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Abstract: Modern masonry systems are generally built with hollow clay bricks with high thermal
insulating properties, fulfilling the latest sustainability and environmental criteria for constructions.
Despite the growing use of sustainable masonries in seismic-prone countries, there is a notable lack
of experimental and numerical data on their structural behavior under lateral in-plane loads. The
present study investigates the in-plane shear behavior of load-bearing masonry walls with thin bed
joints and thermal insulating hollow clay blocks. Shear-compression tests were performed on three
specimens to obtain information about their shear strength, displacement capacity and failure modes.
The experimental characterization was supplemented by three shear tests on triplets, along with
flexural and compression tests on the mortar for the thin joints. Furthermore, two Finite Element
(FE) models were built to simulate the shear-compression tests, considering different constitutive
laws and brick-to-brick contact types. The numerical simulations were able to describe both the shear
failure modes and the shear strength values. The results showed that the experimental shear strength
was 53% higher than the one obtained through Eurocode 6. The maximum shear load was found
to be up to 75% greater compared to similar masonry specimens from the literature. These findings
contribute to a better understanding of the potential structural applications of sustainable hollow
clay block masonry in earthquake-prone areas.

Keywords: thermal insulating masonry; shear-compression tests; Finite Element analysis; seismic behavior

1. Introduction

The past two decades have seen increasingly rapid advances in the field of innovative
and sustainable constructions in order to mitigate their significant impact on global energy
consumption [1]. The other key factor affecting the sustainability of buildings is their
remarkable carbon emissions throughout their lifetime [2]. According to this perspective,
the masonry market, for one of the oldest construction systems, has witnessed rapid techno-
logic development in recent years. The main innovations concern the use of innovative and
yet sustainable blocks and joints, aiming to increase their thermal efficiency and lower their
construction environmental impact. With the aim of spreading the use of more sustainable
and eco-friendly construction materials, recent studies have explored the employment of
different types of block units, such as earthen [3,4], residual soil [5] and calcium silicate
bricks [6,7]. Furthermore, the thermal and structural performance have been found to
improve when incorporating several natural and industrial waste products (e.g., concrete
waste, steel fibers, wooden fibers, etc.) into unfired clay bricks [8,9]. Concerning masonry
bed joints, a variety of studies have focused on modern bonding systems, aiming to reduce
the extent of thermal bridges and the brick-laying time. Different materials have been
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investigated for these joints, such as polyurethan foam [10–12], polymer products [13],
fiber-reinforced mortar [14] and polymer–cement [15].

Due to the aforementioned advancements in masonry constructions, complying in
terms of both their thermal and environmental performance, new types of masonry struc-
tural systems have emerged and been employed in countries prone to seismic hazards.
Among the wide variety of masonries, those made of load-bearing hollow or multi-
perforated bricks are the most widespread in earthquake-prone areas, in Europe [16,17]
and in other countries [18,19]. Thus, an in-depth analysis of their seismic performance and
an understanding of their shear behavior are crucial for industrial construction purposes
and to provide guidelines for future technical regulations [20]. To evaluate the in-plane
shear behavior of walls under more realistic seismic conditions and simultaneously obtain
indications of their displacement capacity and failure modes, shear-compression tests rep-
resent the most valid option. These tests are carried out by subjecting the specimens to a
constant vertical force and horizontal monotonic or cyclic lateral forces until failure. Vertical
precompression is able to reproduce the static load state experienced by the wall, while the
varying lateral force simulates the excitation generated by seismic forces and activates the
in-plane damage mechanisms. Several papers have been devoted to investigating the in-
plane shear capacity of load-bearing masonry walls made with hollow or perforated block
units in unreinforced [7,16,21–25], reinforced [26,27] and confined configurations [28,29],
respectively. The majority of the above studies assessed not only the structural performance
of the walls but also that of their elements (bricks, mortar and joints). In general, the
experimental results in terms of shear strength and ultimate drift were strongly influenced
by the mechanical properties of the constituent materials (bricks and mortar), constraint
conditions, vertical precompression load and dimensions of the specimens (slenderness
and/or aspect ratios). Moreover, the main failure modes (flexural, diagonal and sliding
shear) strictly depend on the wall’s size and scale and especially on the type of mortar bed
joint. For a detailed review on the in-plane shear behavior of masonry walls, their resistant
mechanisms and the existing design formulations for their in-plane strength, readers can
refer to [30] and the references therein.

Regarding numerical studies, significant advances have been made in numerical
modeling of the in-plane shear behavior of masonry. The Finite Element (FE) method is a
very useful tool for evaluating the response of masonry structures, as it allows for the study
of their behavior at different scales. The key modeling approaches employing FEs are the
macro-modeling approach [31–36], the simplified micro-modeling approach [37–39] and the
detailed micro-modeling approach [40,41]. Although they are very powerful and efficient,
refined computational models are too complex for everyday engineering practice, and the
use of simple but effective FE tools can be considered more advantageous, especially when
studying small-scale structures.

Even though wall testing provides valuable insights, further experimental and numer-
ical programs are needed to characterize the in-plane shear behavior of innovative masonry
panels with specific hollow and perforated block units at different scales and with distinct
mortar joints.

