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A B S T R A C T

Partial collapse of masonry facades during past strong earthquakes is well documented
together with the increased vulnerability due to the presence of thermo-insulation within
double wythe masonry. The combined seismic and energy retrofit of existing aged
buildings represents a topic of importance for the building stock. The current study
investigates the in-plane performance of a specific thermo-insulation scheme with panels
attached on the external facades of multistory buildings. Diagonal compression tests of
prototype specimens are done to study the influence of thermal insulation on the in-plane
behaviour of clay brick masonry panels with or without thermal insulation. It was found
that the thermo insulating attachment of the tested type performs in a satisfactory way
when subjected to the stress field that arises to these masonry panels when subjected to
diagonal compression. The thermo insolating panels, although finally debonded from the
masonry substrate, do not collapse, even when the masonry panel develops large diagonal
cracks, due to the presence of the used plastic anchors. The presence of such thermo
insulating attachments leads to an increase of the in-plane load capacity and to a less brittle
behaviour than the one without this thermo-insulation. This may also lead to a less
vulnerable seismic performance than that of the same masonry panel without this thermo
insulating attachment, although further validation is needed considering also the out-of-
plane performance. The employed numerical modeling was successful in simulating the
most important aspects of the in-plane response of the tested masonry wallets with or
without thermo-insulating attachments. The good agreement with observed performance
as well as the general nature of this numerical simulation confirms its validity.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Multi-story buildings are formed by a three-dimensional frame structural system made of steel or reinforced concrete (R/
C) slabs, columns and beams having the various interior or exterior bays filled with unreinforced masonry panels to shape the
exterior facades or the interior partitions. These masonry panels, usually called “infills”, are considered as non-structural
elements although they interact with the main structural system. Moreover, by forming the external surfaces of such a
multistory building they also greatly influence its energy performance. The structural interaction between these
unreinforced masonry infills (UMI) and the surrounding structural elements (slabs, columns and beams) is quite pronounced
nos).
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when such structural systems are subjected to strong earthquake ground motions. This is due to the relatively low capacity of
unreinforced masonry structural elements compared to the corresponding seismic demands as well as to the interaction
between these masonry imfills and the structural members of the surrounding frames [1–5]. This type of interaction leads to
certain forms of damage, either to the infills or and to the structural members and has been well documented in the past [6–
26]. There are numerous publications that deal with this problem reporting either the performance of masonry infills during
prototype earthquakes or results from relevant experimental investigations. Moreover, numerous publications focus on
predicting such masonry infill and surrounding frame interaction through various simple of complex approximations
involving advanced numerical simulations [79–99]. Only a small number of these publications are listed in the reference list
of this work.

Currently, upgraded seismic codes include design provisions aiming to limit inter-story horizontal displacements in-
order to protect such masonry infills from earthquake damage (e.g., Euro-Code 8, [66]). This type of deficient masonry infill
earthquake performance arises in relatively old multistory buildings or in buildings currently designed and constructed
following seismic design that has not yet recognized this type of earthquake vulnerability (Fig. 1). As previously stated, the
importance of studying in depth this problem has been long underlined. Information on this subject, including experimental
and numerical investigations, can also be found in a special volume on “masonry infills” published by the “Open Journal on
Construction and Building Technology” edited by Asteris [22]. An additional relevant issue is described in the Energy
Performance of Buildings Directive (European Directive 844/2018), which aims to reduce energy consumption and transform
the existing building stock into nearly zero energy buildings by 2050. Again, a considerable percentage of the existing
building stock, including numerous multi-story buildings, has been designed and constructed without the proper
consideration of energy performance efficiency criteria. Therefore, it is of importance to upgrade the energy performance
efficiency of such buildings [27–31]. A relatively cost effective way is by adding thermo insulating attachments on the
external facades of such buildings, thus achieving great reduction of the heat transfer coefficient (around 50%–70% [28,],).
This type of “External Thermal Insulation Composite System” will be designated in the following as ETICS [27]. The
construction of such external thermal insulation composite system raises the following questions:
1 
How such thermo insulating attachments perform when subjected to the stress field that arises to the host masonry panels
when subjected to seismic loads?
2 
Is the seismic performance of a masonry panel, with such a thermo insulating attachment, more vulnerable to seismic
loads than the corresponding performance of the same masonry panel prior to installing this thermo insulating
attachments?

Euro-Code 6 ([65]), while accepting that vertical unreinforced masonry panels are subjected to both in-plane and out-of-
plane seismic forces, includes design provisions based on the assumption of un-coupled in-plane and out-of-plane limit
states. This simplification has been adopted in the large majority of relevant past research either for masonry walls or for
infill masonry panels, similar to the ones studied here. The current research follows this simplification in the effort to study
the influence of thermo-insulating attachments on the seismic performance of masonry panels ([32–40]). Following this
rational, only the in-plane behaviour for a thermo-insulated masonry panel is studied here. This is done by subjecting in the
laboratory masonry wallets to simple loading conditions in order to generate stress fields within such specimens simulating
similar stress fields in a masonry panel either in the in-plane or out-of-plane directions. The influence of a thermo-insulating
attachment for the out-of-plane behaviour of masonry panels is the subject of a separate study that is currently under way
([36–39]). Results are presented from tests employing unreinforced masonry wallets, having relatively simple boundary
Fig. 1. Collapse of unreinforced masonry facades of multi-story R/C buildings in L’Aquila, Italy (2009), [1 and 2].
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Fig. 2. Collapse of unreinforced masonry facades of multi-story R/C buildings with thermo-insulation schemes located within the gap of a double wythe
masonry panel. Left L’Aquila, Italy (2009), right Athens, Greece (1999) [3].
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conditions, which are subjected to in-plane diagonal compression. The mechanical properties of all the employed thermo-
insulating materials are defined through testing. Numerical predictions of this measured in-plane behaviour are also
included together with the employed numerical simulations. All these results are presented and discussed in order to
provide possible answers and relevant conclusions to the above posed questions.

