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Abstract

Reinforced concrete frames with masonry infill walls are popular form of construction all over
the world as well in seismic regions. While severe earthquakes can cause high level of damage
of both reinforced concrete and masonry infills, earthquakes of lower to medium intensity some-
times can cause significant level of damage of masonry infill walls. Especially important is the
level of damage of face loaded infill masonry walls (out-of-plane direction) as out-of-plane
load cannot only bring high level of damage to the wall, it can also be life-threating for the
people near the wall. The response in out-of-plane direction directly depends on the prior in-
plane damage, as previous investigation shown that it decreases resistance capacity of the in-
fills. Behaviour of infill masonry walls with and without prior in-plane load is investigated in
the experimental campaign and the results are presented in this paper. These results are later
compared with analytical approaches for the out-of-plane resistance from the literature. Con-
clusions based on the experimental campaign on the influence of prior in-plane damage on the
out-of-plane response of infill walls are compared with the conclusions from other authors who
investigated the same problematic.
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1 INTRODUCTION

Reinforced concrete frames with masonry infill walls and partition walls are popular form
of construction all over the world. As infill and partition walls are not included into load-bearing
system of a building, they are called Non—structural elements. Nevertheless, they are not in-
cluded into load—bearing system of a building, they can be loaded with huge portion of in—plane
or out—of—plane forces during earthquakes. They are not designed to withstand seismic forces
and they depend on their own characteristics to resist these forces [1]. As a consequence, dam-
age of non—structural elements often represents primary source of losses in seismic events [2].
Also, damage of non—structural elements during earthquakes can cause not only unacceptable
economic losses, but also some serious safety concerns if the non-structural components and
their supports are not properly designed for the expected seismic force [3]. Some examples of

the damage of non—load bearing masonry walls during earthquakes are presented on Figure 1.
: |
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Figure 1: Left : Damage due to L’Aquila 2009 earthquake in a residential building [4,5] ; Right: Masonry
wall damage of a 6-story office building in downtown area of Jiangyou City during Wenchuan earthquake in
2008 [6]

Non-structural elements can be classified either as deformation or acceleration sensitive.
Deformation sensitive elements are the ones vulnerable to inter story drifts, while acceleration
sensitive are the ones sensitive to the acceleration of the floors [1,7—10]. Masonry infill walls
are non—structural elements which are both, deformation and acceleration sensitive elements.

Due to rigid connection of masonry infill to the surrounding concrete, as a consequence of
horizontal load, compressive force is activated in the masonry wall. The paths of compressive
forces in the wall mainly follow diagonal path [11-14]. Above mentioned in—plane forces can
cause different failure modes of masonry infill walls, such as infill sliding shear failure, diago-
nal cracking failure, diagonal compression failure and corner crushing failure [12,14].

Masonry infill walls are also acceleration sensitive elements. Face load or out-of-plane load-
ing on the masonry walls is proportional to the acceleration and the mass of the wall. Before
affecting walls loaded in out-of-plane direction, ground motion is modified and filtered by two
actions: by the response of in—plane loaded walls and by the response of floor diaphragm
[15,16]. Furthermore, out—of—plane behaviour of masonry infill walls is highly influenced by
arching effect, which introduces membrane forces into the masonry wall and increases its out—
of-plane strength [17—19]. However, arching effect, as well as out—of—plane behaviour of ma-
sonry walls, is highly dependent on boundary conditions [20]. In the case of good beam—to—
wall or floor—to—wall connections, and if beams / diaphragms are rigid relative to the wall, one
— way bending (arching effect) can occur. This will significantly increase walls out—of—plane
strength. In the case of stiff frames, properly connected on all four sides to masonry walls, those
frames can guarantee two—way bending (arching effect) and in that case, walls with low tensile
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strength can withstand high out—of-plane forces without losing its stability [17,20]. However,
if in-plane forces are also imposed, connections of the infill wall to the surrounding frame can
be damaged, and thus, it can decrease out-of-plane capacity. Out-of-plane deformation mecha-
nism for two-sided and four-sided walls are presented on Figure 2.
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Figure 2: Crack pattern of two — sided (left) and four — sided (right) masonry infill walls subjected to out-
of-plane loading [19,21]

Even though highest accelerations in buildings occur at highest floors, out-of-plane failure
of masonry infills often occurs at intermediate floors. The reason for this is the interaction of
in-plane and out-of-plane forces during earthquakes. Effect of in-plane and out-of-plane inter-
action is nicely presented in the paper of Ricci et al. [22] , and it is shown on Figure 3. There it
can be seen, that as a consequence of in-plane damage on masonry infills at intermediate build-
ing stories, out-of-plane capacity is reduced and can be smaller than out-of-plane strength de-
mand.

