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ABSTRACT

Seismic investigations of typical south European masonry infilled frames were performed by
testing two reduced scale specimens: one in the in-plane direction and another in the out-of-
plane direction. Information about geometry and reinforcement scheme of those structures
constructed in 1980s were obtained by [1]. The specimen to be tested in the in-plane direction
was constructed as double leaf masonry while the specimen for testing in the out-of-plane
direction is constructed with only its exterior leaf since the recent earthquakes have
highlighted the vulnerability of the external leaf of the infills in out-of-plane direction [2].
The tests were performed by applying the pre-defined values of displacements in the in-plane
and out-of-plane directions in the control points. For in-plane testing it was done by hydraulic
actuator and for out-of-plane testing through the application of an airbag. Input and output air
in the airbag was controlled by using a software to apply a specific displacement in the
control point of the infill wall. Mid-point of the infill was assumed as a control point for out-
of-plane testing.

Deformation and crack patterns of the infill confirm the formation of two-way arching
mechanism of the masonry infill until collapse of the upper horizontal interface between infill
and frame which is known as weakest interface due to difficulties in filling the mortar
between bricks of last row and upper beam. This results in the crack opening through a well-
defined path and the consequent collapse of the infill

Keywords: Masonry Infill walls, In-Plane, Out-of-Plane, Displacement Control, Airbag.

INTRODUCTION

The interaction of the masonry infill walls with its surrounding frame was the major concern
of the researchers since more than 50 years ago. Recent earthquakes such as Mexico City
earthquake in 1985 [3], Bhuj earthquake in 2001 [4], L’ Aquila earthquake in 2009 [2] have
confirmed that masonry infills can affect the global and local behavior of the reinforced
concrete (RC) or steel frames.

This influence can be positive or negative in the in-plane direction. When it is positive it
means that the presence of masonry infills improves the strength and stiffness of the structure
to resist the lateral load such as earthquakes. The negative influence which is not the scope of
this study mainly relates to the formation of soft story and short column phenomena, which
can result in the global or local failure of the structure. As it is shown in the Figure 1 the
formation of the short column phenomenon happens when masonry infills leave a short
portion of the column clear, leading to the shear collapse of the columns. The soft story
phenomenon can be observed when the distribution of the infill walls along the height of the
structure is irregular. Even if there are some cases with uniform distribution of infill panels
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along the height of the structure, the soft story mechanism appears when a) the ground motion
is strong compared to design strength b) the global ductility of the bare frame and structural
elements is low c) the infill walls are relatively weak and brittle which is discussed in detail in
[5]. Several experimental studies have been made to investigate the behavior of masonry
infilled frames, either in reinforced concrete frames [6, 7] or in steel frames [8, 9]. It was
investigated that the added walls significantly increase the initial stiffness and lateral strength
of the bare frame. Different studies were carried out to find out the parameters that could
influence the in-plane behavior of infilled frames [10, 11]. Those parameters can be classified
into three different categories: a) geometry and mechanical properties of the infill; b)
geometry and mechanical properties of the surrounding frame; c) characteristics of the infill-
frame interface.

Fig. 1 - Negative effects of infill panel in structure; soft story mechanism [12] (left), short column
mechanism [13] (right)

Out-of-plane collapse of masonry infills within concrete frames has been observed in most of
the earthquakes. Although the infill panels are assumed as non-structural elements, their
damage or collapse is not desirable, given the consequences in terms of human life losses and
repair or reconstruction costs. In addition, this type of damage can limit the immediate
occupancy after the earthquake event. Aforementioned earthquakes, highlights the damages
developed in the infill walls in relation to the minor cracks observed in the structure. In these
cases, it was observed that no immediate occupancy was possible due to the generalized
damage in the masonry infills. As it is observed in the Figure 2 the ground motion was not
strong enough to cause structural damage but due to improper anchorage and interaction of
the infill walls and surrounding frame, the exterior walls tore away and the concrete beam and
columns were exposed.