The poor seismic behaviour of masonry infills during past earthquake events as well as possible upgrading schemes has
been the subject of extended past research. This is done through simple or complex experimental and numerical studies with
the relevant material included in numerous past publications. Because of the large volume of published works only a
selection of relevant research is included here. Pohoryles et al. [40] evaluate the feasibility of combining energy with seismic
retrofitting, based on the expected annual loss in terms of energy costs and seismic damage. It is argued that, for a 3% annual
renovation rate, instead of the current 1%, the CO2 emissions across all cities could be reduced up to 30 % by 2030. Greca [35]
underlines the need of simultaneous renovation actions combining both energy and seismic upgrading, in order to enhance
the sustainability level of European cities. Cost-benefit analysis by Leone and Zuccaro [33], for combined seismic and energy
retrofitting, highlights the benefit in terms of return of investment by the reduction of the energy consumption. Bournas [34]
investigates the effectiveness of “Textile Reinforced Mortar” (TRM) jackets combined with insulation panels for the
simultaneous seismic and energy retrofitting of old-type R/C multi-story buildings taking into account the expected annual
loss of consumed energy and expected seismic loss. It was shown that the payback period of such a combined renovation is
significantly reduced. Triantafillou et al. [36] and Gkournelos et al. [39] embodied thermal insulating panels in their
experimental investigations. However, they focused on the effectiveness of TRM strengthening applications, either between
masonry and thermal insulation or in the outer face of the façade, concluding that the position of the TRM coating does not
change its effectiveness.

There are various solutions in the literature aiming to improve the energy consumption of buildings. However, partial
collapse of thermo-isolated facades was observed during past strong earthquakes particularly for thermo-insulation
schemes located within the gap of a double wythe masonry panel, as those shown in Fig. 2. By limiting this discussion to the
in-plane seismic behaviour of vertical unreinforced masonry infill panels the most significant modes of failure are depicted
in Fig. 3: a) For relatively weak masonry, the formation of diagonal cracks within the masonry parallel to the two main
Fig. 3. Left - diagonal cracking of an unreinforced weak masonry infill panel. Right – diagonal cracking of an unreinforced strong masonry infill accompanied
by crushing at the corners and spread of damage to the reinforce concrete members.
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diagonals together with the separation of the masonry infill from the surrounding frame. b) For relatively strong masonry,
the compression crushing at the four corners of either the masonry or/and of the concrete parts at these regions. c) This
frame-infill interaction can be influenced by the performance of the details of the surrounding frame. Therefore, structural
damage may also develop at columns or/and beams of the frame (predominantly flexural plastic hinges or shear type modes
of failure). As can be seen at the left part of Fig. 3, the mode of failure of the infill masonry panel is dominated by the diagonal
compression/tension along the two main diagonals. The cyclic nature of the seismic load explains the orientation of the
observed cracking within the masonry. Manos et al. [84] studied the interaction between the masonry infill and the
surrounding frame and underlined the important role played also by the peripheral mortar joint.

Based on past experience (Fig. 2) it is important to state that the focus of this study is not to investigate means of
upgrading the seismic resistance of infill panels. Instead, as already stated, the set objectives are:
a) 
To determine how a specific well-established thermo-insulating scheme, currently employed for multi-story building
facades, perform when subjected to seismic loading.
b) 
To establish whether such a thermo-insulating attachment results (or not) in a better in-plane seismic performance for
the host masonry panel than the performance of the same panel prior to such a thermo-insulating attachment.

A summary discussion of published information follows addressing the objective of upgrading the seismic performance
of unreinforced masonry panels, through a variety of retrofitting schemes, without considering the aspects of thermo-
insulation. Fiber reinforced plastic (FRP) coatings or laminates, in the form of “Carbon Fiber Reinforced Plastics” (CFRP) or
“Glass Fiber Reinforced Plastics” (GFRP), can significantly increase the shear strength of unreinforced masonry panels
subjected to in-plane loads and at the same time improve the post peak-load behaviour; this leads to a pseudo-ductile
behaviour with gradual declining of its bearing capacity ([41–46]). Alternatively, the in-plane resistance of masonry panels
increases by composite systems employing inorganic matrices instead of epoxy resins. These composite systems, known as
“Textile Reinforced Mortar” (TRM) or “Fiber Reinforced Cementitious Matrix” (FRCM), can greatly improve the structural
performance being at the same time compatible with the substrate. D’Ambrisi et al. [49] and Wang et al. [50], employed steel
meshes or cords instead of polymeric material in an alternate solution known as SRG (“Steel Reinforced Grout”); they also
demonstrated similar beneficial influence on the structural performance of unreinforced masonry. FRP and FRCM
techniques, as mentioned above, can impressively increase the shear strength and the in-plane load bearing capacity of
masonry panels; however, their application does not achieve the same effectiveness in all cases, as it depends on the
mechanical and geometric properties of both the substrate and the coating. It was shown that the diagonal orientation of the
added reinforcement of such retrofitting schemes is more effective than the grid configuration. The same conclusion was also
reached by Incerti and Bellini [51]. This is attributed to the fact that the central part of masonry panels, where the diagonal
failure is initiated during a diagonal compression tests, is not sufficiently strengthened by a grid retrofitting scheme as
compared to a scheme having a diagonal orientation. Experimental measurements showed that coatings on one façade of the
masonry panel are obviously less effective than coatings applied in both facades [41], [42] [49], and [52]. Moreover, one side
coatings lead to secondary out-of-plane deflections due to such asymmetric strengthening. The effectiveness of such a
reinforcing coating is highly influenced by the mortar’s tensile strength and the masonry-coating bond strength, which in
most cases represents the limit state of such retrofitting jackets [32]. Premature debonding was observed in several studies.
It was also observed that relatively stiff and strong coatings are vulnerable to debonding. A possible way to prevent such
extensive delamination or debonding is the use of mechanical anchors which can control crack width and mitigate the
strength degradation after maximum load capacity is reached. However, even if premature delamination or debonding is
prevented, using anchors does not necessarily result in an increase of the bearing capacity or in pseudo-ductile performance.
In some cases, masonry specimens retrofitted in this way exhibited an improved post-peak pseudo-ductile behaviour
without noticeable increase in their shear strength. The bearing capacity increase by such strengthening schemes resulted in
an alternative compressive mode of failure at the corners, as is shown in Fig. 3 (right part). The application of reinforcing
jackets to masonry panels does not increase significantly the initial stiffness due to their relatively small thickness ([41–54]).
Apart from strengthening the facades of masonry infill panels similar strengthening techniques can also be found in the
literature for existing unreinforced masonry elements. Among others, Corradi et al. [55] and Borri et al. [56] investigate the
effectiveness of deep re-pointing as a repairing or strengthening technique by utilizing in-situ diagonal compression tests.
Deep re-pointing could be effective as a repair method but is not very effective as a strengthening technique unless it is
implemented together with extended grout injections. Mounting steel or polymer plastic bars near the surface of masonry
walls is also a widely studied retrofitting technique (“Near Surface Mounted” or NSM). Retrofitted walls with NSM steel or
GFRP bars placed vertically or in a grid configuration exhibited considerable shear strength increase and post peak load
deformability (Jafari et al. [44], Nanjunda et al. [57] and Soti and Barbosa [58]). A retrofitting scheme for masonry with the
sole use of only horizontal bars does not result in an increase of the bearing capacity; however, it improves the post-peak
behaviour, as shown by testing (Ismail et al. [59]). Again, Misnon et al. [60] noted that one sided NSM strengthening is not as
effective as the double-sided strengthening; this asymmetric configuration also causes out-of-plane deflections. Diagonal
compression tests on masonry panels strengthened with wooden or steel laminates were conducted by Mishra et al. [61].
Such retrofitting schemes were capable to improve the maximum load bearing capacity, but could not prevent the
appearance of brittle failure. Khan et al. [62] tested geo-synthetic coatings as a reinforcing method. All tested geo-synthetic
configurations achieved a considerable in-plane load bearing capacity increase together with an elastic-plastic response.
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Giarreton et al. [63] examine the use of TRM strengthening techniques using glass fibers and polypropelene fabric on solid or
hollow clay brick wallets subjected to diagonal compression. An improved deformability performance was observed
avoiding the brittle failure of the non-strengthened specimens. This technique did not result in any improvement when
applied to an existing external thermal insulation layer.