In-plane IDR 1 In-plane damage on infills OOP capacity OOP demand OO0P capacity v demand

abramp 4| yE U *

Tha GOP demand oucesds the degraded OOF
capacity at intermbdiate storeys

Figure 3: Influence of in-plane and out-of-plane interaction on the out-of-plane capacity at different floor lev-
els[22]

Influence of prior in—plane damage on the out-of-plane load-capacity of masonry walls has
been highlighted in few experimental campaigns. Angel and Abrams [23] stated that the slen-
derness (h/t) of infill wall has the highest effect on the decrease of out-of-plane capacity after
prior in—plane damage. Flanagan and Bennett [24] investigated the behaviour of prior in—plane
damage on the out-of-plane capacity of masonry walls made of clay bricks connected to steel
frames. They stated that prior in—plane damage had minor effect on the out-of-plane capacity
of the walls, but that it has induced higher out-of-plane displacements and reduction of out-of-
plane stiffness.
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In the experimental campaign conducted by Calvi and Bolognini [25] walls previously ex-
posed to 0.4 % of in—plane drift had decrease of out-of-plane capacity for around 50 percent
and for prior in-plane drift of 1.2 %, out-of-plane capacity decreased for the factor of 5.62.
Investigating different thicknesses and in-plane drift level influence on out-of-plane capacity,
Da Porto et al. [26] pointed out that in-plane drift limit of 0,5 % percent given by Italian Building
Code is appropriate for thick walls, but not for the thin masonry walls. Hak et al. [27] pointed
out that the specimens with prior in—plane drift of 1.0 and 1.5% for fully infilled walls had
similar out-of-plane residual capacity, but that the significant stiffness degradation of approxi-
mately 40 % occurred. Specimen subjected to prior in—plane drift of 2,5% had decrease of out-
of-plane capacity around 60 %, followed with stiffness degradation of 75 %. Furtado et al. [28]
came to the conclusion that the walls without prior in—plane damage had 4 times higher out-of-
plane capacity compared to the specimen with prior in—plane drift of 0,5 %. It was also pointed
out that prior in—plane damage significantly decreased out-of-plane wall stiffness. DiDomenico
[19] and Ricci et al. [29,30] stated after their experimental campaign on two different slender-
ness ratios of masonry infills, 15.2 and 22.9, that slenderness ratio affects in-plane and out-of-
plane interaction if it is lower than 20.4 and that higher values of slenderness ratio have similar
influence on the interaction as the slenderness ratio of 20.4. They pointed out the importance
of “critical” in—plane drift, after which, further increase of in—plane displacement will decrease
out-of-plane capacity of the wall. Akhoundi et al. [31] concluded that prior in-plane damage
reduces out-of-plane stiffness and strength. They also stated the importance of the workmanship,
as bad constructed top joints can significantly decrease out-of-plane strength of the wall. In
their experimental campaign, Butenweg and Marinkovi¢ [32] pointed out that prior in-plane
drift of 1.25 % led to the 8-10 times smaller out-of-plane capacity compared with the wall with-
out prior damage. De Risi et al. [33] investigated different length-to-height (w/h) ratios of ma-
sonry infills with the same slenderness ratios of 22.9. They stated that specimens with higher
w/h ratios (1.26) showed higher level of damage after cycles of in-plane loading and higher
reduction of out-of-plane strength compared to the square walls. Xie et al. [34] investigated 7
full-scaled masonry infilled one—span reinforced concrete frames for a typical classroom build-
ing in China. The investigation showed that prior in—plane drift significantly decreases out-of-
plane wall capacity, when certain value of prior in—plane drift is reached. According to the
authors, this limit value is between 0.1-0.3 % of in—plane drift. Da Porto et al. [35] conducted
experimental campaign on thick masonry infill walls with and without openings and stated that
after different levels of in-plane drifts, out-of-plane capacity of thick infills walls is satisfactory.
In the experimental campaign of Di Domenico et al. [36] it was concluded that square panels
are less prone to the interaction of in-plane and out-of-plane compared to the rectangular ones.