The present study aims to contribute to the growing knowledge about hollow load-
bearing masonries with thermal insulating properties by providing a detailed structural
characterization of small-size specimens. The technology investigated consists of hollow
load-bearing bricks with recycled wood powder added and bonded to each other with
horizontal thin layers of a special mortar (see Sections 2 and 3 for more details). The
structural characterization was carried out in three phases: experimental; numerical; and
analytical. Shear-compression tests were performed on three scaled masonry walls under
a lateral monotonically increasing load and a constant vertical load, simulating the base
wall of a three-story building. In addition, compression and flexural tests were carried out
on mortar samples to experimentally establish the shear strength of the special compound
according to EN 1015-11:2019 [42]. Finally, three shear tests on triplets were performed,
following EN 1052-3:2002/A1:2007 [43], aiming to assess the stress–strain relationship of
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the horizontal joints. The shear-compression tests were performed on scaled masonry spec-
imens built with full-size bricks. Despite the scaling effect possibly affecting the strength
and stiffness values, these deviations can be considered acceptable [44–46]. Nonlinear static
FE analyses, aiming to obtain detailed insight into the stress–strain relationships within
the masonry and predict the behavior of the masonry under different loading conditions,
were performed. Moreover, the strength and drift parameters of the walls under the test
conditions were calculated analytically based on Eurocode 6 [47] and Eurocode 8 [48].
Finally, a comparison between the present research and other experimental campaigns on
the in-plane shear-compression behavior of hollow clay brick masonry walls is reported.

2. Research Significance

This section gives more detailed insights into the novelty of the present study on a
particular masonry system. In the context of innovative masonry constructions recently
used in seismic-prone areas, Porotherm technology offers various solutions for addressing
the problem of low environmental sustainability in buildings [49]. Porotherm bricks
are clay blocks with vertical and/or horizontal hollows intended for structural and non-
structural walls with high insulating properties. Several waste products can be added to
the clay in order to minimize their environmental impact and increase their performance,
such as coal ash, rice husk, granite slurry or wood powder (see Section 3). The bonding
of the bricks, which represents a key element for the stress distribution in the wall, is
ensured by an interlocking system and mortar infills (for vertical joints) and thin bed joints.
Most research programs have focused on the thermal and environmental performance
of this masonry technology (see, e.g., [50–52]). A few scientific works have addressed
structural characterization of their in-plane shear strength, displacement capacity and
failure modes. For instance, in Lu and Kasa [53], their cyclic shear-compression and
diagonal tests on scaled walls, supported by shacking table tests on a real-scale specimen,
led to an assessment of the safety of the system in seismic-prone areas. In particular, no
significant damage was observed when reproducing seismic conditions corresponding
to acceleration of up to 0.74 g. Morandi et al. [54] underlined the necessity of further
investigations on the mechanical characterization of load-bearing masonries built with
hollow clay insulating bricks and thin bed joints. Mendes et al. [55] carried out a shaking
table test on a real-scale mock-up building built with a Porotherm system (200 mm thick
bricks), observing a combination of shear, sliding and local crush failures. The drift values
were found to be comparable or higher to those reported in Eurocode 8 [48]. Partene
et al. [56] evaluated the shear capacity of Porotherm brick walls under seismic excitation
in unreinforced and reinforced configurations, highlighting the corresponding diagonal
cracking and sliding of the horizontal bed joints. Shermer et al. [57] performed an extensive
experimental shear test campaign on full-story-height masonry wall specimens of high-
precision thermally insulated clay masonry units, highlighting their structural performance
and consistency with the current codes. More recently, Qin et al. [29] studied the cyclic
seismic behavior of unreinforced and confined masonry walls using innovative sintered
insulation shale blocks: the results pointed out the better performance in terms of their
failure mechanism, hysteretic performance, deformation and strength capacity of the
confined walls with respect to the unreinforced ones.

Although some structural characterizations have been conducted on these new ma-
sonry systems, the existing research on Porotherm load-bearing masonry systems with
thin bed joints is relatively limited and requires further investigations. In particular, me-
chanical characterization of the technology studied, based on the seismic response of this
innovative structural system, can lead to new useful insights into the design of sustainable
masonry structures.
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3. Materials

The masonry system under investigation is made of Porotherm BIO PLAN 45-25/19.9
load-bearing blocks and Porotherm special mortar, both produced by Wienerberger S.p.a,
Italy.

3.1. Block Units

The blocks (see Figure 1), manufactured with the addition of wood powder, are
rectified on their top and bottom faces and have a male–female interlocking system on
their vertical faces, with dimensions of 450 mm (thickness) × 250 mm (length) × 199 mm
(height). The particular shape of their vertical faces facilitates the brick-laying process. The
percentage of void areas, resulting from the vertically oriented holes, is lower than 45%.
The percentage of void areas in the blocks is a key factor in masonries, impacting both
their structural [58] and thermal performance [50]. The thickness of the webs and shells
is compliant with EN 771-1:2011+A1:2015 [59]. Furthermore, the block units present high
thermal efficiency characteristics. Indeed, the presence of wood powder allows the bricks
to reach a thermal conductivity of 0.12 W/mK, in accordance with EN 1745:2020 [60]. The
low thermal conductivity of the bricks and the reduced thermal bridges facilitated by their
thin joints reflects their benefits for the equivalent thermal conductivity of the wall, equal to
0.12 W/mK. Consequently, with this technology, the walls acquire a thermal transmittance
of 0.255 W/m2K, neglecting the plaster. The periodic thermal transmittance and the internal
areal heat capacity are 0.003 W/m2K and 40.30 kJ/m2K (considering internal and external
lime plaster of a 20 mm thickness). The mechanical properties of the Porotherm BIO PLAN
45 bricks are listed in Table 1.
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Table 1. Mechanical properties of Porotherm BIO PLAN 45.