From this discussion it could be concluded that the current study could be extended in the future to investigate the
possibility of an optimum combination of one of the above retrofitting schemes for unreinforced masonry panels with an
effective thermo-insulation scheme. Therefore, objectives of further research, in addition to objectives (a) and b) stated
previously for this study, could be:
c) 
To select a seismic retrofitting scheme that would be compatible with a thermo-insulating scheme having the desired
thermo-insulating effectiveness.
d) 
To select such a compatible and effective seismic retrofitting scheme, capable of achieving the desired seismic
performance upgrade.

The current investigation aims to be a step, even a small one, towards achieving these objectives. The actual problem is of
course quite complex because it involves a variety of boundary conditions for the masonry infills, which may also include
openings [25] as well as both in-plane and out-of plane seismic loading.

2. Methodology

A relatively simple loading scheme to study experimentally the in-plane performance of masonry panels is the diagonal
compression test, as specified by ASTM E519�15 [75] and by RILEM Technical Recommendations for “Testing and Use of
Construction Materials” [76]. Such a diagonal compression test replicates the in-plane state of stress that leads to the
formation of diagonal cracking in weak masonry panels, which represents their main limit state. Kaluza [46], Garcia-Ramona
et al. [47], Mustafaraj et al. [48] and Benedetti [78], performed experiments using diagonal compression for masonry
specimens being repaired or strengthened. They utilized various retrofitting arrangements, employing either unidirectional
or bidirectional strips, full surface grids etc. This loading arrangement was used in order to demonstrate that the application
of TRM systems improves the strength and the pseudo-ductility of the tested masonry panels. The employment of steel fibers
of different shape and density in block-masonry walls was examined under diagonal tension by Seo et al. [79] showing that
there was no increase of the maximum load capacity although the post-peak response was improved by exhibiting a gradual
declining bearing capacity.

Based on this rational, the current study also employed diagonal compression as loading arrangement in order to study
the interaction, under in-plane state of stress, between an unreinforced masonry panel and thermo-insulation attached at
one of its facades. For this purpose thirteen (13) square unreinforced masonry specimens were constructed and tested under
diagonal compression, as depicted in Fig. 4. All these specimens were of the same dimensions (1340 mm by 1340 mm and a
thickness of 150 mm) and were built with the same clay bricks and mortar mix and with the same detailing. Two of these
specimens were tested without thermal insulation (“bare” specimens) being the control specimens. The rest of them were
tested having thermal insulation attached in one of their facades as is the typical practice (Fig. 4). These specimens were
constructed with the same materials and construction techniques applied in prototype applications and their dimensions
can be considered as a good approximation of the central part of masonry infill panels located within typical bays of a framed
multi-story building. These thermo-insulating attachments are produced by “FIBRAN - Anastasiadis Dimitrios S.A.”; they
were applied on the tested specimens in the same way they are applied in prototype construction. The tests were conducted
at the Laboratory of Strength of Materials and Structures (Aristotle University of Thessaloniki, Greece) together with tests
defining the most important mechanical properties of the employed materials of the masonry infill, the used thermo-
insulation materials and the materials used for attaching these thermo-insulating materials to the masonry specimens.

2.1. Test set-up and instrumentation

All measurements were used to obtain the performance of each specimen in terms of the variation of the equivalent shear
stress (ts) versus shear strain (g) calculated through Eq.s 1 and 2, as is described in ASTM E519�15 [75]. Each specimen was
designed to be tested under diagonal compression along one of its main diagonals having a steel double-corner section at the
top and bottom corner of the vertical diagonal of each specimen in order to facilitate the application of the compressive
diagonal load (Fig. 4).

ts= (0.707 *P) / [0.5 * (L1+L2) *t] (1)

g = |dl1 | /l1 + |dl2 | /l2 (2)
5



Fig. 4. Experimental set up and instrumentation of thermo façade (a) and masonry face (b).
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Notation: The parameters included in equations 1 and 2 are related to the brick façade and are defined below as shown in
Fig. 4. In the same figure the same parameters for the thermo-insulating façade are also shown with the same accented
symbols.

P : the applied vertical load.
L1and L2 : the length of the sides of the wallet as indicated in Fig. 4.
l1 and l2 : the length of the vertical and horizontal diagonals the variation of which is monitored with displacement

transducers attached on the brick façade of the wallet as indicated in Fig. 4.
dl1 and dl2 : the variation of the relevant lengths l1 and l2 as they occur during the variation of the applied
load (P).
t : the thickness of the masonry panel (neither the thickness of the thermo-insulating attachment nor the thickness of the

adhesive mortar are included).
This vertical compressive load was monotonic and was applied at a relative slow rate being measured by a load cell.

Displacement transducers were also used to measure the vertical and horizontal variation of the length of the two main
diagonals at both facades of the loaded specimen. These displacement transducers were attached directly on the masonry
on one facade and on the thermo-insulating material on the opposite façade (Fig. 4). By utilizing these displacement
transducers the variation of the diagonal lengths was monitored together with the variation of the applied vertical load
throughout the whole of the loading sequence employing an automatic data recording acquisition system. The observed
performance for each tested specimen is presented in terms of the variation of the equivalent shear stress versus the
corresponding shear strain, obtained as described before, using in all cases the variation of the length of the main diagonal
measured at the brick façade.

