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HIGHLIGHTS

e Numerical modelling of a masonry wall retrofitted using oriented strand board and anchor rods.
e The numerical model predicted the experimental data within a 10% deviation.

e The influence of the OSB thickness, position, and anchor rods spacing was studied.

e Anincrease in OSB thickness leads to higher efficacy of the proposed retrofit system.

e The study recommends 250 - 500mm spacing between anchor rods for better efficiency.

ABSTRACT

The computational prediction of the out-of-plane behaviour of unreinforced masonry walls is a challenge.
However, computational numerical models, if properly calibrated, may provide a powerful tool to predict the
behaviour of new retrofit techniques with negligible effort. This paper presents high accuracy Finite Element
(FE) modelling for the prediction of out-of-plane behaviour of masonry walls retrofitted with oriented strand
boards (OSB). This retrofit measure has been proposed by the authors for brick masonry walls and its efficiency
has been demonstrated through experimental studies on small-scale and larger-scale masonry specimens
(out-of-plane monotonic tests). The data gathered in the experimental phase has been used to calibrate
numerical FE-based models (i.e. non-retrofitted and retrofitted) presented in this paper. For this purpose, a
detailed micro-modelling strategy has been followed assuming a perfect bond between mortar joints and brick
units. The so-called Concrete Damage Plasticity (CDP) model has been adopted to describe the constitutive
relation of the masonry and the OSB timber panel. The connection between the masonry and OSB panel has
been modelled through elastic anchors. The numerical results show a good agreement with the experimental
data, in terms of observed damage pattern and capacity curve (within 10% difference). The calibrated
numerical model has been instrumental in developing a parametric analysis to study the effect of different
0SB thicknesses, the side of the application of retrofit, and the spacing between connections through anchor
rods. These revealed that the out-of-plane capacity of the system is directly proportional to the OSB thickness
and that the spacing between steel connectors should be lower than 500mm for an adequate response.
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1 INTRODUCTION

Masonry is one of the oldest construction materials, but it is also one of the more complex when assessing its
mechanical properties and its structural behaviour [1]. High uncertainty related to its mechanical behaviour
and the intrinsic heterogeneity due to the arrangement of masonry components turns the structural response
of such buildings a complex and hard to predict task [2], [3], and [4]. The main difficulty is typically attributed
to the presence of mortar joints that act as planes of weakness, hence creating non-linear discontinuities
within the composite material. Thus, the uncertainties related to the mechanical and geometrical properties
can strongly affect the analysis of masonry structures [5-7].

Owing to these difficulties and through a logical extension, the evaluation of the mechanical response of a
retrofitted masonry wall is also complex. Structural retrofitting is a process that aims to generally improve the
structural capacity and ductility of existing buildings [8]. In the case of URM walls, retrofits are used to offer
some structural capacity upgrade or structural damage control [9]. Some of the existing retrofit techniques
used in masonry walls include joint treatment such as repointing and grout injection; surface treatment such
as textile-reinforced mortars coating and reinforced plaster; and FRP wrapping (the reader is referred to [10]
and [11] for an extensive review of existing retrofit techniques). In this study, the application of oriented strand
board (OSB) type 3 panel to retrofit URM walls is proposed [12]. OSB type 3 is a load bearing engineered wood-
based panel for use in humid conditions. OSB is regarded as a promising wood-based structural panel due to
its superior strength, stiffness, workability, and competitive pricing [13]. The main advantages of timber-based
retrofit solutions are related to low cost and sustainability. Few experimental studies such as [14], [15], and
[16] investigated the application of timber panels as a strengthening system for existing masonry buildings.
Since the mode-I type of failure (i.e. tensile failure associated with stresses acting normal to joints and leading
to the separation of the interface) is the most common in masonry structures [17], out-of-plane tests are
typically considered to study the effectiveness of a retrofit technique against flexural failure of masonry walls
[18], [19], [20], [21] and [22].

However, experimental tests may be expensive and time-consuming. In such a context, computational
numerical analyses are useful and convenient to provide an efficient alternative to full-scale testing of out-of-
plane strength of retrofitted masonry walls. Computational numerical models, if properly calibrated can
predict the behaviour of masonry walls subjected to a given applied load. These may be based on different
theories, such as the finite element method (FEM), discrete/distinct element methods (DEM), or particle flow
code (PFC), among others [23], [24], and [25]. FEM-based models are the most widely used for the case of
masonry structures and within different modelling strategies i.e. (i) detailed micro-modelling strategy, (ii)
simplified micro-modelling strategy, and (iii) macro-modelling strategy [2], [26], [27], [28] and [29].

The detailed micro-modelling strategy represents the masonry arrangement without any simplification over
its geometrical configuration. Hence, masonry units and mortar joints are represented by continuum FEs
(finite elements) while the unit-mortar interface can be represented by interface FEs [23] or, in the limit, being
disregarded if a perfect bond is assumed. Although this assumption may provide the most accurate results, it
also requires an intensive computational time due to the detailed level of refinement (see [7] and [30]). In the
simplified micro-modelling strategy, masonry units are represented as fictitious expanded units, and through
continuum FEs; the size of units is given by their original dimensions plus the real thickness of mortar joints.
Therefore, mortar joints are modelled as zero-thickness interface FEs. This simplification leads to the reduction
of the computational effort and yields a model that applies to a wider range of structures. On the other hand,
macro-modelling is a strategy oriented for structural level analysis, whereas masonry is modelled as one phase
material by smearing out masonry units, mortar, and unit-mortar interface in an equivalent homogeneous



material. This method has been previously adopted by [31], [32], [33] and [34]. The macro-modelling
procedure is preferred for analysis of large-scale structures but may neglect some failure modes given by local
damage (high stress-gradients).

The choice over the type of modelling depends on the amount (and quality) of the material information
available and the level of accuracy and simplicity desired ([9], [35]). Macro-modelling is the most practical-
oriented FE strategy since it requires lower computational times and memory allocation. It also allows a faster
pre-processing stage since it is easier to model and mesh the structural component or structure [23]. This type
of modelling is valuable when a compromise between accuracy and efficiency is needed. On the other hand,
micro-models produce the most accurate results but are computationally intensive due to the required precise
level of refinement. A convenient guideline aiming to ease the selection of the indicated FE modelling type in
the case of historical masonry structures is given in [24].