2  EXPERIMENTAL CAMPAIGN AND TEST SETUP

In order to investigate the influence of prior in—plane damage on out-of-plane behaviour of
unreinforced masonry infill walls, experimental campaign was conducted on 2 wall specimens.
This experimental campaign was carried out in the scope of the project “Development of an
innovative approach for decoupling infills and non load-bearing masonry walls from the main
structure” [37]. Walls were made of clay bricks, and the dimension of the bricks were 247 x
249 x 300 mm?’. Dimensions of wall specimens and surrounding concrete frame are shown on
Figure 4.
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Figure 4: Front and side view of frame and wall specimens for tests T1 and T2

Characteristic values of used materials are presented in Table 1. Only bed joints were mor-

tared, using thin layer mortar Maxit D900.

Table 1: Material property values for the materials used in experimental campaign

Tests T1 and T2
Mortar type Comlf);e(s;;/x;rel Ifltzr)ength Flex%fjfg:}ﬁ ritg;angth
Mortar . ’
MAXIT | Thin layer mortar 12.8 2.4
General purpose 16 24
mortar
Dimensions L/T/H | Compressive stzrength Voids (%) Grpss dry dg:n-
Brick (mm) fox (N/mm”) sity (kg/m”)
Thermo 247/300/249 Verti- | Longitudi-
cal nal
g’;(alno 56 600
9.57 1.67
Compressive strength Modulus of elasticity
fi. (N/mm?) Em (N/mm?)
Masonry
2.68 2680
Masonry infill walls were connected on all 4 sides to the surrounding concrete frame. Axial

force of 200 kN per column was introduced by hydraulic actuator, and it was kept constant
during both experiments. In—plane displacement was imposed by steel frame and hydraulic
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actuators. Steel bars and plates were placed to keep self-equilibrium and to keep the force in
the system. Out—of—plane loading was imposed using 4 airbags. Velocity of the applied load
for the out—of—plane direction was 50 N/sec. Reaction plate was made at the back side of the
wall, to keep airbags in the contact with the wall. Test setup is presented on Figure 5.

Figure 5: Test specimen with test setup for in—plane movement of the specimen

2.1Test T1

Test T1 was pure out-of-plane test, without any prior in—plane drift imposed. Velocity of the
load applied in out-of-plane direction was 50 N/sec, and it was introduced by 4 airbags, in load
cycles of 90 kN. At the end of the first cycle, highest displacement of 1.6 mm was measured at
the center of the wall, as it is shown on Figure 6. Wall didn’t exhibit any kind of visible damage
at that moment. As it can be seen from the Figure 6, based on out-of-plane displacements, two-
way arching was activated.
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Figure 6: Out-of-plane displacement of infill wall at the end of first cycle of test T'1

At the end of the first cycle, residual displacement in out-of-plane direction was minimal
and it was near 0. During the second cycle, when the force of around 136 kN was reached, first
small cracks in the mortar joints occurred. Future increase of the load led to the first cracks in
the bricks in the upper right part of the wall, which occurred at 154 kN. When force reached
170 kN, high intensity crack of the bricks occurred, which was followed by fast increase of out-
of-plane displacement with small increase of out-of-plane force. At the force of 176 kN, brittle
failure of the wall occurred. It was governed by failure of bricks in the upper right part of the
wall. Rotation of the wall due to arching effect occurred through the cracked cross section of
the brick, which led to brittle and fast failure of the wall in out-of-plane direction. At the mo-
ment of failure, displacement at the center of the wall was 9.86 mm. Complete force — displace-
ment curve of the test T1 is shown on Figure 7. Outlook of the test specimen after the brittle

0 1 2 3 4 5 6 7 8 9 10 1
Displacement [mm]

Figure 7: Look of test specimen T1 at the end of the test (left) and force — displacement curve for the out-of-
plane behaviour of test specimen T1 (right)
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Top rotation point for the arching effect was moved from the connection of the top beam
and infill wall, to the cracked section of the bricks in the last row. This is shown on Figure 8,
where it can be seen that cracks initiate through the thickness of the wall, breaking thin webs
of the brick and making this weakened cross section as a plane around which the wall rotates.
This type of the behaviour can be explained with yield line theory, presented for the out-of-
plane behaviour of masonry infills by Dawe and Seah [21]. In their approach, mortar joints at
the wall middle and at the top and bottom connection of masonry infill to surrounding concrete
represent cracked cross sections. When the test specimen T1 was bricked up, mortar connection
of the wall and top beam was made of high quality thin bed layer mortar, which was inserted
using the pump under high pressure. Nevertheless, it is important to point out that this high
quality of mortar joint connections to the surrounding concrete is difficult to have on a con-
struction site, and it is not expected to be done in that manner, as it is time—consuming.