Fig. 2 - Damage in non-structural elements [2]

Different researches have investigated the out-of-plane behavior of infilled frames; some of
them performed statically and some dynamically [14] [15]. It was concluded that the out-of-
plane response of the infilled frames is affected by different parameters. Among them is the
boundary condition between masonry infill and its surrounding frame [14] [16-18]. It was also
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concluded that infill compressive strength and panel dimensions have significant effect on the
ultimate load while presence of central opening (about 20% of infill area) do not affect the
ultimate strength but reduces postcracking ductility [14]. A summary of large and reduced
scale unreinforced masonry infill testing program is represented in [19]. In the large-scale in-
situ airbag pressure testing it was concluded that out-of-plane strength of the infill is many
times greater than the predicted values that do not take into account the influence of arching
mechanism. Most of the out-of-plane tests were performed monotonically in force controlled
method while in the recent study it is intended to apply the out-of-plane load uniformly and
quasi-statically in displacement control method.

Experimental Program

Description of the specimen

The reinforced concrete frame considered in the present study is representative of a typical
frame belonging to a building from the 1980s in Portugal. The definition of the typical RC
frame was based on an extensive work carried out on a database of buildings from the
building stock from different cities in Portugal [1]. Due to the limitation in the laboratory, it
was decided to test reduced scale specimens (half scale). For this, Cauchy’s Similitude Law
was considered. Therefore, the geometry of the frame was reduced to half values and the
reinforcing scheme was updated so that the relation between resisting bending moments and
shear resisting forces could be well correlated between full and half scale frames. The
geometry and reinforcement scheme adopted for the half scale RC frame are shown in
Figure 3.
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Fig. 3 - Geometry and reinforcement scheme of the RC frame

The masonry panel was built with hollow bricks of 17.5.5x11.5x8cm and 17.5x11.5x6cm
(reduced scale bricks) with horizontal perforation, characteristic of the enclosure walls mostly
found in Portugal. A M5 mortar was adopted for the laying of the masonry units (bed and
head joints). The thickness of the horizontal and vertical mortar joints was assumed to be
lecm. The compressive strength of units and mortar was obtained for the bricks (parallel and
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horizontal to the holes) and for mortar based on [20, 21] respectively. The results of the
average compressive and flexural strength are represented in Table .

Table 1 - Compressive and flexural strength of the bricks and mortar used in the masonry infill wall

Material Properties Brick Mortar
Compressive Strength Parallel to the holes (MPa) 4.5
Compressive Strength Perpendicular to the holes (MPa) 4.09
Compressive Strength (MPa) 4.3
Flexural Strength (MPa) 1.48

Test Setup and Instrumentation

The test setup for the in-plane loading of the infilled frames is shown in Figure 4. The infilled
frame was placed on two separated steel beams of HEA300 that were firmly attached to the
strong floor to avoid their sliding on the floor. The sliding of the infilled frame was prevented
by bolting an L-shape steel profile to each side of the steel beam and its uplifting was also
prevented by bolting two rectangular-shape steel profiles to the steel beams. The rectangular-
shape steel profile was made by welding two UNP140. The out-of-plane movement of the
enclosure frame was restrained by putting the L-shaped steel frame on each side of the upper
beam. Those profiles were bolted to the upper steel beams. Three rollers were placed on upper
L-shaped profiles to completely minimize or even eliminate the friction between them and the
upper reinforced concrete beam during in-plane loading.

Fig. 4 - Test setup for in-plane cyclic loading

Two vertical jacks were mounted on the top of the columns to apply the vertical load of 80
KN, corresponding to 20% of the column’s axial force capacity. Those jacks are pinned to the
lower steel beams by means of two vertical rods of ¢16. An hydraulic actuator with capacity
of 250kN was attached to the reaction wall to apply the in-plane cyclic loading to the
specimen. A steel plate of 400x300x30mm’ was connected to the hydraulic actuator that
applies the load in positive direction from right to left direction. This steel plate was
connected to other one with the same dimensions by 2¢50 steel rods to enable to pull the
specimen in the negative direction. These steel plates enable also to have a uniform
distribution of the horizontal load in the cross-section of the upper beam.