In this study, a detailed micro-modelling strategy with the unit-joint interface precluded is adopted, meaning
that a perfect bond (merged interface nodes) is assumed. Such a decision is supported by experimental data
at disposal [24]. The experimental tests analysed correspond to a flexural bond strength test on a
665 X 215 x 102.5 mm3 masonry prism [36] and an out-of-plane loading testona 1115 x 1115 X 215 mm?3
masonry wall [37]. A brief overview of the experimental works carried out at the George Earle Lab at the
University of Leeds is provided in section 2. Thus, an FE model has been developed and calibrated considering
the previous experimental campaigns reported in [36] and [37]. The main objective of this paper is to develop
a calibrated ad-hoc numerical model that can further enrich, through a parametric analysis, the data collected
from the experimental campaign and provide relevant conclusions for the application of the retrofit solution.
The numerical calibration includes nonlinear three-dimensional analysis and details the mechanical response
of the masonry experiments in terms of obtained damage, failure pattern, and capacity curves for both the
non-retrofitted and retrofitted cases. Section 3 presents in detail the numerical study including the model
development, validation, and type of analysis performed. Section 4 provides a comparison and discussion
between the numerical and experimental results. The calibrated numerical model is then employed to
evaluate the performance of the proposed OSB retrofit techniques for the case of masonry walls with different
panels and connection configurations; allowing to explore the fundamental advantage of numerical models.
In this regard, a parametric analysis is performed to assess the model capability to simulate URM walls
retrofitted with different OSB panel thickness, different spacings between connections, and different positions
for the retrofit application (Section 5). Remarks and recommendations for future studies are given in section
6.

2  EXPERIMENTAL CASE STUDY

The experimental case study comprises a masonry prism (MP) specimen tested for flexural bond strength [36]
and a masonry wall specimen tested under out-of-plane loading [37]. The experimental tests were grouped as
small-scale and larger-scale tests, respectively, and such designations are adopted hereafter. The studied
masonry follows an English-bond arrangement, which is the oldest and more popular form of brick bond in
the United Kingdom [38]. For such exploratory work, a monotonic loading was assumed, as it is simpler to
implement in the laboratory when compared to a cyclic one. Furthermore, even if related to other retrofitting
techniques, some studies [39], [40] proved that monotonic tests provide representative information and are
good indicators of seismic behaviour. For instance, [39] concluded that these are appropriate to study the
seismic resistance of masonry walls retrofitted with fibre-reinforced polymers, as similar failure modes and
strength values were found with those obtained from cyclic loading. Similar conclusions was observed by [40],



as cyclic loading was found to have a minimal effect on the flexural strength of masonry walls retrofitted with
near-surface-mounted carbon fibre polymer.

2.1 Small-scale tests

Small-scale tests on 215 x 102.5 X 665 mm? masonry prisms (MP) were constructed. Brick units have
dimensions of 215 X 102.5 X 65 mm3 and mortar joints of 10 mm thickness. For the retrofitted MP, an 18mm
thick OSB board was connected using @8 mm/L50 mm (diameter/length) threaded anchor rods together with
injection mortar [36]. The out-of-plane capacity of the MPs for vertical bending was obtained from four-point
bending tests ([41], [42]), as given in Figure 1. At the bottom, a roller support was placed to allow it to freely
rotate around its base while deflecting out-of-plane. Therefore, although the masonry prism is vertically
placed, the tests were conducted under simply supported boundary conditions and without a vertical pre-
compression load.

The purpose of this test was to gather data on the flexural strength of plain MP and retrofitted MP (with 18mm
thick OSB timber panel) and, therefore, to provide an insight into the effectiveness of the OSB panel in terms
of the flexural behaviour improvement. A total of four linear variable displacement transducers (LVDTs) were
placed to record the deflections of the test specimen along the centre, mid-top and bottom of the wall. The
test was conducted in load control, in which the loading scheme was such that an initial load of 200N
increments at every two minutes up to the occurrence of first cracks was applied. Thereafter, there was a
continuous loading increment up to the cracking of the MP specimens. The reader is referred to [36] for further

details.
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Figure 1. The (a) setup for the small-scale masonry prisms (MPs), and (b) presentation of a retrofitted (with
an OSB panel) MP.

2.2 Larger-scale tests

Larger-scale tests were performed on walls (1115 X 1115 X 215mm3) with single and double wythes. Mortar
joints have a 10mm thickness. The larger-scale test involved performing out-of-plane load control tests on six
masonry wall specimens including plain walls, single-sided retrofitted samples, and double-sided retrofitted
samples (see Figure 2b-d). A brief discussion of the large-scale experimental setup is presented as follows.
Again, the reader is referred to [37] for a detailed discussion of the larger-scale experimental works.

The general test setup (see Figure 2a) was designed to replicate a four-point loading test arrangement aiming
at the assessment of the out-of-plane behaviour of the masonry wall. Each wall specimen was tested by



applying an out-of-plane monotonic load, as it has been studied by other studies when assessing the efficiency
of a retrofit technique [20] and [21]. The specimens were tested with simply supported boundary conditions
and with vertical pre-compression stress on top of the walls of 0.05 MPa, as presented in Figure 2a.

The simply supported boundary condition of the specimen was achieved by supporting the back of the wall
across the middle of the top and bottom course with backing steel frames. The backing frames were connected
to an existing stanchion as a reaction frame at the top and bottom of the wall. A 25mm diameter roller was
placed between the back face of the wall and the supporting steel plate on the reaction frames to provide for
smooth distribution of load action across the length of the wall and avoid point contact. Once the setup was
completed, a 50mm diameter roller was inserted under the specimen. This allowed the wall to freely rotate
around its base while deflecting out-of-plane and preventing any restrained end condition.
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Figure 2. Description of the larger-scale masonry walls tested.

3  NUMERICAL FE-BASED PROCEDURE

A numerical analysis based on the Finite Element Method was performed aiming to extend the experimental
works and, therefore, to give further insights on the evaluation of the proposed timber-based retrofit
efficiency for URM walls. The commercial software Abaqus/CAE [43] was adopted for the numerical analyses.



The performed study was articulated in two main stages, in analogy with the experimental campaign
presented in section 2. It is important to address that material characterization tests, through masonry
compression tests on masonry cubic specimens (215 X 215 X 215 mm?3) together with numerical analyses,
were conducted and given in [44] and [45]. The main outcome of such studies was to derive paramount
information on the material properties to be used herein. Specifically, the density, the Poisson ratio, Young’s
modulus, and the compressive strength values for both the masonry components (brick units and mortar
joints). These materials properties were used herein for the two main stages of the numerical study, being the
spatial variability disregarded.