Figure 8: Look of test specimen T1 at the end of the test and cracks penetrating through the thickness of the
wall in the plane of the rotation, cause collapse of thin brick webs

2.2 Test T2

Test specimen T2 was subjected to 1.2 % of in-plane drift prior to the out-of-plane loading.
Complete hysteresis curves of force—displacement and force—drift for both directions of in—
plane load are shown on Figure 9.
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Figure 9: Force — displacement (left) and force — drift (right) hysteretic curve for the in — plane phase of load-
ing of test specimen T2

For each cycle of in — plane drift, three amplitudes were reached. Time period for reaching
prescribed displacement for each of the amplitudes was 15 seconds. First change of the stiffness
was noticed in the fourth cycle, when in—plane drift of 0.022 % was reached. Reason for the
first dropdown of the stiffness were initiations of the cracks in mortar bed joints, mainly at right
part of the wall. Force that was reached at that moment was 60 kN. Surface plot of the strains
is shown on Figure 10a.

Highly pronounced compressive struts, characteristic for the masonry infill walls, occurred
in sixth cycle, with prescribed drift of 0.11 %. At this point, bricks were still undamaged. Only
visible damages were a bit cracked mortar joints at the connection of the infill wall to the con-
crete columns and top b‘e{am. Surface plots of the st‘rgins are shown on Figures 10b and 10c.

= ||| S

) b) )
Figure 10: Surface plot of the wall strains of specimen T2 at drift levels of 0.012 % (a); 0.11% when moving
the wall from right to left (b); and 0.11% when moving the wall from left to right (c)

Peak force of the in—plane hysteresis curve for both directions of in—plane loading was
reached at 11" cycle. Corresponding force of 280 kN was reached when the frame was pushed
from left to the right. Drift reached at this cycle was 0.8 %. Surface plot of the tensile strains at
drift level of 0.8 %, while moving the wall from left to right, is presented on Figure 11a. At the
end of 15™ cycle, last for in—plane phase of the test, drifts of 1.2 % were reached, and the forces
were 225 and 196 kN, respectively. Surface plot of the tensile strains at drift level of 1.2 %,
while moving the wall from left to right and right to left, are presented on Figures 11b and 11c.
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Figure 11: Surface plot of the wall strains of specimen T2 at drift levels of 0.8 % (a) ; 1.2% when moving the
wall from left to right (b); and 1.2 % when moving the wall from right to left (c)

At this level of in-plane drift, significant amount of the damage on infill wall was noticed.
At the back side of the wall, almost along whole length of the wall, outer brick shells were
cracked in rows 5 and 6. Cracks were also pronounced on the bricks at top right and left corner,
and they also went through concrete columns. On the front side of the wall, outer shells of the
bricks felt off from 2 bricks in the 5™ row. Minor diagonal cracks were seen on the bricks close
to the columns on the front side off the wall, which were following the trajectory of compressive
struts.

In the second phase of the test, investigation of the out-of-plane capacity of the wall with
prior in-plane damage was conducted. Out-of-plane loading was carried out in 11 cycles. In the
last cycle, while reaching out-of-plane force of 87 kN, high increase of out-of-plane displace-
ment occurred, followed by dropdown of out-of-plane force. In order to prevent brittle failure,
test was stopped. Out-of-plane displacement at the end of the test was 18.42 mm, as it is shown
on Figure 12. Furthermore, from the Figure 12, where the surface plot of out-of-plane displace-
ment is shown, it can be seen that two-way arching was exhibited, as in test T1. It can be con-
cluded that even though mortar joint at the connection of infill wall and top beam had cracks,
they were insufficient to jeopardize two-way arching. Out-of-plane displacement of the wall
from the laboratory is shown on Figure 13, as well as force—displacement curve for the second
phase of test T2.

