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Abstract. A large part of 20" and 21 centuries’ residential buildings is characterised by reinforced concrete,
or less frequently steel, frames filled with masonry walls. Recent seismic events have shown that failure of
infills may occur under moderate earthquakes, inducing a risk to life and limb of occupants, as well as to
construction cost of the building. For this reason, researches have been devoted to the capacity of infill walls
carrying out both analytical and experimental tests, also in the out-of-plane direction. These studies have
identified the main parameters affecting the out-of-plane response of infill, such as the boundary conditions
and the slenderness of the infill.

In this study, a large data set of experimental tests is collected with the aim of investigating the influence of
the main factors relevant for the infill response and to assess the suitability of different formulations
proposed in the literature. It is found that, for the most part, such formulations underestimate the out-of-
plane strength. Afterwards, numerical analyses are performed to investigate those situations that were
scarcely considered in experimental campaigns, namely the presence of an opening (window or door) and of
a gap between the infill and the top beam. Finally, taking into account all the considered parameters, a

formula to predict the out-of-plane strength capacity of an infill is proposed.
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1 INTRODUCTION

During the last decades, the number of studies focusing on the seismic response of infills has
been increasingly growing [1,2]. This is due to the fact that not only does the failure of infills cause
life and limb risk and economic losses, but it also affects the global structural response of buildings
subjected to earthquake loads. It has been recognised, in fact, that the presence of infills in framed
structures modifies their seismic behaviour [3]. The increase of stiffness and strength due the
presence of infills leads to a reduction of the deformation demand. An enhancement of the energy
dissipation capacity of the system also occurs since masonry dissipates energy through cracking,
which occurs at small deformations. Therefore, for moderate intensity of the ground motion, a large
part of the energy dissipation is given by the infills, while at higher demand levels, when the infills
are severely damaged, the remaining part of the input energy is dissipated by the frame elements [1].
Uniformly distributed infills may prevent the collapse of a building [4,5]. On the other hand,
irregular arrangements of infills in plan and/or in elevation, due to poor design or seismic failure,
can produce the concentration of high inelastic deformations in some structural elements, leading to
a reduction of the global structural capacity [6-8]. Likewise, the presence of strong panels can
trigger the failure of lightly shear-reinforced columns [9].

Concerning the in-plane (IP) response of infills, researches date back to the 1950s and include
experimental tests, numerical studies and modelling proposals [10,11,20,12-19]. More recently,
attention has been devoted also to the out-of-plane (OOP) infill response following the observation
that the OOP collapse of infill walls may occur even for moderate intensity of the ground motion
[21-24].

Different experimental tests have been carried out to assess the capacity of infills in resisting OOP
loading; further details on those experiments will be given and analysed in the paper. Such studies
have shown that the main parameters affecting the OOP behaviour are: the slenderness ratio
(height/thickness ratio), the aspect ratio (height/length ratio), the masonry compressive strength and,
above all, the boundary conditions [25,26]. In addition, the presence of an opening and of prior IP
damage were found to affect the OOP response. In the former case the few studies available in the
literature up to now present contradictory results.

Numerical methods that recur to one or multiple diagonal struts to model the infills have been
proposed to account for the IP/OOP interaction in the investigation of multi-storey buildings (e.g.
[27-29]). These approaches are computationally advantageous when static or dynamic analyses of a
whole construction are performed.

Alternatively, several analytical models for local verifications have been proposed to predict the

OOP strength, like, for example, those based on the one-way arching action [30] or the two-way
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arching action [31,32]. However, the interaction among different factors is not straightforward and
deserves further investigation.

In this study, the OOP response of infill walls is investigated by means of 191 experimental tests
available in the literature. The data set includes both reinforced-concrete (RC) and steel frames, as
well as confined-masonry structures. The mechanical characteristics of masonry and the boundary
conditions between frames and infills of the test specimens take into account a large set of situations,
reflecting the great variability in the materials and in the construction techniques adopted in
different countries. A number of analytical models are assessed based on the results of such
experimental tests. Afterward, numerical analyses are performed to investigate the relative
influence of the main factors affecting the OOP capacity and to study those situations not
sufficiently investigated so far, namely the presence of an opening (window or door) in the panel
and the presence of a top gap. In the analyses, the masonry is modelled by resorting to a smeared-
crack approach, while contact surfaces are used at the interface between the masonry panel and the
surrounding structure. Geometrical and mechanical characteristics of the panel are varied with the
aim of evaluating the influence of different features on the OOP response. Finally, an empirical
model is proposed for the evaluation of the OOP strength of infills to be used for local equivalent-
static verifications. In the case of existing buildings, this model may help recognise those cases

where a strengthening intervention is necessary [33,34].

2 OUT-OF-PLANE STRENGTH MODELS

Different approaches are available to estimate the OOP strength of masonry infills. Most of them
are based on rigid body mechanisms, others are based on numerical or iterative solutions or on the
application of finite element (FE) methods. Some analytical models were investigated in Pasca et al.
[35]. Additional literature models based on one-way and two-way arching mechanisms are
considered hereinafter and compared with a larger experimental database. All these models allow to

estimate the strength in a straightforward manner by means of closed form equations (Table 1).
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g = uniform pressure that causes the OOP collapse; f;,, = masonry compressive strength; h = panel height; | = panel
length; t = panel thickness; A = coefficient depending on the slenderness ratio [37]; R, = reduction factor accounting for
prior IP damage; A = IP maximum horizontal displacement; Acrack = IP displacement at first crack; R, = reduction factor
that accounts for the flexibility of the confining frame; E = modulus of elasticity of frame material; | = moment of
inertia of frame elements; [, = length or height of the wall between supports capable of resisting an arch thrust; IDR =
IP interstorey drift ratio in %; G = shear modulus of frame material, J = torsional constant of frame elements; subscript
= beams; subscript ¢ = columns; Q = total OOP force resistance; Em = modulus of elasticity of masonry. In Equations 7,
8,11 and 12, q and f;, are expressed in kPa and lengths in mm.

