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Abstract. The behavior and failure mechanism of a masonry wall subject to in-plane shear depends on several factors,
such as the wall geometry, the boundary conditions, the acting stresses, and the masonry mechanical parameters. The
objective of this research was the study of the in-plane shear behavior of full-scale masonry panels through an innovative
experimental setup, purposely designed to reproduce a double fixed boundary condition in order to induce a diagonal
cracking failure mode. Such a boundary condition was ensured by the presence of an upper horizontal rigid steel beam,
combined with the possibility of modulating the compressive load applied to the masonry panel, while increasing the
horizontal displacement. Nonlinear numerical simulations were carried out to analyze the capability of the experimental
setup of reproducing the desired loading and restraint conditions and to predict the shear behavior of a clay brick masonry
panel. A finite element model was realized, in which all the components of the experimental setup were included to
account for all possible failure modes, and the masonry panel was modelled according to a macro-modelling approach.
The results of the numerical predictions were compared with the results of a shear-compression test on a masonry panel,
which will be presented in the paper. The good agreement obtained between the numerical and the experimental results,
both in terms of load vs displacement curve and development of the cracking process, confirmed the suitability of the
setup in reproducing the assumed boundary conditions and shear failure mode.
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1 Introduction

A masonry pier subject to shear can fail according to a rocking, sliding or diagonal cracking failure mode, depending on
the element geometry, the acting tangential and normal stresses, the boundary conditions, and the masonry mechanical
parameters [1-3]. With reference to the typical boundary conditions of a masonry pier in an existing masonry building, the
following limit conditions can be considered: (i) clamped base and free rotation at the top (cantilever boundary condition);
(i1) doubly clamped condition with restrained rotation at the top (double fixed boundary condition). Factors mainly affect-
ing the occurrence of one of the cited conditions, or an intermediate condition between the two, are: the slab typology, the
quality of the connections between the structural elements, the presence of reinforced concrete curbs or ring beams, and
the presence of strong or weak spandrels. In this research, a particular focus will be devoted to the double fixed boundary
condition, which can be encountered, in the engineering practice, in existing buildings characterized by the presence of RC
curbs, guaranteeing a good connection between horizontal and vertical structural elements providing a box-like behavior,
and of spandrels able to provide an adequate coupling between the masonry piers [4,5].

With the objective of studying the shear behavior of masonry, several experimental setups were proposed in the literature
for the execution of in-plane shear tests on masonry panels [6,7]. The variability of these setups was mainly related to the
boundary conditions, the presence of a vertical load, and the way of application of the horizontal load to the samples,
highlighting the need to correctly design such systems to reproduce the desired shear failure. More specifically, the hori-
zontal force was usually applied to the masonry panel by means of a rigid steel beam, aimed at redistributing the shear
force over the entire cross section of the sample. In addition, a vertical compressive stress was applied to the masonry panel
to reduce the tensile stresses at the base of the masonry panel and, in some cases, a proper restraint was introduced to
prevent the rotation of the top cross section of the masonry panel, given by the application of the horizontal force. In this
way, it was possible to achieve the desired stress condition within the sample, and to obtain the correspondent failure mode
[8-10]. The differences observed between the adopted test setups highlight the need to focus on the proper design of such
systems and on the use of appropriate testing procedures to reproduce the desired shear behavior.

In the following, the design of an innovative experimental setup for the execution of in-plane shear tests on masonry
panels is presented, together with the numerical prediction and the experimental validation. The experimental setup aims
at reproducing a double fixed boundary condition. The elements characterizing its novelty are the possibility to modulate
the vertical load during the tests to reduce the rotation of the top cross section, the presence of a horizontal rigid steel beam



supported by rollers, providing a further constraint to the rotation, and the application of the shear load in correspondence
with the centerline of the masonry panel.

2 Innovative Experimental Setup

2.1  Description of the Experimental Setup

The innovative experimental setup was designed with the aim of conducting monotonic and cyclic coupled compression-
shear tests on full-scale masonry panels with a double fixed boundary condition to induce a diagonal cracking failure. The
maintenance of such boundary condition during the test is ensured by the special conformation of the setup, i.e., the pres-
ence of an upper horizontal rigid steel beam, combined with the modulation of the applied compressive load (N). In more
detail, the variation of the point of application of the compressive load as the imposed horizontal displacement (i.e. the
shear load) increases allows to limit the rotation of the top cross section of the masonry panel and to reproduce as closely
as possible the desired boundary condition.
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Fig. 1. Scheme of the experimental setup.