Mean density (kg/m3) 970
Vertical compression characteristic strength (fbk) (N/mm2) 12

Horizontal compression characteristic strength (fhk) (N/mm2) 3

3.2. Special Mortar

The high-fluidity Porotherm special mortar allows the use of thin horizontal joints
(1 mm thick). The pre-mixed mortar powder was added to water, following the specifica-
tions of the producer company, and stirred until a high level of workability was reached.
The special mortar is classified as M10 [61]. Vertical pockets resulting from the assembly of
the masonry were filled with regular M10 structural mortar. Figure 2 shows the mixing of
the Porotherm special mortar. The mechanical properties of the Porotherm special mortar
are reported in Table 2.
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Figure 2. Preparation of Porotherm special mortar.

Table 2. Mechanical properties of Porotherm special mortar from technical data sheet.

Dry density (kg/m3) 1200
Compression strength (N/mm2) >10

3.3. Wall Specimen Construction

The walls were built according to the indications of the producing company (Figure 3).
The first row of bricks was laid by placing them side by side, filling the empty intermediate
vertical pockets with regular mortar. The special mortar was applied by dipping the bottom
faces of the bricks into it before laying them, ensuring a bed joint thickness of 1 mm. The
structural properties of the masonry system are listed in Table 3, according to the technical
specifications provided by the producer.
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Figure 3. Application of special mortar to horizontal thin joints (a); application of regular structural
mortar to the head joints (b); brick-laying process of a wall (c).

Table 3. Structural properties of masonry built with Porotherm BIO PLAN 45 and Porotherm special
mortar from technical data sheet.

Mean density (kg/m3) 974
Compression characteristic strength (fk) * (N/mm2) 7.2

Shear characteristic strength (fvok) * (N/mm2) 3
* Mechanical strength values derived by extension from laboratory certificates.

4. Methods
4.1. The Experimental Program

The experimental program consisted of three structural characterization tests:
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• Lateral shear-compression tests on three masonry walls;
• Bending and compression tests on three Porotherm mortar specimens;
• Triplet shear tests on three masonry specimens.

4.1.1. Shear-Compression Tests

Three walls (W01, W02, W03) with dimensions of 1250 mm (width) × 1190 mm (height)
× 450 mm (thickness) were built at the Laboratorio Ufficiale Prove Materiali e Strutture
“Prof. G. Menditto” (LPMS) of the Università Politecnica delle Marche. The specimens were
subjected to in-plane lateral load tests under vertical precompression. The aim of the tests
was to obtain insights into the structural behavior of the walls under seismic conditions. In
particular, it was possible to obtain the shear strength and the deformation capacity of the
specimens from their respective τ (shear stress)–γ (shear strain) curves.

The walls, located under the laboratory frame, were supported on the ground and
constrained against horizontal displacement at the base. Vertical precompression was
applied using two hydraulic jacks (max. load of 500 kN each) placed on the top of the
masonry panels and fixed to the laboratory steel frame. The vertical load was applied to a
steel plate (500 mm × 1200 mm × 25 mm) and placed on top of seven smooth steel cylinders
(∅30) sliding in an L-shaped steel profile (500 mm × 1200 mm × 25 mm), guaranteeing
the uniform distribution of the precompression load on the wall’s upper side and the
free shear deformation of the masonry panel. The hydraulic jacks were connected to a
hydraulic control unit with a pressure transducer, enabling measurement of the applied
force. The precompression value of 0.62 N/mm2 was kept constant throughout the lateral
load test to simulate the vertical compression endured by a load-bearing wall at the base
of a three-story building. The lateral load was applied to the plane of the wall, at the top
on the vertical side of the L-shaped steel profile, and increased monotonically until failure.
The lateral load was applied by means of a hydraulic jack (max. load 500 kN) connected to
a control unit.

Five linear variable displacement transducers (LVDTs) were applied to the masonry
panels. The horizontal displacement of the wall was recorded by the horizontal LVDT
(O1) placed at the top of the wall. Possible rocking and flexural mechanisms of the wall
were assessed through the vertical displacements of the left bottom corner, right under the
horizontal hydraulic jack, measured by the vertical LVDT (V1). Possible slippage at the base
of the wall was measured by the horizontal LVDT placed at the right bottom corner (O2).
The shear strain along the diagonal struts under tension and compression was measured by
two diagonal LVDTs (D1, D2); see Figure 4. The complete setup of the shear-compression
tests is shown in Figure 5.
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4.1.2. Bending and Compression Tests on the Special Mortar

Tests were conducted on three specimens measuring 40 mm × 40 mm × 160 mm in
accordance with EN 1015-11:2019 [42] to find their flexural and the compression strengths.
Three-point bending tests were first performed on the three specimens, followed by com-
pression tests on the remaining halves of the specimens after the bending tests. Figure 6
shows the setup of the experimental tests performed on the Porotherm special mortar.
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4.1.3. Shear Tests on Triplets

Three tests on triplets were carried out, in accordance with the provisions of EN
1052-3:2002/A1:2007 [43], in order to assess the mechanical behavior, in terms of their
strength and deformation, of the horizontal joints of the “Porotherm” masonry system. The
specimens (T01, T02, T03) were made with Porotherm BIO PLAN 45-25/19.9 load-bearing
bricks, cut to obtain a length of 350 mm and joined with Porotherm special mortar. The
tests were carried out in the absence of precompression, and the vertical force was applied
by means of a hydraulic jack with a maximum load of 500 kN. A vertical displacement
transducer (LVDT) was applied at the middle of the central block to record its slip. The
experimental setup of the shear tests on the triplets is shown in Figure 7.
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Figure 7. Setup of shear tests on triplets.