Table 1: Predictive equations of OOP infill strength.




The equation proposed by Angel et al. [36] (see also Abrams et al. [37]) and included in the
FEMA 306 recommendations [41], is based on the one-way arching mechanism, originally
developed by McDowell et al. [30]. According to this theory, the wall is modelled as an ideal beam
supported at the two ends. The masonry material is considered unable to resist tension.
Consequently, cracks develop on the tension side at the centre and edges of the wall. After this
phase, the two portions are supposed to behave as rigid bodies, rotating around the two edges and
the centre (Figure 1). Further resistance is given by the crushing of the material at hinges location.
Formulae derived by Angel et al. [36] based on this theory are then adjusted to match observed
experimental results and take into account the effect of IP damage on the OOP resistance by means
of the reduction factor R, (Equation 2) as well as the effect of the frame flexibility by means of the
factor R, (Equation 3).

In Eurocode 6 [38], it is suggested that, in case a wall is built solidly between supports capable of
resisting an arch thrust that may develop in horizontal or vertical direction, the analysis may be
based on a three-pin arch mechanism according to Equation 4. Concerning the use of this equation,
it is observed that: i) Eurocode 6 refers to unreinforced masonry walls subjected to lateral loading; i)
the Eurocode expression can be used when the slenderness ratio does not exceed 20 and the design
value of the vertical stress is not less than 0.1 MPa; iii) for design purposes, the masonry design
compressive strength must be used, but hereinafter the experimental strength is considered instead
to allow for a more consistent comparison with experimental tests; iv) in this study, Equation 4 is
included to assess its suitability to infills regardless of the value of the applied vertical stress, which
in most experimental tests was less than 0.1 MPa.

Geometric and mechanical parameters considered by models that account for the arching action are
also included in the empirical formula proposed by Ricci et al. [28] (Equation 5), derived from
regression analysis on experimental test results. A reduction factor to take into account previous IP

damage is also proposed (Equation 6) [39].

Figure 1: Schematic representation of the one-way arching mechanism.
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Equations proposed by Dawe and Seah [31], Flanagan and Bennett [32] and Bashandy et al. [40]
are based on the two-way arching action, which develops when the infill is supported along four
edges.

Dawe and Seah [31] used virtual work concepts. Specifically, in their approach, the wall is divided
into horizontal and vertical strips (Figure 2); flexural resisting moments between strip segments are
then calculated as a function of the compressive strut forces developed by an arching action. A
modified yield-line technique is then used to predict post-cracking behaviour and ultimate infill
capacity. Based on this procedure, a parametric study to evaluate the effect of several factors on the
ultimate load q was performed and Equations 7 and 8 proposed for panels supported on four edges
and three edges, respectively. The frame flexibility is explicitly considered by means of parameters
a (Equation 9) and g (Equation 10), with « < 50 for panels supported on four edges, « < 75 for
panels supported on three edges and free at the top and £ <50 in both cases.

Equations 7 and 8 were later modified by Flanagan and Bennett [32] based on 36 experimental tests
on steel and concrete frames infilled with clay brick and concrete block masonry walls. The
numerical constant 4.5 was modified into 4.1 (Equations 11 and 12) and the expressions for
parameters « and S were simplified by neglecting the torsional stiffness of the frame members
(Equations 13 and 14). In the NZSEE [42] technical guidelines, Equation 11, multiplied by a
reduction factor to account for prior IP cracking, is suggested for the assessment of the OOP infill
strength.

In the approach used by Bashandy et al. [40], the panel is divided into vertical and horizontal strip
segments experiencing the crack pattern shown in Figure 2. The maximum OOP deflection is
governed by the crushing of masonry in the central vertical strips. The total force resistance Q is
calculated assuming an equivalent rectangular stress distribution in the contact area at hinges’
location and it is obtained by the sum of the forces resisted by all the vertical and horizontal strips
according to Equation 15, where the first, second and third terms are the forces resisted by the
central vertical strips, the lateral vertical strips and the horizontal strips, respectively. Equations 16
and 17 give the deflections in the vertical and horizontal directions, respectively, and Equations 18

and 19 deliver the resisting moments associated with such deflections.
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Figure 2: Crack pattern consistent with a two-way arching mechanism and strip segments.

3 EXPERIMENTAL DATA

With the aim of investigating the response of infills loaded in the OOP direction and of assessing
the reliability of analytical models, experimental results available in the literature are considered
hereinafter. The data set, composed of 191 test specimens (Table 2), includes different infill and
frame types.

Infills were predominantly made up of solid or hollow clay bricks (159 specimens, combined),
whereas concrete blocks were adopted in 32 specimens (Table 3). Mostly, infill walls were not
reinforced or strengthened, with the exception of 15 cases, in which masonry was reinforced either
with bed-joint or external reinforcements, or strengthened through hybrid glass fiber nets or interior
RC grid elements. Just in ten of the experimental tests, a window or door opening was present,
therefore a numerical study is performed (see 8§ 5) to overcome this limitation. Moreover, only four
tests were performed on infill cavity walls, while recent experimentation has investigated load-
bearing cavity walls [43,44]. Due to the lack of a statistically significant database, this infill
technique is not specifically investigated hereinafter but, if no wall tie is present, each wythe can be
assessed with the equations proposed in the following.