The scheme of the experimental setup is reported in Fig. 1 and it is composed by the following key elements:

e Vertical RC supports for the fastening of the sliding system: positioned on the sides of the testing sample, they are
realized with RC hollow elements, connected together and properly fixed to the laboratory strong floor. They constitute
the support system for the horizontal rigid steel beam and for the sliding system (i.e. rollers).

e Horizontal rigid steel beam: composed by a HEB 300 steel profile and installed on rollers, it represents the constraint
for the top cross section of the masonry sample. The horizontal beam is equipped with four cantilever elements, posi-
tioned at the extremities, for the connection with the sliding system, fixed to the vertical RC supports. The beam acts
as a rigid element also to provide an adequate redistribution of the vertical compressive load.

e System for the application of the horizontal displacement: it is composed by a horizontal hydraulic actuator (capacity
of 1000 kN), fixed to a rigid contrast wall. The horizontal displacement is applied at the top of the testing sample by
means of a forked steel element, fixed rigidly, on one side, to the hydraulic actuator and, on the other side, to the
centroid of the top RC curb through a thick steel pin. Local damages due to the pin-concrete contact are avoided by
the presence of a steel element casted within the RC curb to redistribute the stresses. Connections between the steel
elements are realized by precision machining to reduce backlash.

e  Two-point system for the imposition and modulation of the vertical load: the vertical load is applied to the masonry
panel by means of a closed system, in which two hydraulic jacks, having a capacity of 500 kN, are interposed between
the horizontal rigid steel beam and rigid steel elements connected to the foundation through DYWIDAG bars. This
system, composed by vertical rods, allows to maintain the compressive load constant within the expected range of
horizontal displacements during the test. The modulation of the compressive load is carried out by varying the pressure



of each hydraulic jack, that is by increasing the pressure in one jack and decreasing it in the other jack, depending on
the versus of applied horizontal displacement.

e Lateral stabilization system: it is constituted by two HEB 140 steel profiles, fixed rigidly to the vertical RC supports.
The profiles are equipped with rollers in contact with the testing sample preventing out-of-plane displacements while
allowing the horizontal sliding of the sample.

e Test sample: it is composed by the masonry panel, an upper RC curb and a base RC foundation. The RC foundation is
fixed to the strong floor with post-tensioned DYWIDAG bars, and it is equipped with four steel plates which allow
the connection of the vertical rods used for the application of the compressive load. The masonry panel has dimensions
of 2000x1500x250 mm? and it is built over the RC foundation. The top RC curb, casted over the masonry panel,
allows the diffusion of both the vertical load and the application of the horizontal displacement to the masonry panel.

2.2 Testing Procedure

The testing procedure involves three consequential phases (Fig. 2). In Phase 1, the vertical load (N) is symmetrically ap-
plied to the masonry panel. In this phase, the rigid steel beam is not connected to the sliding system and, therefore, to the
vertical RC supports in order to avoid load migration from the masonry panel to the vertical RC supports. In Phase 2, the
sliding system is activated. During Phase 3, the horizontal displacement is applied.

For small displacement level, the rotation of the top section of the masonry panel (and therefore the detachment of the
sample from the steel beam) is counteracted by the rigid steel beam, while for high displacement level, it is also necessary
to modulate the vertical load (N) by progressively increasing the vertical force acting on the side of the wall panel which
tends to uplift and by reducing the one on the opposite side, maintaining constant, at each step, the global vertical load (N).
Clearly, the maximum applicable variation of the vertical loads implies the maximization of the load, i.e., load equal to the
global one, on the side which tends to uplift, and the minimization of the load, i.e. null load, on the other side. The modu-
lation of the vertical load in function of the imposed horizontal displacement (load) level can be performed according to
specific laws, e.g., the ones used for the numerical prediction and experimental validation presented in the following.
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Fig. 2. Testing procedure: (a) Phase 1, (b) Phase 3.

3 Numerical Prediction and Experimental Validation

In this section, the capability of the experimental setup of reproducing the desired boundary conditions and the diagonal
shear failure of the masonry panel is studied from both the numerical and experimental point of view. In more detail, the
first cyclic shear-compression test was performed, and a numerical prediction was conducted in which a Finite Element
model of the experimental setup was realized, including most of the key elements described in Section 2.

