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Abstract

It is generally known that reinforced concrete frame structures with unreinforced masonry
infills frequently suffer severe damage when subjected to earthquake loading. Recent earth-
quakes show that the damage occurs to both older buildings and new seismically designed
buildings. This is somehow surprising as this construction type has been the subject of
intensive research projects for decades and simplified verification concepts are available
in standards. However, these concepts are based on the separate verification of in-plane
and out-of-plane loading although the importance of the design for combined loading con-
ditions is already known. This situation was the reason to perform comprehensive inves-
tigations of the seismic behaviour of this traditional construction type for separate and
combined in-plane and out-of-plane loading within the framework of the collaborative
European research project INSYSME (innovative systems for earthquake resistant masonry
buildings in reinforced concrete buildings). These investigations are helpful to develop
innovative approaches to improve the seismic behaviour of infilled frames. This article pre-
sents the fundamental project results for experimental investigations on reinforced concrete
frames filled with high thermal insulating clay bricks under separate, sequential and com-
bined in- and out-of-plane loading. The test results clearly illustrates that the load-bearing
capacity severely depends on the boundary conditions in the connection area between the
infill and the frame.
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1 Introduction

Due to being built using simple and economic construction methods, reinforced con-
crete (RC) frame structures are widely used as load-bearing structures for multi-storey
buildings worldwide. With them, the requirements of modern, transparent architecture
and great flexibility in terms of space utilisation are excellently met. When appropri-
ately designed, such frames can exhibit significant deformation and dissipation capacity
which, in turn, result in a high earthquake resistance. RC frames are usually infilled
with non-load bearing masonry as this represents an economic and durable solution.
Furthermore, all requirements in terms of sound isolation, thermal insulation and fire
protection are met when masonry is utilised in exterior and interior walls.

The infills are traditionally constructed with full contact to the surrounding RC frame
as this makes it easier to apply the wall plaster and avoid the installation of a laborious
and expensive connection between the infill and the frame. The filling is either per-
formed using mortar (Fig. 1a) or polyurethane foam (Fig. 1b). In this way, full contact
between the frame and the infill panel is achieved, which leads to an undesired interac-
tion during the deformation of the frame.

This results in a change of the load transfer mechanism in the overall structural sys-
tem and to a contribution of the non-load bearing infills to the horizontal load trans-
fer. The interactions are particularly pronounced under seismic loading, since properly
earthquake-resistant designed frames allow large deformations with a low level of stiff-
ness, which activate the significantly stiffer infill walls. The contribution of the infill
walls leads to an increase of the natural frequencies and thus to an increase of the hori-
zontal earthquake loads with a significantly different global vibration behaviour of the
overall structure. If the infills are irregularly arranged in plan and elevation, torsional
effects can lead to additional loads with unfavourable load distributions which acceler-
ate a failure of the infills (Fardis and Panagiotakos 1997; Masi 2003; Verderame et al.
2011). However, additional critical torsional effects may also occur over the course of
the successive failure of overloaded infill elements, even if the infills are arranged in a
regular manner. In addition to the in-plane displacements, the infills are also subjected
to out-of-plane seismic forces, which must be transferred via the formation of an arch-
ing effect. Depending on the effects of the seismic input, the in-plane and out-of-plane
loads can occur independently or in combination.

(b)

Fig. 1 a Filling the topmost joint with mortar and b with polyurethane foam
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Fig.2 Damage of masonry infill walls after the L’Aquila 2009 earthquake (Dazio et al. 2009)

P. P. P. P.

CC mode DC mode SS mode DT mode

Fig. 3 In-plane failure modes of infill walls

The vulnerability of traditional masonry infills to damage was demonstrated in recent
earthquakes which occurred in Duzce (Turkey, 1999), Christchurch (New Zealand,
2011) as well as the series of Italian earthquakes in L’Aquila (2009), Emilia Romagna
(2012) and central Italy (2016). The damage ranged from severe damage to individual
infill walls and frames to complete collapses of buildings (Manfredi et al. 2014; De
Luca et al. 2014). Figure 2 shows typical damage patterns of two infill walls with verti-
cally perforated clay bricks caused by the earthquake in L’Aquila (2009).

The measure of observed damage on traditional infill walls under earthquake load-
ing resulted in numerous research projects with intensive experimental and numerical
studies of the seismic behaviour of RC frames with masonry infills. The behaviour of
masonry infills for in-plane loads was investigated by Mehrabi et al. (1996), Al-Chaar
et al. (2002), Stylianidis (2012), Hak et al. (2017), Morandi et al. (2018a) and others.
In principle, the behaviour can be described by four failure modes in accordance with
Paulay and Priestley (1992), Crisafulli (1997) and El-Dakhakhni et al. (2003) (Fig. 3):
compression failure in the corners (CC mode) or in the middle of the infill (DC mode),
shear failure due to sliding at the mid-height of the wall along a mortar joint (SS mode)
and diagonal tensile failure (DT mode). Additionally, the SS-mode of masonry infills
can cause brittle shear failures of the columns, which can lead to partial or total build-
ing collapses (Milanesi et al. 2018; Blasi et al. 2018).