Figure 12: Surface plot of out-of-plane displacement at the end of the test on test specimen T2
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Figure 13: Force — displacement curve of the out-of-plane loading phase of test specimen T2 (left) and lateral
look of the out-of-plane displacement at the end of the test (right)

3 COMPARISON OF THE OUT-OF-PLANE BEHAVIOUR OF TEST SPECIMENS
T1 AND T2

As it can be seen from Figures 6 and 12, and surface plots of out-of-plane displacements of
the walls T1 and T2, both walls remained in full contact on all 4 sides to the surrounding con-
crete. This implicates that the walls exhibited two—way bending and arching effect. Such fact
goes on contrary with the conclusions of some of the authors stated in the literature review, as
it is often the case that due to prior in-plane drift, connection of the masonry infill and concrete
frame is partially or completely lost. Full connection of the masonry infill and concrete frame
on all 4 sides during all the phases of in-plane and out-of-plane loading in tests T1 and T2 is a
consequence of unrealistically high bond strength of the mortar joints. The reason for that high
bond strength of connection joints was, as it was already explained in Chapter 2, the use of
high-pressure pump for placing the mortar. This construction procedure highly increased bond
strength of mortar joints. Use of the pump in that manner is inapplicable in practice due to time—
consuming reasons and construction difficulties on the construction site, so it can be said that
this full connection of infill walls to surrounding concrete after in-plane loading cannot truly
represent real behaviour in practice.

Comparison of the out-of-plane force—displacement curves for tests T1 and T2 is shown on
Figure 14. It can be seen that reduction of the out-of-plane capacity was 51 %.
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Figure 14: Force — displacement curves of the out-of-plane loading phase for test specimens T1 and T2

Also, it can be seen that prior in-plane damage triggered significant decrease of stiffness in
out-of-plane direction. This goes in the line with the conclusions of all previous experimental
campaigns from the literature, where the authors pointed out the importance of prior in—plane
damage on the stiffness degradation in out-of-plane direction.

It is important to mention brittle behaviour of test specimen T1. Even though this specimen
showed high level of out-of-plane capacity compared to the test specimen T2, wall T1 had small
out-of-plane displacements at the failure, compared to the ones reached in test T2. Comparing
the values of displacement at failure and wall thickness, out-of-plane displacement at failure of
wall T1 was equal to 3.29 % of the wall thickness. This represents quite a small value for pure
out-of-plane tests, as according to some theoretical approaches for out-of-plane capacity, dis-
placement at the failure can reach around 50 % of wall thickness [18]. The reason for small out-
of-plane displacement at failure for test specimen T1 can also be explained with perfect bound-
ary conditions and connection of the infill wall with surrounding frame. This fact decreased the
possibility for the rotation of the wall through the cross sections in the mortar plane. On contrary,
rotation cross sections and “hinges” occurred at the first and last row of the bricks, at the mo-
ment when the bricks started to crack through the thickness of the wall. Also, this was the reason
for the fast and brittle failure after appearance of the cracks. As it is already mentioned, test
specimen T2, subjected to prior in—plane loading, kept the connection to the surrounding con-
crete for the entire duration of the test. Nevertheless, the main reason for the increase of the
displacement at failure in out-of-plane direction during the second phase of test 2 was the in-
fluence of prior in-plane loading on mortar joints within the wall and next to the surrounding
concrete. This prior in-plane loading decreased the level of rigidity of mortar connections and
also it changed the boundary conditions at the connection of top beam and the wall. For the test
T1, this connection was almost clamped and for test T2 it showed more hinged—like connection
due to prior in-plane loading.

4 COMPARISON OF TEST RESULTS WITH ANALYTICAL APPROACHES

Results from the test specimens described in experimental campaign were compared with
the existing analytical approaches which take into account influence of prior in — plane damage
on out-of-plane capacity of masonry infill walls. The interaction of in-plane and out-of-plane
loading is usually taken into account with factor R, which represents the decrease of out-of-
plane capacity due to prior in-plane damage. Factor R is related to the level of in-plane drift to
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which the wall had been previously exposed, so it is a kind of displacement — based and not
strength — based factor. First one to propose reduction factor which takes into account prior in-
plane damage to the out-of-plane capacity was Angel [23], and the reduction factor is shown in
Equation 1. Reduction factor can be used if in-plane drift is higher than “critical” in-plane drift
at which first brick cracking occurs. Else, R=1. Interstory drift ratio is denoted as IDR.