Conditions under which both the numerical analysis and experimental tests were performed are the same, in terms of
vertical stress applied, horizontal displacement imposed in each loading cycle, modulation of the vertical load during the
test, and material properties. Specifically, the vertical stress applied was equal to 0.4 MPa. In Fig. 3, the cyclic loading
imposed in terms of horizontal displacement is reported (Fig. 3a), together with the variation of the vertical forces (Fig.
3b). In this graph, variations over time are presented for clarity since they are the one considered in the experimental test;
in the numerical model, they were adapted according to the different chosen load increments. The material properties, used
as input in the model, were determined through standard laboratory tests and they are reported in

Table 1. More detail about the mechanical characterization can be found in [11,12].
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Fig. 3. Testing procedure: (a) horizontal displacement vs time, (b) modulation of the vertical forces.

Table 1. Material properties.

Material Property Unit Value

Elastic modulus* MPa 30000
Concrete . , .

Poisson’s ratio* - 0.2

Elastic modulus* MPa 210000
Steel . s .

Poisson’s ratio* - 0.3

Elastic modulus MPa 3900
Masonry Poisson’s ratio - 0.23
(clay brick and lime- Tensile strength MPa 0.18
based mortar) Mode-I tensile fracture energy* N/mm 0.02

Compressive strength MPa 4.5

*Not determined through experimental testing.

3.1 Predictive Numerical Model

Numerical simulations were carried out using the software Diana FEA 10.6. A Finite Element model (Fig. 4) of the inno-
vative setup was realized by adopting quadratic plane stress elements for the testing sample (RC curb, RC foundation, and
masonry panel). The horizontal steel beam at the top of the sample was modeled with flat shell and plate bending elements
to reproduce the stiffeners as well. The RC foundation was clamped at the base and rollers support were modeled under
the horizontal steel beam according to the real position of the rollers within the experimental setup.

Both RC elements and the top steel beam were considered linear elastic. Considering a macro-modelling approach [13],
the masonry was modelled as a homogeneous and isotropic material. To reproduce a diagonal cracking failure mode of the
masonry panel, the rotating total strain crack model [ 14] was considered, with exponential softening in tension, the Thoren-
feldt model in compression [15] and the crack bandwidth defined by Rots [14]. Material properties used as input in the
numerical simulation are reported in

Table 1. Besides the ones obtained from experimental tests, the value of the first mode fracture energy was estimated
considering analytical formulations available in literature [16].

To reproduce the rocking behavior as well, nonlinear interface elements (no tension material) were included between
the masonry panel and the RC foundation (base), and between the RC curb and the steel beam (top). The normal and
tangential elastic stiffness parameters were set as 10° N/mm? and 1000 N/mm?, respectively.

Nonlinear phased analyses were carried out to reproduce the testing procedure described in Section 2.2. The regular
Newton-Raphson method was used to solve the nonlinear problem.



Fig. 4. Finite Element model.

In Fig. 5, the results in terms of in-plane principal stresses are reported with reference to the initial condition of the masonry
panel, i.e., after the application of the vertical load (expected average vertical stress equal to 0.4 MPa), and with reference
to the load cycle in which the first diagonal crack occurred, i.e., in correspondence with a positive displacement of 0.8 mm.
After the first cracking, the failure progressed and further cracks formed, as can be seen in Fig. 6, where horizontal strains
are presented for the last load cycles. In terms of vertical displacements (Fig. 7), it is possible to notice from Fig. 7b that
limited displacements were registered at the top of the panel during the analysis, determining small rotations of the top
cross section, as will be discussed in the following. The rocking failure was not activated, as confirmed by the negligible
relative normal displacements registered along the interface elements at the top and at the bottom of the test sample.

(@

Fig. 5. In-plane principal stresses on the masonry panel: (a) application of the vertical load, (b) first cracking (load cycle at a horizontal
displacement of 0.8 mm).
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Fig. 7. Vertical displacements: (a) after the application of the vertical load, (b) load cycle at a horizontal displacement of 5 mm.

3.2  Experimental Test

The experimental test setup for the shear-compression test is presented in Fig. 8, corresponding to the description reported
in Section 2.1. During the test, horizontal and vertical displacements were measured by means of Linear Variable Displace-
ment Transducers (LVDTs), while diagonal displacements were monitored with linear potentiometers. In more detail,
LVDTs were positioned to monitor the drift of the masonry panel and the relative displacements between the RC founda-
tion, the masonry wall, the RC curb and the steel beam. The disposition of the instruments during the test is schematically
reported in Fig. 9. On one side of the masonry panel (Fig. 9b), the Digital Image Correlation (DIC) technique was applied.