An instrumentation scheme to measure the in-plane most relevant displacements during the
in-plane testing is shown in Figure 5. Twenty two linear variable differential transformer
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(LVDT) devices were used to record the displacement in selected points. From them, four
LVDTs were mounted on the masonry infill to measure the deformation of both leaves (L1,
L2, L21 and L22), two LVDTs were mounted on the reinforced concrete frame to measure the
deformation of the surrounding frame (L19 and L20) and eight LVDTs were used to measure
the relative displacement of the infill with respect to its surrounding frame (L3, L4, L5, L6,
L7, L8, L9 and L10). The LVDTs L11 and L12 were placed to measure the sliding and
uplifting of the infilled frame with respect to the steel profile. Four LVDTs L13, L14, L15
and L16 measure the sliding and uplifting of the steel profiles with respect to the strong floor.
LVDTs L17 and L18 measure the horizontal displacement of the upper reinforced concrete
frame.
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Fig. 5 - Instrumentation plan for in-plane loading; (a) front view; (b) back view

The test setup for out-of-plane loading is shown in Figure 6. The infilled frame was supported
on the same steel profiles used for the in-plane testing setup. The out-of-plane restriction at
the top and bottom rc beams was strengthened so that out-of-plane displacements at the
boundaries could be prevented. For this, four steel rods connected to a steel device, connected
in turn to the horizontal steel profiles were added at each side of the top rc beam, see Figure 6.

The out-of-plane loading is applied by means of an airbag that is connected to an external
supporting frame. Four rollers were mounted in the bottom part of the supporting frame
enable its moving along the direction of applied load without friction. The supporting frame
was also kept in touch with four loadcells to measure the load that is applied to the infill walls
through the airbag, see Figure 6b, where a detail about the system of the four load cells is
shown (section A-A). The supporting frame to which the load cells are attached was firmly
connected to the strong floor and to the lateral reaction wall, which prevented completely any
uplifting and sliding of the out-of-plane reaction structure.

The instrumentation plan of the out-of-plane testing is shown in Figure 7. A total number of
fifteen LVDTs were placed on the specimen to monitor its deformation while the out-of-plane
load is applied. From them, nine LVDTs record the displacement history of the infill panel
during loading (LVDT L1 to L9). Four LVDTs measure the relative displacement between
infill and its surrounding frame (L10 to L13) and two LVDTs measure the out-of-plane
movement of the upper and bottom reinforced concrete beam (L14 and L15).
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Loading pattern for in-plane and out-of-plane tests

The in-plane testing was performed under displacement control by imposing different pre-
defined levels of displacement by the hydraulic actuator. The loading protocol for this quasi
static cyclic testing of the walls tested (MIF-I-2L(NC)) is shown in Figure 8 in accordance

with FEMA 461 [22]. It is composed of fifteen different sinusoidal steps that starts from

displacement of 0.5mm (0.03% drift) up to the lateral displacement of 47.63mm,

corresponding to a lateral drift of 2.5%. Each step was repeated two times except for the first

step that repeated six times. The amplitude a

i+l

step i accoedinto to the following expression:
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Fig. 7 - Instrumentation plan adopted for the out-of-plane testing
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Fig. 8 - Loading protocol for in-plane testing

Figure 9 shows the loading pattern for out-of-plane quasi-static cyclic testing of the specimen
defined in the developed software. It is composed of twenty five different amplitudes applied
for the selected control point of the infill. The first amplitude repeated for six times and the
others repeated two times to investigate the strength degradation of the specimen at each
displacement increment. The point selected to control the test was the midpoint of the
masonry infill wall (mid height and at mid length).The loading was performed in one
direction to monitor the deformation of the infill, propagation of the cracks and performance
of the interfaces between infill and reinforced concrete frame.