The first stage of the analysis includes the numerical simulation of the flexural bond strength test of the small-
scale MPs (665 X 215 x 102.5 mm?3). Here, the numerical FE model is needed to capture the reported damage
and failure patterns. This stage was done in two steps; (i) validation of the plain MP using the calibrated
properties (of the first stage) for brick units and mortar joints; and (ii) calibration of the retrofitted MPs. For
the latter, the properties of the OSB panel and the associated connections were calibrated, and details are
given in section 3.1.2.

The second stage of the analysis involves the numerical simulation of the out-of-plane loading test on the
larger-scale masonry wall (1115 X 1115 x 215 mm3). The numerical analysis of this larger-scale masonry wall
follows the small-scale model, and both the non-retrofitted and retrofitted models are considered. Finally, a
parametric analysis was carried out to assess the model capability to simulate URM walls retrofitted with OSB
panels with different thicknesses, different sides for the application, and different connection layouts.

3.1 Modelling description

Two different models were developed for the plain and retrofitted small-scale masonry prisms and were
designated, respectively, as MPOO-NM and MPOSB-NM. Such terminology follows the one given in the
experimental campaign, i.e., MPOO for plain MP and MPOSB for OSB retrofitted MP. Note that NM at the end
refers to ‘numerical model’. In the same vein, three different models were created for the larger-scale masonry
wall, namely, for the plain wall (PW1115-NM), one side retrofitted masonry wall (1SRW1115-NM), and two
sides retrofitted masonry wall (2SRW1115-NM). A detailed micro-modelling strategy was followed, in which
the unit-joint interface was precluded and, therefore, a perfect bond was assumed. Hence the mesh nodes of
the interface were merged. Such a decision is supported by data at disposal concerning the experimental tests
performed by the authors [36], [37] and especially well posed for weak mortar masonries [46], as damage
tends to be governed by mortar joints, as it is the one being investigated. Solid FEs were used for the modelling
of both non-retrofitted and retrofitted masonry models.

3.1.1 Non-retrofitted masonry models

The plain masonry prism (MP00-NM) and plain wall (PW1115-NM) models comprise three components: brick
units, mortar joints, and steel plates for loading and support application. Each of these components was
modelled as a separate part and assembled as shown in Figure 3. Brick units and mortar joints were modelled
as deformable 8-node linear brick FEs (C3D8R) with reduced integration and hourglass control for improved
convergence. Steel plate elements for the application of the loading and support conditions were modelled
using three-dimensional rigid elements, hence discretized (R3D4) to represent a part that is stiffer than the
masonry prism to the point that the deformation is negligible.



3.1.2 Retrofitted masonry models

The numerical models for the retrofitted MP (MPOSB-NM) and the wall (1SRW1115-NM and 2SRW1115-NM)
were developed with the addition of two new parts to the plain models. The two additional parts, which are
the OSB timber panel, and the anchor rod were modelled as three-dimensional deformable parts and meshed
with a hexahedral 8-node linear brick (C3D8R) (see Figure 4). To replicate the retrofit application in the model,
the brick unit and OSB timber panel were cut out in the locations where the anchor rods of @8mm/L50mm
(diameter/length) were used in the experiment [36]. The cut out in the masonry wall and OSB timber panel
indicates the anchor rod holes, which allows the model to capture the interaction between the perimeter of
the anchor rods and the holes. This represents a rigorous model, with a high level of detail, that should allow
achieving accurate results.

Brick unit
(element type: C3D8R)

Steel plate
(element type: R3D4)

Brick units 1]
Mortar joints |:|
Steel plate -

Mortar joints
(element type: C3D8R)

Figure 3. Schematic representation of the non-retrofitted numerical model for the masonry prisms (MP).
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7

Figure 4. Schematic representation of the retrofitted numerical model: (a) anchor rod; (b) OSB timber; (c)
masonry prism (MP) model; and (d) steel plate.
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At last, although not presented here, the influence of the FE mesh size was investigated [44], [45]. A general
well-structured and refined mesh size of 10mm was assumed for the solid FEs. It was found to give accurate
results and to avoid convergence issues. The latter mesh size was generally attributed for the modelling of
brick units, mortar joints, OSB panel, and steel plates. It should be pointed out, however, that a more refined



FE discretization was used in several regions of the model. For instance, an approximate mesh size of 5mm
was adopted for mortar bed joints and a mesh size of 3mm was adopted for brick units in the vicinity of anchor
holes. Here, the FE mesh size is especially important to cope with convergence issues. Therefore, the edges of
the anchors were also seeded to fulfil the same number of elements around the holes within brick units (i.e.
number of element sizing control mesh).

3.2 Interaction and constraint conditions

The numerical model requires interactions and constraint conditions to be implemented that may properly
represent the contact relationship between each component of the model: (i) connection between brick units
and mortar joints; (ii) connection between brick units and steel plates; (iii) the connection between the steel
plates and the OSB panel (for the retrofitted model only); and the (iv) connection between the anchor rods
and brick units (for the retrofitted model only). A perfect bond or connection between the brick units’
continuum FEs and the mortar joints’ FE was assumed, as shown in Figure 5a. Hence the brick-mortar bond
interface has not been explicitly represented and the nodes were merged. To what concerns steel plate
connections, as given in Figure 5b, the front face surface of the steel plate was tied to the outer surface of
brick units using tie constraints. A similar constraint was adopted for the modelling of the connection between
the steel plates that serve as support and the masonry connection (see Figure 5c). The use of tie constraints
ensures that slip occurrence between steel plates and correspondent brick units is precluded during the
analysis.

In the retrofitted model, the back-steel plates were tied to the back of the OSB panel (Figure 5d). Frictional
and a normal hard contact were assumed, meaning that no penetration occurs between the OSB timber and
MP model, as shown in Figure 5e. In this interaction, the friction coefficient was taken as 0.5, which
corresponds to a typical coefficient of friction given between timber and brick surfaces [47]. The connection
between anchor rods and brick units, within the anchorage holes, was defined by a surface-to-surface contact
method (Figure 5f). Normal and cohesive behaviours were characterized. In the former, a default contact
enforcement was defined, meaning that the software sets the penalty stiffness to be ten times higher than
the representative underlying element stiffness. In the latter, the cohesive behaviour was also defined through
default traction-separation relationships given in ABAQUS. Although it is sometimes important to evaluate the
response of such interfaces [48], convergence issues related to non-physical responses were not found, at
least for the present application. The final assemblage of both the plain and retrofitted models is given in
Figure 6.
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Figure 6. Numerical FE model for both the non-strengthened and strengthened masonry prisms.