The behaviour of infill walls under out-of-plane loading was analysed by McDowell
et al. (1956), Dawe and Seah (1989), Angel et al. (1994), Vougioukas (2012), Asteris
et al. (2017) and Walsh et al. (2017), among others. The investigations identified the
tilting of the entire panel out of the frame as a global failure mode (Fig. 4a). Further
typical failure modes occur according to the yield line theory with respect to the sup-
port boundary conditions. Failure modes for an infill wall supported along two sides
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(a) (b)

Fig.4 Out-of-plane failure modes of infill walls

(d)

in vertical or horizontal direction or along all four sides, are illustrated as examples in
Fig. 4b—d.

Angel et al. (1994), Calvi and Bolognini (2001), Calvi et al. (2004), Hashemi and
Mosalam (2007), Rai et al. (2009), Komaraneni et al. (2011), Pereira et al. (2012), da Porto
et al. (2013), Furtado et al. (2016) and Ricci et al. (2018) investigated experimentally and
numerically the influence of previous damage due to in-plane loading on the out-of-plane
load bearing capacity of infill walls. All these investigations of consecutive in-plane and
out-of-plane loading resulted in a significant reduction of the out-of-plane load bearing
capacity.

Flanagan and Bennett (1999) investigated the effect of simultaneous in-plane and out-
of-plane loading on infilled steel frames in a series of tests. Furthermore, Kadysiewski and
Mosalam (2009), Furtado et al. (2015) and Yuen et al. (2016) performed numerical simu-
lations under combined loading. The results demonstrated that different failure sequences
with significantly lower load-bearing and deformation capacities can occur due to com-
bined loading. Consequently, the separated determination of the in-plane and out-of-plane
load-bearing capacities that is currently incorporated in codes seems to provide too opti-
mistic results.

This article presents the results of quasi-static cyclic tests on full-scale RC frames
with infills made of modern, high thermal insulating clay bricks for separate, sequential
and combined in-plane and out-of-plane loading. The main focus of the investigations is
a detailed analysis of combined loading conditions which have not yet been sufficiently
investigated. The novelty of the experimental investigations is the simultaneous application
of in-plane and out-of-plane loading on full scale masonry infilled RC frames. A com-
parison and interpretation of the experimental results for the various loading and boundary
conditions are performed on the basis of a detailed evaluation of the results.

2 Test programme, test set-up and test sequence

The experimental study consists of four tests summarised in Table 1. In test A, a reinforced
concrete bare frame is subjected to in-plane loading (IP) in order to determine the load
bearing capacity without the influence of masonry infill walls. In the test BO, an out-of-
plane (OOP) load is applied to the infill whereby a vertical gap is installed on one side of
the panel. This configuration represents the typical situation of a three side supported infill
in case of partially infilled frames with door or window openings over the storey height.
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Table 1 Test programme with boundary conditions and loading

A: Bare frame BO: Infilled frame | BI: Infilled frame | BIO: Infilled frame
1P oor IP - OOP -1IP OOP +1P

£ £ £
Gapf]. |
3P | q ‘z»‘-q

Due to the limitation of the experimental test-setup, only a small gap was arranged to
achieve a realistic infill length. Similar configurations were investigated by Anil and Altin
(2007), among others. In the test BI, the frame is subjected to sequentially applied in-plane
and out-of-plane loading. At first the load is applied in in-plane direction, then in out-of-
plane direction and finally the load is applied again in in-plane direction. In-the test BIO,
the in-plane and out-of-plane loading is applied simultaneously (OOP + IP).

2.1 Testset-up

The set-up for the shear wall tests on infilled RC frames under combined loading con-
ditions is illustrated in Fig. 5. Two hydraulic cylinders, each with a maximum force of
400 kN and a stroke of 125 mm, apply the vertical forces to the columns of the RC frame
via a steel load application beam to simulate the loads from higher storeys. Elastomer
plates (I/w/t=25/25/0.4 cm) are placed under the steel load application beam and on top of
the columns in order to transfer vertical load into the columns. The in-plane load is applied
with a horizontal cylinder providing a maximum force of +320 kN and a maximum stroke
of + 150 mm. Just like the vertical load, the horizontal force is applied at the top of the

%
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Fig.5 a View of the test set-up and b section A—A (INSYSME 2017)
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frame via the steel load application beam. Hinges are mounted on the cylinders in order to
prevent the appearance of lateral forces and bending moments during the horizontal move-
ment of the hydraulic cylinder. The two vertical cylinders are equipped with hinges on
both the upper and the lower end. Furthermore, the horizontal cylinder is linked to the load
application beam via a combined moment and shear hinge. The boundary condition of the
RC frame is controlled by the vertical cylinders, so that a cantilever system with free rota-
tion at the top is achieved. The load-bearing beam at the bottom is rigidly connected to the
span field by anchors in order to prevent uplifting effects when applying larger moments.