In 83 cases, the frame was made of RC whereas in 33 specimens it was made of steel. Seventy-five
walls without frames have been also included if supported at least at two opposite edges of the
panel. A summary of frame types is reported in Table 3.

With regard to RC frames, both confined masonries and infilled frames have been considered. They
differ to one another for the construction sequence. The confined wall is built before the frame, and
the RC is cast against the masonry. Therefore, no gap exists and cohesion develops between the two
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materials. Moreover, a toothed connection [45] is sometimes prescribed by building codes for the
vertical edges, further improving the bond. On the contrary, the infill is built after the frame,
therefore a gap may exist especially on the top while at the lateral edges a cohesion is generally
present due to the fact that the vertical joints are easily filled with mortar. The effect of a gap
between the infill and the top beam was experimentally investigated in few cases (Table 3).

Infills were generally loaded monotonically in the OOP direction by means of airbags or a mid-
height beam, while in some cases horizontal forces were applied at the third points or on four points.
Data distribution with varying masonry compressive strength along the vertical direction and
slenderness ratio is shown in Figure 3a and Figure 3b, respectively. The former varies between 0.5
and 30.5 MPa (Figure 3a). However, in 63% of cases it is smaller than 6.0 MPa and in 82% of cases
it is not greater than 15.0 MPa. Higher values correspond, for the most part, to masonries made of
concrete blocks or solid clay bricks. The compressive strength along the horizontal direction can be
greater or lower depending on different factors, like for example the presence of horizontal or
vertical hollows and the type of bond. However, its value is usually not reported in the literature.
The influence of the masonry compressive strength and of the slenderness ratio on the OOP infill
experimental resistance is shown in Figure 4a and Figure 4b, respectively. The different colors
indicate different frame types: blue and yellow markers are adopted for RC and steel frames,
respectively, and green markers are used for specimens with no frame. The slenderness effect on the
OOP strength is evident, whereas that of the masonry compressive strength is less obvious.

The presence of an opening in the infill was investigated in 10 experimental tests (Table 2). In
general, the presence of an opening may prevent the arching effect to fully develop, thus reducing
the ultimate resistance. Nonetheless, results of experimental tests indicate that this reduction does
not always occur. For example, Dawe and Seah [31] found that the presence of a central opening
reduced noticeably the ductility, whereas it did not significantly reduce the capacity. Similarly, the
results reported by Griffith et al. [46] show that the presence of a central or eccentric opening did
not reduce the OOP strength. Akhoundi et al. [47] observed that the presence of a central opening
produced a slight decrease of the initial stiffness and a significant decrease of the deformation
capacity, whereas it did not result in a strength reduction. On the other hand, in the experimental
study performed by Wang [48], the presence of a door opening triggered a reduction of the ultimate
load of about 45%. Likewise, in Sepasdar [49], the presence of an opening resulted in a 12%
decrease of the cracking load and a 34% decrease of the ultimate load. These reductions were also
due to the fact that, in both tests, openings were covered with a plywood board, which transferred
the pressure to the opening sides, leading to a concentration of damage and, as a consequence, to a

decrease of the infill capacity [48].



No. of test @ @ Boundary IP & OOP
Reference ) Frame Masonry conditions @ Test type ©)
. . loads at the
Kinstlinger [50] 16 NF s clay bricks 2 edges third points 0
Dawe and Seah [31] 8(1) S vhtﬁ%r;ckrsete 3and 4 edges airbag 0
Frederiksen [51] 16 ST s clay bricks 4 edges airbag 0
s clay bricks,
Angel et al. [36] 15 RC vh concrete 4 edges airbag 14
blocks
Flanagan [52], Flanagan hh clay .
and Bennett [53] 6 S bricks 4 edges airbag 3
- hh and vh load at
Beconcini [54] 33 NF clay bricks 2 edges mid-height 0
. - hh clay four points
Calvi and Bolognini [55] 9 RC bricks (6) 4 edges loaded 7
hh and vh load at
Modena and da Porto [56] 9 NF clay bricks 2 edges mid-height 0
Griffith et al. [46] 8 (6) NF ‘g‘ncc'fg’ 3anddedges  airbag 0
; s clay bricks shaking
Komaraneni et al. [57] 3 2CM,1RC (1) 4 edges table 3
Varela-Rivera et al. [58] 6 CM Vht;%r;i?te 3 and 4 edges airbag 0
Varela-Rivera et al. [59] 6 CM Vht;%r;i?te 4 edges airbag 0
Pereira et al. [60,61] 8 RC brr]iiz:lfsla(i) 4 edges airbag 8
hh and vh four points
da Porto et al. [62] 6 RC clay bricks 4 edges Ianc)ie d 6
(4)
Ingham et al. [63,64] 10 8 NF,2 CES sclay bricks 2 and 4 edges airbag 1
vh clay load at
Hak et al. [65] 4 3RC, 1NF bricks 2 and 4 edges mid-height 3
Furtado et al. [66] 3 RC hbhri(c:;llig 4 edges airbag 1
Akhoundi et al. [47] 3(1) RC hbhri(c:;llig 4 edges airbag 0
Wang [48] 5(1) 4RC,1S vhtﬁ?)r;ckgete 3 and 4 edges airbag 1
Sepasdar [49] 4 (1) RC Vh&%’;irsete 4 edges airbag 1
L hh clay four points
Ricci et al. [39] 4 RC bricks 4 edges loaded 3
L hh clay four points
De Risi et al. [67] 4 RC bricks 4 edges loaded 3
. . hh clay 2,3and 4 four points
Di Domenico et al. [68] 5 RC bricks edges loaded 0

@ Total number of tests considered herein, within brackets it is reported the number of specimens with an opening; @ RC
= Reinforced Concrete, CM = Confined Masonry, S = Steel; ST = Steel Tube, CES = Concrete-Encased Steel, NF = No
Frame; @ s= solid, vh=vertical hollow, hh=horizontal hollow; within brackets it is reported the number of specimens with
reinforced or strengthened masonry; ® Number of supported edges; ©) Number of specimens loaded both IP and OOP.