3.3 Boundary conditions and loading

Boundary conditions have a critical role in the response of masonry walls under out-of-plane loading (as
addressed in [35] and [49]). As such, the numerical models were constrained following the reference
experimental tests that serve as calibration, see Figure 1a and Figure 2a. Masonry prisms (MP) were modelled
as being simply supported in the centre of the attached steel plates (Figure 7a). The loading on the small-scale
MP models includes the self-weight and a unitary out-of-plane surface load placed at the steel loading plates,
as indicated in Figure 7b. Again, such loading and support arrangement tries to replicate the four-point
bending test carried out in the laboratory [36]. Also, Figure 8 shows the general arrangement, the boundary
conditions, and the applied load of the larger-scale masonry wall models. Note that only half of the four-point
loading test arrangement was modelled due to symmetry conditions. For this reason, symmetric boundary
conditions were defined, i.e., fixed translation in z-axis and rotations around the x- and y-axes (see Figure 8).
It is also important to remark that the roller supports applied at the bottom face of the masonry walls are
especially important from an experimental standpoint, i.e., to possibly simply supported conditions for the
wall, hence disregarded in the numerical models.

Thereafter, the full behaviour of masonry prism and wall model under a continuous increase of load in the
form of load-displacement was obtained using the static RIKS method, commonly referred to as the arc-length
control method. The quasi-static numerical analyses were conducted through load control alike to the test
condition. In the analysis, the load is proportionally applied in several load steps. The equilibrium iteration is
performed at each load increment, and the equilibrium path is tracked in the load-displacement space. This
method is a robust method for nonlinear analysis, and it can embed the material damage property in the
model. After performing the analysis, the damage pattern of the developed numerical model in terms of
compressive damage (DAMAGEC) and tensile damage (DAMAGET) were also obtained from the model.
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Figure 8. Numerical FE model for the study of the masonry walls (1SRW1115-NM is shown as an example).

3.4 Mechanical properties for model components

Material nonlinearity was considered for both the masonry components and the OSB panel through the so-
called concrete damage plasticity (CDP) model (available in ABAQUS [43]). A non-linear behaviour was
simulated for both the tension and compression regimes. An exponential softening was provided for the
tension response. In compression, a hardening branch was assumed to be the post-peak response described
by a parabolic softening law. These curves are represented in Figure 9 together with the corresponding
parameters required as input. Note that the input for the CDP model in ABAQUS needs to be regularized
aiming to guarantee mesh objectivity of the results. Therefore, the fracture energy of the curves was
normalized by the mesh characteristic length h. Since the mesh is a structured one with solid FEs (see section
3.1) with an approximate mesh size of 10mm, the value of h was 10mm. The only exception is the bed mortar
joints, in which h=5mm, and the vicinity of anchor walls in which h=3mm [43,50,51].

A scalar-based damage model, coupled with the CDP plasticity model, was assumed to describe damage due
to cracking (tension) and crushing (compression). The CDP model assumes a non-associated flow rule given as
a Drucker-Prager hyperbolic function and requires the definition of several physically based parameters. In
this regard, it was assumed: a dilation angle of ¥ = 34 degrees; an eccentricity parameter e = 0.1; a ratio
between the bidirectional and unidirectional compressive strengths of masonry of f,0/f.o = 1.16; a stress
ratio in the tensile meridian of k = 0.67; and a value for the viscosity parameter of 10°. These values have
been used for both the masonry components and OSB timber panel.

fe
a

: € peak g

(a) tension (b) compression
Figure 9. Assumed material nonlinear behaviour for brick units, mortar joints, and OSB panel (in which h is
the mesh characteristic length).
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Experimental data allowed to obtain information for both masonry components and on its elastic properties,
such as Young’s modulus, but also its inelastic parameters, such as the compressive strength values [44,45].
Literature recommendations were followed to determine fracture energy values. Brick units’ compressive
fracture energy (Gs¢ ) was defined from the recommendation given in [26]; which take into account the
Model Code 90 [52]. Therefore, since brick units have a compressive strength higher than 80N/mm?, an
average ductility index in compression of d,, . = 0.33mm was used. This index is the ratio between the
strength and fracture energy and allowed to find a Gs, = 29.01 N/mm. A value within the same order of
range is obtained if one uses the expression proposed in [53]. Following the same procedure, the ductility
index in tension was defined to be d, ; = 0.018 mm [23][26], which allowed obtaining a tension fracture
energy for the brick of G¢; ,, = 0.11 N/mm. Although the compressive strength of mortar joints was obtained
from experiments [44,45], its compressive fracture energy (G ;) was found through calibration considering
the experimental data of the non-strengthened small-scale test of the masonry prisms (plain model MPOO-
NM). The corresponding fracture energy in tension has been defined using ductility index in tension of d,, , =
0.065 mm [26] to give Gy, = 0.02 N/mm. These values is within the acceptable range and allows by passing
numerical convergence issues.

To what concerns the OSB panel, its elastic properties were obtained from manufacturer specifications [54]
and its compressive strength from the literature [13]. Stress and strain constitutive relations follow the same
laws given in Figure 9 [13], being the fracture energy terms and the tensile strength calibrated. This calibration
was conducted considering the experimental load-displacement envelope from the four-point bending test on
the strengthened MPs (MPOSB-NM). It is important to address that this step was processed after the material
input for both the masonry components was known through the calibration with the data from the plain model
MPOO-NM. The adopted material properties are given in Table 1. A linear elastic material was assumed for the
anchor connectors since the observed experimental failure of the small-scale tests (used for the calibration)
occurred on the masonry or OSB timber panel.

Table 1. Material properties adopted for the study.