2.2. Contents of this study

Important construction details of the tested specimens are first presented. The most important mechanical
properties of the masonry panel, as they were obtained from relevant laboratory tests, are described next together with
the basic mechanical properties of the employed thermo-insulation materials and the bond and shear strength
properties of the special adhesive mortar (section 3). The measured diagonal compression behaviour of the masonry
wallets, with or without thermo-insulation, is presented in Section 4. The discussion of the observed performance of the
used the materials and of the tested masonry wallets is included in Section 5. In Section 6 the corresponding numerical
simulations of this observed behaviour is presented and discussed together with the aspects of the numerical analysis
and its assumptions. These simulations  utilized all the information on the geometry and on the material characteristics
of the mortar, the bricks and the ETICS, used to construct these masonry assemblies, obtained by laboratory testing.
Finally, the observations of the current study are presented in Section 7 together with the final conclusions.
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Fig. 5. Typical cross-section of a thermal insulated infill wall.
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3. Specimen construction and mechanical properties of the used materials

3.1. Construction of the tested wallets

Fig. 5 depicts the cross-section of a thermo-insulated attachment together with the brick masonry substrate. The different
thermal insulting panels are bonded with special adhesive mortar on one face of the clay brick masonry substrate, built with
general-purpose mortar. This attachment is complemented when plastic anchors are installed next. Finally, the outward
surface of this façade is covered by a thin plaster with a plastic grid mesh. Three different thermo-insulating materials were
used as ETICS, namely extruded polystyrene (XPS), expanded polystyrene (EPS) and mineral wool (MW), with 2 different
thicknesses, 50 mm and 100 mm (Table 9 col.1). The application of these ETICS begun about 30 days after the masonry
substrate was constructed. The thermo-insulating panel-units with dimensions 600 mm by 1000 mm were bonded in a
specific pattern with the adhesive mortar of about 10 mm thickness. This chosen pattern of the thermo-insulating panel-
units depicted in Fig. 6 approximates a tyipcal pattern in prototype applications. The adhesive mortar covers about 60 % of
Fig. 6. the different stages of the ETICS construction: completion of masonry wallet (a), bonding of thermal insulating panels (b), opening drill holes for the
installation of anchors (c), placing the grid mesh (d), final plastering (e) and the pattern of panels and of anchors locations (f).
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Table 1
Basic mechanical properties of the used brick and mortar.

Brick mean compressive strength Brick normalized compressive strength Mortar compressive strength Mortar flexural tensile strength

2.39MPa 2.97MPa 2.15MPa 1.16MPa

Table 2
Basic mechanical properties of masonry triplets (10 mm thickness of each mortar joints).

Measured masonry
compressive strength

Masonry
compressive
strength

Measured masonry shear strength
for zero normal stress

Friction coefficient for compressive stress levels equal to
0.03 MPa, 0.05 MPa, 0.12 MPa and 0.18MPa

1.02 MPa 0.94 MPa (for
K = 0.35)

0.23 MPa 1.0
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panel area for XPS and EPS panels and 100 % of the MW panels, as is the typical practice in prototype construction. The plastic
anchors were installed seven days later followed by the external plaster and the plastic net. The specimens were
approximately three (3) months old when tested.

3.2. Characterization of the materials used in building the masonry

All specimens were built by builders following the relevant prototype work conditions. The used hollow clay brick units,
with nominal dimensions length = 330 mm, height = 180 mm and thickness = 150 mm with 12 horizontal holes, are
commonly used for unreinforced masonry panels in multi-story buildings in Greece. Tables 1 and 2 list the relevant masonry
mechanical characteristics found according to European Standards ([64–72]).

Based on these tests the following Mohr – Coulomb bond failure relationship was determined:
fvk = 0.23 + 1.0sn where fvk is the shear strength and sn is the normal to bed joint compressive stress (MPa).
Comparing the above with the corresponding shear strength relationship (fvk = 0.20 + 0.4sn) provided by Euro-code 6 for

mortar type M2 (e.g. compressive strength 2 MPa) it can be seen that Euro-Code 6 underestimates the contribution of the
normal stress amplitude (sn) to the total shear bond strength (fvk) [65].

3.3. Characterization of the materials used in building the thermo-insulating attachments

Basic mechanical properties (Young’s modulus and tensile strength) of different thermal insulating materials are
reported by Papadopoulos [28] derived by technical specifications and data from the production companies. Norvaisiene
et al. [30] investigated the compressive behaviour of extruded polystyrene (XPS) and expanded polystyrene (EPS) panels
under concentrated compressive load as well as the ultimate cracking strain of different thin layer samples of the same
materials subjected to flexure. The mechanical properties of the XPS, EPS and MW thermo-insulating panels, employed in
this study, are listed in Table 3; they were obtained through tests performed according to EN826, EN1607, EN12089 and
EN12090 [67–70].

In what follows the characterization of the mechanical properties of the contact between ETIC’s and the brick substrate is
presented.

The bond strength of “External Thermal Insulating Composite Systems” (ETICS) with the substrate has been investigated
in the past using pull off tests. The highest adhesion strength values are reported for XPS panels. The lowest adhesion
strength value was observed for mineral wool (MW). The adhesion strength for EPS panels lies in between that of XPS and the
mineral wool [31]. Malanho [73] observed two different types of bond failures between ETICS and the masonry substrate. The
first type is the debonding of the adhesive mortar from the thermo insulation; it is mainly influenced by the tensile strength
Table 3
Mechanical properties of the thermo-insulating materials used in this study.

