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Abstract. Out-of-plane failure is one of the most important mechanisms for unreinforced ma-
sonry (URM) structures to be prevented in the seismic areas. The one-way out-of-plane bend-
ing failure mechanism has been studied by several authors. The two-way bending failure
mechanism has received much less attention and only few formulations for specific cases are
available in standards and in the literature.

In order to investigate the two-way bending failure mechanism, four full-scale URM walls
were tested quasi-statically. Both calcium silicate and clay brick masonry typical of Dutch
building were tested. In comparison with the experimental results, a critical evaluation of the
available analytical models proposed by Eurocode 6, the Australian standards and the simpli-
fied macroblock approach by Vaculik and Griffith is presented. Despite some limitation in its
application and the underestimation in the results, the most promising analytical formulation
is the one provided by the Australian standards. In order to provide a basis for the develop-
ment of an improved formulation for two-way bending, a parametric study on the Australian
standard formulation is presented. The parameters that mostly influence the prediction of the
bending capacity of the wall are the flexural strength of masonry, the vertical edges rotation-
al restrain coefficient, the aspect ratio, and the wall thickness. On the contrary, the paramet-
ric study also shows that variations of the overburden do not lead to variation in terms of
capacity.
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1 INTRODUCTION

The out-of-plane failure is one of the most important failure mechanisms for masonry
structures, often called “first damage mode” [1], to be prevented in the seismic assessment.
Within the out-of-plane failure, two main mechanisms can be distinguished: the one-way out-
of-plane bending failure and two-way out-of-plane bending failure. The one-way out-of-plane
bending failure usually occurs in slender walls not laterally supported and it is characterized
by a rapid degradation in capacity that needs to be prevented. Several authors studied this
failure mechanism developing an accurate procedure for the one-way out-of-plane seismic
response of unreinforced masonry (URM) walls. The two-way out-of-plane bending failure
generally occurs in squat walls supported on the sides. It triggers a complex crack pattern that
produces less degradation in capacity and more energy dissipation than the one-way failure
mechanism. This failure mechanism is less studied with respect to the one-way failure mech-
anism and only a few formulations for specific cases have been developed. Most of the stand-
ards, in fact, do not provide specific recommendations for the two-way bending failure
mechanism, and the application of one-way bending models significantly underestimates the
walls lateral force capacity.

This paper aims at providing a basis for the development of an improved formulation able
to capture the two-way bending failure mechanism. In order to investigate the two-way bend-
ing failure mechanism, full-scale URM walls were tested in quasi-static out-of-plane bending
at Delft University of Technology [2-4]. The tests have been performed for different masonry
types characterized by brick and general purpose mortar according to the features of the
Dutch existing URM buildings. In fact, in The Netherlands the majority of buildings consist
of URM characterized by limited wall thickness and is not designed for seismic loading,
while recently induced seismicity due to gas extraction became a problem in the northern part
of The Netherlands. In comparison with the experimental results, a critical evaluation of the
available analytical models proposed by Eurocode 6 [5], the Australian standard [6] and the
simplified macroblock approach by Vaculik and Griffith [7-8] is presented. Eventually, a par-
ametric study on the most promising analytical formulation by the Australian standard is also
presented.

2 MATERIALS AND METHOD

In order to investigate the two-way out-of-plane bending failure mechanism, four full-scale
URM walls were subjected to quasi-static cyclic out-of-plane tests at Delft University of
Technology. Table 1 shows an overview of the tested walls summarizing the type and the size
of the masonry units and the geometry of each wall. Detailed information on the tests can be
found in Refs. [2-4].

Sample name Units type Units size Length Height | Thickness
(mm) (mm) (mm) (mm)
TUD_COMP-10 | Perforated clay brick 210x100x50 4000 2751 100
TUD_COMP-11 | Calcium silicate brick | 210x100x70 3874 2765 100
TUD COMP-26 | Solid clay brick 210x100x50 3950 2710 100
TUD COMP-27 | Solid clay brick 210x100x50 3840 2710 210

Table 1: Overview of quasi-static cyclic out-of-plane tests.
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The characterization of all four masonry types was carried out by performing destructive
laboratory tests on both masonry and its constituents in accordance with European standards.
For all masonry types, cement-based mortar was used and the thickness of both bed and head
joints was 10 mm. The main material properties of units and masonry are summarized in Ta-
ble 2. Detailed information on the tests can be found in the dedicated reports [9-10].