4.2. Numerical Analyses

The shear-compression tests were reproduced through FE simulations using the soft-
ware ANSYS Mechanical APDL 2022 R2 [62]. The blocks were modeled using 65 solid
elements, with 8 nodes each. The contact between the blocks was modeled with CONTA174
elements. The nodes at the base were fixed to the ground, while the upper nodes were
constrained to avoid horizontal out-of-plane displacement of the walls. A calibration pro-
cess was performed on the numerical models, aiming to represent the structural behavior
exhibited by the experimental specimens. The calibration involved the following parame-
ters: type of constitutive law; elastic modulus (E); type of contact (contact pair); imposed
displacement; lateral force; Normal Penalty Stiffness; contact friction coefficient; and cohe-
sion. All the FE models created had an initial linear–elastic range. As for the post-elastic
behavior, we chose to investigate a combination of different types of constitutive laws
(i.e., elastic–perfectly plastic, multilinear), damage and failure criteria (i.e., Drucker–Prager,
William–Warnke [63]). An example of a FE model is shown in Figure 8. The displacement
control analyses were carried out by increasing the lateral load until a maximum horizontal
displacement of 50 mm.

Buildings 2024, 14, x FOR PEER REVIEW 8 of 23 
 

 
Figure 7. Setup of shear tests on triplets. 

4.2. Numerical Analyses 
The shear-compression tests were reproduced through FE simulations using the soft-

ware ANSYS Mechanical APDL 2022 R2 [62]. The blocks were modeled using 65 solid 
elements, with 8 nodes each. The contact between the blocks was modeled with 
CONTA174 elements. The nodes at the base were fixed to the ground, while the upper 
nodes were constrained to avoid horizontal out-of-plane displacement of the walls. A cal-
ibration process was performed on the numerical models, aiming to represent the struc-
tural behavior exhibited by the experimental specimens. The calibration involved the fol-
lowing parameters: type of constitutive law; elastic modulus (E); type of contact (contact 
pair); imposed displacement; lateral force; Normal Penalty Stiffness; contact friction coef-
ficient; and cohesion. All the FE models created had an initial linear–elastic range. As for 
the post-elastic behavior, we chose to investigate a combination of different types of con-
stitutive laws (i.e., elastic–perfectly plastic, multilinear), damage and failure criteria (i.e., 
Drucker–Prager, William–Warnke [63]). An example of a FE model is shown in Figure 8. 
The displacement control analyses were carried out by increasing the lateral load until a 
maximum horizontal displacement of 50 mm. 

 
Figure 8. FE model in Ansys APDL. 

4.2.1. Numerical Model 1 (M1) 
In the present model, a multilinear stress (σ)–strain (ε) relationship (Figure 9) was 

assigned to the blocks, considering a maximum strength equal to 13.2 N/mm2 (average 
compressive strength of the block, provided by the manufacturer). The failure is governed 

Figure 8. FE model in Ansys APDL.

4.2.1. Numerical Model 1 (M1)

In the present model, a multilinear stress (σ)–strain (ε) relationship (Figure 9) was
assigned to the blocks, considering a maximum strength equal to 13.2 N/mm2 (average
compressive strength of the block, provided by the manufacturer). The failure is governed
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by the William–Warnke criterion [63]. The contact between the blocks is of the “Standard”
type, which prevent the blocks from slipping and separating until failure, after which
they obey a frictional law (Coulomb). The friction coefficient is 0.4, while the cohesion is
0.52 N/mm2 (shear strength in the absence of compression, provided by the manufacturer).
The input parameters are listed in Table 4.
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Table 4. Structural parameters of numerical model 1.

Bricks’ mean compression strength (N/mm2) 13.2
Young’s modulus (N/mm2) 4840

Poisson’s ratio - 0.25
Open shear transfer coefficient - 0.2

Closed shear transfer coefficient - 0.8
Ultimate uniaxial cracking stress (N/mm2) 1.32
Ultimate uniaxial crushing stress (N/mm2) 13.2

4.2.2. Numerical Model 2 (M2)

In the present model, an elastic–perfectly plastic multilinear stress (σ)–strain (ε) rela-
tionship was assigned to the blocks (Figure 10) up to a maximum strength of 13.2 N/mm2

(mean compressive strength of the block provided by the manufacturer). The failure is
governed by the William–Warnke criterion [63]. The contact between the blocks is of
the “Rough” type, which allows the blocks to detach until failure and simulates sliding
according to a frictional law (Coulomb). The friction coefficient is 0.4, while the cohesion is
0.52 N/mm2 (shear strength in the absence of compression, provided by the manufacturer).
The parameters entered are reported in Table 5.
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Table 5. Structural parameters of numerical model 2.

