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Abstract: The in-plane effect of infill walls on the structural response of reinforced concrete frames has been widely ac-
knowledged via numerous experimental and numerical investigations and, as a result, the need to consider their effect on
structural response has been acknowledged (indicated) in the latest generation of structural design codes worldwide. Due
to the uncertainties concerning the behavior of masonry at the material and structural level, the latter elements are usually
ignored during the structural analysis phase. They are only considered when (i) there is suspicion that their influence can
be detrimental on the overall structural response or on the behavior of individual structural - loadbearing - elements or (ii)
when it is necessary to justify an elevated overall load-carrying capacity of an existing frame structure. In the latter case,
both the in-plane and out-of-plane behavior can potentially play significant roles in accurately determining the overall
load-carrying capacity of the frame structure at hand. To date, emphasis has been placed on investigating the in-plane con-
tribution of the infill walls on the overall structural response whereas the effect of the out-of plain behaviour of the infill
walls has been less studied. Should the infill walls fail in the out-of-plane direction, then any calculations performed on
the basis that they can sustain in-plane loading would be inaccurate. In the present study a model is proposed, which al-
lows one to estimate which infill walls do not exhibit out-of-plane collapse and in doing so, continue participating in the
structural model with their in-plane stiffness and bearing capacity. The predictions of the proposed analytical model are

verified experimentally via shake table testing.
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INTRODUCTION

Reinforced concrete (RC) has been widely used for the
construction of the structural frames of multi-storey build-
ings since World War 1l. When designing against seismic
action such buildings were considered to resist inertia loads
associated with a ground acceleration equal to the maximum
acceleration value recorded up to that time. During the last
decades, as monitoring networks have become increasingly e
dense and efficient worldwide, it has been proven that seis-
mic acceleration imposed to buildings during medium to
strong earthquakes, is actually many times larger than the
design value initially considered. The fact that the majority
of these structures have not collapsed after sever earthquakes
leads to the conclusion that the additional seismic energy
appears to have been absorbed by members considered as
“non-structural” such as the infill walls. As a result, non-
structural elements are expected to sustain damage, the level
of which is dependent on the amount of seismic energy they
dissipate when subjected to seismic excitation. In the case of
new buildings, a designer can choose among a variety of
structural systems (i.e. walls or wall-equivalent dual concrete
systems, braced steel or steel-concrete composite systems) in
order to improve structural performance against earthquake
action (EN1998-1-4.3.6.1) [1]. This allows him to neglect
the interaction of the main structural elements with the ma-
sonry
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infill walls. However, when considering existing buildings
(EN1998-3-5.1.3) [1] improvement of structural perform-
ance against earthquake action can be accomplished through
the introduction of new structural elements (e.g. bracings or
infill walls; steel, timber or reinforced concrete belts in ma-
sonry construction; etc).Alternatively, such an improvement
can be also justified when considering the contribution on
the non-structural members such as infill walls on the overall
structural response of the RC frame by including them in the
mathematical models employed for structural analysis .

STATE OF THE ART

During the last decades, when assessing structural per-
formance of buildings after major earthquakes given to date,
it has been repeatedly shown that infill walls play an impor-
tant role on the overall seismic behavior of RC frame struc-
tures. Furthermore, it has become evident that, mainly for the
case of older buildings, without the contribution of the infill
walls many existing RC structural frames wouldn’t have
been able to absorb the seismic energy without sustaining
significant damages or collapsing.

Despite their significant contribution to the overall load-
carrying capacity, the existing infill masonry walls are usu-
ally ignored during the structural analysis and design of the
RC frame, mainly because of the absence of analytical tools
capable of accurately simulating the behavior of the infill
walls in the mathematical models representing the whole
structure, especially for the case of seismic loading. Ignoring
the contribution of existing infill masonry walls to the over-
all structural response is also considered to be a conservative
and thus safe approach. However, in seismic regions, ignor-
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ing the frame-infill wall interaction is not always on the safe
side. When considering the global response of the RC frame
under lateral (i.e. seismic) loading, the contribution of infill
walls can drastically change the dynamic characteristics of
the structure at hand (i.e. increasing the in-plane stiffness of
the frame) by acting as diagonal struts thus, magnifying sub-
stantially the response spectra values (i.e. resulting in smaller
eigenperiods that correspond to larger spectral values and
decreasing values of damping ratio). However, at the same
time the interaction between infill walls and the frame may
also cause the development of stress concentrations in cer-
tain regions of the structure (e.g. joint area) leading to local-
ized cracking or even unexpected forms of failure, which
may have a detrimental effect on the overall response of the
RC frame.