Perforated | Calcium | Solid clay masonry

Material properties (MPa) Symbol clay silicate Single Double
masonry | masonry | wythe wythe
Compressive strength of mortar f 6.11 6.59 3.81
m (0.09) (0.10) (0.09)
2.43 2.79 1.40
Flexural strength of mortar Tt (0.13) (0.08) (0.12)
: . 13.26 28.31
Compressive strength of unit fo - (0.13) (0.10)
. 4.78 2.74 6.31
Flexural strength of unit Tot (0.20) (0.06) (0.11)
: , 14.73 5.93 14.02 9.26
Compressive strength of masonry m

(0.07) (0.09) | (0.04) | (0.14)

Elastic modulus of masonry in the
direction perpendicular to bed

joints evaluated as the chord be- Es (%1152) (%75'5) (%51939) (%91551)
tween 1/10 and 1/3 of the maxi- ' ' ' '
mum stress

Flexural (bond) strength of ma- " 0.27 0.27 0.15
sonry W (0.54) (0.43) (0.32)

Flexural strength of masonry for a
plane of failure perpendicular to fyo
the bed joints

1.12 0.76 0.65 0.41
(0.28) (0.36) | (0.28) | (0.15)

Table 2: Overview material properties (in MPa). The value between brackets corresponds to the coefficient of
variation in percentage.

Figure 1 shows the two-way out-of-plane test set-up. Each wall was built within a steel
frame composed by two beams placed at the top and bottom of the wall connected via springs
to two lateral columns. The wall within its steel frame was placed in the set-up by connecting
the top and bottom steel beam to cross beams. At the bottom the cross beams were connected
to the transversal beams, while at the top glass plates were installed between the cross beams
and the transversal beams to allow the vertical translation of the wall during out-of-plane de-
formations. Each wall was laterally constrained with hinged connections made of steel tubes.
In order to prevent damage due to the interaction between the steel tubes and the masonry
wall, wooden wedges were placed in between them.
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Figure 1: Test set-up for squat walls subject to two-way out-of-plane cyclic tests.

Before the test an overburden of 0.06 MPa was applied (and then maintained constant
throughout the test) at the top of each wall by pre-tensioning the four springs connecting the
top steel beam and the lateral columns.

A uniform lateral load was applied using airbags on both north and south sides of the wall.
On both sides, airbags were pumped up to a certain initial pressure before starting the test.
During the test the pressure was kept constant in the airbags on the north side, while it was
varying in the airbags on the south side to apply the desired imposed displacement at the cen-
ter of the wall. The initial pressure was chosen to prevent negative pressure in the airbags
placed on the south side. A timber reaction frame was adopted to allow the measurement of
the applied load via external load cells. During the test, due to the presence of the airbags and
the timber reaction frame, the propagation of the cracks could not be observed.

The net contact area between the wall and the airbags was calculated by comparing the
force measured by the load cells Fy and the pressure measured by the airbags P, on the north
side (Ane=Fn/P). By considering as a reference the area of the airbags in their uninflated con-
dition Aairbags, it Was observed that the net contact area Aner during the test was approximative-
ly 75-80% of the reference area. The same range of values is reported by Griffith et al. [11].

The response of the wall was monitored through load cells and linear potentiometers. The
former aims at monitoring the applied overburden and recording the lateral force against the
timber reaction frame; the latter aims at recording the horizontal displacements of the wall at
different locations and monitoring potential rotations. The applied lateral load is calculated as
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the difference between the total force measured by the load cells on the south side Fs and the
one measured on the north side Fy.

The test was performed in displacement control by controlling the displacement of the
mid-point. The displacement at the mid-point was cyclically varied (Figure 1). Every cycle
was composed by three identical runs. In every run the displacement was first applied in the
positive loading direction (from south to north) and afterwards in the negative loading direc-
tion (from north to south).