(b)

Fig. 8. Experimental setup of the shear-compression test.
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Fig. 9. Experimental setup: (a) instruments to measure horizontal displacements, (b) instruments to measure vertical and diagonal dis-
placements.

During the experimental test, the activation of a diagonal cracking failure mechanism was clearly detected, with the first inclined crack
appeared in correspondence with a horizontal displacement approximately equal to 2 mm. The failure mode of the masonry panel is
shown in Fig. 10. From the results reported in Fig. 11, it is worth noting that the base uplift was negligible in the first part of the test
and the same applies for the vertical displacements measured by the potentiometers. Non-negligible displacement values were observed
in the final part of the test due to the progressive damage of the panel. Similar observations can be made for the relative vertical dis-
placements between the RC curb and the steel beam; thus, the detachment was limited. These outcomes confirm that the flexural behavior
(rocking) of the panel was prevented, as well as a sliding shear behavior. Indeed, the horizontal relative displacements between the
masonry panel and the RC elements and between the RC curb and the horizontal steel beam were negligible.
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Fig. 11. Base uplift and vertical displacements.



3.3  Numerical vs Experimental Results

In this Section, a comparison between the main results obtained from the predictive numerical simulation and the experi-
mental test is presented. First of all, it should be mentioned that, in both cases, a diagonal cracking failure mode was
obtained, even if the first cracking developed in correspondence of two different values of the applied horizontal displace-
ment. In terms of force vs displacement diagram (Fig. 12a), it can be observed that the numerical curve is characterized by
a stiffer behavior, by a slightly higher maximum loads (in the positive and negative directions) and by a lower dissipative
capacity. This can be related to the specific features of the total strain crack model, which was found to be not capable of
properly reproducing the damage process occurring during shear failure.

In terms of force vs rotation (Fig. 12b), the experimental results were higher than the numerical ones for each load
cycle. However, by comparing these values with different predictive models (Fig. 13), it was observed that the experimental
behavior was in between the condition of a perfectly double fixed boundary condition, obtained imposing a very high
stiffness to the horizontal beam, and the cantilever scheme, obtained by removing the horizontal steel beam from the model.
A third comparison is also provided, in which the theoretical rotation of a cantilever beam, having the geometrical and
mechanical properties of the masonry wall, was determined cycle by cycle, considering the secant stiffness derived from
the experimental results.
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Fig. 13. Rotation of the top cross section: comparison between experimental results and predictive or theoretical models.

A comparison in terms of relative vertical displacements between the RC curb and the horizontal steel beam along the wall
length is presented in Fig. 14, where positive values indicate a detachment. Very limited differences were noticed between
experimental and numerical results for two drift values, confirming the observations previously made about the prevention
of a rocking failure mechanism.



Finally, a check about the migration of the applied vertical force (N) on the vertical RC supports was carried out. In the
numerical model, the force acting on the vertical RC supports during the analysis was estimated by considering the vertical
reactions given by the roller restrains. In the experimental tests, the shear on the horizontal beam, equivalent to the amount
of force migrating towards the RC supports, was derived by combining the deformations obtained in three different direc-
tions on the web of the beam, measured through three strain gauges, positioned on the web of the steel beam in the portions
between the test sample and the rollers. A limited migration of the vertical force, corresponding to a vertical stress variation
lower than 10%, was observed on both sides before the activation of the cracking process. This result was confirmed both
experimentally and numerically.
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Fig. 14. Relative displacements between RC curb and horizontal steel beam for two horizontal displacement values.

4 Conclusions

In the present work, an innovative experimental setup for the execution of shear-compression tests on masonry panels was
proposed. The system was designed to simulate a double fixed boundary condition, obtained by limiting the rotation of the
top cross section thanks to the possibility of modulating the vertical load during the tests and to the presence of a horizontal
rigid steel beam supported by rollers. Together with these aspects, the geometry of the test sample was chosen so to induce
a diagonal cracking failure mode in presence of a vertical stress compatible with stress values typically acting on existing
masonry walls.

Through a predictive nonlinear numerical simulation, it was confirmed the suitability of the setup in simulating the
desired boundary condition and the shear failure mode, avoiding flexural failure (rocking) and sliding failure. These results
were also confirmed by the outcomes of the first experimental test. In more detail, a similar cracking pattern, with diagonal
cracks, was obtained in both cases and, even if differences were detected in terms of force vs displacement curves, a quite
good agreement was obtained between the experimental and the numerical outcomes, especially considering the predictive
nature of the numerical simulations.
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