The reason for neglecting the infill walls during the de-
sign process is partly attributed to the incomplete knowledge
of the behavior of quasi-brittle materials such as unrein-
forced masonry (URM) and to the lack of conclusive ex-
perimental and analytical results to substantiate a reliable
design procedure for this type of structures. Furthermore the
available experimental data describing the behavior of the
masonry infill walls are characterized by significant scatter
due to the large number of parameters associated with the
properties of the materials involved (concrete and masonry),
the boundary conditions between of the infill frame and the
structural elements of the RC frame, the lateral stiffness of
the frame and the infill wall and the type of loading applied.
As a result, although the available experimental data can
provide a qualitative description of the behavior of masonry
infill walls and their effect on the structural response of RC
frames at the same time, they are unable to realistically quan-
tify this affect. Based on the above, the inclusion of the ex-
isting infill walls in the mathematical models employed in
the analysis and design stages, provides predictions of the
effect of the infill wall on the overall structural behavior with
a high degree of uncertainty. This is why it is not surprising
that no consensus has emerged leading to a unified approach
for the analysis and design of infilled frame systems, despite
the more than six decades extensive experimental Smith [2];
Smith and Carter [3] Page et al. [4]; Mehrabi et al. [5];
Buonopane and White [6]; and semi-analytical investigations
Liauw and Kwan [7]; Dhanasekar and Page [8]; Saneinejad
and Hobbs [9]; Syrmakezis et al. [10]; Asteris [11, 12];
Moghaddam [13]; Asteris et al. [14, 15] Guney et al. [16,
17].

To date, many numerical investigations have
been carried out, based mainly on the finite elements
analysis method, concerned with the investigation of
the effect of various parameters associated with the previ-
ously mentioned uncertainties (such as thickness, material
properties and openings) on the overall structural response of
infilled frames. In addition, experimental studies have
been carried out on the same subject. An extensive review of
research on in-plane testing and modeling of masonry in-
filled frames up to 1987 has been reported by Moghaddam
and Dowling [18]. A comprehensive review of the relevant
literature published between 1987 and 1997 has been pre-
sented by Madan et al. [19]. More updated state-of-the-art
reports can be found in Crisafulli et al. [20] and, recently,
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Asteris et al. [21]. However, even with this data these uncer-
tainties have not been significantly reduced.

Based on published work by Angel et al. [22], FEMA-
306 [23] recommends the calculation of the capacity of ma-
sonry infill (MI) walls associated with out-of-plane failure
under seismic excitation. The capacity of Ml is calculated as
the maximum uniform pressure that can be applied on the
surface of the walls in the out-of-plane direction, and it de-
pends on the strength of the masonry, the slenderness ratio,
and damage sustained by the MI walls and the surrounding
columns due to the in-plane seismic actions. Eurocode 8 [1]
states that the capacity and stiffness of the infill walls should
be included in the structural model (also influencing the
structural irregularity), while at the same time accounting for
the high uncertainties related with the behaviour of the infill
walls (namely, the variability of the mechanical properties of
masonry, the existence of openings, the boundary conditions
of the walls, possible modifications during the use of the
building). This uncertainty results to the observed variation
of damaged sustained by “similar” infill walls after earth-
quakes. Furthermore, Eurocode 8 suggests that appropriate
measures should be taken in order to avoid brittle failures
and premature disintegration of the infill walls (in particular
of masonry walls with openings or of friable materials), as
well as the partial or total out-of-plane collapse of slender
masonry walls.

The present study is concerned with the investigation of
the out-of-plane response of infill frames under seismic exci-
tation. More specifically, it investigates whether out-of-plane
motion may potentially cause an infill wall to sustain signifi-
cant damages or even collapse. Consequently, after a certain
degree of damage, the latter element can no longer contribute
to the response of the RC frame with its in-plane stiffness.
As a result, after failure due to out of plane motion, the wall
must be essentially cancelled from the mathematical model
representing the structure and cannot participate in any fur-
ther in the structural analysis. Such type of wall collapse-
mechanisms during earthquakes are presented in Photos (1-
3), and have been investigated experimentally in the past by
Carydis et al.[24], Meisl et al. [25], Liu et al. [26]. Based on
the experimental observations a simplified model is pres-
ently proposed to describe the mechanism of the out-of plane
collapse of infill walls and to predict under which circum-
stances this may occur. The proposed model of out-of plane
failure can be employed in structural analysis as a failure
criterion in order to appropriately cancel infill walls that
have collapsed in the out-of-plane direction during static and
dynamic finite element analysis of RC framed structures.