During the testing campaign, an asymmetric response of the wall was recorded in the lat-
eral force versus mid-point displacement (capacity curve); in particular larger forces were
recorded for positive displacements. This feature is the result of the adopted loading proce-
dure in which the airbags on both sides of the wall were always inflated. By following the
aforementioned loading procedure, a stable control of the imposed displacement can be
achieved and sudden instability deformations of the wall are prevented. However, when the
wall is subject to bending deformation, the airbags pressure is acting both on the compressive
and tension sides of the wall. In a deformed state of the wall, the friction between the wall and
the airbags on the tension side of the wall can promote an increase in lateral force. This effect
resulted larger for displacement in the positive loading direction, because the pressure in the
airbags on the north side was higher. Thanks to additional tests on the wall TUD_COMP-27
after the standard testing procedure was applied, a correction function was determined to take
into account the increase in lateral force due to the friction effect. This function is used to
provide a revised capacity curve. It should be noted that this effect is negligible for negative
displacements (for which the pressure on the tension side was small), thus the correction func-
tion is applied only for positive displacements.

3 EXPERIMENTAL RESULTS

The experimental results of quasi-static cyclic out-of-plane tests are reported in terms of
capacity curve (lateral force versus mid-point displacement, Figure 2 and Figure 3), initial
stiffness, lateral force at onset cracking (evaluated considering the first visible decreasing in
stiffness), and crack pattern at the end of the test (Table 3).

Perforated clay brick masonry Calcium silicate brick masonry
TUD_COMP-10 TUD_COMP-11
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Figure 3: Capacity curve for walls (a) TUD_COMP-26, (b) TUD_COMP-27.
Initial Lateral Force
Sample name Masonry type stiffness Ki, | Fer F* F
(N/mm) | (kN) | (kN) | (kN)
TUD_COMP-10 | Single wythe perforated clay brick 12.8 34.8 | 45.3* | -40.2
TUD_COMP-11 | Single wythe calcium silicate brick 12.0 18.2 | 28.9* | -27.0
TUD_COMP-26 | Single wythe solid clay brick 9.6 20.0 | 37.1* | -36.1
TUD _COMP-27 | Double wythe solid clay brick 414 78.3 | 89.5* | -78.3

* Revised value to account for the lateral force increment due to the friction effect.

Table 3: Overview of experimental results in terms of initial stiffness K, lateral force at onset of cracking F.,
and maximum lateral force for positive, F*, and negative, F’, displacements.

The initial stiffness obtained experimentally is determined as the linear regression of the
lateral force versus mid-point displacement curve of the first cycle in the elastic phase. For the
wall TUD_COMP-10 and TUD_COMP-11 the first cycle is characterized by an imposed dis-
placement of 0.5 mm, while for the specimens TUD_COMP-26 and TUD_COMP-27 it is
equal to 0.1 mm. In order to compare the stiffness degradation for single wythe walls, the
stiffness is evaluated at imposed displacement of 0.5 and 1 mm. The calcium silicate brick
masonry wall shows stiffness degradation almost two times higher than the other single wythe
walls.

Figure 2 and Figure 3 show the out-of-plane behavior of the walls in terms of capacity
curve. For the positive loading direction the envelope curve has been revised accounting for
the friction effect (see Section 2). By comparing the revised envelope curve for the positive
displacement and the envelope curve for the negative displacement, a good agreement is gen-
erally found for the two directions. The maximum lateral force of the single wythe walls
(TUD_COMP-10,-11,-26, Figure 2 and Figure 3a), obtained with reference to the revised en-
velope curve, is slightly higher in the positive loading direction. This can be linked to the
damage evolution which occurs first in the positive loading direction, being this the first load-
ing direction in every cycle. Considering the double wythe wall TUD-COMP-27 (Figure 3b)
the influence of damage evolution on the basis of the loading direction is more evident than in
the other specimens; this may be caused by the difference in wall thickness. In terms of lateral
force capacity, the calcium silicate brick masonry wall records the lowest capacity, while the
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double wythe clay masonry wall shows a lateral force capacity almost two times higher than
both the single wythe clay masonry walls (Table 3).