MW (50 mm) MW (100 mm) EPS (50 mm) EPS (100 mm) XPS (50 mm) XPS (100 mm)

Compressive strength (MPa) 0.027 0.027 0.062 0.062 0.456 0.456
Young’s modulus from compression (MPa) 0.33 0.33 1.73 1.73 15.0 15.0
Direct tensile strength (MPa) 0.015 0.015 0.103 0.103 0.728 0.728
Young’s modulus from tension (MPa) 0.5 0.5 5.0 5.0 20.0 20.0
Flexural tensile strength (MPa) 0.153 0.100 0.160 0.144 0.310 0.346
Young’s modulus from flexure (MPa) 9.64 2.72 12.27 5.44 17.09 17.29
Shear strength (MPa) 0.017 0.017 0.051 0.051 0.241 0.241
Shear modulus from shear test (MPa) 1.5 1.5 2.2 2.2 8.33 8.33
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Fig. 7. Pull oft testing of adhesive mortar of the masonry substrate (a), masonry substrate after the pull-out tests.
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of the thermo insulation material. The second type of debonding is that of the adhesive mortar from the substrate and mainly
depends on the flexural strength of the adhesive mortar. Dirkx and Grégoire [74] investigated the influence of hygro-thermal
or freeze - thaw cycles on the bond strength of mineral wool or EPS panels. These cycles do not influence the bond strength of
mineral wool, which in all cases is relatively low (0.01 MPa). However, for an EPS panel its bond strength (0.10 MPa) is not
influenced by hygro-thermal cycles whereas it decreases to 0.05 MPa after freeze-thaw cycles. During the current
experimental study a series of tests were conducted to define the basic mechanical properties of the used adhesive mortar
and the interactive behaviour between either the adhesive mortar and the façade or the adhesive mortar and the masonry
substrate and between the masonry and the anchors. All these tests were made under constant laboratory conditions not
employing any hygro-thermal or freeze - thaw cycles.

The bond between the adhesive mortar and the masonry panel façade interface, in a direction normal to the masonry
façade, was measured by pull-off tests as shown in Fig. 7 whereby a masonry wallet is depicted having it mineral wool
attachment removed from its façade in order to perform these tests [71]. The thermal isolation was attached and left there for
three months, before being removed for performing these bond tests. The obtained mean bond strength value based on ten
(10) pull-off tests is listed in Table 4 together with the corresponding SDV value. This relatively large SDV value must be
attributed to the non-uniform conditions of the masonry substrate. It was found that the largest bond values were observed
for tests where the adhesive mortar was in contact with a surface of the masonry substrate including a mortar joint. Similar
pull-off tests were also performed in order to determine the bond strength between the adhesive mortar and the thermo-
insulating materials that were employed in this study, again in a direction normal to the masonry facade. The corresponding
values are also listed in Table 4. As can be seen, the bond strength between the adhesive mortar and all thermo-insulating
materials was substantially smaller than the bond strength between the adhesive mortar and the masonry. Based on these
results it is expected that the governing debonding mode of failure is that between the adhesive mortar and the thermo-
insulating material at the adhesive mortar – insulating material interface rather than the mortar - masonry interface.
Moreover, the direct tensile stress for XPS (Table 3) is larger than the corresponding bond strength. This was confirmed as the
failure surface during these pull-off tests was the contact interface between the XPS and the adhesive mortar. The opposite is
true for the EPS and the MW samples. Again, this was also confirmed by pull-off tests whereby the failure surface was within
the volume of the insulating material at a small distance from the contact interface.

A number of triplets were constructed and tested using three bricks separated by two “joints” each one formed by a layer
of thermo-insulating material as shown in Fig. 8. Each layer of thermo-insulating material was attached to the faces of the
adjacent bricks with the adhesive mortar. The purpose of these tests was to determine the shear strength of this interface.
The observed failure surface during these tests was formed either at the contact surface between the adhesive mortar and the
thermo-insulating material or within the volume of the thermo-insulating material at a close distance from this interface,
with the contact surface between the adhesive mortar and the brick remaining intact. These measured mean shear strength
values are listed in Table 5 together with the corresponding bond strength values mentioned before (Table 4). As can be seen,
there is relatively good agreement between the shear and the corresponding bond strength values. Moreover, it was found
that stiffness and strength of the used plastic anchors is relatively small and thus they have a small influence on the listed in
Table 5 shear and bond strength values.
Table 4
Basic mechanical properties of the used adhesive mortar (10 mm thickness of each mortar joints).

Measured
compressive
strength

Measured tensile
flexural strength

Bond between the adhesive mortar and the
masonry (normal to the façade, see figure 7)

Bond between the adhesive mortar and the thermal
insulating panel (normal to the façade)

MW EPS XPS

13.99MPa 4.49 MPa Mean = 0.578 MPa Mean = 0.068 MPa Mean = 0.105 MPa Mean = 0.178 MPa
SDV = 0.258 MPa SDV = 0.023 MPa SDV = 0.012 MPa SDV = 0.068 MPa
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Fig. 8. Triplet shear testing of brick – thermal insulation panel triplets. Test set up (a), failed specimens with anchor (b) and failed specimen without plastic
anchor installed (c).

Table 5
Bond and shear strength between the adhesive mortar and the thermo-insulating panels.

Bond strength between the adhesive mortar and the thermal insulating
panel (normal to the façade)

Shear strength between the adhesive mortar and the thermal insulating
panel (tangential to the façade)

MW EPS XPS MW EPS XPS
Mean = 0.015 MPa Mean = 0.105 MPa Mean = 0.178 MPa Mean = 0.019 MPa Mean = 0.092 MPa Mean = 0.171 MPa
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4. Diagonal compression tests of the Masonry Wallets

The observed diagonal compression performance of the tested specimens with or without thermo insulation is presented
and discussed in terms of the variation of the equivalent shear stress (ts) versus shear strain (g) (Eq.s 1 and 2) together with
the observed damage. Fig. 9 (right) depicts the observed performance of the two unreinforced masonry wallets without any
thermo insulation, which represents the control specimens. As can be seen the shear strength value is of the order of 0.3 MPa
and the equivalent shear-stress versus shear stain variation characterizes this performance as being rather brittle. At the
same figure (left) the formation of a typical diagonal tension crack characterizes the observed mode of failure.

4.1. Wallets with a mineral wool (MW) façade subjected to diagonal compression

The measured response of all three specimens with mineral wall is depicted in Fig. 10, in terms of equivalent shear stress
versus shear strain (Eq. 1 and Eq. 2), together with the corresponding response of the two wallets without thermo-insulation
(“bare”, Fig. 9). The thickness of the thermo-insulation for each one of these specimens is also indicated in Fig. 10 (MW
100 mm and MW 50 mm denotes thermo insulation thickness of either 100 mm or 50 mm). The observed mode of failure is
depicted in Figs.11a and b; it can be seen that a distinct diagonal crack developed along the vertical diagonal (Fig.11a) similar
to the one observed for the “bare” wallets (Fig. 9). The Mineral Wool panel-units did not exhibit any signs of distress before
reaching the maximum load. However, partial debonding of the thermal insulation panels developed at the loading stage
after maximum load was reached (Fig. 11b).
Fig. 9. (a-left) “Bare” wallet crack pattern. (b-right) Shear stress versus shear strain response of “bare” wallets.
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Fig. 10. Response of wallets with MW facades in terms of shear stress versus shear strain and comparison with “bare” wallets.