PROPOSED MODEL

The out-of-plane mode of failure of infill walls has been
widely observed in frame structures after been subjected to
severe earthquakes. This mode of failure can be clearly ob-
served in Photos (1, 2) and (3a). Furthermore, the collapse of
infill walls shown in photos (3b) and (4) can be fully attrib-
uted to the out of plane mode of failure.

Considering a masonry wall (block) with height h and
width t, when subjected to a horizontal deflection ¢ at its top
it deforms as shown in Fig. (1). Due to the horizontal deflec-
tion applied to the wall the diagonal Aof the block is short-
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ened, from its initial value 4;,;to the value Asn4 as calculated
by egs (1) and (2) respectively

Photo (1). Horizontal cracking due to out of plane shaking of infill
walls (Central Greece Earthquake, 1981) Carydis et al. [27].

Photo (2). External wall collapse due to out of plane seismic excita-
tion (Kalamata Earthquake, 1986).

A:n:’:;’al = Vlh: T t: (]_)
Afmal = \'fh: T (t = 5): )

As a result, the absolute value of the induced axial strain can
be calculated from egs (3) and (4)

(d‘r--‘ . Af‘na')
Je) = 2 Tmar Ainicial—Afinal
Afma! |5| — Cinitia fina (3)
dfinat
of o] = 1— |1+ 25— 4
\ h* +t*

The Open Construction and Building Technology Journal, 2012, Volume 6 327

In order to account for existing imperfections, due to (a)
careless construction, or (b) the effect of creep of the wall or
(c) induced relative deformation between ceiling and floor, a
representative parameter ¢ (dimensions of length, relatively
small) is considered. The inclusion of this parameter in the
analysis transforms eq.(2) into eq.(5) and eq.(4) into eq.(6).

@) ()

Photo (3). Out-of-plane collapse of infill walls (Abruzzo Earth-
quake 2009, Vicente et al. [28]).

Photo (4). External wall collapse due to out of plane seismic excita-
tion (Athens Earthquake,1999).

Afinar = Jyh2+(E—-08) +c (5)
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\
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As shown if Fig. (1), the developing internal axial forces
(P and R),acting on the upper and lower cross-sections of the
block are given by the following analytical expressions:

P=exExt, R=exExt+W ©)

Due to the rotation (associated with the out of plane mo-
tion of the wall), a cracked and an uncracked region form at
the top and bottom regions of the block shown if Fig. (1). A
lower limit for the width of the non-cracked section (com-
pressive zone) a' (bottom section) and a (top section) can be
calculated see Fig. (2) as follows:

a'=R/0.85 xf,, a=R/0.85 xf ®)

Instability, leading to collapse, will occur as the resultant
force (R") of P and W is found to act at the outside the part
of the wall, compared to the position of R (base of wall).

(Fig. 1).
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Fig. (1).  Section of wall segment, subjected to differential lateral
displacements at two edges (z,=a/2, z'=a'/2). Wall has thickness t.

0.85 fcw

R 2

4

1
Fig. (2). Trapezoid distribution of axial stresses and determination
of moment arm Z in the lower part of the wall.

The distance y of resultant R' can be calculated by the
moment equilibrium about the initial position O.

-0
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y= Pr W = s 2 = © (10)
P+W
At the ultimate limit state of the wall, § is set to 5, and y=
du + /2. Therefore eq.(10)can be transformed into eq.(11)
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= =\
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= | —
= ] =
= 7 =4 Mstab
a N = 4
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Fig. (3). (a) Simulation of out-of- plane inertial forces to an infill

wall, adjacent to stories “i” and “i+1”_(b) Equilibrium of moments
and vertical forces in the deformed position after tensile cracking in
the middle of the wall.

a+a'

X ZPol:r—T|+Il'-~r+J;»‘ px(e-E22) sy x(emar

e = P W Ou = 2R-W (11)
In eg. (11), P is also a function of &:

P = f(8) xE xt (12)
Stability moment is given by:

ﬁQ”?=R-L+($+%ﬂ (13)

Where y is the un-cracked depth (compressive zone) of
the wall section see Fig. (5).