Bricks’ mean compression strength (N/mm2) 13.2
Young’s modulus (N/mm2) 13,200

Poisson’s ratio - 0.25
Open shear transfer coefficient - 0.2

Closed shear transfer coefficient - 0.8
Ultimate uniaxial cracking stress (N/mm2) 1.32
Ultimate uniaxial crushing stress (N/mm2) 13.2

4.3. Analytical Formulae from Eurocodes

The shear-compression test conditions on the masonry walls were analytically verified
by means of formulae that allowed us to calculate the shear strength and maximum drift of
the walls (defined as the ratio between the horizontal displacement at the top and the panel
height). The analytical calculation process was aimed to check the reliability of applying
the verification methods proposed in the European standards, such as EN 1996-1:2022
(Eurocode 6) [47] and EN 1998-3:2005 (Eurocode 8) [48], to the special insulating masonry
system with thin joints (Porotherm). In particular, the following analytical formulae for the
in-plane shear of masonry structures was considered:

Vt = lct fvd (1)

where Vt is the shear strength of the masonry wall according to Eurocode 6 [47]; lc is the
length of the compressed part of the wall; t is the thickness of the wall; and fvd is the design
shear strength of the masonry. Moreover, δu represents the maximum drift of the wall
according to Eurocode 8 [48]:

δu =
4
3

0.004. (2)

5. Results

The results of the study are presented separately for each type of investigation:

• Experimental;
• Numerical;
• Analytical.

5.1. Experimental Results

The results are sorted according to the performed tests. For each test, the results
necessary for the structural characterization of the masonry are reported.

5.1.1. Shear-Compression Tests Results

From the shear-compression tests carried out on the three Porotherm masonry walls,
it was possible to derive lateral force (F)–horizontal displacement (O1) curves, shear stress
(τ)−shear strain (γ) curves and the elastic moduli of the specimens. The shear stresses
τ were calculated from the applied horizontal force (F) and the area of the top face of
the wall (A): τ = F/A. The shear strains γ and the ultimate drift δu were obtained by
dividing the value of the horizontal displacement at the top (O1) by the height of the walls
(H): γ = O1/H, δu = γmax = O1max/H. Figures 11 and 12 show the experimental curves
obtained from the shear-compression tests. The markers in Figure 11 highlight the damage
levels experienced by the specimens during the tests: initial damage (a); the damage level
at the lateral peak load (b) and failure (c).
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Figure 12. τ-γ curves of the three masonry specimens.

The three walls showed an initial linear branch with three different slopes, indicating
a variation in stiffness among the specimens. In particular, wall W03 showed a significantly
higher stiffness in the linear segment (see Table 6), and the initial damage occurred for a
displacement of 3.43 mm. W01 and W02 underwent initial damage at displacement values
equal to 6.57 mm and 7.51 mm, respectively. After the initial damage, the walls underwent
a stiffening branch until the lateral maximum load was reached. The higher stiffness of
specimen W03 was confirmed by it reaching the maximum lateral load at a displacement of
22.88 mm. The stiffness branch for W01 and W02 ended at displacement values of 17.61 mm
and 17.67, respectively. A softening branch can be observed in the three walls until collapse.
W02 exhibited more deformability compared to the other specimens by reaching complete
failure at a displacement of 48.14 mm (Omax in Table 6). The tangent shear moduli (Gtan)
were computed from the τ-γ curves by approximating the initial segment in the elastic field
with a straight line. This line is defined by the trend line of the curve. The secant elastic
moduli (Gsec) are defined by the ratio between the value of τ at the elastic limit and the
corresponding value of γ. The experimental results obtained from the compression-shear
tests are shown in Table 6.
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Table 6. Experimental results for W01, W02 and W03.

W01 W02 W03 Mean Value

Fmax kN 251.54 277.83 269.74 266.37
Omax mm 46.10 48.14 40.87 47.96
τmax N/mm2 0.32 0.25 0.32 0.30

γ (τmax) % 1.47 1.47 1.91 1,62
τelastic limit N/mm2 0.32 0,25 0.32 0.30
γelastic limit % 0.55 0.63 0.29 0.49

δu % 4.00 3.97 3.41 3.95
Gsec N/mm2 59.22 39.62 113.18 70.68
Gtan N/mm2 73.14 46.57 129.47 83.06

Figure 13 depicts the collapsed states of the three specimens, underlining their shear-
dominated failure. All the walls showed coupling between the diagonal and horizontal
sliding shear failures.
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Diagonal shear failure is related to the tensile rupture of the masonry along the
compressed diagonal, while horizontal sliding shear failure, with stepped diagonal cracks,
is associated with the mortar joints’ failure. During the tests, cracking noises could be heard
coming from the specimens immediately after the onset of the initial damage (markers “a”
in Figure 11), suggesting progressive failure of the blocks’ webs and shells. The horizontal
slip of the bricks along the compressed diagonal is noticeable in the three walls, followed
by several fractures. As shown in Figure 13a, the W01 blocks did not collapse despite the
wider spread of the fractures and exhibited less significant horizontal sliding behavior. In
particular, the cracking noises intensified starting from a displacement value of 17.61 mm,
corresponding to the maximum lateral load (see Figure 11), and the cracks started to visibly
spread on the surfaces of the wall. W02 and W03 experienced complete failure of the
bricks along the compressed diagonal (Figure 13b,c), associated with remarkable horizontal
sliding of several of the block units. In particular, horizontal sliding of specimens W02 and
W03 started to become evident after the maximum lateral load was reached (markers “b”
in Figure 11), followed by the collapse of the bricks.

5.1.2. Bending and Compression Tests on the Special Mortar

The tests carried out on the special Porotherm mortar allowed us to determine the flex-
ural strength and compressive strength of the mortar. The flexural strength was calculated
according to the formula suggested in the standard:

f = 1.5
F l

b d2 (3)
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where f is the flexural strength; F is the maximum load applied to the specimen (N); l is the
span between the support rollers (mm); b is the width of the specimen (mm); and d is the
depth of the specimen (mm).

Compressive strength was determined by calculating the average of the individual
specimens (the two remaining segments from the flexural tests). The values of the mortar
strength obtained from the tests are reported in Table 7.