Fig. 11. Mode of failure of a specimen with 100 mm MW façade. (a-left). The diagonal cracking of masonry (b-left) The detached façade after the test.
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4.2. Wallets with an expanded polystyrene (EPS) façade subjected to diagonal compression

The measured response of all five specimens with expanded polysterene is depicted in Fig.12, in terms of equivalent shear
stress versus shear strain (Eq. 1 and Eq. 2), together with the corresponding response of the two wallets without thermo-
insulation (“bare”, Fig. 9). The thickness of the thermo-insulation for each one of these specimens is also indicated in Fig. 12
(EPS 100 mm and EPS 50 mm denotes thermo insulation thickness of either 100 mm or 50 mm). The observed mode of failure
is depicted in Figs. 13a and b; it can be seen that they developed extensive diagonal cracking along the vertical diagonal
(Figs. 9 and 11a) similar to the one observed for the “bare” wallets or the wallets with MW thermo-insulation. Limited partial
debonding of the thermal insulation panels developed at the corners after maximum load was reached. At the same time the
out-of-plane distortion of the thermo-insulating attachment could be clearly seen.

4.3. Wallets with an expanded polyester (XPS) façade subjected to diagonal compression

The measured response of all three specimens with extruded polyester is depicted in Fig. 14, in terms of equivalent shear
stress versus shear strain (Eq. 1 and Eq. 2), together with the corresponding response of the two wallets without thermo-
insulation (“bare”, Fig. 9). The thickness of the thermo-insulation for each one of these specimens is also indicated in Fig. 14
(XPS 100 mm and XPS 50 mm denotes thermo insulation thickness of either 100 mm or 50 mm). The observed mode of
failure is depicted in Figs. 15a and b; it can be seen that a distinct diagonal cracking developed clearly along the vertical
diagonal (Figs. 11a and 13a) similar to the one observed for the “bare” wallets or the wallets with MW and EPS thermo-
insulation. The XPS panel-units exhibited signs of distress and partial debonding of the thermal insulation panels developed
at the corners after maximum load was reached. At the same time the out-of-plane distortion of the thermo-insulating
attachment could be clearly seen.
11



Fig. 12. Response of wallets with EPS facades in terms of shear stress versus shear strain and comparison with “bare” wallets.

Fig. 13. Mode of failure of a specimen with 100 mm EPS façade. (a-left) The diagonal cracking of masonry. (b-right) Small cracks appeared on the outer face
of façade.

Fig. 14. 1 Response of wallets with XPS facades in terms of shear stress versus shear strain and comparison with “bare” wallets.
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5. Discussion of the observed performance

5.1. Discussion of the material test results

The values of the mechanical properties of the thermo-insulating materials obtained by the current study are in
reasonable agreement with corresponding results available in the literature, as shown in Table 6. This is also true for the bond
strength values between the adhesive mortar and the thermo-insulating materials (Table 7). In Table 8 the bond and shear
12



Fig. 15. Mode of failure of a specimen with 100 mm XPS façade. (a-left) The diagonal cracking of masonry (a). (b-right) Small cracks appeared on the outer
face of façade.

Table 6
Comparison of mechanical properties of thermo-insulating materials.

Tensile strength (MPa) Compressive strength (MPa Young’s Modulus (MPa
compression)

Shear Modulus (MPa shear)

MW EPS XPS MW EPS XPS MW EPS XPS MW EPS XPS
This study 0.015 0.103 0.728 0.027 0.062 0.456 0.33 1.73 15.0 1.5 2.2 8.3
Norvaišien _e et al. [30] 0.01 0.20–0.26 0.20–0.50 0.03 0.10 0.30 2.0–6.0 20.0
Malanho et al. [73] 2.35 5.1

Table 7
Comparison of bond strength between the adhesive mortar and thermo-insulating materials.

This study Uyguno�glu et al. [15] Malanho et al. [16] Dirkx & Gregoire [17]

bond strength MW 0.015 MPa 0.01MPa 0.019 MPa 0.030MPa
bond strength EPS 0.105 MPa 0.08MPa 0.10 MPa 0.14 – 0.28MPa
bond strength XPS 0.178 MPa 0.136MPa 0.14MPa 0.18MPa

Table 8
Summary results of façade-adhesive mortar interface obtained in this study.

MW EPS XPS

Bond strength of adhesive mortar with insulating material normal to masonry façade (MPa) 0.015 0.105 0.178
Direct tensile strength of insulating material (MPa) 0.015 0.103 0.728
Shear strength of adhesive mortar with insulating material parallel to masonry façade (MPa) 0.019 0.092 0.171
Shear strength of insulating material (MPa) 0.017 0.051 0.241
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strength values measured in this study for the contact surface between the adhesive mortar and the thermo-insulating
materials are compared with the corresponding tensile and shear strength of each thermo-insulating material itself. The
smallest of these couple of values resulting from this comparison is indicated with bold numbers. This smallest value
selection governs the debonding mode of failure in the normal or tangential direction, which occurs when the corresponding
stress demands exceeds these strength values. As already discussed, the debonding for XPS appears at the adhesive mortar –

thermo insulation interface whereas for EPS and MW within the volume of the thermo-insulating material.

5.2. Discussion of the observed diagonal compression performance of the tested wallets

Table 9 lists the summary results of the diagonal compression experimental campaign in terms of equivalent shear
strength (maxts), shear strain at maximum load, and the shear modulus in columns (2), (3) and (4) of Table 9. Next these
response values of the specimens with thermo-insulating attachments are compared to the corresponding mean value
13



Table 9
Summary results of diagonal compression tests to “bare” or thermal insulated wallet.