IDR
h h 2 h 3\ 2IDR,,
R = (1,08 — 0,015 (?) —0.00049 <?) + 0.000013 (?) > (M

New Zealand standard NZSEE 2017 [38] proposes reduction factor which takes into account
slenderness ratio of the wall. This reduction factor is shown in Equation 2.

R = min (1.1 (1 — %) 1) ()

FEMA 274 [39], FEMA 356 [40], ASCE/SEI 41-06 [41] and ASCE 41-13 [42] proposed
reduction factor R equal to 0.76 for all situations of the interaction of prior in-plane damage on
out-of-plane capacity.

FEMA 306 [43] suggests to use Equation 1 for the calculation of reduction factor, with fur-
ther description that for moderate in-plane damage it should be taken into account that
IDR=IDRecr and that for severe damage IDR=2IDRcr.

ASCE/SEI 41-17 [44] suggest that reduction factor R should be equal to 0.6. It is calculated
using Equation 1, for the situation when IDR=2IDRcr and slenderness ratios is equal to 25.

Morandi et al. [45]proposed reduction factor to be calculated using Equation 3. Their reduc-
tion factor is fitted and calibrated for slender infills.

1—2.67IDR IDR < 0.30%
R= 02 0.30% < IDR < 1.00% 3)

0 IDR > 1.00%

Based on the experimental results, Verlato et al. [46] proposed Equation 4 for the reduction
factor.

1 - 0.86IDR IDR < 0.70%
R = 0.4 0.70% < IDR < 1.20% @)

0 IDR > 1.20%

Cavaleri et al. [47] reduction factor R reported in Equation 5, has been proposed based on
the experimental database.

R = min(0.26IDR%37; 1) (5)

Ricci et al. [29] proposed reduction coefficient R using statistical regression, based on the
some results from the literature. This reduction coefficient is shown in Equation 6.
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R = min(0.14IDR*12; 1) (6)

Later, Ricci et al. [30] also proposed another reduction coefficient R, after conducting ex-
perimental campaign. This reduction coefficient is based on statistical regression and it is shown
in Equation 7, and it is calibrated according to Authors for thin walls (h/t > 15.2). For walls
with lower slenderness ratio, Equation 8 is proposed. Equation 8 is calibrated based on two wall
specimens from the literature with slenderness ratio equal to 8.8.

h

R = min{l; (0.98 —0.04 * <min (?, 20.4)) * 1DR‘0-97)} (7)
. _(h

R = min {1; (1.21 —0.05 * (mln (?, 20_4)) * [DR-0-89)} (®)

Based on their experimental campaign, Akhoundi et al. [31] proposed that reduction of out-
of-plane capacity due to prior in-plane damage should be taken into account using Equation 8.

2—1IDR

R = 3 )

Da Porto et al. [35]used data from their experimental campaign on thick infill walls to pro-
posed reduction coefficient R, shown in Equation 9.

1
R=5—x (11 % @000 4 1) (10)

Using statistical regression and data available from the literature, Di Domenico at el [36]
proposed reduction factor R for thin and thick walls, presented in Equations 10 and 11, respec-
tively. Equation 10 can be used if h/t > 15, while Equation 11 can be used for walls with h/t >
8.

h

R = min{1;(1.438 — 0.245 w —0.042 * (min (—;20.4 || * IDR™071° (11)
h t
w h

R =minJ1;{1.510 — 0.190 (—) — 0.050 * { min (—; 20.4 ) ) x IDR~°-730 (12)
h t

In order to use some of the above mentioned Equations for the calculation of reduction co-
efficient R, input data should be IDRcr which represents in-plane drift at which first crack in
the wall occurs. For test T2, described in this paper, drift of 0.027 % is taken as IDRcr. At that
drift level, first stepwise cracks through the wall occurs, as it is shown on Figure 15.
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Figure 15: Surface plot of cracpattern of the specimen T2 under in — plane drift of 0.027 %

Above mentioned analytical approaches for the calculation of out-of-plane capacity due to
prior in-plane damaged are compared with measured values for test specimen T2. Values of the
parameters necessary for the use of Equations 1-12 are the following: h/t= 8.4; w/h=1.1; IDR=
1.2 % and IDRcr= 0.027 %. In experimental campaign, with above mentioned values, test spec-
imen T2 exhibited reduction of the out-of-plane capacity due to prior in-plane damage for a
factor R= 0.49. Comparison of the experimental result with existing analytical approaches is
shown on Figure 16. Values of the predicted reduction coefficients are shown in Table 2.