The out-of-plane loading is applied by means of four airbags, which allow the applica-
tion of surface loads up to 50 kN/m? (Fig. 5b). The airbags are installed on the inside of the
infill wall in such a manner that the airbags pushes the wall from the inside to the outside.
The airbags are placed between the infill panel and a stiff rear wall, which is connected to
the RC frame by threaded rods. The threated rods are provided with a pretension force of
5 kN to ensure a continuously contact between the infill and the airbags. The anchoring
system is especially designed for combined loading and allows the application of out-of-
plane loading and horizontal frame displacements at the same time. The usage of airbags
ensures a largely uniform load application on the infill wall surface.

2.2 Test specimens and material characteristics

The specimen of the RC frame with the masonry infill is shown in Fig. 6. The frame is
designed in accordance with DIN EN 1998-1 (2010) in the lowest ductility class L in com-
bination with DIN EN 1992-1-1 (2011) for the vertical load level of an external frame
in a representative five-storey building. Figure 6 illustrates that the M Z70 monolithic
exterior wall clay brick with a thickness of 36.5 cm protrudes outwards over the columns
(25/25 cm). This corresponds to the installation situation since external insulation is sub-
sequently applied to the beams and columns of the frame. Cross sections of the beams
and columns are also presented, showing the reinforcement distribution. Stirrups with a
diameter of 10 mm are installed for both columns and beams. The stirrups are placed with
10 cm spacing in the critical regions of the beam and columns at the RC frame corners up
to a distance of 50 cm. The spacing in the middle areas of the beam and columns is 10 cm

and the concrete cover is 2 cm.
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Fig.6 RC frame with masonry infill made of MZ 70 clay bricks (INSYSME 2017)
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The RC frame is made of concrete with strength class C30/37 and reinforcing steel
B500B with high ductility. The infill masonry is composed of high heat-insulating MZ 70
clay bricks connected to each other by thin-bed mortar ZP 99 placed in the bed joints. As
usual in practise, the head joints are omitted. General purpose mortar is used for height
compensation at the bottom and to fill the remaining gap above the topmost row at the top.
The material properties and strengths of the infill are determined by means of standardised
small specimen tests on bricks, mortar and masonry and summarised in Table 2. The tests
are carried out according to DIN EN 772 (2016) for the brick, DIN EN 1015 (2007) for
the mortar and DIN EN 1052 (1998) for the determination of the material properties and
strength parameters of the masonry. Each small specimen test was carried out with the
prescribed number of specimens in the codes. More detailed information can be found in
Fehling et al. (2015, 2016).

2.3 Instrumentation and measurement points

Figure 7 illustrates the arrangement of the measurement points on the RC frame and the
infill using the example of the BI and BIO tests. The horizontal and vertical displacements
of the RC frame are recorded at the top and bottom of the frame by nine inductive displace-
ment transducers W1 to W9, attached to the steel measuring frame independently of the
test specimen.

In addition, the out-of-plane displacements are measured on the frame and in the centre
of the wall by five inductive displacement transducers W11-W15. Furthermore, two ten-
sion cable potentiometers, S3 and S4, measure the displacements along the diagonals of
the wall. The frame displacements are measured at the points 1000—-1010 and the infill dis-
placements at the points 2000-2030, both recorded by an independent optical measurement

Table2 Mean values of the material properties and strengths

Compressive Modulus of Flexural tensile
Mortar type strength elasticity strength
Mortar £, (N/mm?) E, (N/mm?) it flex N/ mMm?)
7P 99 Thin layer mortar 15.7 8121.5 3.67
General purpose 8.9 9787.0 247
mortar
5 Gross
Dimensions (;?;zsgtelslstl'ie I\g):slgcuist;f Voids dry
L/T/H (mm) (N/mm?) E (N/mm’) (%) ?lfg“flﬁgy)
Brick 250/365/249 Vertica | Longitudi Vertical Longitudi
MZ 70 - 1 nal ! nal
Thm
. .'l‘ B 62.3 553
‘ L, pl 6.3 48 10,710 | 8360
Joint tensile bond Compressive Modulus of
strength strength elasticity I;lexufr - (s;lrlc;::lgntzl;s
£ (N/mm?) fie N/mm?) E, (N/mm?) x> k2
Perpendi
Masonry Parallel to cular to
0.19 3.1 4870  thebed | the bed
joints: fyy joints:
fuo
0.23 0.14
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Fig.7 Position of measurement points on the RC frame with infill panel INSYSME 2017)

185 system (Fig. 8a), whereby the measurement point markers are attached to the test specimen
186 (Fig. 8b).

187 The optical system uses two cameras to record both in- and out-of-plane displacements
188 at the same time. Furthermore, the threaded rods to the rear wall are monitored on the
189 top and bottom beam at the measurement points 1-10. For each threaded rod, the force is
190 measured so that the total of the applied out-of-plane forces can be determined at any point
191 of the test execution. Additionally, the forces and displacements of the hydraulic cylin-
192 ders are measured by integrated measuring sensors. The optical measurement points of the
193 infill are omitted for the test A and for the test BO a measurement of the displacements in
194 the direction of the frame is not required as the load is exclusively applied in out-of-plane
195 direction. The specimen was painted in white colour to detect the propagation of cracks
196 and protected against a sudden out-of-plane failure by four belts (Fig. 8b).