Young Compressive  Compressive  Tensile Tensile
Mass .
Model density (1) modulus  Poisson strength fracture strength fracture
component K /n\:3 4 (E) ratio (u) (fo) energy (Gr) (o) energy (Gg)
g N/mm? N/mm? N/mm N/mm? N/mm
Brick unit 2200 32470 0.26 87.91 29.01 5.93 0.11
'\?;’irr:?r 2170 19850 0.20 7.10 1.90 0.23 0.02
OSB panel 650.0 3500 0.24 6.60 0.86 1.85 0.32
Anchors 7850 210000 0.30 Assumed to be linear elastic

4  RESULTS AND DISCUSSION
4.1 Small-scale case study: masonry prism (MP)
4.1.1 Non-retrofitted masonry prism

The comparison between the numerical and experimental results is given here for the non-retrofitted masonry
prism. Figure 10b shows that failure occurred in bed joints within the inner bearing (i.e., loading span) of the
specimen. In the actual test, the total failure occurred in one bed joint since it constitutes the weakest mortar
joint (Figure 10a). Yet, the numerical model exhibited a failure in two symmetrical bed joints (Figure 10b). This
is expected as spatial variability of properties explained by the intrinsic material variability, differences during
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the construction and geometry of blocks, etc. were disregarded in the numerical model. Although, failure
occurs at the same instant for both mortar joints within the inner bearing, but the amount of damage is
maximum in the upper bed joint as shown in Figure 10b. A bifurcation is found with a symmetric and an
asymmetric solution when the self-weight of the model is ignored in the analysis. Furthermore, Figure 10c
indicates that damage in compression due to brick units crushing is inexistent. These observations are in good
agreement with the ones observed in the experimental failure patterns with the mortar joint failed in tension.

DAMAGET DAMAGEC
(Avg: 75%) (Avg: 75%)

- - - +0.000e+00
10.079%01 +0.0006+00
+8.250e-01 +0.000e+00
+7.42 5a-01 +0.000e+00
+6.600e-01 +0.000e+00
+5.775e-01 +0.000e+00
+4.950e-01 +0.000e+00
+4.125e-01 +0.000e+00
+3.300e-01 +0.000e+00
+2.475e-01 +0.000e+00
+1.650e-01 +0.000e+00
+8.250e-02 +0.000e+00
+0.000e+00 - 4+0.000e+00

(a) observed experimental (b) numerical damage in tension (c) numerical damage in compression
failure
Figure 10. Non-retrofitted masonry prism.

Figure 11 presents the numerical and experimental load-displacement curves for plain MP. The comparison
shows that the numerical model predicts well the behaviour of the two specimens. The peak load occurs for
negligible levels of displacement associated with high stiffness values of the composite as observed during the
test. The softening branch of the curve is also in good agreement with the experimental data, being the
numerical model able to capture the experimental curves. The peak load, corresponding displacement at
failure, and the toughness (i.e., the area under the load-displacement curve which defines the energy
absorbed) of the specimens were predicted within less than 5% difference with the average experimental
results (see Table 2).

Table 2. Comparison of model and test average results for non-retrofitted masonry prism.

Test average Model Relative difference (%)
Peak Load (N) 2860 2800 2.1
Displacement at Peak Load (mm) 0.058 0.055 5.0
Toughness (N.mm) 1050 1040 1.0
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Figure 11. Comparison between the experimental and numerical load-displacement curves.

4.1.2 Retrofitted masonry prism

The quasi-static analysis performed on the retrofitted masonry prism, designated as MPOSB-NM, shows that
the failure started in the bed joint within the inner bearing before propagating to the OSB timber. This failure
pattern is like the one observed during the experimental tests. The failure plot in tension (DAMAGET) for a
load of 5340N, which corresponds to the average load where one of the joints has failed during testing, is
presented in Figure 12a. Figure 12a demonstrates that mortar joints located at the central band have failed.
Still, the OSB panel shows no evidence of damage nearby the central region of the beam; at least for this level
of deformation (around 1.42 mm). The numerical model indicates that the application of the OSB timber panel
at the back of the MP significantly increased the capacity for out-of-plane loading. The obtained numerical
damage compared with the experimental one in Figure 12c proves that the calibration has been performed
successfully for the retrofitted case as well since the damage pattern corresponds to one found in all three
tested specimens.

Furthermore, load vs out-of-plane displacement for the model was plotted and compared to the envelope of
experimental results for six different specimens in Figure 13. A similar numerical load-displacement profile
was obtained for the model. The curve shows the behaviour of the specimen at the initial elastic phase where
the OSB and the masonry are bonded together before the crack was initiated at an average load of 3640N for
the tested specimen and 3840N (5% variation) for the numerical model. This phase is then followed by the
complete failure of the joint in the masonry prism at an average load of 7980N and 8360N (4% variation) for
the tested and numerical specimen, respectively. The final phase of the curve i.e., after the applied load is
more than 8360N presents a region where the masonry part has failed and the OSB is taking the load up to
the failure of the OSB. The toughness at different phases, maximum load, and corresponding displacement
are within less than 5% of the average test results (Table 3).
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Figure 12. Retrofitted masonry prism: numerical damage in tension (DAMAGET) for a displacement of
1.42mm and 19.3mm and comparison with the observed experimental failure.
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Figure 13. Experimental and numerical load-displacement curves for the retrofitted MP.

Table 3. Comparison of model and test average results for retrofitted masonry prism.

Test average Model Relative difference (%)
Peak Load (N) 21100 22100 4.5
Displacement at Peak Load (mm) 18.7 19.4 3.6
Toughness (N.mm) 257000 271000 5.0
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4.2 Larger-scale case study: masonry wall (MW)

4.2.1 Non-retrofitted masonry wall

The numerical results found for the plain wall show again a good agreement with the experimental data both
in terms of capacity and damage (Figure 14 and Figure 15). Figure 14 shows the obtained numerical damage
together with the expected failure mode. The comparison indicates that failure surfaces due to vertical
bending appeared in two-bed joints (ultimately a single crack at the top part of the specimen, given the
variation of normal stress due to the self-weight of the wall). Failure in the test specimen (Figure 14a) crossed
the perpendicular joint due to a weaker zone, due to the spatial variability of material properties of joints.
Such variability was disregarded in the numerical model and, therefore, damage in tension is maximum in one
bed joint only (one failure surface) and is coherent with the experimental failure position.

DAMAGET
{Avg: 75%)
- +9.900e-01

+7.42 5e-01
+6.600e-01
+5.77 5e-01
+4.950e-01
- +4.12 5e-01
+3.300e-01
et +2 .47 5a-01

g +1.650e-01
+8.250e-02
+0.000e+00

2

(a) experimental failure (b) numerical damage in tension (maximum displacement)
Figure 14. Non-retrofitted masonry wall.