Solution of Eq. (11) can be achieved via the iterative pro-
cedure outlined below:

a) A value is given to d,.
b) The axial strain is calculated via Eq.(6).
¢) The axial strain is calculated via Eq.(7).

d) Non-cracked sections a and a' are calculated via
Eq.(8).
e) dyis recalculated via Egs. (11) and (12)

f) The above steps are repeated until the procedure
converges.

g) After convergence the stability moment is calcu-
lated via Eq.(13)

At this stage, value of S can be compared to the maxi-
mum, deformation limit between adjacent floors set by the
Codes (e.g. 0.005 times the story height, as prescribed in
EC8-Part1-4.4.4.2).

In order for the previously described model to be used for
the case of the out-of-plane collapse of infill walls, as illus-
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Considering the inertia forces acting in the out-of-plane

trated in Photos (1) to (4), it needs to be slightly modified, as
direction of the wall, one can assume a linear distribution of

follows:
accelerations as shown Fig. (3a). As a result, the wall de-
forms initially elastically until the flexure cracks form. After

o Y crack formation the model presented in Fig. (3b) can be em-

ployed which through the use of the horizontal axis of sym-

metry intersecting the wall at mid-height, can be simplified
| into the problem shown in Fig. (4).

! f L Comparing Fig. (4). to Fig. (1) it can be clearly seen that

YR the response of both models is governed by the same equa-

tions (1-12 above) when setting the height h equal to h/2and

as aresult eq.(11) becomes

ac
w

H”‘HHHWH”[HWHWHN

aval

o/2 / t H/2

)—%x(t—a')

| 2P X (t -
6, = -
2 2R—-W

The problem that arises in the present case is that 8 6,

| cannot be directly compared to a specific design value, but
has to be associated to the acting inertia force, which is func-

K " tion of the seismic acceleration imposed on the boundary

ZR regions of the wall.

When considering the moment’s equilibrium about point

O one obtains:

2
Box
)

i

Wa=a, xm,,
Fig. (4). Calculation of lateral forces in deformed position (upper
part) for wall has with thickness t.

Posicic*s> 2 H
seismic " _ & A T W
2 g%y PRE0Az)-Rey=0 (14)
p _thRu}.'—J—:"
Thiis;#oeeme H3 [where, R = R(9)] . (15)
The value of P__. ., is associated to seismic acceleration
T .c; = as follows

“seismic (16)
Based on the above one can formulate the following it-
erative procedure:

a) Fromeqg. (8),aand a' are determined.

b) For a given value of z, f; (compressive strength
of the masonry) and &;,.(the acceleration exhib-
ited by the masonry wall at mid-height) are cal-
culated based on Figs. (2) and (4).

When f; becomes equal to 0.85* f,, then the
equivalent static force P, and ¢,,. are calcu-
lated form eqgs (15&16).
d) After initial cracking occurs, as 3 increases, the
axial stress diagram is considered to transform
by rotation of inclined stress line about point B
Fig. (2).
08 . _ f
Thus x—=¢ " x-a
a) The resultant of reactions R is then calculated by
the following equation
s(r=¢&)

(17

R =Ry +Ry =085~ +085ef, o¢ (18)

Eq.18 can be re-written in more compact form of Eq.19

Fig. (5). Model simulation of wall constructed in two parts, due to £ a4 8)
insulation reasons (Reaction forces stabilize the wall). Wall’s seg- R =0.85 x ’T‘ (19)

ment thickness tsshould be used in the model, instead of t.
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Fig. (6). Acceleration, in terms of (W/B), versus displacement d (=¢) at the midde of the wall for segment thickness 8cm (Region 1: elastic,
Region 2: cracked, Region 3: corresponding to lateral collapse of the wall). (W/B)max, IS @ w,im for the wall Fig. (4).
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Fig. (7). Acceleration, in terms of (B/W), versus displacement dat the midde of the wall for thickness to(in cm) 6,8,12,15,18,20,25,30
respectively (for cracked sections), fully fixed at top and bottom (c=0).

From egs (18) and (19), y and ¢ are determined, and z'
Fig. (5) can be calculated as
, 2Ry & +2Ry + (25 +9)
= 6R

b) From egs (15) and (16), &y im and dym (corre-
sponding to the stage just before collapse) are
calculated.