Table 7. Experimental results of the tests on mortar specimens.

Flexural strength (N/mm2) 0.80
Compressive strength (N/mm2) 13.8

The compressive strength in Table 7 is perfectly consistent with that indicated in the
technical data sheet provided by the producer.

5.1.3. Shear Tests on Triplets

The shear tests on the triplet specimens (T01, T02, T03) allowed us to calculate the shear
strength, in the absence of compression, of the Porotherm load-bearing masonry system’s
horizontal joints. It was possible to derive the force–deformation curves. The average shear
strength, equal to 0.39 N/mm2, was obtained from the average of the individual sample’s
strengths, calculated using the following formula:

fv0i =
Fi,max

2Ai
(4)

where fv0i is the shear resistance of a single sample (N/mm2); Fi,max is the maximum shear
force (N); and Ai is the cross-sectional area of a specimen parallel to the horizontal joints
(mm2). The characteristic initial shear strength, equal to 0.31 N/mm2, was calculated by
multiplying the mean value by 0.8. Figure 14 shows the curves obtained from the tests on
the triplets.
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Figure 14. Force–deformation curves of shear tests on T01, T02 and T03.

Samples T01 and T02 showed similar behavior until collapse, with T01 able to reach a
higher strength. Sample T03 exhibited lower stiffness, as can be seen in the slope of the
curve in Figure 14, which was significantly lower than that of the others. The triplets were
found to reach a collapsed state (Figure 15a) due to the failure of the mortar thin joints. All
the specimens showed the same failure mechanism, with net fracture of the mortar (see
Figure 15b).
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Figure 15. Failure mode of triplets (a) and mortar joint fracture (b).

5.2. Numerical Results

The FE simulations aimed both to reproduce the tests conducted on the Porotherm
masonry walls and to build a solid model able to predict the structural behavior of such
construction systems. Two numerical models were analyzed (M1 and M2) considering
two different constitutive relations for the masonry and two types of contact laws at the
brick interface (see Section 4.2). Lateral force (F)–horizontal displacement (O) curves, shear
stress (τ)–shear strain (γ) curves and the elastic moduli of the samples were obtained.
Figures 16 and 17 show the curves obtained from the FE simulations. The markers in
Figure 16 highlight the damage levels experienced by the specimens during the tests: initial
damage (a) and failure (b). The numerical models reached the maximum lateral load
at failure.
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Both models showed a very similar initial elastic response, with almost identical
stiffness and linear behavior at the beginning of deformation (τelastic limit in Table 8). Model
M2 showed a slightly higher elastic stiffness until the appearance of the initial damage, at a
displacement of 1.1 mm, but a shorter plastic region, suggesting lower deformability and
fragile behavior. Indeed, the maximum horizontal displacement experienced by M2 was
equal to 9.75 mm (Omax in Table 8). Conversely, model M1 exhibited a slightly lower elastic
stiffness, experiencing initial damage at a displacement equal to 3.51 mm. As shown in
Figure 16, the plastic region of M1 was significantly more extensive compared to M2 and
led to complete rupture at a displacement of 45.37 mm. The two models reached the same
maximum shear strength value of 0.37 N/mm2 (τmax in Table 8).

Table 8. Numerical results for M1 and M2.

M1 M2

Fmax kN 207.69 207.84
Omax mm 45.37 9.75
τmax N/mm2 0.37 0.37

γ (τmax) % 4.00 0.77
τelastic limit N/mm2 0.29 0.27
γelastic limit % 0.29 0.09

δu % 4.84 0.81
Gsec N/mm2 99.37 291.75
Gtan N/mm2 110.97 310.91

Table 8 shows the numerical results obtained from the FE simulations performed on
models M1 and M2.

The Von Mises stress plots in Figure 18 highlight the consistency of the stress distri-
butions with the failure modes observed in the shear-compression tests (see Section 5.1.1).
Both M1 (Figure 18a) and M2 (Figure 18b) show the horizontal sliding and shear deforma-
tion of several bricks. The stresses are increased along the compressed diagonal and are
spread across the adjoining bricks. Furthermore, the intensification of the stresses led to
failure and hence to the detachment of the joints.
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5.3. Analytical Results

The present section presents an analytical evaluation of the most relevant structural
parameters of the masonry walls. The compressed length of the wall (lc) in Equation (1) was
obtained by means of the eccentricity (e) of the vertical load (N) at the base, resulting from
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the moment generated by the horizontal force (V) at a height (H) of 1190 mm: e = VH/N.
The horizontal force (V) was taken as equal to 168.09 kN, which corresponds to the mean
experimental values at which damage occurs. The vertical force was chosen in order to
obtain a compression stress of 0.62 N/mm2, reproducing the experimental conditions. lc
was then obtained considering the linear stress distribution of the compressive stresses
from the following relation, with l being the total length of the wall:

lc =

{
l, e ≤ l/6

3
(

l
2 − e

)
, e > l/6

(5)

The ultimate drift (δu) is crucial for understanding the deformation and ductility of
the wall. Table 9 presents the shear resistance (Vt) and the ultimate drift (δu).

Table 9. Analytical evaluation of structural parameters.