(b)

Fig.8 Optical measurement system (a) equipped with measurement points and belts (b)
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2.4 Test sequence

The two vertical hydraulic cylinders are raised to 200 kN per cylinder at the beginning of
the test to simulate the vertical loads of an external frame in a representative five-storey
building. This vertical load level is continuously controlled and kept constant during the
entire test. The horizontal in-plane loading is applied displacement controlled with a sinu-
soidal load function. The duration of each load cycle is 60 s and the displacements are
gradually increased up to the maximum interstorey drift of 3.5%, which refers to a total
storey height of 2.75 m. The maximum interstorey drift is limited to 3.5% due the experi-
mental test set-up. Three load cycles are carried out at each load level. The out-of-plane
loading is controlled through the pressure in the airbags by means of a pneumatic manually
operating system. This system ensures a constant and uniformly distributed pressure on the
infill panel through the airbags. The pressure is additionally controlled by force transducers
mounted on the threaded rods. The out-of-plane load is applied in several steps, whereby
the time sequence varies as the pressure has to be adjusted by hand when wall displace-
ments occur.

3 Experimental results
3.1 TestA

Test A on the RC frame without infill is performed up to the maximum interstorey drift of
3.5% by the sine function as illustrated in Fig. 9.

Figure 10 shows the resulting hysteretic curve with a maximum horizontal force of 120
kN at a drift of 2%. Thereafter, the restoring forces decrease to 95 kN at the maximum drift
of 3.5% in the positive direction and 90 kN in the negative direction. The hystereses curves
are stable and the stiffness decreases gradually.

The non-linear hysteretic behaviour is characterized by crack formations in the concrete
and the yielding of the reinforcing steel in the corners of the frame and at the base of
the wall (Fig. 11). The damage is mostly concentrated in the weak columns as they are
rigidly connected to the strong load-bearing beam at the bottom and the top beam with a
significantly higher load bearing capacity due to the larger cross-sections. The maximum
deformation capability of the frame has not been reached at the maximum interstorey drift

Fig.9 Load protocol of the test 4 110
A 3 82.5
oy £
X
& 1 3cxsles } | 975 %
= f=
| | v
: 0 WA I"\ll‘l‘l‘l‘ il 'JH" I I‘I “‘ |"|‘| ‘H‘I 0 £
5 g
- -1+ -27.5 _:
= 2
-2 55 o
-3 -82.5
-4 -110

9 18 27 36 45 54 63
Number of cycles
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(b)

Fig. 11 Crack pattern in the frame corner (a) and at the base of the columns (b) at the end of the test A

of 3.5%, which is the limit of the experimental test set-up. The test on the bare frame con-
firmed the expected high deformation capability of the RC frame even though the dimen-
sioning and the constructive design was carried out in the lowest ductility class L accord-
ing to DIN EN 1998-1 (2010).

3.2 TestBO

In the test BO, a three side supported frame with a vertical gap to the column on one
side of the frame is investigated under out-of-plane loading applied in four load cycles
(Fig.12a). Figure 28 shows the corresponding load—displacement curve, which achieves
the maximum load-bearing capacity of 24 kN/m? in the third load cycle with the formation
of a stable arching effect. At this load level, a sudden friction failure in the joint between
the upper beam of the frame and the infill inhibits the arching effect. This results in a tilt-
ing movement of the wall with the loss of the support conditions through an overloading
and splitting of the bricks in the topmost row (Fig. 14b). Figure 12b shows the out-of-plane
displacements for the vertical section at the free edge of the wall up the start of the fourth
load cycle. The relatively small out-of-plane displacements in the first two load cycles con-
firm the formation of the arching effect and the complete loss of the support conditions at
the top triggers the tilting movement of the infill panel in the subsequent load cycles with
increasing displacements at the top.
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Fig. 12 Load protocol of the test BO (a) and side view of the out-of-plane displacements of the vertical sec-
tion at the free edge of the wall (b)

Figure 13a, b show the displacements of the infill in five vertical sections at the start and
the end of the fourth load cycle. It is apparent that the boundary at the base of the wall is also
destroyed during the fourth load cycle as a result of the splitting of the bricks in the lowermost
row (Fig. 14c). This leads to a rigid body movement of the half of the wall with the free edge
once the flexural strength parallel to the head joints has been exceeded. This results in the
damage pattern with a continuous crack in the centre of the wall as depicted in Fig. 14a.