The load-displacement curves obtained from both the experimental test and numerical analysis are given in
Figure 15. The toughness, load capacity and corresponding displacement at peak load found are within a
margin of 4% concerning the average experimental results (Table 4). Although a variation in the test exists in
the out-of-plane displacement for a load higher than 24000N (Figure 15), with a sharp reduction of stiffness,
this may be explained by the movement of the wall during the testing at the onset of cracking. This behaviour
is attributed to the difficulty in the stability of the specimen during the experiment when the walls begin to
damage. It was noted that it is due to the specific test arrangements where the specimen wall was placed on
a cylindrical roller to prevent the arching effect. The axis of the roller was placed parallel to the face of the
specimen to allow it to freely rotate around its base while deflecting out-of-plane and prevent restrained end
conditions. However, since the numerical model assumed a perfect arrangement, the response is not captured
and will be ignored. This behaviour was noticed and reported during the experimental campaign (see [12],
[20], and [22]). Again, it is worth noticing that observations about the post-peak behaviour cannot be made
during the tests because the loading was stopped after the failure of specimens. This was to avoid the total
collapse of the walls and damage to the instruments.
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Figure 15. Experimental and numerical load-displacement curves for the plain masonry wall.

Table 4. Comparison of model and test average results (PW).

Test average Model Relative difference (%)
Peak Load (N) 39000 40200 3.0
Displacement at Peak Load (mm) 1.50 1.45 3.4
Toughness (N.mm) 54800 56000 2.1

4.2.2 Single-sided retrofitted masonry wall

The numerical failure of the single-sided retrofitted (1SRW) model was compared with the damaged specimen
from the test given in Figure 16. The damage pattern shows that the OSB panel fails after the mortar bed joints
have reached its strength. Likewise, the load-displacement curves were compared in Figure 17. The maximum
load and the corresponding displacement of the numerical model are in good agreement with the
experimental results. The difference in the peak load is within 2% with the average test results as shown in
Table 5. However, the difference in the out-of-plane displacement, between the test and the numerical model,
is about 8.3% which can be considered a very good approximation from an engineering standpoint. Some
differences are found in terms of displacement levels and can be seen in the load-displacement curve of Figure
17. The latter is attributed to the difficulty in the stability of the specimen during the experiment when the
walls begin to damage. This can be ascertained from the fact that the curves compared well up to around
50000 N load, which is where the specimen failure started.

Another important observation is that the experimental curves have a clear set of steps, owing to the
sequential failure of the bed joints and subsequent redistribution of the load to the OSB up to its failure. This
is much less pronounced in the numerical (NM) curve. This is because the failure of the bed joints is concurrent
except for the joints above the middle of the wall span which has failed at an average load of 52800N and
48600N (8% variation) for test and numerical model. Load redistribution is not obvious in the model because
of the equal joint behaviour and perfect anchoring, which is not possible in the test due to the possible
variation in the mortar joint during construction and minimum slack at the anchors.
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Figure 16. Retrofitted masonry wall (1SRW1115-NM).

Table 5. Comparison of model and test average results (1SRW).

Test average  Model Relative difference (%)
Peak Load (N) 115000 116000 1.0
Displacement at Peak (mm) 20.8 17.3 8.4
Toughness (N.mm) 1940000 1750000 9.9
12 % 10*
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Figure 17. The experimental and numerical load-displacement curves for single-sided retrofitted wall.

4.2.3 Two-sided retrofitted masonry wall

The observed failure pattern for both the numerical and experimental specimens (as shown in Figure 18) is in
good agreement. The damage pattern indicates that the OSB panel in the tension side (at the back of the
specimen) failed after the mortar joint has failed. The location at which the OSB failed is like what was
observed in the test, in which tensile stresses spread across the middle of the panel. The OSB panel located in
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the compression face had no damage as seen in the experimental results. The damage is shown for the OSB
on the compression side (i.e., loading face) in Figure 18a only occurred after the failure and, therefore, not
replicated in the model.

In addition to the comparison of the damage plots, the load-displacement curves for both the experimental
and numerical models are presented in Figure 19. Differences between the numerical (NM) and experimental
curves are especially clear after the onset of cracking, i.e., for an applied load higher than 65000N. It may be
remarked that some displacement jumps are found for the experimental data, which are attributed to the
stability issue of the specimen, that occur after bed joints failure during the testing. The difference in the
maximum load and corresponding displacement of the numerical model and the experimental results is also
within less than 10% of the average test results in Table 6.

Table 6. Comparison of model and test average results (2SRW).

Test average  Model Relative difference (%)
Peak Load (N) 121000 123000 1.8
Displacement at Peak Load (mm) 8.25 7.45 9.3
Toughness (N.mm) 1200000 1120000 6.7
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(a) experimental failure (b) numerical damage in tension (maximum displacement)

Figure 18. Retrofitted masonry wall (2SRW1115-NM).
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Figure 19. The experimental and numerical load-displacement curves for two-sided retrofitted masonry
(2SRW1115) wall.

5 PARAMETRIC ANALYSIS

This section presents a parametric study that was developed considering the larger scale retrofitted masonry
wall described in section 2. The numerical model with calibrated properties has been used to investigate three
variables: (i) the position of the OSB application concerning the masonry; (ii) the thickness of the OSB panel;
and (iii) the number of connectors and their spacing. A total of nine models were developed and compared as
shown in Table 7. The following results were gathered for each analysis: the load capacity, the peak, and
ultimate displacement, and toughness. These are taken as representative parameters aiming to compare the
responses.

Table 7. Definition of the conducted parametric study.

Model
Group ode Parameter Constant parameter
nomenclature
The side in which OSB panel with 18mm of thickness together with a
1 1SRW-18-T-16A . . total of 16 anchors with @8mm/L50mm
OSB is applied .
(diameter/length)
) 1SRW-10-T-16A The thickness of 0SB panels applied on th(? tensile face of the masonry
the OSB panel together with 16 anchors
3 1SRW-18-T-6A The number of OSB panel with .18mm of thickness applied on the
connectors tensile face of the masonry

Nomenclature:

1SRW-18-T-16A — An OSB panel of 18mm applied on the tensile side of the masonry through 16 anchors;
1SRW-18-‘ "-16A — Missing letter can be a ‘C’ ‘C’ or ‘T’ depending on if the OSB panel is applied on the
Compression or Tensile side, respectively. If ‘B’, the OSB panel is applied on both sides of the masonry wall.