Table 2: Data set of experimental tests



No. of specimens

Frame

RC 83
Steel 33
No frame ® 75
Masonry unit

Solid clay brick 57
Vertical hollow clay brick 22
Horizontal hollow clay brick 80
Vertical hollow concrete block 32
Boundary conditions

Four edges 112
Three edges (top gap) 9
Two edges 70

@ Panels are supported at least at two opposite edges

Table 3. Number of specimens considered in this study
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Figure 3: Data distribution according to: a) masonry compressive strength along the vertical direction, /’m, and b)

slenderness ratio, h/t; n in the number of specimens in percentage.
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As for the top gap, it was found that, as expected, it results in a reduction of the OOP strength. The
ratio of capacity with a gap to capacity without a gap ranges between 0.28 (in the test carried out by
Wang [48]) and 0.95 (in the tests performed by Varela-Rivera et al. [58]).

The interaction between IP and OOP loads was considered in 54 tests, a detailed account of which
is reported in Pasca et al. [35]. Generally, prior IP damage reduces the OOP stiffness and strength
of the infill. In fact, damage caused by IP forces, e.g. diagonal cracks in the wall or corner crushing,
accelerates the OOP collapse. In contrast, prior OOP damage slightly affects the IP strength.

4 ASSESSMENT OF ANALYTICAL MODELS

Experimental tests reported in Table 2 are used to assess the capability of the selected analytical
formulations (Table 1) to estimate the infill OOP strength. For the comparisons, the whole database
is considered. However, with the aim of applying the analytical models properly, for each of them
only the experimental tests having characteristics that are taken into account by the model itself are
used. For example, concerning the Eurocode 6 [38] equation, which is valid for slenderness ratios
not larger than 20, the experimental tests having greater slenderness were disregarded.

The comparison between predicted and experimental values is shown in Figure 5. Linear regression
curves, linear regression + one logarithmic standard deviation and bisector are also shown in the
subplots.

The exponential of the logarithmic mean, e*n, and the logarithmic standard deviation, a;,, of the
ratio between predicted and experimental strength are reported in Table 4. The former represents a

median value under the hypothesis of a lognormal distribution, the latter, also called dispersion,
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gives a measure of the variability. Considering the whole database, the formula that, on the average,
better predicts the experimental results is that in Eurocode 6 [38], even though it largely
overestimates the strength in the case of steel frames. On average, all the models tend to
underestimate the strength with some exceptions in the case of steel frames. For steel frames, the
model proposed by Bashandy et al. [40] provides adequate predictions, being the exponential of the
logarithmic mean equal to 1.18. On the other hand, the logarithmic standard deviation is somewhat
high. Generally, the OOP strength of confined masonry is largely underestimated.

Formulae proposed by Dawe and Seah [31] (Equations 7, 8) and Flanagan and Bennett [32]
(Equations 11, 12) allow to take into account those cases in which four edges or only three edges
are supported by the surrounding frame. This may occur, for instance, when a gap or a weak contact
is present between the infill and the top beam. The comparison between experimental results and
values estimated by means of the above-mentioned equations highlights that they generally
underestimate the strength of infills confined along three edges (Table 5). However, there are
several factors that must be taken in consideration when performing such comparisons: i) in some
cases, the conditions of the “3-edges” specimens and their “4-edges” counterparts are slightly
different, for example, specimens WE1 and WE2 (see Table 5) have infills with vertical edges
mortared to the frame members, whereas in specimens WE6 and WE?7, vertical edges are restrained
from slipping but not mortared; ii) equations 7, 8 and 11, 12 were proposed for steel frames whereas
most of the experimental tests had a different frame material; iii) the specimens tested by Griffith et
al. [46] had a window opening. In conclusion, not only is the number of experimental tests
performed on infills supported on three edges low, but it is also somewhat difficult to perform

consistent comparisons.
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Figure 5: OOP infill strength (q): predicted vs. experimental values. Solid black line: linear regression; dashed black
lines: linear regression + one logarithmic standard deviation; dashed red line: bisector. Angel et al. [36], Eurocode 6
[38], Ricci et al. [28,39], Dawe & Seah [31], Flanagan & Bennett [32], Bashandy et al. [40].
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Angelet ECG6[38] Ricciet Dawe &  Flanagan Bashandy

al. [36] al. Seah [31] & Bennett etal. [40]
[28,39] [32]

Whole database
ehin 0.42 1.08 0.80 0.44 0.40 0.57
O 1.12 0.89 0.80 0.71 0.71 1.23
RC frames
ehin 0.50 0.79 0.63 0.49 0.45 0.62
O 1.02 0.65 0.85 0.69 0.69 1.01
Confined masonries
ehin 0.22 0.94 0.72 0.22 0.20 0.51
O, 0.81 0.53 0.78 0.62 0.62 1.20
Steel frames
ehin 0.48 3.36 1.25 0.70 0.64 1.18
O 1.14 0.70 0.29 0.53 0.53 0.92
No frame
ehin 0.38 0.93 - 0.39 0.35 0.40
O 1.25 0.87 - 0.73 0.73 1.31

Table 4: Exponential of the logarithmic mean, e#in, and logarithmic standard deviation, a;,,, of the ratio between

predicted and experimental values of the OOP strength q.