Based on the relatively low mass of the wall of about 1.5 t, the achieved load-bearing
capacity of 24 KkN/m? represents an extremely high level of seismic safety with respect to an
out-of-plane failure. However, the test clearly illustrates that the load-bearing capacity severely
depends on the boundary conditions in the connection area between the infill and the frame.
The result of the experimentally obtained out-of-plane capacity can be confirmed with the cal-
culation approach according to Dawe and Seah (1989):

45007 ¢ -p
Three side supported infill panel: ¢, = —";12.5 )
Four side supported infill panel: ¢, = 4.5f2'75 7 <l% + %) 2

Herein f,, is the masonry compressive strength, ¢ is the infill panel thickness, [ is the panel
length, / is the panel height. The coefficients a and f are calculated to:

25 25

2 = 2 -
£ £

1.5 _‘E"n 15 %
x x

1S 1 2
g 'Ill ']IT l]l !I!I g

0.5 T 0.5

st e
0 > 0
30 20 10 0 200 150 100 50 0
Displacement [mm] Displacement [mm]
(a) (b)

Fig. 13 Side view of the out-of-plane displacements (a) at the start and (b) at the end of the fourth load
cycle
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Bottom

(b) ()

Fig. 14 Damage of the wall (a) local failures of the bricks at the top (b) and bottom (¢) of the wall at the
end of the test BO

aA =

3

(EC'IC 'h2+GC‘JC ‘h)O.ZS

S =

= l(EL -1, '12+Gc -J, .h)0'25

p “)

I. and I;, are the moments of inertia of the column and the beam, J.. and J,, are the torsional
moments of inertia of the column and beam and E,. and G, are the modulus of elasticity and
shear modulus of the reinforced concrete frame. By using Eq. (1) the load-bearing capac-
ity of the infill is calculated in'good agreement with the experimental results to 26 kN/m>.
In case of a four side support, present in the tests BI and BIO, the calculated load-bearing
capacity increases to 51 kN/m?2 The extremely high out-of-plane load bearing capacities
are caused by the wall thickness of 365 mm in combination with the relatively low weight
of the hollow clay bricks.

3.3 TestBI

In the test BI, in-plane and out-of-plane loads are sequentially applied (Fig. 15). The test
starts with the application of cyclic in-plane displacements up to an interstorey drift of
1.25%. Thereafter, the in-plane load is suspended and a stepwise out-of-plane loading and
unloading takes place up to an equivalent surface load of 3 kN/m?. After removing the
out-of-plane load, a sinusoidal in-plane load up to a maximum interstorey drift of 2.1% is
applied. In the following the three load phases are evaluated.

Figure 16 shows the hysteresis curves for the first and the second in-plane load
phases. During the first load phase, the infill behaviour is linear up to a load of 110
kN (0.06%). A reduction in stiffness occurs in the further cycles due to the propaga-
tion of initial cracks, visible on the inner side of the wall. The openings of bed joints,
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contributing to a further stiffness decrease, appear at an interstorey drift of 0.3%. In the
subsequent load cycles of the first load phase the horizontal force increases to 225 kN at
an interstorey drift of 1.25%. Stepped cracks along the diagonals of the wall are already
apparent at this load level.

The evaluation of the optical measurement points on the infill demonstrates that out-
of-plane displacements already started to occur during the in-plane load phase. Fig-
ure 17 depicts the out-of-plane displacements for five vertical sections along the height
of the wall after completion of the first load phase. The displacement distributions
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Fig. 18 Top view: In-plane displacement of the frame and eccentric loading of the infill wall

Fig. 19 Side view of the out-of-
plane displacements at the end
of the second load phase with

a maximum surface load of 3
kN/m?

Wall height [m]

80 60 40 20 0

Displacement [mm]

clearly show a tilting effect of the wall with a maximum displacement of approximately
1.4 cm at the top of the wall.

This effect is a result of the recurring eccentric loading of the infill masonry wall
which protrudes over the column dimensions by 11.5 cm (Fig. 18) to satisfy the require-
ments of energy efficiency. The eccentricity causes an alternating rotation which succes-
sively leads to increasing out-of-plane movements.

The subsequent second load phase consisting of eight out-of-plane load cycles
enhances the tilting effect and leads to displacements at the top of the wall of 4.5-6.2 cm
in the final load cycle with a maximum surface load of 3 kN/m?. Figure 19 shows the
side view of the out-of-plane displacements for five vertical sections along the height of
the wall following the final load phase.

Despite the four-sided support, the out-of-plane load-bearing capacity is only 12.5%
of the load-bearing capacity for a three-sided support as determined in the test BO. Fig-
ure 28 illustrates a comparison of the load-bearing capacities. The reason for the signifi-
cant lower load-bearing capacity can be found in the upper joint between the infill and
the RC frame. The inspection of the joint shows a pre-damage of the mortar caused by
the previous in-plane load cycles. The resulting incomplete contact closure prevents the
formation of the necessary arching effect which leads to an immediate enhancing of the
tilting effect under out-of-plane loading. A realisation of a sufficient contact closure is
particularly difficult in case of high thermal insulating clay bricks, as the percentage of
voids amounts to about 60%. Thus, extreme carefulness is needed to uniformly fill the
joint with mortar. Figure 20 illustrates the problem of damage and missing mortar in the
upper joint between the infill and frame of the test specimen.

