmmations, resulting in serious collapses
with many victims during earthquakes. Damage toamgsinfills in r.c. frame structures during
earthquakes may occur at relatively modest earkeustensity because the stiff infills are
rigidly connected to the flexible frames. The ilsfilimay contribute significantly to lateral
stiffness as well as resistance of such constmuctigtems depending on their strength and
stability (type of brick wall, thickness or evenpgy of concrete slab and beam casting). In
general masonry elements are vulnerable to cyo#idd, cracking earlier than concrete frames
during seismic excitation under stress concentnatigenerated by moving frames (Fig 2a) if
shear failures in concrete frames are suppressedng different types of infill behavior, the
desirable sequence of damages is the developmeatibgbnal cracks due to inclined tensile
stress, followed by inevitable crushing of masoimfiil at corners under compression stress
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concentration (Fig. 2b) at very high lateral defation of the concrete frame. Alternatively,
transfer of high diagonal force and shear may dgsindesirably the r.c. columns or concrete
joint area (Fig. 2b). Figure 3b shows the most ewdble rc column — brick wall infill
interaction because of the formation of short calamander extremely high shear demands. In
other cases the masonry walls lose their initigistance and integrity, causing the “out of
function” condition of the building even if the maframe structure is not damaged (Fig. 3a).
Such cracked masonry panels may be very dangetoirgycaftershocks, because they may not
be very well fixed to the framed structure as vealicohesion between defragmented masonry
parts may be very low. This fact causes high dustke citizens, to the Government and to the
Society because people are threatened by out-oéf&lure modes (Fig. 4).

12 Description of innovative approach

In any of the abovementioned cases, the uncertairttye behavior of brick wall infills and in
their interaction with r.c. frames raises the utaiaty in estimating even with advanced 3D
inelastic the collapse mechanism of existing boddi Similar is the problem even in the
collapse mechanism of retrofitted building if stgonc. walls (or equivalent elements) are not
included in redesign strategy.

Figure 1. Masonry infills in r.c. frame structuressurvived buildings in Kathmandu after the 2015
Gorkha earthquake in Nepal.
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Compression ‘
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Figure 2. Laterally loaded infilled frame with dageaindication (a) — after Shah et al. (2013) and
localization of stress concentration in corners<{lfter Semnani et al. (2014).
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Figure 3. RC frame building with collapsed masomdjlls after the 2003 Boumerdes earthquake in
Algeria (a) — after Murty et al. (2006) and sheamdge to r.c. columns caused by stress concemtiatio
the short-column effect in the 2009 Padang, Indanesrthquake (b) — after Semnani et al. (2014).

Figure 4. Out-of-plane failure mode of masonrylisfafter the 2009 L'Aquila earthquake in Italy.

Use of flexible polymer PM joints between the briglll infills and r.c. frames are expected to
lead to better distribution and redistribution élined strut forces. Therefore, lower local stress
extremes will be developed at higher diagonal aoédlse wall infill (strut width), lowering the
damages to both the infill wall and r.c. frame.Xike polymer joints are also expected to
improve the force transfer between infill and fraumeler out of plane inertial forces. The brick
wall infill — r.c. frame system is expected to ravéigher damping and ductility. The main
objective of this study is to reveal the high ptirfor prevention of early undesirable damage
of the wall infill because of in plane compressétaut formation or because of high out of plane
forces and the minimization of uncertainties inilinlamage in order to lead to desirable
interaction with r.c. frames and increased dampirtgs study presents extensive tests of the
joint from flexible polymer and its numerical mouhe.

2 FLEXIBLE JOINT FOR CONSTRUCTION AND REHABILITATION

2.1 Properties of polymer PM

The deformable material proposed as a flexible eotor between the r.c. frame and masonry
infill is special visco-elastic polyurethane (wiffatented additives) - polymer PM with the
following properties: Young's modulus E = 4.5 MRansile strength:f= 0.85-1.95 MPa,
ultimate straine = 50-150 % (depending on the rate of load applicatidis material was
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tested in many practical applications between &irat elements and presented by Kwiécie
(2013), including dynamic in Falborski et. al. (2)1and shear tests in Kisiel (2015). It has
been also studied theoretically and through nuraknmdeling in Kwiecié et al. (2015), using
hyperelastic theory and an advanced numerical dsckeGen, in Kwiecié et al. (2017).
Detailed analysis of polymer PM and flexible jointsade of it can be found in Kwiedie
(2012). Family of such polymers of different prapes is available for fitting to requirements.