Reference infills supported on three infills supported on four edg- qy/q
edges (top gap) es
Spec. ID Exper. gq¥) Spec. ID Exper.q® | Exp.  Pred.
(MPa) (MPa) ratio ratio ®
Dawe and Seah [31] WEB6 0.0106 WE?2 0.0192 0.55 0.27
WE7 0.0147 WE1 0.0223 0.66 0.27
Griffith et al. [46] 6 0.0020 5 0.0036 | 056  0.32
Varela-Rivera et al.
[58] E4, E5, E6 0.0132 El, E2,E3 0.0139 0.95 0.20
W 48], Sepasd
[4§]n 9 [48]. Sepasdar IF-RC-TG 0.0185 IF-ND 00663 | 028  0.35

Ricci et al. [39], Di

Domenico etal. [68] | 80_OOP_3Eb  0.0057 | 80_OOP_4E 00068 | 0.84 047

120 OOP_3E  0.0104 | 120 OOP 4E  0.0130 | 0.80  0.38

@ g4 = OOP strength of infills supported on three edges, a top gap is present between the infill and the beam; @ q =
OOP strength of infills supported on four edges; @ ratios of values predicted by Equations 7 and 8 as well as by
Equations 11 and 12.

Table 5: Experimental and predicted values of the OOP strength of specimens with a top gap and their counterparts

supported on four edges.

Concerning the prediction of the effect of prior IP damage on the OOP strength, a comparison
between experimental results and values predicted by Angel et al. [36] (Equation 2) and Ricci et al.

[39] (Equation 6) is shown in Figure 6 in terms of the reduction factor, R;p, estimated as the ratio

14



between the OOP strength of specimens previously loaded in the IP direction, q;p, and OOP

strength of specimens loaded purely in the OOP direction, g:

Rip=— 20
= (20)

Clearly, such values are estimated only when a reference specimen, i.e. a specimen tested only with
OOP forces, was available. The exponential of the logarithmic mean, e#n, and the logarithmic
standard deviation, ag;,,, which are reported in Figure 6, indicate that the equation proposed by
Angel et al. [36] is adequate, on the average, to predict the IP-OOP interaction, while equation by
Ricci et al. [39] is more conservative, underestimating the ratio R,;p. It is noted that Equation 6 [39]
is an empirical formula based on experimental results on panels supported along four edges while
Equation 2 [36] although being an analytical model of a one-way arching mechanism, is still
calibrated on panels under two-way bending. Therefore, only the reference to different data-set used

for their formulations can explain the diverse predictions observed in Figure 6.

Angel et al Ricci et al
1.2 7 1.2
; 4 , 7
ek =1.05 v g elin = 0.78 , L7
10 4 0, =061 / ~ 1.0 4 0, =054 O
/ . %
’ * /7
/ v
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Z R 2 . Z
é ¢ » 7 - E

n:g 0.6 - /,’ / (4 ’/{ t@
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/ 74 -
0.4 - 7 4 —o
’ 74 ,,‘
A 7
/ v L&
02 1/
, >
/ PR S
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 .
R R

IPexperimental IPexperimental

Figure 6: IP-OOP strength ratio (Rip): predicted vs. experimental values. Solid black line: linear regression; dashed
black lines: linear regression + one logarithmic standard deviation; dashed red line: bisector. Angel et al. [36], Ricci et
al. [28,39].

In Figure 7, experimental R, values are shown as a function of the interstorey drift ratio (IDR). In
the same figure, in addition to the Ricci et al. [39] equation, the step-wise formulation suggested by
Morandi et al. [69] and the empirical equations proposed by Zizzo et al. [70] are reported. All these
formulations provide conservative predictions. On the other hand, they possess the advantageous
simplicity of not requiring the displacement at first crack but only the IDR, which can be estimated
through simplified methods recurring, for instance, to single degree of freedom systems [71].
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Figure 7: IP-OOP strength ratio (Rip) vs. interstorey drift ratio IDR, experimental values and predictions: Ricci et al.
[39], Morandi et al. [69] and Zizzo et al. [70].

5 NUMERICAL ANALYSIS

5.1 Parametric analysis

A parametric numerical analysis was performed to investigate the influence of the main parameters
affecting the OOP response. Slenderness ratio, aspect ratio and masonry strength values are evenly
spaced in order to avoid the bias of an overrepresentation of some of them. The presence of an
opening in the panel and of a gap between panel and top beam is investigated because experimental
data is scarce. Therefore, in the analysis, the presence of a central window or door opening was
considered. Furthermore, two boundary conditions were investigated: frame-infill contact on four
edges, and on three edges (gap between infill panel and top beam). The following geometrical and
mechanical characteristics were considered:

- aspect ratio: h/1 =0.6, 0.75, 1.0;

- slenderness ratio: h/t =8, 10, 12, 15, 20, 25;

- masonry compressive strength: f,, = 1.5, 5, 10, 15 MPg;

- central opening: window (lo x ho = 1.2 x 1.0 m?) or door (lo x ho = 1.0 x 2.0 m?).
Aspect and slenderness ratios of the infill were varied by changing the infill length and thickness,
while the height remained constant and equal to 3 m. Windows and door openings have constant
dimensions, which lead to different opening area percentages. Cross sections of frame elements and
elastic modulus of concrete are such that the bending stiffness of frame elements, El, is equal to

7.86x10 MPa. A summary of models is reported in Figure 8.
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I (m) h (m) h/l
5 3 0.60
4 3 0.75
3 3 1.00
I (m) h (m) h/l Aol A (%)
5 3 0.60 8.00
4 3 0.75 10.00
3 3 1.00 13.33
Ao/ A = opening area/bay area
12m
«—>
I (m) h (m) h/l Aol A (%)
5 3 0.60 13.33
2.0m 4 3 0.75 16.67
3 3 1.00 22.22
Ao / A = opening area/bay area

