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ABSTRACT: Stone masonry walls are the most relevant structural element in the seismic response of a masonry
building. Once the out-of-plane mechanism are adequately prevented, the seismic response of a building depends

on the in-plane strength capacity of its walls. This paper presents a discussion on the in-plane behaviour of
masonry panels with different slenderness ratios and distinct levels of compression load, subjected to shear

loading, using advanced numerical simulations. The numerical study is based on an experimental campaign
performed at the University of Pavia on stone masonry piers. The calibrated models were also used to carry
out parametric analysis varying the geometric wall configuration and the pre-compression level. Distinct walls

subjected to different stress levels were assessed and the influence of these parameters on the in-plane behaviour

is discussed.

1 INTRODUCTION

Walls represent the main resisting structural element in
masonry buildings, ensuring resistance not only to ver-
tical loading but also to wind or seismic actions. The
in-plane behaviour of masonry walls is fully activated
when an effective overall building response is accom-
plished by preventing brittle out-of-plane failure with
appropriate connections.

When subjected to simultaneous in-plane compres-
sive and shear loading, masonry walls experiment two
typical types of behaviour that are associated to dif-
ferent failure modes: (i) rocking and toe crushing
(flexural); (ii) sliding and diagonal cracking (shear)
(Calderini et al. 2008; Moon 2004). However, some
authors (Magenes and Calvi 1997; Tomazevic¢ 1999;
Parisi 2010;) identify a total of three failure modes,
in which rocking and toe crushing are considered
together and named as flexural failure. Rocking occurs
when the wall begins to behave as a nearly rigid body
rotating about the toe (Figure 1a). Toe crushing fail-
ure is usually associated with a compressive failure
of masonry occurring at the toe of the pier (Figure
1b). The sliding failure is characterized by the wall
deformation by sliding along a horizontal bed joint
plane (Figure 1c) and in diagonal cracking the failure
occurs due to the formation of diagonal cracks that
usually develop in the centre of the wall and propagate
towards the corners (Figure 1d). Walls fail accord-
ing to the weakest failure mode and its occurrence
depends essentially on the wall’s geometry, boundary
conditions and compression level.

This paper presents a discussion on the behaviour
of masonry walls with different geometries and
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Figure 1. Typical failure mechanisms of masonry piers:
(a) toe crushing; (b) rocking; (c) sliding; (d) diagonal
cracking.

compression loading subjected to in-plane horizon-
tal loads using advanced numerical simulations. The
four walls under analysis were experimentally tested
at University of Pavia, Italy. The experimental pro-
gram included masonry piers with two slenderness
ratios subjected to two distinct levels of axial load.
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Figure 2. Wall specimens: (a) CS01; (b) CS02; (c) CTOI;
(d) CTO2.

A parametrical analysis considering additional geo-
metric configurations and compressive loads was also
carried out.

2 OUTLINE OF THE EXPERIMENTAL WORK

The experimental research work was carried out at
University of Pavia (Galasco et al. 2010; Magenes et
al. 2010). The masonry typology is a double-leaf wall
made of two vertical stone leaves. Information about
materials, construction characteristics and mechanic
properties of the masonry are reported elsewhere
(Magenes et al. 2010; Araujo 2014).

In-plane cyclic shear tests were carried out aiming
at reproducing the behaviour of masonry piers when
subjected to in-plane reversed cyclic load, represen-
tative of the seismic action. These tests included the
application of constant vertical forces and cyclic hor-
izontal displacements applied at the top of the wall.
Two geometric configurations were considered for two
compression levels, of 0.2 MPa and 0.5 MPa, respec-
tively. All specimens have a height of 2.5m and a
thickness of 0.32m. Two of them have 1.25m long
(slender piers CS01 and CS02) and other two have
2.5 m long (squat piers CT01 and CT02), see Figure 2.

Specimens were built on a 40 cm thick reinforced
concrete foundation fixed to the floor. The hydraulic

actuators applied the axial load to the specimen
through a steel loading beam connected to a reinforced
concrete beam directly cast on top of the specimen.
A third actuator was used to impose cyclic horizontal
displacements to the top of the piers. The test setup
imposed fixed restrain conditions to the piers at both
the bottom and the top, providing a double bending
configuration to specimens.

The maximum horizontal force reached by the spec-
imens was: 94 kN for CS01, 48 kN for CS02, 234 kN
for CTO1 and 154 kN for CT02. Experiments revealed
that piers CS01, CT01 and CT02 fail in shear by devel-
oping diagonal cracking. The slender specimen CS02
showed a combined flexural and shear failure.

The piers subjected to higher compressive loads
proved to have more capacity in terms of horizon-
tal load, when compared with the ones with the same
geometry but lower level of compression. Specimens
with lower levels of pre-compression exhibit more
displacement capacity.