2.2 Mechanical behavior of flexible joint made of polymer PM

A polymer PM layer working as the interface betwedbe r.c. frame and masonry infill
undergoes tension, compression and shear. Simgtie @@ small specimens made of typical
Polish solid clay bricks (Bonarka) of dimension 38x250 mm were used. The masonry units
were characterized by compressive strength= f15 MPa. Bonding joints between brick
elements were made of polymer PM of 10 mm thicknessach tested case. Setups of tensile
(T) and compression (C) tests are presented ingifRimensions of bonding layers were of
10x120x125mm for one layer in tension and compoestgsts. In cases of polymer application,
the special primer was used. Load was applied aviitrce control of the ratio 10 N/s. In each
test, three specimens with polymer PM layers (PML1®M'10'2, PM'10'3 — for statistic)
were investigated. Results in form of stress-strirves (in the comparable scale), obtained
during tension and compression tests, are presamtéid. 5. They indicate that flexible joints
made of polymer PM manifest ductile behavior ugditure in tensile tests with significant
value of damage energy and post-peak ability toydaads with high deformations.
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Figure 5. Tensile (T) and compression (C) testbricks bonded with polymer PM layers.
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This is an important aspect for damage evolutiofjoitts between interfaces for structures
working in seismic areas. Tensile and compressi@anacteristics are important during the in—
plane work. Visibly, large deformability of the @rface material with non-linear characteristic
allows for dissipation of energy (visco-elastic &eilor) and protects brittle materials (concrete
and masonry) against stress concentrations. Tlilisyalesults from the stresses redistribution
over larger areas.

2.3 Shear test on polymer PM joint of real scale

In the experimental research part on a real sqaeimen, the behavior of polymer PM was
studied with monotonic and cyclic shear tests efjtint. The specimen consisted of two joints
of dimensions 308x20x2 cm between three concreimatts. The side concrete elements were
fixed, whereas the middle element, where the load applied evenly distributed, was free to
move vertically (Fig. 6).
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Figure 6. Setup scheme with localization of therimediate supports (left) and visualization ofiilt).

First, static monotonic loading up to 400 kN waglaga. The maximum load was maintained
for short time of 20 s and then the specimen wésadled with data acquisition, to investigate
rheological behavior of the joint (which is respéates for energy dissipation under cyclic
loads). Obtained results are presented in Figth stiess-strain characteristic of simple shear in
the Lagrange strain measure — comp. in Kwie@e al. (2015). They indicate that full scale
polymer PM flexible joint is able to withstand higloads and large deformations
simultaneously. It can also redistribute stress disbipate energy by visco-elastic and
rheological mechanisms. Results indicate thatrberface between the r.c. frame and masonry
infill is able to carry horizontal shear forces ant-of-plane mode during earthquakes and
redistribute shear deformations, thus keeping hiearsstress extremely low.

Next, cyclic tests were carried out on the sameispmn by repeating cyclic loading with
various frequencies: 0.05, 0.1, 0.5 and 1 Hz, withinitial load of 200 kN and 30 cycles in the
load range 10-390 kN. The obtained results in fofnysteretic loops (force-deflection) are
presented in Fig. 8. They confirm that the propolexible joint is able to work in seismic
areas under high loads and dissipate energy im-@kxstic mechanism. These results may be
safely generalized to real cases of out of platater of infills with load reversals (interfacial
shear stress cycles around zero).
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The masonry infill model of real scale was assuiiégl. 9) and introduced into FEM program
LUSAS using HX8M block elements. The symmetric 3@dal of r.c. frame consisted of
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columns and beams made of concrete C30/37, joingd masonry infills of 0.25 m width
(Young’s modulus of 5500 MPa, Poisson ratio of @,1&ass density of 1800 kg/musing

polymer PM layers of 2 cm thickness (Young's modutf 4.5 MPa, Poisson ratio of 0.47,

mass density of 900 kgAn View of one side of the 3D model is visible iig .
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Figure 7. Static monotonic shear test results aifseale flexible joint made of polymer PM.
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Figure 8. Hysteretic loops force-deflection (30legoof shear loading) for frequencies: 0.05 andz1 H
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Figure 9. Assumed masonry infill model of real sc@ieft) and deformed 3D FEM model with the first
eigen form (left).