1.0m

beam-infill gap

I (m) h (m) il
5 3 0.60
4 3 0.75
3 3 1.00

Figure 8: Geometrical characteristics of the models. For each model, thickness and masonry strength were varied: t =
0.375, 0.30, 0.24, 0.20, 0.15,0.12 m (h/t = 8, 10, 12, 15, 20, 25); f,, = 1.5, 5, 10, 15 MPa.
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5.2 Modelling

Numerical models were implemented through the LS-DYNA software package [72] within an
ANSYS environment. In a previous study, different modelling strategies were investigated and
assessed by means of some experimental tests [73]. Among these, the smeared crack approach was
found both efficient and able to reproduce the experimental response and was therefore used in the
present study. Specifically, masonry infills are modelled as non-linear continua through eight-node
solid elements with a single integration point. The major disadvantage of one-point integration is
the need to control the zero-energy modes that arise, called “hourglassing” modes, which might
enlarge and destroy the solution; to overcome this flaw, a Flanagan-Belytschko stiffness-type
stabilisation is used [74]. Contact interfaces, which allow the transmission of both compressive and
tensile forces, are employed to model the interaction between masonry and surrounding frame. In
compression, to avoid the penetration between nodes of different materials, the standard penalty
method is used. The method consists in placing normal springs between surfaces that are in contact.
The interface stiffness depends on the stiffness of the materials that are in contact and on the
penalty factor. For this parameter, a default value of 0.1 is recommended in the case of contact
between similarly refined meshes of comparably stiff materials. However, a value of 0.05, which is
more suitable for masonry materials [75,76], is used in this study.

To investigate the influence of specific parameters without introducing further sources of
variability, the frame horizontal displacements are not permitted in the OOP direction. At the
bottom, the frame is fixed and the masonry panel is connected to a rigid floor by means of contact
interfaces.

A linear elastic material is employed for the frame, whereas the Winfrith smeared-crack concrete
material model [77] is used for the masonry. The model is defined by initial tangent uniaxial elastic
modulus, Poisson's ratio and uniaxial compressive and tensile strengths. As mentioned above, four
values of the masonry compressive strength are considered. Tangent modulus and tensile strength
are assumed proportional to compressive strength by factors equal to 1000 [38] and 0.1,
respectively. Default pressure versus volumetric strain curve is adopted, where the bulk modulus is
estimated as a function of the uniaxial tangent modulus and the Poisson’s ratio, the latter assumed
equal to 0.15. It is observed that the adopted material model does not allow for the modelling of
different mechanical characteristics along different directions, for which different modelling
strategies should be used.

Gravitational loads are first applied to the model. Static or quasi-static loads are simulated resorting
to mass damping to eliminate dynamic oscillations. Moreover, to avoid high frequency oscillations

during the application of the gravity loads, these are applied slowly from zero to gravity
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acceleration. Afterward, horizontal loads are applied monotonically in the OOP direction as body
forces, i.e. proportional to the mass. Since the analyses are force-controlled, ultimate displacements

and ductility are not evaluated.
5.3 Results and discussion

5.3.1. Solid infills

In Figure 9, the OOP capacity, in terms of pressure g, is reported as a function of the slenderness
ratio for different aspect ratios and masonry compressive strength values. Both the slenderness of
the panel and the masonry strength affect noticeably the OOP resistance. Moreover, a resistance
increase is noted for aspect ratios approaching one. This effect may be explained by the
development of a two-way arching action, which is more pronounced for square panels. In contrast,
when one dimension is significantly larger than the other, the arching action tends to develop along

the shorter direction.

h/I=0.60 h/1=0.75 h/1=1.00
0.30
0.5 | +f'm=15MPa | 1 o
Af'm=10MPa
— 0.20 A . .
& Xf'm=5MPa Py N .
=
=015 1 , i
o &fm=15MPa . Py A e
* *
010 1 a 1 A e « 4
A @ . x a * A * .
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0.05 « : Ay R R oo x x4 A
000 | 2%®° o ¥ g oo 3 % B -
5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30

h/t () h/t () h/t ()

Figure 9: OOP infill strength, q, estimated from numerical analyses.

As shown in Figure 9, the OOP capacity decreases with decreasing masonry compressive strength.
This reduction is more evident for thicker infills (lower slenderness ratios). However, the strength
reduction with varying aspect ratio is slightly affected by the masonry compressive strength and by
the infill thickness: the ratio between the resistance estimated for aspect ratios lower than 1 and the
resistance obtained for the square infill (h/I = 1) is almost constant with the variation of the other
two parameters. For h/l ratios equal to 0.60 and 0.75 the resistance is, on average, about 0.58 and
0.72 of that for h/l = 1.00, respectively. These values confirm experimental evidence according to

which the resistance is almost inversely proportional to the span length.
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Observed crack patterns are reported in Figure 10 for a square infill and for an infill having h/l =
0.6. The formation of a horizontal crack is followed by diagonal cracks, as also observed during
experimental tests on panels supported on four edges [78], where the initial horizontal crack
developed along a bed joint near mid-height of the panel and the collapse occurred when additional
cracks formed running approximately 45° from the horizontal cracks to the corners of the panels. In
the case of a square panel (Figure 10a), a vertical crack at midspan is also present, consistently with

a two-way arching mechanism.

9111002,

2212002
7873002
1353001
1920001
2486601
-3.0620-01
3518001
4184001
4760001

(b)
Figure 10: Crack patterns and 3™ principal stress (h/t = 10, f,, = 1.5 MPa): a) h/l = 1.0; b) h/I = 0.6. Stress in MPa.