3 NUMERICAL MODEL AND CALIBRATION

3.1 Numerical model adopted

The finite element method was adopted for carry-
ing out all numerical calculations (DIANA 9.4 2009).
The experimental setup was numerically simulated,
including the top concrete and metallic beams and the
reinforced concrete foundation. The numerical mod-
els were constructed using 2D plane stress elements.
A regular mesh discretization was developed using
eight-node quadrilateral isoparametric plane stress
elements.

Fixed-fixed conditions were assumed, namely
pinned supports at the base while the rotation at the
top metallic beam was prevented, as imposed by the
experimental apparatus. The vertical compression was
applied uniformly to the top of the steel beam and the
horizontal load was considered as monotonic and was
simulated by an explicit displacement.

A total strain rotating crack modeling was used
for the nonlinear analysis, with a parabolic behaviour
in compression and a softening behaviour in tension
for masonry. Masonry is described as a continuous
material and the parameters for the definition of the
masonry behaviour were defined in accordance with
experimental results, see Table 1. Here, £ is the elastic
modulus, y is the density, f. and G, are the compressive
strength and fracture energy, f; and G, are the tensile
strength and fracture energy, being the same for all
walls. Typical values for the elastic modulus, poison
coefficient and density were taken for the concrete
and metallic beams and linear behaviour is assumed
for these materials.

3.2 Model calibration

According to the constitutive model used, the numer-
ical lateral elastic stiffness of walls depends on the
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Table 1. Mechanical properties for masonry.

E Y Je G, fi G,

(N/mm?) (N/m?) (N/mm?) (N/mm) (N/mm?) (N/mm)

2550 19000 3.28 5.25 0.14 0.02

Table 2. Adopted elastic modulus for each wall.

E

(N/mm?) CSo01 CS02 CTo1 CTO02
1500 1100 1000 800

masonry elastic modulus, the geometric configu-
ration and the boundary conditions, but does not
depend on the applied compression stress level. This
implies that walls with the same geometric configu-
ration CS01/CS02 and CT01/CT02 exhibit identical
numerical lateral elastic stiffness. However, several
experimental studies on the in-plane behaviour of
masonry walls show that walls subjected to a greater
pre-compression level tend to exhibit a higher initial
stiffness (Magenes and Calvi 1992; Vasconcelos 2005;
Elmenshawi et al. 2010; Capozucca 2011; Silva 2012;
Petry and Beyer 2014).

Thus, the simulation of the experimentally
tested walls requires the consideration of the pre-
compression effect on the walls response. For that
purpose, an “equivalent” elastic modulus was cali-
brated in order to adequate the numerical stiffness with
the experimental one. Table 2 presents the adopted
elastic modulus for each wall. Further details are
provided in Araujo (2014).

3.3  Results

The numerical force-displacement curves are plotted
for each wall and compared with the corresponding
experimental envelopes, defined by plotting the enve-
lope in each direction and combining them into one
envelope.

The numerical response of the slender wall with
higher pre-compression level, CS01, reveals a very
good accordance with experiments in terms of initial
stiffness, maximum lateral resistance and post-peak
behaviour, see Figure 3a. The damage distribution pre-
sented in Figure 3b indicates a shear failure, which
is in agreement with the experimental failure mode.
The response of the slender wall with lower compres-
sion stress, CS02, shows good agreement with the
experimental envelope and predicts well the rocking
failure mode, although the maximum in-plane capac-
ity is slight overestimated, see Figure 4. The significant
decrease of resistance observed in the experimental
envelope could not be fully simulated. A possible
explanation may raise on the non-consideration of the
cyclic loading process. From the experimental point
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Figure 3. CSO1 wall: (a) force-displacement curve; (b)
maximum principal strains at post peak.

of view, the strength is dictated by flexural strength,
but it is not far from the force needed to generate diag-
onal cracking. Since the experimental test is cyclic, a
diagonal crack may have been possibly induced by the
repetition of cycles that do not reach the monotonic
diagonal cracking condition but stay close to it.

Figure 5a shows the in-plane behaviour of CTO01
wall, which is in agreement with experiments as the
maximum capacity is well estimated and the non-linear
behaviour follows the experimental curve. The dis-
continuity visible in the capacity curve of this wall
can be explained by the opening of the first numerical
crack followed by the subsequent stresses redistribu-
tion. The numerical results obtained for the squat wall
with lower compression level, CT02, proved that the
experimental in-plane behaviour is also numerically
well reproduced, see Figure 6a. Also, the shear failure
described in the experiments was observed numeri-
cally with the formation of diagonal cracks between
the top corner and the wall toe (Figure 5b and Figure
6b). A higher pre-compression load leads to greater in-
plane capacity, as verified experimentally, and minor
level of damage.
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Figure4. (CS02 wall: (a) force-displacement curve; (b) max-
imum principal strains at the post peak.

Based on the comparison between numerical and
experimental results (capacity curves and damage pat-
terns), it can be concluded that the numerical model is
able to reproduce the experimental in-plane behaviour
of the four masonry walls, namely the initial stiffness,
the load capacity and failure modes.