Results of the modal analysis visualizing in-plaared out-of-plane forms are presented in
Fig. 9. According to the in-plane deformation of thnodel, tension and compression of flexible
polymer layer is clearly visible in corners. Acciogl to the out-of-plane deformation of the
model, infill wall deformation and movement of ittside, resisted only by sheared flexible
joints, is shown.

3.2 Smple calculations of out-of-plane horizontal |oad

The 2011 Christchurch earthquake in New Zealand asssimed for calculations, with the
maximum horizontal acceleration of 2.2 g. Calcolasi were derived for the masonry infill
from the 3D model in Fig. 9, which dimension 3.7156%0.25 m gives weight of Q = 46 kN.
This value multiplied by the horizontal acceleratioesults in the horizontal force of
Hrear = 101 kN acting on the infill wall. The real wonkj area of flexible joint in the 3D
model, resisting the horizontal load is equaled = 3.25 M (2x(3.75+2,76)x0.25). The
calculated shear stress in the flexible joint & #D model igrea = Hreal/Arear = 31.1 kPa.

These results were compared with the results aidairom the cyclic test of the flexible joint
(described in chapter 2.3). Maximum cyclic loadHfest = 190 kN was carried by the 2
flexible joint layers of working areasst = (2x3.08x0.2) = 1.23 mThe calculated shear stress
in the flexible joint of the shear testigest = H tes/Atest = 154.5 kPa. It confirms that the
tested flexible joint in shear is able to withstarideast 5 times higher shear stress under cyclic
loading (no failure was observed during experimetiitan the required shear stress, calculated
for the 3D model loaded with the 2011 Christchuearthquake. Further, the out of plane
displacement of the infill at joint interface ispected less than 2 mm, which is negligible to
cause any local or global failure.

4 FUTURE RESEARCH DEVELOPMENTS

This paper shows a first step of this research elteey are considered some average
mechanical and geometrical characteristics of ptessitandard r.c. frames and masonry infills.
Next steps must be devoted to investigating theceffof the variability in these characteristics
to define a parametric code of practice for theodeable joints design. In the joint design, it is
necessary to define the geometrical and mechacheahcteristics of the joint itself, that is the
thickness and the normal and the tangential s8ffrend ductility of the specific polymer PM
used. Thus, first of all, it is necessary to tak®® iaccount the different existing typology of
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infill: strong full bricks; light nonstructural hetl brick, generally used for internal partitions;
light structural holed bricks (as the Poroton bk)clgypsum blocks, generally used for internal
partitions; etc. Moreover, they have to be congide¢he multi-layer typologies, as in Figure 4
where the two layers have also different mechanibalracteristics. Then, the other variable
parameter is the r.c. frame shear stiffness that change at the different levels of the same
building. Moreover, it must be considered the dymamehavior of the global building structure,

considering the number of pillars and the numbdillef] frames at each level and considering
also the different dynamic modal effects at the legels in comparison to the near ground
levels.

5 CONCLUSIONS

The idea of using a flexible polymer joint betweba r.c. frame and the infill masonry wall is

explored in the paper. Laboratory results performmedfull scale on samples loaded in

compression, tension and shear demonstrate thabititecan simultaneously withstand large

deformations as well as high loads. Furthermor@adyc and other tests to determine visco-
elastic and rheological properties of the jointigate that such joint could perform quite well in

case of cyclic dynamic (earthquake) loads.

Numerical simulations based on FEM analysis shangtieat performance of the flexible joints,
taking into account severe dynamic actions. Moréetail, the out-of-plane resistance of the
infill jointed with polymer PM, is simply calculatiefor a specific case to demonstrate that such
joint could withstand the load transfer demandsaakal earthquake as that of the 2011 in
Christchurch.
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