During the third load phase, the in-plane sinusoidal load is continued up to an inter-
storey drift of 2.1% and an associated horizontal force of 180 kN. The maximum hori-
zontal force is equal to 240 kN with a corresponding drift of 1.5%. The damage pattern
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(a) (b)
Fig.20 Damage (a) and missing mortar (b) in the upper joint between the infill and frame
Fig.21 Damage of the wall at

the end of the overall loading
protocol

Fig.22 Side view of the wall the
out-of-plane displacements at the
end of the third load phase

100 80 60 40 20 0
Displacement [mm]

on the wall exhibits stepped cracks along the head and bed joints as well as failure of
the MZ 70 brick outer shell concentrated on the inside of the upper wall area (Fig. 21).
Only minor damage is present on the front side of the wall as the infill on the front side
is not in direct contact with the RC frame due to the protrusion.

The test was aborted in the third load phase due to the rapidly increasing out-of-plane
displacements at the top of the infill as shown in Fig. 22 for five vertical sections along
the height of the wall. Furthermore increased out-of-plane displacements are obtained due
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to local brick failures at the bottom of the wall along two vertical lines (see red and green
curves in Fig. 22).

3.4 BIO test

In the test BIO, in- and out-of-plane loads are applied in combination. At the beginning,
an out-of-plane surface load of 5 kN/m? is applied via the airbags followed by an increas-
ing sinusoidal in-plane loading up to a maximum interstorey drift of 1.0% (Fig. 23). The
out-of-plane surface load is kept constant during the test execution, only in the last cycle is
the load reduced to 2.5 kN/m? due to the increasing out-of-plane displacement of the infill
panel.

The resulting hysteresis curves in Fig. 24 shows a maximum horizontal force of 225 kN
with a corresponding interstorey drift of 0.65%. The horizontal forces decrease severely
during the following load cycles and a progressive tilting movement of the infill takes place
(Fig. 25¢).
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(I

(b) (c)

Fig. 25 Damage of the infill (a) failure of the brick at the top (b) and tilting movement of the infill panel at
the end of the test (¢)
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The tilting movement is initiated by a combined friction and brick failure in the con-
tact areas between the top and bottom beams of the frame and the infill panel (Fig. 25b).
During the in-plane load cycles, continuous manual readjustments of the pressure in the
airbags are necessary due to the out-of-plane movement of the wall. This leads to further
damage and increasing out-of-plane displacements. Finally, the test was aborted to avoid a
complete collapse of the infill (Fig. 25).

Figure 26 illustrates the increase of the out-of-plane displacements throughout the in-
plane load cycles with a side view for a vertical section in the centre of the wall along the
height. If the interstorey drifts are small, the deformed shape of the infill corresponds to
the bending line of a single span beam with formation of a stable arching effect in vertical
direction. Thus, the resulting displacement at mid-height of the infill wall for an interstorey
drift of 0.3% is only 2.5 mm. In the following load cycles, the arching effect is substantially
decreased due to the loss of the support conditions and the infill reacts with sudden and
rapidly increasing out-of-plane displacements. The bending line now corresponds to a tilt-
ing movement of the infill superimposed with a rigid body movement caused by the loss of
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Fig. 27 Comparison of hysteretic curves (a) and envelopes (b) for in-plane loading
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the support condition at the base of the wall as well. The out-of-plane displacements at an
interstorey drift of 0.8% already reach 8.5 cm. The test was as aborted the wall deforma-
tions uncontrollably increased.

3.5 Comparison of the test results

Figure 27 shows a comparison of the hysteretic curves and their envelopes of all per-
formed tests. The curves show that the infilled frames generate horizontal forces that
are around twice as large as the bare frame (A: 120 kN, BI: 240 kN, BIO: 255 kN). In
contrast, the maximum drifts are significantly lower (A: 3.5%, BI: 2.1%, BIO: 1.0%).
According to this, the maximum loads are achieved more rapidly in the case of com-
bined loading and the deformation capabilities decrease by a factor of around 2.

The comparison of the out-of-plane load-deformation curves in Fig. 28 also illus-
trates relevant differences. The test BO exhibits an extremely high load out-of-plane
load-bearing capacity of 24 kN/m? for a three-side supported infill panel. In contrast,
the out-of-plane load-bearing capacity drops down to 3—5 kN/m?, if in- and out-of-plane
loads are applied sequentially or in combination. This corresponds to a reduction of the
load-bearing capacities by a factor between 5 and 8, although the infill panels in the
combined tests are supported on four sides.
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Table 3 Forces and corresponding crack patterns of the tests A, BI, BIO and BO

First visible cracks
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3.6 Interpretation and discussion of the results

The experimental results are summarized in-Table 3 for the tests A, BI and BIO. For
each of these tests the in-plane forces and drifts at the initiation of first visible cracks,
the maximum load and maximum displacement are specified. The results for the BI
and BIO tests show that at small in-plane drifts stepped cracks along the diagonals are
already apparent. If the in-plane load is further increased up to the maximum load, the
crack patterns are expanded, the joint openings are enlarged and first brick failures are
observed, mostly at the base of the walls. Until the maximum drift values are reached,
the crack formations along the joints and brick failures continue to increase. Further-
more, increasing damage to the joints and connecting bricks in contact to the RC frame
is observed. It can also be clearly seen that the masonry infill moves out of the frame
and performs a tilting movement. The crack patterns of the infill panels at different drift

Fig. 29 Interaction diagram with
the trend line

Out-of-plane pressure [kN/m?]