(20)

The same model can be used for the case

showed in Fig. (5).
ANALYTICAL RESULTS

Analysis of the model corresponding to Fig. (1) has
proved that it is practically impossible for a wall to collapse

c)

due to this mode, as the inter-story drift 6 required exceeds
many times the limit defined by the codes of practice. Such
values for § would have caused severe damage to the main
frame on the structure considered, as well as to the walls in
the perpendicular direction. This is the main reason why no
damage of this type has been ever reported.

Parametric analysis associated with the models shown in
Figs. (3 and 4) has been carried out for common wall con-
struction practices in Greece, using measured value of
uniaxial masonry compressive strength f.,= 18 MPa, corre-
sponding to “firm” type of construction (c=0, egs. 5,6). Re-
sults for a wall segment with a width of t=9 cm are graphi-
cally presented in Fig. (7). Focusing on the inelastic part of
the diagram, a series of results are presented in Fig. (8),
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Fig. (9). Experimental set-up for out of plane response off wall (Carydis et al. [24]).

showing that the segment width significantly affects the
minimum acceleration required for the lateral collapse of the
wall.

In Fig. (8), the influence of parameter c(representing
inproper construction, creep, etc) on the lateral behaviour of
the walls is illustrated. It is shown that even 1mm of shrink-
age can decrease the capacity or the wall more than the one
third of its initial value. Most important is that, in such cases,
cracks are formed at very low values of acceleration (of the
order of 0.04g, which corresponds to even smaller values of
PGA, of the order of 0.01-0.02g, that means very frequent
earthquakes.

Analytical predictions are also compared to experimental
data obtained by Carydis et al. [24] The experimental set-up

employed in this investigation is presented in Fig. (9). The
eigen-period of the wall alone was measured at T=0.268 sec,
while for the coupled system it was measured at T=0.277 s.
When subjecting the specimen to a maximum value of base
acceleration a=0.05g shown in Table 1 the following values
have been recorded.

During testing the wall specimen suffered extensive
cracking in the horizontal direction (at the top and bottom as
well at the middle of its height), but did not appear to reach
an unstable position and therefore did not overturn (col-
lapse). This is in direct agreement with the analytical predic-
tions of the proposed model showed in Fig. (6). Furthermore
the predictions of the proposed model confirm the available
data [26, 29, 30] describing the out-of-plane response of ma-
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Table 1. Experimental values by Carydis et al. [24].
TYPE OF BASE EX- | ACCELERATION ACCELERATION AT | “MEAN DISPLACE MENT | DISPLACEME-NT AT
CITATION AT TOP OF FRAME | MID-DLE OF THE | ACCELE- AT TOP OF FR- | MID-DLE OF THE
() WALL (b) RATION” AME WALL
(c)=[0.05+
+H@)+2(b)li4
Sinusoidal, T=0.21s 0.20g 045¢g 0.29¢g 2.5 mm 2.0mm
Sinusoidal, T=0.27s 0.22g 0.80¢g 04949 8.0 mm 7.4 mm
(Resonance)

sonry infill walls when subjected to lateral loading. This
agreement between analytical and experimental predictions
shows the ability of the proposed model to provide realistic
predictions regarding the out of plane motion of the infill
wall.

CONCLUDING REMARKS

Based on the comparison of the experimental and the
numerical investigation it appears that the proposed model is
capable of realistically predicting the behavior and load-
carrying capacity of the infill walls in the out of plain direc-
tion. However it should be noted that additional analytical,
experimental and numerical work is required to fully verify
the its accuracy.

The proposed model can be employed to simulate the be-
havior of the infill walls within frames structures during
structural analysis by providing a failure criterion against
out-of-plain motion. In doing so it can improve the predic-
tions of existing strut models currently used to model only
the in-plane behavior of infill walls. This will allow for more
accurate predictions concerning the effect of the infill walls
on the overall structural response of RC frame structures
under static and earthquake loading conditions. In doing so,
the analysis will be able to provide better predictions regard-
ing the redistribution of the internal actions developing
within the structural elements of the frame due to their inter-
action with the infill walls. Such predictions would allow
one to safeguard against the development of stress concen-
trations which in turn can result in localized damage or even
brittle failure of certain main (load-baring) structural ele-
ments (i.e. columns, beams, joints, walls) which have a det-
rimental effect on the overall structural response.
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