1 s TEST T2 reduction factor
1- RICCI ET AL [28)
[ ] ® . [29]
0,9
® 2- ANGEL [23]
0,8 © 3- NZSEE 2017[38]
[ ]
Y 4- FEMA 274[39], FEMA 356[40], ASCE/SE| 41-06[41],
0,7 ASCE/SEI 41-13[42]
o ® 5 - ASCE/SE 41-17 [44]
0,6 o © 6- FEMA 306[43]
®7- MORANDI ET AL [45]
© 0,5 3
® 8- CAVALERI ET AL [47]
0.4 LA 4 #9- DI DOMENICO ET AL [36] - thin
03 # 10- DI DOMENICO ET AL [36] - thick
® ® 11- DA PORTO ET AL [35]
0,2 °®
© 12 - VERLATO ET AL [45]
0,1 ® # 13 - AKHOUNDI ET AL [31]
14- RICCI ET AL [30] - thin
0 r
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 e15-RICCIETAL[30]-thick

Authors

Figure 16: Comparison of predicted and measured reduction factor for test specimen T2 using existing ana-
lytical approaches

822



Bogdan Saki¢, Aleksa Milijas, Marko Marinkovié¢, Christoph Butenweg, Sven Klinkel

Table 2: Comparison between predicted and experimental reduction factor for different analytical approaches

Author Rpred Rpred / Rexp

Ricci et al. [29] 0.114 0.231
Angel [23] 0.186 0.376
NZSEE 2017 [38] 0.932 1.885
FEMA 274 [39] 0.760 1.538
FEMA 356 [40] 0.760 1.538
ASCE/SEI 41-06 [41] 0.760 1.538
ASCE/SEI 41-13 [42] 0.760 1.538
ASCE/SEI 41-17 [44] 0.600 1.213
FEMA 306 [43] 0.927 1.875

Morandi et al. [45] 0 0
Cavaleri et al. [47] 0.243 0.492
Di Domenico et al. (thin walls) [36] 0.716 1.449
Di Domenico et al. (thick walls) [36] 0.771 1.560
da Porto et al. [35] 0.476 0.963
Verlato et al. [46] 0.400 0.809
Akhoundi et al. [31] 0.400 0.809
Ricci et al. (thin walls) [30] 0.540 1.092
Ricci et al. (thick walls) [30] 0.672 1.359

As it can be seen from the Figure 16 and Table 2, the closest prediction of the reduction
factor for the test specimen T2 was obtained using Equation 10, proposed by da Porto et al.
[35]. Reduction factor calculated using above mentioned Equation 10 is 0.476, while reduction
factor calculated from the experimental campaign was 0.494. The reason for this good match is
probably in the fact that Equation 9 is fitted for the walls which had same thickness as wall T2,
and similar h/t ratio. Also, reduction coefficient proposed by Ricci et al. [30] showed good
match with the experimental one, as it slightly overestimates walls out-of-plane capacity. This
reduction coefficient is calculated using Equation 7. Among all other Equations, only the Equa-
tion 12 is fitted for the walls with smaller slenderness ratios than 15, but this Equation 12 also
doesn’t give satisfying match, as it is calibrated only on one experimental campaign from the
literature, using statistical regression. Regarding the level of in-plane drift, presented Equations
are valid for drift values until 1.2 %, which was the drift level imposed in the experimental
campaign. However, it is important to mention that reduction factor of 0.494 for wall specimen
T2 should be taken with reserve, having in mind that connection of masonry infill to the con-
crete frame is not constructed in usual manner. Regarding that, this high quality connection
could potentially increase residual out-of-plane capacity and overestimate reduction factor,
compared with the situation when connection joints are constructed as in practice. Nevertheless,
it can be concluded that, even though there is certain amount of existing equations which take
into account reduction of out-of-plane capacity due to prior in-plane loading, they are empirical
— based and fitted only for some results available from the literature, or only for one existing
experimental campaign. Regarding that, conclusion is that they can be used for calculation of
the reduction factor if wall parameters are very similar to the ones for which these equations
are calibrated, but there is a need for developing new equations which can take into account
reduction of out-of-plane capacity due to in-plane damage for more general application.
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5 CONCLUSIONS