The post-peak behavior is characterized by a plateau at a force approximately equal to the
maximum lateral force. In the case of the single wythe walls, a slight reduction in force is ob-
served, while for the double wythe wall a slight increase is observed. However it should be
pointed out that the single wythe walls have been tested for a mid-point displacement equal to
approximatively 90% of wall thickness, while in the case of double wythe wall a displacement
of 50% of the wall thickness was imposed. Griffith and Vaculik [12] report that the presence
of a constant plateau in the post-peak phase of the capacity curve can be caused by the redis-
tribution of the diagonal bending moment acting along the diagonal cracks to a horizontal
bending moment acting along the vertical edges. The qualitative agreement of post-peak be-
havior trends suggests that the lateral boundary conditions adopted in this study can provide
the same constraints as given by return walls as adopted in [12].

4  ANALYTICAL CALCULATIONS

In this section the lateral force of the tested specimens is evaluated according to the Euro-
code 6 [5], the Australian Standard [6] and the simplified macroblock approach proposed by
Vaculik and Griffith [7-8]. All the methods have been applied by considering the mean mate-
rial properties as reported in Table 2 and excluding design coefficients. Moreover, all the pro-
posed methods are designed for single wythe walls and consequently the double wythe
specimen TUD_COMP-27 is excluded from the comparison.

The Eurocode 6 formulation provides an estimate of the elastic bending moment and con-
sequently the obtained lateral force is compared with the experimental force at onset of crack-
ing Fcr. The prediction is based on a tabulated coefficient depending on the ratio between the
flexural strengths of masonry fy/fy2, on the aspect ratio of the wall and on the boundary condi-
tions. Note that in this comparison, it is assumed that the flexural strength for a plane of fail-
ure perpendicular to the bed joints fy; is equivalent to the flexural bond strength f,. For the
comparison, the formulation proposed by Eurocode 6 is applied both in the case of hinged
connections at all sides of the wall and in the case of clamped connections at all sides of the
wall; this results in lower and upper bounds of the lateral capacity for the tested walls respec-
tively (Figure 4a). Although the Eurocode 6 formulation is simple, its application requires a
precise knowledge of both the flexural strengths of masonry that is not always possible for
existing structures.

The Australian standard, based on the virtual work method, provides an estimate of the lat-
eral force capacity starting from the evaluation of the horizontal and diagonal bending mo-
ments capacities according to the predicted crack pattern. The Australian standard considers
only walls with an half-overlap bond pattern; on the basis of this assumption and considering
the units and joints dimensions, the standard defines the slope of diagonal cracks, thus the
predicted crack pattern. The method proposed by the Australian standard provides an underes-
timation of the lateral force capacity between 17 and 56% (green column in Figure 4b). Gen-
erally, the formulation is not able to predict the crack pattern experimentally observed and in
the majority of the cases a crack pattern with a central vertical crack is considered rather than
the one with a horizontal crack. If the predicted and experimental crack patterns are in agree-
ment a good prediction can be obtained as for the case of wall TUD_COMP-11. The error in
the crack pattern prediction made by the Australian standard is given by the slope of the diag-
onal cracks. In fact, in the experiments the diagonal cracks do not propagate exactly from the
corner as it is assumed in the standard. The same finding in the crack pattern was reported al-
so by Griffith and Vaculik in [12]. The underestimation of the lateral force capacity may be
caused also by other reasons such as the absence of a contribution considering the influence of
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the vertical bending moment with respect to the horizontal cracks and the influence of the
overburden (see also Section 5). Despite the limit in its application, the Australian standard
formulation is nowadays the most accurate model formulation to estimate the lateral force ca-
pacity of two-way spanning walls.

The simplified macroblock approach assumes, differently from the Australian standard,
that the wall lateral load resistance is obtained considering the independently acting resistance
sources of rocking and friction. It assumes the wall as already cracked, i.e. masonry flexural
strength set to zero. The model, using a nonlinear static analysis, provides the entire load-
displacement behavior of the wall up to the point of collapse, i.e. instability displacement, as
comprised by rigid body rocking source and horizontal bending friction source, considered as
acting independently. The model considers the wall as a series of vertically spanning strips
held together by kinematic compatibility dictated by the shape of the collapse mechanism.
Similarly to the Australian standard, this method is formulated only for half-overlap bond pat-
tern. This method provides an underestimation in lateral force capacity between 54 and 63%
(purple column in Figure 4b). The underestimation is generally higher with respect to the one
provided by the Australian standard method because the macroblock considers the same crack
pattern as the standard and zero masonry flexural strength. The Australian standard considers
a minimum value of 0.2 MPa of flexural strength if no experimental data are available. Due to
the difficult evaluation of the flexural strength of masonry in existing masonry buildings and
the formulation of the instability displacement, the simplified macroblock approach represents
an interesting model to be used in engineering practice for assessing the two-way bending
failure mechanism. In the case of Dutch URM buildings, for which the proposed tests were
carried out, the assumption of zero flexural masonry strength may be too conservative in the
case of clay brick masonry, but appropriate for calcium silicate masonry [13].