Based on numerical results and considering the influence of the main parameters affecting the OOP

strength, the following prediction equation is proposed:

q=026£,"" (%) (2)_1'23 (21)

In this expression, g and f,, are expressed in MPa. Equation 21 is valid for panels bounded along 4
edges, with h < [, and having a masonry compressive strength, f,,, not larger than 15.0 MPa.

Even though Equation 21 is obtained by regressions based on numerical analyses, its application to
the experimental results described in § 3 shows that it is particularly suitable for infilled RC frames
and confined masonry, i.e. in those situations in which a good contact between infills and
surrounding frames exists. In fact, in case of RC frames, the logarithmic mean, e#n, and the
logarithmic standard deviation, a;,,, of the ratio between predicted and experimental strength are
equal to 0.87 and 0.41, respectively, and for confined frames they are equal to 1.07 and 0.25,
respectively, markedly better than values in Table 4. On the other hand, the proposed equation
overestimates the OOP resistance of infills encased in steel frames, where the infill-frame contact is

weaker.
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5.3.2. Infills with opening

The presence of a window or door opening modifies the crack pattern on the infills: initial
horizontal cracks form close to the top and bottom of the opening, later on, diagonal cracks develop
from the opening towards the frame corners (Figure 11, Figure 12). However, the arching effect
may still develop in the masonry portions adjacent to the opening, as also observed by Anic et al.
[79]. This phenomenon is more evident in the case of thicker infills, as shown in Figure 13, where

principal stresses are shown along a vertical and a horizontal section.

(b)

(©) (d)
Figure 11: Crack patterns and 3™ principal stress in infills with a window opening (h/I = 0.6, f,, = 1.5 MPa): a) and b)

h/t = 10; ¢) and d) h/t = 25; a) and c): first crack; b) and d): finale stage. Stress in MPa.

(b)

(© (d)
Figure 12: Crack patterns and 3™ principal stress in infills with a door opening (h/l = 0.6, f,, = 1.5 MPa): a) and b) h/t =

10; c) and d) h/t = 25; a) and c): first crack; b) and d): finale stage. Stress in MPa.
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Figure 13: Deflection and 3" principal stress for an infill with a window opening (h/I = 0.6, h/t = 10, £, = 15 MPa): a)

vertical section; b) horizontal section. Displacements are not to scale. Stress in MPa.

The presence of an opening leads, in some cases, to an increase of the OOP strength. This
apparently contradictory outcome was obtained also by Griffith and Vaculik [80,81]. They
explained such result by noting that the total length of diagonal cracks contributing to the wall
resistance was mostly unaffected by the presence of an opening and, as a consequence, also the
corresponding internal work was unaltered, whereas higher pressure was required to generate the
corresponding amount of external work since it acted over a reduced area. In contrast, in some other
cases, the presence of an opening produces a reduction of the OOP strength, the amount of which
depends on both geometrical and mechanical characteristics of the infill. Obviously, the opening
size affects the results, but the dimensions alone are not sufficient to adequately predict the strength
reduction. In fact, greater reductions occur in rectangular infills, with higher masonry compressive
strength and larger thickness, which means that weaker masonries are less influenced by the
presence of an opening. Considering the influence of the above mentioned parameters, the strength

reduction due to the presence of an opening can be expressed as:

R, = % = min {1; 0.64 — 0.124 Inp,} (22)
where

A, ,
TR (23)

S|~
S| e+

Po =

R, is the strength reduction factor, g, is the OOP resistance of the infill with opening, A, and A are

the opening area and the bay area, respectively. In Equation 23, f,, is expressed in MPa.
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Equation 22 is obtained by regressions based on values estimated from numerical analyses; the
logarithmic mean, e#in, and the logarithmic standard deviation, a;,,, of the ratio between predicted
and numerical values of the reduction factor are equal to 1.00 and 0.10, respectively. The reduction
factor R, is depicted in Figure 14, where numerical and experimental values are also shown.
Concerning these latter values, it is worth mentioning that: i) Figure 14 shows only those tests in
which the infill with an opening had a solid counterpart with reasonably similar characteristics; ii)
two values are reported for Akhoundi et al. [47] because, even though one infill with opening was
tested, two reference frames, built by different workmen, were examined,; iii) in the tests performed
by Dawe and Seah [31], the infill with an opening had different interface conditions from those of
two reference solid infills; iv) in most cases, the masonry compressive strength of the infills with
the opening was different from that of the infill without opening due to the typical variability of this
parameter. However, the logarithmic mean, e#», and the logarithmic standard deviation, a;,,, of the
ratio between predicted and experimental reduction factors, R,, are equal to 0.94 and 0.16,

respectively, indicating that Equation 22 provides a reasonable estimate of such factor.

1.6
X
14 Ao
X —— present study, Eq. 22
12 - ¢ present study, h/I =1.00
10 - A present study, h/I =0.75
— x present study, h/l =0.60
:I:; 08 - ® Dawe and Seah
06 domooe S Griffith et al.
® Akhoundi et al.
e ® Wang
0.2 oo ® Sepasdar
0.0 \ \ \ \
0.0 0.1 0.2 0.3 0.4 0.5

p, (MPa)

Figure 14: Opening reduction factor, R,: comparison between Equation 22 and values estimated from numerical
analyses and experimental tests: Dawe and Seah [31] Griffith et al. [46] Akhoundi et al. [47] Wang [48] Sepasdar [49]

5.3.3. Infills with gap

A gap between infill and top beam has a noticeable effect on the OOP response. Stress and crack
patterns do not change for different geometrical characteristics: a vertical crack originates

approximately at midspan. Later on, diagonal cracks develop towards the bottom corners, as shown
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in Figure 15 for a square and a rectangular infill. This response is similar to those obtained in
experimental campaigns and shows that one-way arching effect along the horizontal direction may
effectively develop. Nonetheless, when a gap is present, the OOP resistance is significantly lower
than that of an infill supported on four edges. Numerical analyses performed in this study show that
the ratio between the strength of the infill with and without gap does not follow a clear trend with

the variables considered and can be expressed by a constant average value:

q
R, = 7‘] = 0.48 (24)

where Ry is the strength reduction factor, i.e. the ratio between the strength of the infill with (qg) and
without (q) a gap. The dispersion, given by the logarithmic standard deviation, g, is equal to 0.14.