Standard

Vt Eurocode 6 [47] 90.91 kN
δu Eurocode 8 [48] 0.5 %

6. Discussion

With this being a preliminary experimental investigation on a sustainable inno-
vative load-bearing masonry system, the choice of the specimens’ size and scale was
made for practical and time- and cost-saving reasons. Scaling of masonry’s structural
components and structure is rather challenging, and often, differences in the stiffness,
strength and failure mechanisms between different-sized masonries can be found (see,
e.g., [44–46] and the references therein). As pointed out in [46], comparing the results
from full-scale wall panels to those from half-scale wall panels with full-scale bricks,
a slight reduction in the measured shear stiffness and a modest increase in their shear
strength were highlighted. More precisely, in Lu and Kasa [53], two wallettes, with di-
mensions of 2500 mm (width) × 1750 mm (height) × 300 mm (thickness) and constructed
with Porotherm 30-S, were tested in terms of their shear-compression until failure. These
masonry walls can be considered the full-size versions of our specimens. The results
showed that the registered maximum shear load (250 kN) is about 6% lower than the mean
value (266.37 kN) in the present research, and the ultimate drifts are quite similar, varying
from 5% to 6%. As an extension of our work, it is reasonable to deduce that the scale
effect could have affected both the strength and stiffness values, with moderate but still
acceptable deviations.

The experimental results reveal critical insights into the mechanical behavior of
Porotherm masonry walls. The shear-compression tests showed slightly different stiffnesses
and strengths among the specimens, while the failure mechanism observed was the same,
namely a combination of diagonal shear and sliding shear failures. Wall W03 exhibited the
highest initial stiffness, as evidenced by the steep slope of the force–displacement curve,
while wall W01 displayed the longest softening branch, indicating a higher displacement
capacity (see Figure 11). These variations suggest that the manufacturing process may
influence the performance of thin joint masonry walls.

The bending and compression tests on the special Porotherm mortar exhibited a flexu-
ral strength of 0.80 N/mm2 and a compressive strength of 13.8 N/mm2. These experimental
values are consistent with those provided in the producer’s technical data sheets.

Shear tests on the triplet specimens provided additional data on the shear strength
of the masonry’s horizontal joints. The average shear strength was calculated to be
0.39 N/mm2, with a characteristic initial shear strength of 0.31 N/mm2 after applying
a reduction factor. The force–deformation curves indicated that samples T01 and T02
behaved similarly until failure, whereas T03 exhibited a significantly lower stiffness. The
triplets reached a collapsed state due to the failure of the thin mortar joints.



Buildings 2024, 14, 2903 17 of 22

The experimental shear-compression tests were simulated using two FE numerical
models (M1 and M2) with different constitutive laws (multilinear hardening for M1 and
elastic–perfectly plastic for M2) and different brick-to-brick contact types (“Standard” for
M1 and “Rough” for M2). Both models showed the same shear strength, at 0.37 N/mm2,
while M1 showed a higher elastic stiffness, with Gsec and Gtan, respectively, being 193.6%
and 180.17% higher than the corresponding values of model M1.

Figure 19 depicts a comparison between the experimental, numerical and analytical
results in terms of the masonry’s shear capacity and ultimate drift.
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By comparing the results in terms of shear strength, it can be noticed that both M1
and M2 approximate the corresponding experimental mean value (266.37 kN) well, with
a deviation of about 28%. On the contrary, looking at the displacement capacity δu, the
ultimate drift of the M2 model is about 388% lower than the experimental mean value
(3.95%) and is of the same order of magnitude as the Eurocode value. Meanwhile, M1’s
numerical value is a better approximation with respect to the experimental results, with
a deviation of 22.5%. As illustrated in Figure 18, both numerical models properly repro-
duce the experimental damage mechanisms. The computational findings suggest that the
combination of a multilinear stress–strain constitutive relation for the blocks, coupled with
the William–Warnke yield criterion and a standard contact frictional law, leads to a better
numerical approximation of the experimental in-plane shear behavior of the masonry walls
in terms of their shear strength and ultimate drift. Moreover, in order to improve the
numerical results, a final softening branch could be added to the multilinear curve.

The analytical evaluations, based on the Eurocode standards [47,48], provided bench-
mark values for the design and analysis of the masonry walls. The results obtained from
both the experimental and numerical analyses significantly exceed the shear strength values
evaluated through the analytical methods proposed by Eurocodes 6 and 8. In particular,
the shear strengths (V) in the experimental tests and numerical simulations were, at a mini-
mum, 53% and 26.4% higher, respectively, than those calculated by means of the analytical
methods. As also pointed out in other previous works [21,30], Equation (1), used in the case
of sliding shear failure, significantly underestimates the experimental results and could
provide a lower bound for the shear strength. Similar non-compliance was also noticed
between the ultimate drift capacity values, a key indicator of the ductility of masonry. Both
the experimental and numerical analyses indicated ultimate drifts that were notably higher
compared to the values obtained by following the Eurocode standards. Thus, the analytical
values for shear resistance and ultimate displacements developed in the Eurocodes on the
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basis of the sliding shear mechanism do not provide accurate information regarding the
shear properties of masonry walls.

Table 10 presents a comparison between the present research and other experimental
papers on the in-plane shear-compression behavior of clay brick masonry walls. These
research works have been selected by considering similar masonry types, dimensions and
precompression loads as much as possible. In the table, λ represents the slenderness ratio,
σ0 is the vertical precompression, Vmax, mean is the mean value of the maximum horizontal
load and τmax, mean is the mean value of the maximum shear stress. The failure modes are
classified as follows: TDS for tensile diagonal shear failure, F for flexural failure and HSS
for horizontal sliding shear failure.

Table 10. Experimental campaigns on shear-compression tests performed on masonry walls [30].