A kinematic limit analysis by assuming the one-way rigid block mechanism is performed
(red column in Figure 4b) in comparison with the formulations proposed by Australian stand-
ard and the simplified macroblock approach. Comparing the one-way rigid block method and
the experimental results in terms of lateral force capacity, an underestimation between 62 and
74% is obtained. Comparing the results obtained by the Australian standard and the one ob-
tained by the one-way rigid block method an increase of 16 to 45% in terms of estimated ca-
pacity is obtained, while considering the simplified macroblock approach an increase of 6 to
18% is obtained. However, considering the complexity of both methods, the amount of input
parameters needed and the overestimation in terms of capacity with respect to the experi-
mental results, this increase in estimated capacity is still limited. This emphasizes once more
the need of an appropriate formulation to estimate the lateral force capacity of two-way span-
ning walls.
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Figure 4: Comparison between experimental results and analytical predictions by (a) Eurocode 6 (b) one-
way rigid block method, Australian standard method and Vaculik-Griffith macroblock method. Percentage
value indicates the error of each method with respect to the experimental result.

5 PARAMETRIC STUDY

In the previous section various methods to estimate the lateral force capacity of two-way
spanning walls subject to out-of-plane failure have been analyzed in comparison with experi-
mental results. Among others the method proposed by the Australian Standard looks promis-
ing because if the correct crack pattern is considered then the predictions get closer to the
experimental results. However, the comparison with experimental results highlighted the need
of improving the current formulation. For this purpose, in this section a parametric study is
performed considering the method proposed by the Australian Standard. The study has been
performed focusing on the parameters that mostly influence the lateral force capacity, namely:
the flexural strength of masonry (f,,), the overburden (o), the vertical edges rotational restrain
coefficient (Ry), the aspect ratio (Lg/Hg), and the unit size. The tests presented in this paper
(Section 3) and the similar tests performed by Griffith and Vaculik [12] on clay brick masonry
walls No. 1 and 2 (here named G1 and G2) are considered. It should be noted that the varia-
tion of all the presented parameters is related to the bending capacity of the wall w expressed
in terms of pressure, which is the lateral force capacity of the wall F divided by the area of the
wall.

The influences of the flexural strength of masonry and of the overburden on the bending
capacity of the wall are firstly investigated. Generally, the bending capacity of the wall signif-
icantly increases by increasing the flexural strength of masonry, while it is almost constant by
increasing the overburden. The case of a wall having an aspect ratio of 1.48, unit size of
210x50x100-mm and vertical edges rotational restrain coefficient equal to zero is presented in
Figure 5a. In this specific case, the increase of f,, from 0.1 to 0.2 MPa results in an increase in
the bending capacity of approximatively +35%. In the same case, the increase in overburden
from 0 to 0.1 MPa produces an increase in bending capacity of maximum +14%. For compar-
ison, the experimental results of wall TUD_COMP-26, characterized by an overburden of
0.06 MPa and in agreement with the assumptions of the presented case, is also shown in Fig-
ure 5a. As already discussed in Section 4, its experimental bending capacity is more than two
times higher than the one estimated by the Australian standard.
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The bending capacity of the wall estimated with the method proposed by the Australian
standard is hardly influenced by the overburden. This trend is in contrast with experimental
results reported by Griffith and Vaculik [12]. To highlight this difference, in Figure 5b the
Australian standard method is compared to the experimental results of walls G1 and G2; the
two tests have the same geometry and similar material properties but two different overburden
values of 0.1 and 0 MPa, respectively. An increase in overburden experimentally results in an
increase in bending capacity of +57%. On the contrary, the formulation by the Australian
standard accounts only for a limited increase in bending capacity (+17%), that is a third of the
one experimentally obtained.