The toughness (i.e., energy absorbed) of the specimens is estimated from the load-displacement curve using
the method based on ASTM 1609 [55] . This toughness is estimated as the overall (i.e., the total area under
the load-displacement curve) and the limiting toughness. The limiting toughness is the area under the curve
up to a limited displacement of span/250 [56]. This is done to understand the toughness gained due to the
retrofit application when undergoing an acceptable displacement without adverse effects. Since masonry
specimens deflected excessively until the failure of the OSB panel may contradict the BSI 1996
recommendation: ‘“Masonry walls subjected to lateral loads shall not deflect adversely under such loads”.
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Such excessive deflection is, therefore, unacceptable within a structural design project, at least for new
masonry structures, as it can cause visual distress to the building users (serviceability limit states) and lead to
damage of other building parts. Thus, it is considered that the limiting toughness estimates the improvement
due to the application of the OSB retrofit within an acceptable range.

5.1 Influence of the application position of the retrofit

To have a better understanding of how the application of the proposed OSB timber retrofit technique
influences the behaviour of the masonry wall, three possible positions were investigated. The numerical
analyses carried out demonstrated that the application of the OSB panel on the compression side only (1SRW-
18-C-16A) results in the poorest performance, as expected. The application on the tensile side only (1SRW-18-
T-16A) or on both sides (1SRW-18-B-16A) improved the out-of-plane capacity of the wall significantly.
However, the 1SRW solution leads to a lower out-of-plane displacement capacity when compared to the
2SRW.

Figure 20 depicts the obtained damage plot for the numerical analyses. In general, it can be addressed that
the failure mode of masonry is kept constant despite the application of the OSB panel retrofit. Differences are
especially clear by analysing the obtained numerical capacity curves. Figure 21 presents the load-displacement
curve for the three models and a comparative chart on the effectiveness of each application. The analysis
reveals that the OSB application on the compression side of the wall only does not improve the load capacity
of the wall. Nevertheless, it shows a significant increase in the toughness of the retrofitted wall (15 times
higher than PW) when the allowable limit for the out-of-plane displacement of the wall is considered.
Meanwhile, the application on the tensile side only shows an increment in the load capacity (2.9 times higher
than PW), limiting toughness (18.6 times higher than PW), and overall toughness (31.3 times higher than PW),
as shown in Figure 21.

It may be highlighted that both the 1SRW-T and 2SRW-B solutions show a similar value in terms of load
capacity. The 2SRW-B solution shows a better limiting toughness than the 1SRW-T (about 1.5 times that of
1SRW-T). This observation reveals that the double side application has more limiting toughness and lesser
overall toughness than the single-sided application. Therefore, the double-sided application is more resilient
in the allowable range and is thus recommended for seismic applications.
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(a) 1SRW-18-C-16A (b) 1SRW-18-T-16A (c) 2SRW-18-B-16A

Figure 20. Damage plot for different applications of the proposed retrofit technique.
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Figure 21. Comparison of the results found for different applications of the proposed retrofit technique.

5.2 Influence of the OSB thickness

For this study, three different values for the OSB panel thickness were examined and are given as 10mm,
18mm, and 25mm. Figure 22 presents the damage plot and Figure 23 presents the performance evaluation of
each OSB thickness in terms of load capacity, limiting, and overall toughness. From the analysis, a thickness of
18mm appears to be most adequate for a retrofit application in typical masonry brick walls with 215 mm
thickness. In the model with 10mm thickness, the damage plot indicates some non-uniform stress in the
timber and the lowest load resistance increment. The 10mm thickness might be considered thinner for load-
bearing applications because of the warping effect. Meanwhile, application with 25mm thickness shows the
highest load increment (4.2 x PW), but damages appeared in the brick before the OSB is damaged as shown in
the results of Figure 22. This might be too conservative because damage to the brick will only occur after the
wall has lost all its integrity.
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The toughness of the panels, i.e., the energy absorption capacity by the different OSB thicknesses, were
evaluated within the allowable limit and the overall performance. The analysis revealed that the energy
absorption capacity of the wall within the allowable limit thickness is independent of the thickness of the OSB
panel. However, the overall energy capacity of the retrofitted system increases with the increase of the OSB
thickness. Meanwhile, the overall toughness of the 18mm and 25mm OSB is relatively equal, even though the
25mmm OSB carried more load at the expense of excessive damage to the masonry part as highlighted earlier.
An inference from the latter is that an 18mm thick OSB is recommended to provide an adequate increment of
load capacity (2.9 times PW), limiting toughness (6.23 times PW), and overall toughness (31.3 times PW).
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(c) 1SRW-25-T-16A

Figure 22. Damage plot for the OSB panels with different thickness values.
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Figure 23. Comparison of the results found for OSB panels with different thickness values (located at the
bottom surface of the masonry panel).

5.3 Influence of the number of connections

A proper edge distance and spacing between connectors is paramount to the performance of this proposed
retrofit technique again in masonry brick walls with 215 mm thickness. The parametric analysis examined the
performance of using 6, 12, and 18 anchors, to which correspond a spacing of 700/450, 280/450mm,
280/300mm (horizontal/vertical spacing). Figure 24 and Figure 25 present the damage plots and the
performance evaluation charts, respectively. The analysis revealed that spacing above 500mm can reduce the
effectiveness of this technique. For the 1SRW-18-T-6A, in which only six anchors were used (i.e., spacing higher
than 500mm), the behaviour shows that there is not enough composite action between the masonry and the
0SB timber. Hence a maximum spacing of 450mm is recommended for this application. Indeed, in the other
two cases (12A and 16A), the OSB panel was able to increase the load capacity of the wall by a factor of three.
Also, it is important to avoid spacings lower than 250mm to preclude close arrangements that reduce the
influence cone of anchors which leads to spalling damage and thus reduces the performance.
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Figure 24. Damage plot for the different number of anchor connections.
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Figure 25. Comparison of the results found for OSB panels with a different number of connection anchors.

Although the load increment is higher when twelve (12A) and sixteen (16A) anchors were used, the relative
difference between the latter solutions is almost residual (2.7PW and 2.9PW, respectively). The overall
toughness gained when 16 anchors were used is 1.5times the toughness gained when the system applied with
12 anchors. The additional toughness gained is due to the rigidity of the composite system because of the
additional 4 anchors. However, the limiting toughness of both applications (1SRW-18-T-12A and 1SRW-18-T-
16A) is similar, about 2.2times that of the PW. Meanwhile, the 1SRW-18-T-6A shows the least increment in
both the limiting and overall toughness of the system, which is because due to the lack of composite action
between the masonry and the OSB timber with 6 anchors.