4 PARAMETRIC ANALYSIS

This section aims at exploiting the model and to further
clarify the interaction between the pre-compression
level and the wall slenderness ratio (4//) in the in-
plane response of the masonry walls under shear
loading. For this purpose, parametrical analysis con-
sidering an intermediate geometric relation (/4//) and a
pre-compression level were carried out though inter-
polation, see Table 3. Walls with 2.5m high and
1.875 m long, comprising an 4// ratio of around 1.33
(named as CM walls), were included in the numeri-
cal analysis and a pre-compression level of 0.35 MPa
was also studied. In total, the in-plane response of nine
masonry panels is numerically estimated.
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Figure 5. CTO01 wall: (a) force-displacement curve (b) max-
imum principal strains at post peak.

The parametric analyses were performed based on
the same assumptions made for the validated models.
The analysis results were grouped considering the pre-
compression level and the geometric configuration in
order to evaluate the influence of these parameters on
the response of the wall, see Figure 7 and Figure 8.

Figure 7 describes the influence of the geometri-
cal configuration in the wall behaviour, where it is
observed that larger height/length ratios led to lower
capacity of the wall, independently of the level of com-
pression stress. When the vertical compression was
kept constant and the walls geometry varied, an aver-
age increase in the lateral wall capacity of around 90%
was verified comparing walls of A// ratio equal to 2
with A/l equal to 1.33. A moderate enhancement of the
walls strength capacity near 30% was verified for walls
of h/l ratio equal to 2 when compared to the ratio 1.33.
These growths are not so pronounced for the 0.35 MPa
pre-compression level.

The contribution of the pre-compression level on the
wall behaviour is assessed by in Figure 8, where the
influence of the stress level is evaluated for a same geo-
metric configuration. It is clear that the lateral strength
is enhanced by increasing the level of pre-compression
on the wall, for all geometric configurations. The
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Figure 6. CTO02 wall: (a) force-displacement curve (b) max-
imum principal strains at post peak.

Table 3. Parametrical analysis (walls tested experimentally
are in in light grey).
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non-linear behaviour response of the walls is also influ-
enced by the level of pre-compression. Walls with
lower compression levels and greater height/length
relations (slender configurations) tend to exhibit a
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Figure 7. Force-displacement curves of the parametric
analyses: comparison according the compression level: (a)
0.5 MPa; (b) 0.35 MPa; (c) 0.2 MPa.

smooth evolution of the force-displacement curve,
typical of flexural behaviour. In what concerns the
maximum capacity, the results are very consistent and
close to the ones given by other experimental tests
results. It is observed that the vertical stress level
influences also the failure mode developed in the pier.

Figure 9 shows the maximum principal strains dis-
tribution of the walls from the parametric analysis in
which the transition from flexural behaviour to shear
behaviour is clear. From the results it is possible to
observe that the wall with slender configuration sub-
jected to a compression of 0.35 MPa (CS03 wall)
suffers a combined shear flexure failure. Similarly,
the wall with mean slenderness ratio subjected to low
compression (0.2 MPa), CM02 wall, present a damage
pattern typical of flexural behaviour including over-
turning of the wall and shear diagonal cracking in
the centre of the wall. Although the evident flexure
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Figure 8. Force-displacement curves of the parametric anal-

yses: comparison according the geometric configuration:
(a) W/l =1; (b) h/l =1.33; (c) h/l =2.

response experimented by this wall, the failure occurs
due to the diagonal cracking.

The walls with lower slenderness ratio configura-
tions combined with high levels of pre-compression,
besides achieving a higher in-plane capacity, are gov-
erned by shear behaviour. The crack patterned verified

a=0.5 MPa \
T—

o ={L.35 MPa

=02 MPa

Figure 9. Maximum principal strain distribution for the
parametrical analysis.

for the remaining walls was the development of diag-
onal cracks at the centre of the pier, as shown in
Figure 9.

5 FINAL CONSIDERATIONS

The understanding of the behaviour of masonry walls
under in-plane loading can be significantly improved
by numerical approaches, when properly applied. The
validation of the numerical models is a key issue to
gain confidence for the subsequent steps.

The in-plane behaviour of masonry walls tested
experimentally was done resorting to finite element
models. In order to calibrate the numerical mod-
els, the elastic modulus of masonry was updated for
adjustment of the walls’ stiffness to the experimental
behaviour.

Good agreement was found between the experimen-
tal force-displacement envelopes and the numerical
capacity curves. The observed failure modes of the
masonry walls were also well estimated numerically.

The study of masonry walls was extended to other
configurations and stress levels by taking advantage
of the validated numerical models. The results allowed
for the in-plane behaviour characterization of 5 more
walls. It was possible to confirm that flexure failure
was predominant in slender walls with low levels of
pre-compression.
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