The supports to the vertical edges can provide a different degree of rotational restraint,
which in the method proposed by the Australian standard is considered with the vertical edges
rotational restrain coefficient R;. Generally, by increasing the rotational restrain from hinged
constraints (R=0) to clamped constraints (R=1), the bending capacity significantly increases.
The case of a wall having aspect ratio of 1.48, unit size of 210x50x100-mm and an overbur-
den of 0.06 MPa is presented in Figure 5c. In this specific case, the variation from hinged
constraints (Ri=0) to partially clamped constraints (R=0.5) produces an increase in bending
capacity between +35 and +48%, while the variation from hinged constraints (R=0) to
clamped constraints (R=1) produces an increase in bending capacity between +70 and +97%.
The evaluation of the vertical edges rotational restrain coefficient can be quite difficult in in-
situ conditions. Consequently, limiting the influence of this coefficient by standardizing the
rotational restraint for some typical as-built conditions could be useful in the calculation of
existing masonry buildings.

The influence of unit geometry and aspect ratio of the wall is finally investigated. General-
ly, the bending capacity significantly decreases with the increase in the aspect ratio of the wall,
while it increases with the increase in wall thickness. The case of a wall having an overburden
of 0.06 MPa, a flexural strength of masonry equal to 0.15 MPa and a vertical edge rotational
restrain coefficient equal to zero is presented in Figure 5d. In this specific case, no significant
difference is found increasing the unit height from 50 to 70 mm, typical height values for
Dutch masonry units. In the same presented case, the increase in wall thickness from 100 to
110 mm produces an increase in bending capacity of approximatively +20%, independently
on the aspect ratio of the wall. Additionally, it should be noticed that the Australian standard
method does not consider any difference in the formulation between hollow (named cored in
the standard) and solid bricks. Comparing the experimental results of the hollow clay brick
masonry wall TUD_COMP-10 and the solid clay brick masonry wall TUD_COMP-26 a vari-
ation in lateral force capacity of 10% is found, which can be related to a slightly different as-
pect ratio of the wall and different value of flexural strength of masonry.

Additionally, it has to be pointed out that in this parametric study of the influence of the
flexural strength of the units and of the weight per unit volume of masonry is not addressed,
because no influence on the bending capacity is found for the analyzed cases.
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Figure 5: Influence of material and geometrical properties on the bending capacity of the wall by the Aus-
tralian standard formulation. (a) influence of the overburden o and masonry flexural strength f,, - first case,
(b) influence of the overburden o and masonry flexural strength f,, - second case, (c) influence of vertical
edge rotational restraint coefficient R; and (d) influence of unit size and wall aspect ratio Ly/Hg.

Figure 6 shows a comparison between the experimental results and the Australian standard
formulation by considering the case of partially clamped constraints (R=0.5, as considered by
Griffith [12]) and hinged constraints (R=0). The markers represent the experimental results,
while the curves show the analytical. Each curve is obtained using the material properties and
the overburden characteristic of each wall. Figure 6 shows that to obtain a good agreement
between experimental and analytical results, it is not effective to modify the vertical edges
rotational restrain coefficient as suggested by Griffith [12], but it is important to consider the
influence of overburden and to correctly estimate the experimental crack pattern. In fact,
comparing the walls G1 and G2, having the same boundary conditions, similar characteristics
but different overburden, a good agreement with the standard prediction is found considering
different values of R; Additionally, by comparing the two estimated curves for wall
TUD_COMP-11 with a low overburden, a value closer to the experimental one is obtained
independently on the vertical edge rotational restrain coefficient; only for this case the esti-
mated and experimental crack pattern are in agreement.

Concluding, the parameters that mostly influence the bending capacity of the wall within
the Australian standard are the vertical edges rotational restrain coefficient, the flexural
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strength of masonry, the aspect ratio and the wall thickness. While the latter two parameters
are easy to assess, the former two are not. Consequently, to better study the real influence of
these parameters as well as the influence of the parameters only marginally considered by the
standard, in particular the overburden, an experimental campaign investigating different
boundary conditions, wall geometry and masonry types is needed.
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Figure 6: Comparison between Australian standard formulation and experimental results considering (a)
vertical edges rotational restrain coefficient R=0.5 (b) vertical edges rotational restrain coefficient Ri=1.