40

30

20

10

WP (test A)
A A OOP (analytical)
N\ # Sequential IP-OOP-IP (test BI)
\ ® Simultaneous OOP+IP (test BIO)
N\ @ Simultaneous OOP+IP (test BIO)
»\\
i e S -
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

In-plane drift [%]

@ Springer



Author Proof

Journal : SmallCondensed 10518 Article No : 602

Pages : 26 | MS Code : BEEE-D-18-00459 Dispatch : 27-3-2019

Bulletin of Earthquake Engineering

379 levels are shown together with the out-of-plane displacements of the infill in five verti-
380 cal sections.

381 Additionally, the experimental results for the test BO are included in Table 3. As the
382 out-of-plane failure occurs at the maximum load level without any previous crack propaga-
383 tion, no results are given for the test BO at the initiation of first visible cracks. The results
384 of the test BO for the three side supported masonry infill shows the sudden occurrence of a
385 vertical crack at the maximum load and the moving of the wall out of the RC frame.

386 The hysteretic curves in Fig. 27, the load—displacement curves for out-of-plane load-
387 ing in Fig. 28 and the test results in Table 3 highlight substantial differences between
388 a separate and combined application of in-plane and out-of-plane loading. The impor-
389 tance of taking the interaction between of the two load directions into account, when
390 determining the load and deformation capacities, is further illustrated in the interaction
391 diagram in Fig. 29. The diagram shows the experimentally determined pairs of values
392 of the in-plane drift and the out-of-plane pressure. As the maximum out-of-plane pres-
393 sure was only experimentally determined in the BO test for a three side supported infill
394 panel, the data point of the OOP failure was calculated in Sect. 3.2 according to Dawe
395 and Seah (1989) to 51 kN/m? for a four side supported infill panel according to the
396 boundary conditions in the BI and BIO tests. For simultaneous loading, two pairs of
397 values are shown corresponding to out-of-plane load of 5 kN/m? and 2.5 kN/m?. The
398 resulting trend line of the interaction curve shows a significant interaction of in- and
399 out-of-plane loading.

400 Furthermore, the tests BI and BIO clarify that the strong interaction is highly dependent
401 on the existing contact closure between the infill panel and the frame. The contact closure
402 is particularly important for the connection of the infill to the upper beam of the frame as

i ] S I

oo N

mil 1~ Al I

Arching effect Tilting of the wall

Beam

Beam

Fig.30 Infill with arching effect (a) and tilting of the wall in case of gapping (b)
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Fig.31 Contact stresses for in-plane loading (a), out-of-plane loading (b), in-plane and out-of-plane load-
ing with full contact (¢) and with tilting movement initiated by the loss of contact (d)

the out-of-plane loads are primarily transferred by the arching effect in vertical direction.
The contact closure can be insufficient for various reasons. For example, gap formations
may occur during construction as a result of shrinkage effects (Dafnis et al. 2002) or, poor
execution (Manfredi and Masi 2014; Akhoundi et al. 2016) or settling effects of the mor-
tar when dealing with bricks with a high percentage of voids. Furthermore, the contact
between the infill and the frame can be damaged by cyclic relative in-plane movements
between the frame and the infill. A specific situation appears when the infill is subjected
to combined in-plane and out-of-plane loading. In this case, the support conditions for the
formation of the arching effect change with respect to the in-plane frame deformation. Fig-
ure 30a shows the kinematic mechanism for a pure out-of-plane loading with generation
of a stable arching effect in vertical direction through the formation of contact points at
the mid-height of the wall and between the infill and the lower and upper beam of the
frame. Figure 30b illustrates the deformed RC frame due to in-plane loading with detach-
ment of the infill panel in the corner areas. The detachment areas prevent the formation of
the needed arching effect in vertical direction and it is more likely, as observed in the tests
BI and BIO, that the wall will experience a tilting movement in the out-of-plane direction
that corresponds to a rigid body movement.
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The resulting contact stress distributions for separate and combined loading are quali-
tatively illustrated in Fig. 31. Figure 31a illustrates the contact areas for an in-plane load-
ing with load transfer via the diagonal compression strut. The first approach to determine
the contact length of the compressed contract areas between the infill and the frame was
proposed by Stafford Smith and Carter (1969) and further developed by Hendry (1981),
Crisafulli (1997) and Al-Chaar et al. (2002), among others. The calculation of contact
length between frame and infill is also included in the codes (ASCE/SEI 41-06 2007; CSA
S304.1-04 2004). Recently Brodsky et al. (2018) presented an experimental study that
has been performed to evaluate the interaction between an infill wall and the surround-
ing frame. It was detected in the experiment that the contact region changes from about
1/3 to about 3/4 of the column height. The contact stresses for an out-of-plane loading in
Fig. 31b correspond to the support areas of a compression arch that form in both direc-
tions of the wall in the case of a four-sided support. Figure 31c qualitatively illustrates the
contact stresses for combined loading and full contact between the infill and the frame. The
forces in the compression struts are transferred by reduced contact areas and the arching
effect is eliminated. Finally, Fig. 31d illustrates the contact stress distribution for combined
loading, if a gap with a tilting movement of the infill panel is present. In this case, the
diagonal compression strut develops inclined between the corner points on the inside and
outside of the wall. The contact stress distributions show that the contact areas are eccen-
trically arranged and getting smaller under combined loading. This results in significantly
higher stresses on the bricks in the contact areas, leading to local failures caused by crack-
ing and splitting of the bricks (Fig. 25b). A further important aspect of the combined load
transfer is the eccentrically formation of the contact areas, which can lead to a successive
out-of-plane failure under cyclic in-plane loading. This effect has already been described in
Sect. 3.3 for the test BI and is illustrated in Fig. 18. This effect is much more pronounced,
if a tilting movement occurs in the wall (Fig. 31d).