(1) (2) (3) (4) (5) (6) (7)
wallets detail (type and
thickness of insulation)

Shear strength
maxts (MPa)

Shear strain at
maximum load

shear
modulus
(MPa)

Shear strength
increase (%)

Shear strain at maximum
load increase (%)

shear modulus
increase (%)

“Bare” 1 0.326 0.00055 1000
“Bare” 2 0.279 0.00050 1000
Average values for “bare”
wallets

0.303 0.000525 1000 – – –

SDV 0.033 0.000035 0
MW 50 mm 0.499 0.00180 1250 64.7 % 242.9 % 25.0 %
MW 100 mm 0.414 0.00450 1000 36.6% 757.1 % 0.0 %
MW 100 mm 0.505 0.00230 1375 66.7% 338.1 % 37.5 %
Average values for wallets
with MW

0.473 0.00287 1208 56.1 % 442.9 % 20.8 %

SDV 0.051 0.00144 191
EPS 50 mm 0.387 0.00300 2000 27.7% 471.4 % 100.0 %
EPS 50 mm 0.438 0.01000 1000 44.6% 1804.8 % 0.0 %
EPS 50 mm 0.491 0.00300 1250 62.0% 471.4 % 25.0 %
EPS 100 mm 0.506 0.00450 1000 67.0% 757.1 % 0.0 %
EPS 1000 mm 0.496 0.00360 1000 63.7% 585.7 % 0.0 %
Average values for wallets
with EPS

0.464 0.00482 1250 51.2 % 814.3 % 25.0 %

SDV 0.050 0.00296 433
XPS 50 mm 0.474 0.00500 1250 56.4% 852.4 % 25.0 %
XPS 100 mm 0.518 0.00300 2000 71.0% 471.4 % 100.0 %
XPS 100 mm 0.504 0.00300 1000 66.3% 471.4 % 0.0 %
Average values for wallets
with XPS

0.499 0.00367 1417 64.7 % 604.8 % 42.0 %

SDV 0.022 0.00115 520
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measured from tests with the specimens having no thermo-insulating attachment (“bare” wallets). This is done in columns
(5), (6) and (7) of Table 9, in terms of a percentage (%) increase of maximum shear stress, the corresponding shear stain and
the shear modulus respectively using as reference values the mean “bare” wallet values. The following summarize the main
observations:
- 
The wallets with the thermo-insulating attachment resulted in an increase of the measured shear strength. This increase is
56 %, 51 %, 65 % for the MW, the EPS and the XPS, respectively. A large part of this increase is due to the adhesive mortar
layer that is common to all the thermo-insulating attachments.
- 
The thermo-insulating attachment results in differentiating stress-strain response from being brittle to attaining a
relatively post-elastic branch which is quite dominant. This post elastic branch is more pronounced for the EPS and the
XPS rather than the MW thermo-insulating attachments. This can also be seen by the corresponding increase in the
measured values of shear strain for maximum load values listed in Table 9.
- 
An increase is also measured for the shear modulus obtained from the elastic branch of the measured response. Again, this
must be partly attributed to the layer of the adhesive mortar and partly to the in-plane stiffness of the thermo-insulating
materials. From the mechanical characteristics of the materials presented in Table 1, it can be concluded that it is only XPS,
which is much stiffer than MW or EPS, contributes significantly to this shear modulus increase.
- 
In all cases the presence of the thermo-insulating material did not alter the dominant failure mode. However, the
appearance of the diagonal crack, which became wider as the loading sequence developed after its first appearance, did
not result in a sudden decrease of the bearing capacity.
- 
The thermo-insulating panels were not significantly displaced up to the point the diagonal crack was first formed. Their
deformation and contribution to the load and deformation of the assembly started mainly from this point onwards. The
significant increase in the shear strain of the masonry panel led eventually, apart from the widening of the diagonal crack,
to limited debonding and cracking of the thermo-insulating attachments. However, even for large shear strains, larger
than 0.003, there was none incident of whole panel-unit detachment from the masonry wallet. This must be attributed to
the effect of the anchors placed in key location for this purpose.

6. Numerical simulation of the diagonal compression for the Wallets

Many researchers in the past have attempted validations of numerical simulations of the non-linear behaviour of
masonry walls “bare” or with different retrofitting schemes ([80–100]). The numerical methods used can be classified in
three main modeling approaches: macro-modeling, micro-modeling and simplified micro modeling (also known as meso-
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modeling). In the first approach the masonry wall is analyzed as an equivalent homogenized medium assigned with a non-
linear constitutive law capable to describe the response of the examined structural element and to predict the modes of
failure. The micro-modeling approach includes the representation of each material, brick or mortar, separately using
different finite elements together with zero thickness interfaces (brick units, mortar and unit-mortar interfaces). Each of the
materials and the interface are assigned their own non-linear material or interface constitutive law. The last modeling
technique (simplified micro-modeling) is a simplification of the micro-modeling approach. This approach utilizes either
mortar joints as finite elements or zero thickness interfaces between the brick units; in this way the possible modes of failure
of both mortar joints and interfaces are localized in an attempt to simplify the numerical model and to reduce the required
parameters and the computational cost ([82–84]). The following presents a short literature review relevant to this study.

Gatsesco et al. ([41] and [42]) developed numerical models to replicate the behaviour of GFRP strengthened masonry. The
masonry panels were simulated as homogenized panels with a “Concrete Damaged Plasticity” constitutive law, while the
GFRP coatings were simulated as an elastic – plastic material, using a constitutive friction law for the shear behaviour in
order to simulate the attachment to the façade of the masonry. In this way, the debonding at a direction perpendicular to the
masonry surface could not be simulated. Link elements were used to represent the mechanical anchors used in the
experimental sequence. In general, these numerical models were capable to approximate the experimentally measured
response. Macro-modeling was used by Janaraj et al. [90] in order to investigate the influence of different confining
arrangements by R/C members on unreinforced masonry panels. The constitutive model for the masonry was calibrated by
material testing employing a “user’s modified plasticity model”. They conclude that initially the masonry panel resists the
load by itself with the confining elements not contributing until the masonry reaches its non-linear limit-state. At this stage,
the confining elements were activated by the simulated cracked masonry. Through these observations the measured small
increase of the peak load and the initial stiffness for different confining methods could be explained. The smeared cracking
theory was adopted by Bello et al. [91] to form a homogenized material for the masonry in order to investigate the
effectiveness of a FRCM strengthening technique using fibers. This coating is simulated with solid elements tied on the face of
masonry with initially elastic and then rupture properties. The used grid is fully embedded in the matrix, having elastic-
plastic properties derived by material testing. The obtained in this case numerical predictions result in a greater shear
strength increase than that of other FRCM/TRM strengthening methods. Khan et al. [92] developed numerical models for
homogenized masonry walls using a Drucker – Prager non-linear constitutive law and 2D shell elements to represent the
geosynthetic coatings bonded in one face of the masonry employing a non-linear interface. After calibrating these models
with the available experiment results, a parametric analysis was conducted in order to produce interaction curves for the in-
plane and out-of-plane bearing capacity of “bare” and retrofitted masonry walls. It was shown that the in-plane resistance
decreases drastically for an out-of-plane load greater than 60 % of the out-of-plane bearing capacity. Both in-plane and out-
of-plane bearing capacities increase more than 50 %, when geo-synthetic coatings are attached than the corresponding
capacities of the case without such coatings.