6 SUMMARY AND CONCLUSIONS

Four full-scale unreinforced masonry (URM) walls were subjected to quasi-static out-of-
plane cyclic tests in order to investigate the two-way out-of-plane bending failure mechanism.
The walls, characterized by different materials, were tested applying the same overburden and
boundary conditions. The tests were performed using an airbag system and in displacement
control.

By observing the experimental results the following conclusions can be drawn:

An almost constant post-peak strength plateau was found. The agreement of post-peak
behavior with the one found by Griffith and Vaculik [12] suggests that the adopted
lateral boundary conditions well represents the restraint obtained by the presence of
return walls.

At the final stage, the typical two-way bending failure mechanism was observed. All
the tested walls were characterized by two main diagonal step-wise cracks developed
starting next to the corners and orientated towards the central part of the wall, an hori-
zontal crack along the bed joint at mid-height connecting the diagonal cracks and two
horizontal cracks formed at the first and last mortar bed joint.

By comparing the experimental and analytical results the following conclusions can be
drawn:

The formulation proposed by Eurocode 6 can be applied only to estimate the lateral
force at the onset of cracking, which is generally substantially lower than the lateral
force capacity obtained in the damaged (but stable) configuration. For the considered
cases, the formulation provides upper and lower bounds for the estimation of the lat-
eral capacity, because it considers only the condition of four clamped sides and the
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condition of four hinged sides. Moreover, in order to have reliable predictions a pre-
cise knowledge of both the flexural strengths of masonry is needed.

The formulation proposed by the Australian standard provides an underestimation in
the lateral force capacity between 17 and 56%. The best prediction was obtained when
the standard correctly predicts the crack pattern with the horizontal mid-height crack.
The incorrect crack pattern often predicted by the standard is due to the incorrect as-
sumption of diagonal cracks propagating exactly from the corners. Additionally, other
factors appear to play a role within the assessment of the lateral force capacity (e.g.
overburden). For this reason, a parametric study has been performed considering the
Australian standard formulation to highlight its current limitations.

The simplified macroblock approach proposed by Vaculik and Griffith, neglecting the
flexural strength of masonry, provides a larger underestimation of the lateral force ca-
pacity with respect to the Australian standard. The underestimation is between 54 and
63%. Due to the difficult evaluation of the flexural strength of masonry in existing
masonry buildings and due to the provision of instability displacement, the simplified
macroblock approach represents an interesting model to be used in engineer practice
for assessing the two-way bending failure mechanism but at the moment it provides an
underestimation of the same order of the one obtained by assuming a one-way vertical
spanning wall.

All the proposed formulations for two-way bending are designed for single wythe
walls and no formulation is available for multi wythe walls. Additionally, the Austral-
lan standard formulation and simplified macroblock approach are only available for
half-overlap masonry.

By analyzing the Australian standard formulation through a parametric study, the follow-
ing conclusions can be drawn:

The parameters that mostly influence the bending capacity of the wall are the vertical
edges rotational restrain coefficient, the flexural strength of masonry, the aspect ratio
and the wall thickness. On the contrary, variations of the flexural strength of unit and
of the weight per unit volume of masonry do not lead to variation in terms of capacity.
The bending capacity of the wall significantly increases with the increase of: flexural
strength of masonry, vertical edges rotational restrain coefficient and thickness of the
wall. The bending capacity of the wall significantly increases also with the decrease of
the aspect ratio of the wall.

The analytical model does not properly account for the influence of the overburden,
which experimentally is proven to be significant.

The Australian standard formulation does not consider any difference between hollow
(named cored in the standard) and solid brick. This is in agreement with the experi-
mental tests reported in this paper.

As highlighted by the interpretation of the experimental findings and the evaluation of
available analytical models, the formulation of an improved analytical model to capture the
two-way bending failure mechanism is needed. Nowadays, the most accurate formulation is
the one provided by the Australian standard. In order to improve the method and to extend it
also to multi wythe walls, additional formulations for the definition of the crack pattern and
an experimental campaign investigating different boundary conditions, wall geometry and
masonry types are needed.
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