In this paper, influence of prior in—plane damage on the out—of—plane capacity of masonry
infills has been investigated. First, literature review of previous experimental campaigns
dealing with this topic has been conducted. It has been pointed out that all the studies con-
cluded that prior in—plane damage of masonry infill walls decreases stiffness of the wall and
initiates higher displacements in out—of—plane direction.

Since experimental test on full scale specimens, investigating influence of in-plane loading
on out-of-plane capacity, are rare, experimental campaign on two different wall specimens
made of clay brick masonry, was conducted. Wall specimen denoted as T1 was subjected to
cyclic out-of-plane loading until failure. Failure occurred at the load of 176 kN. Wall denoted
as T2 was loaded in two phases. In the first phase, in—plane load was imposed on the system
in 15 cycles, each containing 3 amplitudes. Highest drift level that was reached was 1.2 %,
and the wall peak force occurred at drift level of 0.8 %. Afterwards, specimen was unloaded
in in—plane direction, and out-of-plane cyclic load was imposed in 11 cycles. At the load of
87 kN, high increase of out-of-plane displacement followed by the decrease of the force oc-
curred, and the test was stopped.

Analyzing the results from conducted experimental campaign it can been concluded that
in—plane drift significantly decreases out-of-plane strength capacity and stiffness of masonry
infills. Also, it changes the behaviour of the wall in a way that walls exhibit more ductile
behaviour due to the higher deformability of mortar joints, if previously, in-plane force is
introduced. Out-of-plane displacements at failure in test T1 were low due to different type of
the behaviour of the wall than expected. The reason for that were boundary conditions at the
connection of masonry infill to the surrounding concrete. Reason for that lies in the fact that,
for the placing of mortar, high-pressure pump was used. This pump is not used so far in
practice, so it can be said that above mentioned conclusions represent the situation with per-
fect boundary conditions and very high mortar bond strength, which is not the case in the
practice. Due to this construction procedure and mortar bond strength, crack planes for the
out-of-plane rotation of infill walls were moved from the top and bottom connection of ma-
sonry infills to the first and last row of the bricks. This led to fast and brittle failure of the
specimen T1, when the tensile cracks penetrated through the thickness of the wall, destroying
thin webs of the brick.

Wall denoted as T2 had reduction of out-of-plane capacity of 51 % compared to the wall
specimen denoted as T1, as a consequence of prior in—plane damage. In-plane drift of 1.2 %
damaged the wall, which had some minor and some moderate damages. Most common dam-
age of the bricks was falling out of the outer shells of the bricks in the middle two rows of
the wall. From the investigation at the site, it can be pointed out that these bricks probably
had to be replaced, if the same situation happened in the building. This implies that repair
would not be an option. Also, due to high compressive forces, some bricks near the columns
exhibit diagonal cracks, which were also visible in the concrete columns. Mortar joints at the
connection of masonry infill and concrete were cracked. This cracks in mortar joints didn’t
jeopardize two-way arching of the masonry infill wall, which stayed in contact with sur-
rounding concrete until the end of the test. Also, it is important to point out that even though
in-plane damage decreased out-of-plane capacity of the wall, the wall still had significant
amount of out-of-plane capacity.

It can be concluded that prior in-plane damage has to be taken into account when out-of-
plane capacity of the wall is discussed, and that this interaction poses an important factor and
safety hazard for masonry infill walls during seismic events.
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Results from test campaign for the out-of-plane capacity with prior in—plane damage were
compared with analytical approaches for reduction of out-of-plane capacity from the litera-
ture. Best match was noticed with the approach proposed by da Porto et al. [35], due to similar
wall parameters. Nevertheless, it has been concluded that reduction factor equations from the
literature are empirical - based and that results from those equations need to be taken with
reserve. Further investigations are needed and they are planned as the part of comprehensive
experimental campaign within the AIF project “Development of innovative approach for de-
coupling infills and non-load bearing masonry walls from the main structure” [37].
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