Authors Masonry Type Dimensions
l/H/t (mm) λ (H/l) σ0

(N/mm2)
Mortar Joints
(Thin/Thick)

Failure
Mode

Vmax, mean
(kN)

τmax, mean
(N/mm2)

Tomaževič
(2009) [21]

Hollow clay bricks 990/1420/290 1.43 1 thick TDS 93.9 0.33
Hollow clay bricks 990/1420/290 1.43 1.62 thick TDS 141.7 0.49

Salmanpour et al.
(2015) [7]

Hollow clay bricks 1500/1600/150 1.07 0.64 thick TDS 91 0.4
Hollow clay bricks 1500/1600/150 1.07 0.96 thick TDS 103 0.46

Martinelli et al.
(2016) [64] Solid clay bricks 1160/1160/250 1 0.52 thick TDS 64.33 0.34

Lourenço et al.
(2010) [16] Perforated clay bricks 1200/1090/300 0.9 0.375 thick F 71.8 0.20

Present research Hollow clay bricks 1250/1190/450 0.95 0.62 thin HSS/TDS 266.37 0.3

As can be noticed, the maximum shear load Vmax, mean for the present masonry wall
is much greater than the values for other hollow/perforated brick masonries and also
solid clay brick masonries. The range of the increase varies from 56% compared to that
in Tomaževič [21] (hollow clay bricks) to 75% compared to that in Martinelli et al. [64]
(solid clay bricks). The failure modes are strongly influenced not only by the size and scale
of the walls but also by the thickness of the mortar joints and the mechanical properties
of the mortar. Even though the damage mechanism is a combination of HSS and TDS,
highlighting a likely weakness point within the horizontal thin mortar joints, it is possible
to confirm the significant load-bearing shear capacity of this innovative masonry system.
Moreover, the value for the maximum shear stress τmax, mean is consistent with that for the
other masonry types due to high thickness of the panel, and it can be used in nonlinear
static FE analyses of masonry buildings.

7. Conclusions

In the present research, three load-bearing Porotherm masonry walls were tested
under lateral increasing loads and a constant vertical precompression load in order to
characterize their in-plane shear behavior. The specimens were made with innovative load-
bearing block units with high thermal insulation. Structural characterization of the special
Porotherm mortar used for the horizontal thin joints was performed. The shear strength of
the horizontal thin joints was evaluated through experimental tests on three triplets. Two
FE models of the shear-compression tests, using different constitutive laws and brick-to-
brick contact types, were built and calibrated on the experimental results. Furthermore,
the shear strength and the drift capacity were estimated through the analytical methods
proposed by the current European standards. The results focused on the evaluation of the
shear strength, the ultimate drift and damage mechanisms of the masonry walls and their
accordance with the Eurocode standards.

Based on the results obtained from the experimental, numerical and analytical investi-
gations, the following conclusions can be drawn:

(1) The experimental results showed a high value for the maximum shear load (266.37 kN)
reached in the in-plane shear-compression tests. As reported in Table 10, it can be
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noticed that the maximum shear load presents a relevant increase, ranging from 57%
(hollow clay bricks) to 75% (solid clay bricks), compared to other similar masonry
types with analogous dimensions and precompression loads. This suggests that the
present load-bearing Porotherm masonry system with thin horizontal joints represents
a valid alternative to traditional or other hollow clay brick masonry systems under
seismic actions.

(2) The experimental campaign also highlighted shear-dominated behavior in the col-
lapsed state. The diagonal shear damage was coupled with horizontal shear sliding,
with stepped diagonal cracks, underlining a plausible weakness of the thin hori-
zontal mortar joints. This result can also be confirmed by the shear tests on the
triplets. The bond of the thin mortar joints can be enhanced by the use, for instance,
of fiber-reinforced composites [14] or polymer–cement [15].

(3) Comparison between the experimental and numerical results (Figure 19) proved
that the use of a multilinear stress–strain constitutive relation for the blocks, with a
William–Warnke yield criterion and a contact frictional law, led to a better numerical
approximation of the experimental in-plane shear behavior of the masonry walls in
terms of their shear strength and ultimate drift. To improve the numerical results, a
final softening branch could be added to the multilinear constitutive curve.

(4) Comparison between the experimental and analytical results (Figure 19) showed that
the Eurocode values for shear resistance and ultimate displacement, based on the
sliding shear mechanism, do not provide accurate information regarding the shear
properties of masonry walls. Indeed, the shear strength in the experimental tests
was found to be 53% higher than that calculated by means of the analytical methods.
The European standards provide an underestimation of both shear strength and drift
capacity, which can be used as lower bounds in applications. Therefore, experimental
campaigns are crucial to identify the maximum shear load, drift and corresponding
failure mode of masonry walls.

The experimental and numerical results proved the structural potential of the masonry
systems studied as load-bearing shear walls, showing a significant shear strength and drift
capacity. Furthermore, the present Porotherm masonry offers additional benefits in terms of
sustainability due to the presence of recycled wooden powder in the brick compound and
enhanced thermal insulation. Thus, in addition to being a suitable and potential eco-friendly
building system that is beneficial for the environment, energy-efficient and cost-effective,
the present Porotherm masonry also represents a valid alternative to traditional masonry
systems from a structural point of view.

Finally, with this being a preliminary experimental and numerical investigation on
this type of load-bearing masonry, it will be crucial to program a future experimental
campaign on full-scale panels and test structures and implement more advanced and
extensive FE simulations in order to obtain a better understanding of their structural
seismic performance.
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