5.4 Cost evaluation of the proposed retrofit technique

This section presents a brief cost analysis of the different studied solutions for the application of OSB
retrofitting. The total cost of applying the selected three thickness of the OSB was evaluated and compared
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against the overall toughness gained per total cost in Table 8. After that, the cost implication based on the
number of anchors used is also presented in Table 9. The costing (material and labour) is carried out using
market prices in England. The labour cost is added to the cost of the anchor. Table 8 reveals that the overall
toughness gained per total cost of the application is at highest when 18mm thick OSB is used. This cost analysis
further substantiated the claim that the 18mm thick OSB is the most suitable solution for this type of
retrofitting application. This is the most cost-effective OSB panel, and it brings a substantial gain in the load
capacity and toughness of the retrofitted wall.

Similarly, the cost analysis provided in Table 9 reveals that the overall toughness gained per total cost of the
application is maximum when 16 anchors are applied. This means that maximum spacing of 300mm is
recommended to get the most cost-effective solution. This will ensure an adequate composite action between
the masonry and the applied OSB panel. However, in cases where considerable toughness increment is not
required when designing, for instance, within a displacement-based approach, the connection spacing can be
increased. The latter is valid only if the maximum recommended spacing value of 500mm is ensured to
guarantee the development of adequate composite action. In such a context, the total cost of applying typical
fibre-based retrofit applications on one side of a 1m? masonry wall was estimated to be £152 using the market
prices in England. This estimated cost is significantly higher when compared with the total cost of applying the
proposed OSB retrofit technique using an 18mm OSB panel with 300mm spacing between anchor connections
on single and both sides of 1m? masonry wall which are £47 and £82, respectively.

Table 8. Cost evaluation for different OSB panels with different thicknesses and considering 16 anchors for the connection
with the masonry wall.

0SB OSB  Anchor  Total
thickness | cost (£) cost(£) cost(£) Overall toughness gained X PW Toughness gained/total cost

10 6.84 35.36 42.20 22.10 0.52
18 11.75 35.36 47.11 31.25 0.66
25 16.81 35.36 52.17 32.50 0.62

Table 9. Cost evaluation for the different number of anchors using 18mm OSB.

Anchor OSB cost  Anchor cost  Total Overall toughness h ned |
guantity (£) (£) cost (£) gained X PW Toughness gained/total cost
6 11.75 13.26 25.01 13.80 0.55
12 11.75 26.52 38.27 20.70 0.54
16 11.75 35.36 47.11 31.25 0.66

6  FINAL REMARKS

The use of oriented stranded board (OSB) type 3 to retrofit unreinforced masonry walls has been studied and
recommendations for its application addressed. An experimental campaign aimed to evaluate the capacity
and the effectiveness of the proposed timber-based retrofit technique against out-of-plane failure has been
conducted and reported in [36] and [37]. These experimental tests constitute the reference data, in which the
numerical analyses were performed the advanced software ABAQUS on both small-scale (665 x 215 x 102.5
mm?3) masonry prisms and larger-scale (1115 x 1115 x 215 mm?3) masonry walls. A detailed micro-modelling
approach was employed to simulate the four-point bending tests, in which a perfect mortar-brick unit bond
has been assumed (interface disregarded and the interface nodes were merged). The mechanical properties
used for brick units and mortar joints have been calibrated from the data available [45] and following literature
recommendations. The Concrete Damage Plasticity (CDP) model, available in ABAQUS, has been assumed to
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describe the constitutive material relations for the masonry components and OSB timber panel. For the
retrofitted model, the connection between the masonry and the OSB panel is achieved through anchors whose
behaviour is assumed to be elastic.

Quasi-static incremental nonlinear numerical analyses were performed. Numerical failure has been captured
in terms of compressive and tensile damage since the CDP model is coupled with a damage parameter-based
model. The obtained capacity curves were derived and represent the relationship between the out-of-plane
applied load and the maximum displacement obtained. The comparison between the numerical and
experimental data confirms that the developed FE models captured with high accuracy the behaviour of both
the plain and retrofitted walls, in terms of ultimate load capacity and damage failure patterns. Generally, the
numerical model predicted the peak load within a 5% deviation from the corresponding average failure
experimental load. The corresponding displacement at failure and toughness of the models were also
predicted to within less than 10% deviation from the average test results.

Since the material properties of the FE numerical model were properly calibrated with experimental evidence,
a parametric study on the larger-scale walls was employed to further investigate the performance of the
proposed retrofit technique. The parametric analysis confirmed that the application of an OSB panel, solely
on the compression side of the masonry wall, results in a negligible improvement of the out-of-plane capacity.
The analysis revealed that the thickness of the OSB panel has a favourable outcome concerning the out-of-
plane performance of the masonry wall. The increase of the OSB timber thickness improves both the out-of-
plane load capacity and ultimate displacement of the system. In converse, the spacing between connectors
(anchor rods) has a marginal effect when it is between 250mm and 500mm. However, a spacing larger than
500mm reduces the monolithic behaviour of the system to a point that strength is conditioned by the initial
failure of the OSB panel rather than in the masonry.

A cost analysis has been also performed and demonstrated that the proposed technique is cost-effective. The
retrofit cost per square meter of a masonry wall, when using an 18mm OSB panel with 300mm of spacing
between anchor connections, is estimated to be £47 for 1SRW and £82 for 2SRW. Such values are lower when
compared with the estimated cost of £152 for typical fibre-based retrofit applications. The latter costs
(materials and labour) were evaluated under market prices found in England at the date of the publication.
At last, it should be recalled that a monotonic loading can give a good insight into the seismic response of
masonry structures [39,40]. However, it is unable to track materials’ stiffness degradation and to explore all
the possible energy dissipation mechanisms (lower deformation levels). In this regard, the field of application
of the conclusions is limited, for instance, to the retrofit of masonry infill walls aiming to cope the typical out-
of-plane mechanisms witnessed at the aftermath of an earthquake [57]. This is, in fact, in hand with earlier
study [58], in which an out-of-plane monotonic loading was used to study infill masonry walls retrofitted with
textile-reinforced mortar (TRM). Aiming to extend the applicability of OSB panels, further studies need to be
performed. These can provide a better insight into the response of the system when subjected to two-way
out-of-plane bending, bidirectional loading (in-plane and out-of-plane simultaneously), and cyclic loading [59].
In such programs, other features may influence the response, as the strength reduction of the connection and
the energy dissipation of the joint during the hysteresis cycles, as seen by [60] when analysing the use of
externally bonded grids within masonry panels.
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