0 5000 1o 15000 20000 25000 S0000 35000 Ao

Displacementin Control
Pointimm

Time (Sec)

Fig. 9 - Loading pattern applied for wall tested under out-of-plane loading (MIF-O-1L)

RESULTS

In-plane response of the specimen

The lateral force-displacement diagram obtained for the masonry wall MIF-1-2L(NC) during
in-plane loading is shown in Figure 10. As mentioned before, positive direction is considered
to be the direction where the hydraulic actuator pushes the specimen, whereas the negative
direction is the direction that the actuator pulls the specimen by two plates that connected
with two thick rods.
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Fig. 10 - In-Plane force-displacement response of the MIF-I-2L(NC)

It is seen that the specimen present some differences in the positive and negative loading
directions. In the positive direction, the initial stiffness of the specimen started decreasing at
lateral displacement of 2.07mm (0.11% lateral drift) corresponding to lateral force of
85.39KN by cracking the infill in its central part. The specimen reached to the peak load of
133.56KN at displacement of 8.03mm corresponding to lateral drift of 0.42%. After the peak
load the lateral force decreased gradually to reach the residual strength of 94.84KN at
displacement of 47.63 (2.5% drift). On the other hand, towards the negative direction, initial
stiffness of the specimen decreased at displacement of 1.84mm (lateral drift of 0.1%)
corresponding to lateral force of 67.32KN. Then the specimen reached its peak load of
103.65KN at displacement of 8.80mm (lateral drift of 0.46%). Lateral force was gradually
decreased and reached to 86.35KN at displacement of 47.63 (2.5% drift).

The cracking pattern of the external leaf with thickness of 8cm is shown in Figure 11 and
Figure 12. Its cracking initiated at displacement of 2.67mm corresponding to lateral drift of
0.14% in positive direction. In this step, the upper left corner of the infill separated from its
bounding frame. In the same lateral drift and at negative direction masonry infill separates
from the concrete frame at upper right corner. By increasing the load, the cracks propagate in
the diagonal direction as stair stepped cracks passing through mortar joints, see Figure 11c, d.
The first flexural cracks in the reinforced concrete frame formed in the lateral drift of 0.27%
at leeward column. At lateral drift of 0.38% the cracks propagate in diagonal direction and
masonry infill totally separates from its bounding frame, see section Figure 11e,f.
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Fig. 11 - Crack propagation in the specimen at lateral drift of; (a)0.14% in positive direction; (b) 0.14% in negative
direction; (¢)0.27% in positive direction; (d) 0.27% in negative direction; (¢)0.38% in positive direction; (f) 0.38% in
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Fig. 12 - Crack propagation in the specimen at lateral drift; (a) 0.54% in positive direction; (b) 0.54% in negative
direction; (c) 0.75% in positive direction; (d) 0.75% in negative direction; (e) 2.5% in positive direction; (f) 2.5% in
negative direction

The crack pattern of the specimen at maximum lateral force is shown in Figure 12a,b. The
first crushing of the bricks was observed at lateral drift of 0.75% in which by increasing the
load, the number of crushed bricks increased and finally at lateral drift of 2.5%, almost the
last row the masonry crushed due to high compressive stresses, see Figure 12¢-f.

Out-of-plane behavior

The force-displacement diagram obtained for the masonry infill walls for the out-of-plane
direction is shown in Figure 13. It is seen that after a an initial linear regime, the wall presents
a clear nonlinear behavior before the peak load, presents a plateau at the zone of the
maximum resistance and a sudden drop of resistance after a lateral displacement of 25mm.
After the displacement of 30mm, it was decided to carry out a monotonic test until the
collapse of the wall. It is seen that the maximum displacement reached by the wall is about
50mm. Besides, it is seen that the plastic (residual) deformations increases very slowly during
the loading cycles until the displacement of 20mm and increases more between the
displacement of 25mm and 30mm and finally for the displacement of 50mm. For these two
displacement levels, greater strength and stiffness degradation was observed for the second
cycle of loading corresponding to the same displacement.