Looking at experimental values in Table 5, Equation 24 tends to be conservative. Finally, it is worth
mentioning that the validity of the above equation is limited to cases in which the gap is at the top

of the wall, whereas gaps alongside the columns are not investigated in this study.
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Figure 15: Deflection, crack pattern and 3" principal stress for infills with a top gap (h/t = 10, f;, = 1.5 MPa): a) h/l =

1.0; b) h/l = 0.6. Displacements are not to scale. Stress in MPa.

5.3.4. Additional remarks

This section deals with some aspects related to the frame and masonry flexibility. As already
mentioned, based on Eurocode 6 [38], the tangent modulus of masonry is assumed proportional to
its compressive strength by a factor of 1000. The adopted coefficient of proportionality is large
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compared to what prescribed by other standards for masonry. Therefore, the numerical analyses of
the solidly infilled frame with intermediate aspect ratio (h/I=0.75) were repeated assuming E,,, =
700 f,,,. Results show that, as far as the OOP capacity is concerned, differences are negligible.

To investigate the influence of the frame flexibility, the same analyses were also repeated
considering two more values of the bending stiffness of frame elements, namely El = 1.86x10%®
MPa (more than twice of the reference value El = 7.86x10* MPa) and EI = 1.55x10'?> MPa (about
0.2 of the reference value). It is found that, for the cases under investigation, the increased stiffness
does not produce an increase of the OOP capacity of the infill. This indicates that the reference
frame is able to sustain the maximum thrust action transmitted by the infill. In contrast, the 80%
reduction of the stiffness of columns and beam affects the OOP strength to different extents
depending on the masonry compressive strength: for weak masonries (f,;, = 1.5 MPa) the effect is
negligible, for stronger masonries (f,, = 15 MPa) a decrease between 14% and 19% of the OOP
capacity is observed. However, if a concrete elastic modulus of 25x10° MPa is considered, the
value El = 1.55x10* MPa corresponds to cross section dimensions of 165x165 mm?, which are
highly unusual in infilled frames and possible, but not common, in confined masonry. In addition,
in most situations bounding frame elements are surrounded by neighbouring infilled bays, which
hinder their IP deformations [31]. In conclusion, the results obtained herein are valid for EI >

7.86x10 MPa or for more flexible frame elements when surrounding infilled bays are present.

6 CONCLUSIONS

In this study, the OOP capacity of masonry infills is assessed considering the influence of various
parameters. First, a data-set of 191 experimental tests available in the literature is collected,
including different types of masonry and frame materials and various boundary conditions. Cases in
which the infill was not confined by a frame were also considered, provided that supports were
present at least at two opposite edges of the panel.

Experimental results allowed to identify the main parameters affecting the OOP response. Making
use of experimental data, different strength prediction equations were also assessed. It can be
inferred that most of the models underestimate the capacity of infills encased in RC frames and
overestimate that of infills in steel frames. This result may be explained by the different contact
conditions between the infill and the surrounding frames, which are generally stronger in case of
RC frames, thus leading to a more effective confinement. This aspect deserves further investigation
and conclusions of the present work apply to infills encased within RC elements.

A parametric analysis was performed to investigate also those situations that were scarcely

considered in experimental campaigns, namely the presence of an opening and of a gap between the
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infill and the top beam. Four models of RC infilled frames were considered: solid infill, infill with a
window opening, infill with a door opening, infill supported on three edges. For each model, aspect
ratio, slenderness ratio and masonry compressive strength were varied considering typical values.
Based on numerical results, the following equation is proposed to estimate the OOP strength of

infill supported on four edges:

-1.23
h

o=ozor () ()

where: g is the uniform pressure that causes the OOP collapse expressed in MPa, f,,, is masonry

(21)

compressive strength expressed in MPa, h and | are the panel height and length, respectively, and t
is panel thickness; this equation is valid for a panel made up of a masonry with compressive
strength up to 15.0 MPa and frame elements having EI > 7.86x10%2 MPa or for more flexible frame
elements if surrounding infilled bays are present.

Concerning the presence of an opening, it was found that a reduction of the OOP strength may
occur, depending on different parameters, such as the opening dimensions and the masonry

compressive strength. A reduction factor, R,, is suggested to take into account the presence of an

opening:
R, = % = min {1; 0.64 — 0.124 Inp,} (22)
where
A, Lt
_ o tt 23

being q, the OOP resistance of the infill with opening, A, and A the opening and the bay area,
respectively. In Equation 23, f,,, is expressed in MPa.

The effect of a gap between the infill and the top beam was also investigated. The results
highlighted that the OOP capacity reduces noticeably. In fact, the uniform pressure that causes the
OOP collapse when a gap is present can be expressed as g, = 0.48 q. All of the above equations
were derived by fitting numerical data, therefore if a design value of the masonry compressive
strength is adopted in lieu of f,,, they can be conservatively adopted for design purposes.

Finally, if the effect of the IP action on the OOP capacity has to be taken into account, strength
reduction factors proposed by Angel et al. [36] and Ricci et al. [39] are suggested, the latter being

more conservative.
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