The unfavourable interaction of combined in-plane and out-of-plane loading due to
gapping effects between the masonry infill and the RC frame was already pointed out by
Paulay and Priestley (1992). They indicated that a substantial reduction of the out-of-plane
capacity can be expected due to the unstable and changing boundary conditions.

The impact of the damage to the mortar joint between frame and infill caused by previ-
ous in-plane cyclic loading on the maximum out-of-plane load-bearing capacity was also
investigated by Furtado et al. (2016) for an infill wall with a wall thickness of d=15 cm.
The result was that the load-bearing capacity decreased by a factor of 4 and the maximum
force was already reached at a drift of 0.25% in the case of previous cyclic in-plane loading
with interstorey drifts up to 0.5%. Furthermore it is reported, that the mortar joint between
frame and infill was damaged by the prior in-plane loading and that the failure mode of the
wall was characterized by a rigid body tilting movement. These observations confirm the
results of the sequential test BI, although the wall slenderness of 15 (h/t=230/15=15.33)
is-significantly higher than the slenderness of 7 (h/t=252/36.5=6.9) investigated here.

Angel and Abrams (1994) also identified the reduction of the out-of-plane load-bearing [XZH

capacity as a result of prior in-plane loading and proposed a reduction factor depending
on the amplitude of the interstorey drifts. Furthermore, they considered the importance of
the support conditions for the out-of-plane load-bearing capacity by means of a reduction
factor depending on the frame stiffness. The significant influence of the support conditions
can also be confirmed by the test results presented here.

Using numerical simulations, Hashemi and Mosalam (2007) studied the combined load-
ing of infilled RC frames and derived a concave interaction curve representing the relation-
ship between in-plane and out-of-plane loading. In agreement to the results of the test BIO,
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Hashemi and Mosalam (2007) reported about a significant reduction of the load-bearing
capacities even at relatively low interstorey drifts. A significant difference between the
test results presented in this study and the interaction curves proposed by Hashemi and
Mosalam (2007) is the fundamental assumption of their numerical model in which the
infill was hinge-connected to the RC frame that prevents a movement of the infill out of
the frame. But an out-of-plane movement was obtained in all of the performed tests BO,
BI and BIO. As the maximum load capacities are significantly influenced by the out-of-
plane movement, the interaction curves do not match. However, it must be noted here that
an interaction curve is dependent on many parameters such as the frame geometry, the wall
thickness, the stiffness ratio between the frame and the infill as well as the material proper-
ties and it appears to be difficult to derive generally applicable interaction curve.

4 Conclusions

The article presents the experimental results of RC frames infilled with high thermal insu-
lating clay bricks for separate, sequential and combined in-plane and out-of-plane loading.
The tests are performed in a specially designed test frame in which the vertical and hori-
zontal loads are applied to the RC frame via hydraulic cylinders. The out-of-plane load-
ing is applied via airbags which ensure a uniform application of the load. The focus is
the investigation of the interaction between in-plane and out-of-plane loading. The results
clearly show that the boundary condition in the connection area between the infill panel
and the frame is a crucial point for earthquake damage to masonry infill walls. Current
design concepts are usually based on a separate determination of the in-plane and out-
of-plane capacities and assume intact boundary conditions. Thus, high analytical load
capacities can be obtained. However, a realisation of intact boundary conditions in practice
appears to be questionable. Furthermore, intact boundary conditions are not present in the
event of combined loading and the in-plane and out-of-plane failure modes can no longer
be unambiguously separated. The development of a general design approach in which the
interaction of the load directions, the variable boundary conditions in the contact areas, the
numerous further influencing factors such as thickness and slenderness of the infill panel,
stiffness ratio of the frame and infill, as well as the characteristics of the used materials, is
extremely complex. Therefore, as an alternative, it appears to be wise to supplement the
traditional installation of infill walls with a full-contact to the frame by implementing new
innovative systems with which the required seismic safety can be reliably achieved. Prom-
ising approaches to improve the seismic safety are the increase of the deformability of the
infill wall using special construction measures in the wall (Morandi et al. 2018b) and the
separation of the frame and infill panel so that deformations of the frame do not generate
high stresses in the infill (Marinkovi¢ and Butenweg 2018). However, these approaches
need further development for a successful implementation in the engineering practise.
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