It is observed that until the displacement of 4mm measured in the control LVDT (central
point of the masonry infill wall), no cracks were developed in the wall, see Figure 14.

Force [KN)

splacement at control peint (mm)

Fig. 13 - Force-displacement diagram for the out-of-plane testing
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Fig. 14 - Crack pattern of specimen MIF-O-1L at displacement; (a) Smm (first cycle); (b) 14mm (second cycle ;
(c) 15mm (first cycle); (d) 16mm (first cycle); (e) 25mm (first cycle); (f) 25mm (second cycle); (g) 30mm (first
cycle); (h) 30mm (second cycle); (i) 50mm

The cracking initiated at the displacement of 5Smm by formation of a horizontal small crack at
the center of the infill as is shown in Figure 14a. By increasing the load, diagonal cracks
formed adjacent to the corners of the infill and connected to the horizontal cracking in the
center part of infill. This cracking pattern which is shown in Figure 14d at displacement of
16mm is compatible with cracking pattern of yield line theory of two-way slabs, confirming
the formation of two-way arching mechanism. This two-way arching mechanism develops
until the collapse or sliding of one of the interfaces due to high compressive or shear stresses.
At second cycle of displacement of 25mm, the upper interface between infill and the
surrounding frame slid on the loading direction and lose its functionality. After the sliding of
the upper interface, the two-way arching mechanism changes to one-way arching mechanism,
which leads to the change in the crack pattern of the specimen as shown in Figure 14i. Some
of the cracks developed at the displacement of 30mm got closed at displacement of 50mm and
are not shown in Figure 14i. This could be related to the changing from the two-way arching
mechanism to one-way arching mechanism.

The deformation of the infill masonry wall with respect to the displacement in the control
point during the out-of-plane loading is investigated in Figure 15 and Figure 16. As it is
shown in Figure 16, the upper and bottom part of the infill have the same deformation until
the cracking of the upper interface at the displacement of 25mm in the control point. This is
applicable also for right and left part of the infill, see Figure 17. These deformations confirms
the symmetric behavior of the infill during the formation of two-way arching mechanism.
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Fig. 15 - Deformation of the infill during out-of-plane loading
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Fig. 16 - Comparison of the deformation at upper and bottom part of the infill (central profile)
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Fig. 17 - Comparison of the deformation at right and left part of the infill

After the cracking of the upper interface and corresponding change of the two-way arching
mechanism to one-way horizontal arching mechanism, the upper part of the infill bulges
outside and its deformation increases more quickly than the center part of the infill. On the
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other hand, the left and right part of the infill deforms in a similar way after cracking the
upper interface, see Fig and Fig.

CONCLUSION

In this paper, the in-plane and out-of-plane response of typical south European masonry
infilled frames were investigated by performing the in-plane and out-of-plane tests.

In the in-plane direction the specimen exhibited an almost symmetric behavior in the positive
and negative directions. The separation of the masonry from its bounding frame happened at
0.14% lateral drift and it totally separated at 0.38% lateral drift. Cracking of the specimen
started at lateral drift of 0.14% by formation of some small cracks in the mid part of the infill.
By increasing the lateral load, the cracks propagated as stair-step cracks passing through the
mortar joints. Finally at lateral drift of 0.75% the masonry started crushing due to the high
compressive stresses in the infill.

Uniform out-of-plane loading was applied through an airbag to each element of the infill
under displacement control method. During the out-of-plane loading, two-way arching
mechanism developed, characterizing the resisting mechanism infill under out-of-plane
loading. By increasing the load, the upper interface between infill and frame was crushed,
leading to the change from the two-way arching mechanism to horizontal arching mechanism.
This is associated to the changing of the cracking pattern and also to the dropping down
recorded in the force-displacement diagram. After crushing the upper interface, the strength
degradation is considerable but is able to reach important lateral out-of-plane displacements.

The earlier crushing of the upper interface between infill and frame could be related to the
workmanship and also to the difficulties in filling them with mortar.
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