A simplified micro-modeling technique was employed by Bolhassani et al. [93] to numerically investigate the behaviour
of ungrouted and partially grouted masonry. The concrete blocks are simulated as solid blocks and non-linear interfaces are
used to represent the mortar in order to simulate the block – mortar separation. The finite elements representing the grout
are assigned with “Concrete Damaged Plasticity” constitutive law. The required parameters were obtained by material and
prism testing and by relevant information from the literature. The numerical results were compared with corresponding
laboratory measurements achieving good agreement in terms of initial stiffness and maximum load. Lavado et al. [89] also
used simplified micro -modeling employing “Concrete Damaged Plasticity” for the bricks’ constitutive law and friction
contact elements for the joints using parameters measured by material and prism testing. Experimental results and
numerical predictions for the diagonal compression of traditional masonry walls with two different types of mortar were in
good agreements in terms of maximum shear stress and the corresponding shear strain. Mustafaraj et al. [48] developed 2-D
simplified micro-models with elastic bricks and non linear mortar interfaces. These models predicted well the maximum
load but the assumption of linear bricks lead to a non-realistic ductile behaviour. The same effect could be seen in the
numerical investigation of Sousa et al. [77] using linear material for clay bricks and non linear material law for the 3-D joint
elements. In order to reduce computational cost the interfaces were kept rigid as there was no such damage observed during
the experimental investigation. These numerical models could predict well the mode of failure and the maximum load, but
the used simplifications resulted to deviations in the behaviour beyond maximum load.

Detailed micro-models were developed by Arnau et al. [94] to investigate the influence of the horizontal reinforcement
on reinforced masonry walls. Bricks and joints were represented by 3-D finite elements assigned with a total strain crack
model and Mohr – Coulomb interfaces. The required parameters were obtained by laboratory measurements and by values
proposed in the literature. This numerical simulation was validated by comparisons to diagonal compression tests of
unreinforced wallets. Shear walls tests and models showed that increasing the percentage of the reinforcement leads to
increased peak load. The same numerical methodology was adopted by Sandoval et al. [95] to investigate the behaviour of
multi-perforated clay unit walls resulting in good agreement with the corresponding test results in terms of strength and
deformability. Soti et al. [58] adopted a micro-modeling technique, but instead of interfaces with nodal connection used non-
linear link elements in order to reduce the computational cost. Numerical models of “bare” and NSM retrofitted walls were
developed and the results were compared with laboratory measurements. These numerical models predicted well the
observed force versus deformation response and the modes of failure. However, this modeling method cannot be applied to
3-D problems.
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Fig. 16. Numerical model of bare masonry under diagonal compression.

Fig. 17. Bare wallet (a-right). Response of bare masonry model in terms of equivalent shear stress vs shear strain and comparison with experimental results
(b-left) Plastic strains as damage predictions. (see also Fig. 9).
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Manos et al. [84] developed micro-models and macro-models of masonry infills and both were capable to predict the
experimentally observed behaviour. Macro-models have less computational cost and yield good accuracy up to the
point of large displacements development. Additionally, the macro-modeling technique can efficiently be used for
physical problems of relatively moderate dimensions. The same conclusion was reached by Malomo et al. [96]. Both
micro-models and macro-models of URM masonry panels, being first calibrated, can predict the mode of failure and the
force – displacement response under combined vertical and horizontal in-plane loads. Domede et al. [97] used a micro-
model and Drucker Pragger failure criteria together with interfaces reaching a good agreement with the corresponding
experimental results; crucial parameters, like the friction angle, were previously calibrated. Following this numerical
simulation approach a macro-model was developed for the purposes of the current study employing the laboratory
measurements in order to define the relevant properties of homogenized material in the homogenization process of the
masonry. This macro-modeling technique employs 3-D finite elements for the masonry with a “Concrete Damaged
Plasticity” constitutive law being calibrated from the laboratory measurements found during testing. The attachment of
the thermal insulation panels to the masonry is done with a layer of adhesive mortar which is numerically simulated
with two layers of non linear cohesive – friction interfaces; the first interface is joining the mortar joint with the
numerical simulation of the masonry whereas the second interface is joining the mortar joint to the numerical
simulation of the thermo-insulating panel. The thermo-insulating panels were numerically simulated by 3-D finite
elements. The ETICS properties and interface properties were defined from results obtained from material testing
presented before. In this way, the measured diagonal compression response was numerically simulated, utilizing the
capabilities of commercial software [98].
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Table 10
Parameters of CDP constitutive law for masonry material.

Concrete Damaged Plasticity – material model assigned to masonry panel

general properties Plasticity properties compressive behaviour tensile behaviour

Density 1.0 tn/m3 dilation angle 30 yield stressMPa inelastic strain yield stress MPa inelastic strain

Young's modulus 3000 MPa Eccentricity 0.1 2 0 0.15 0
Poison’s ratio 0.20 fb0/fc0 1.16 0.5 0.02 0.26 5E-5

K 0.67 0.15 0.011
Viscocity 0 0.05 0.015

Fig. 18. Cross-section of a masonry attached with thermal insulation model.

Table 11
Parameters of CDP material law for adhesive mortar material.

Concrete Damaged Plasticity – material model assigned to adhesive mortar

general properties Plasticity properties compressive behaviour tensile behaviour

Density 1.0 tn/m3 dilation angle 40 yield stress MPa inelastic strain yield stress MPa inelastic strain

Young's Modulus 4000 Mpa eccentricity 0.1 13.5 0 2.30 0
poisson's ratio 0.15 fb0/fc0 1.16 0.135 0.02 0.05 0.02

K 0.67
Viscocity 0
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6.1. Comparison between numerical predictions and observed behaviour in the current study

Initially, 3-D finite element numerical models were formed, adopting a macro modeling approach with a homogenized
material obeying the Concrete Damaged Plasticity (CDP) constitutive law for the masonry. This constitutive law was
introduced by Lubliner [99] and was modified by Lee and Fenves [100]. It can satisfactorily represent the behaviour of brittle
materials, like concrete or masonry, with different stress – strain laws for compression and tension. A parametric analysis
was carried out to investigate the influence of each parameter of this constitutive law according to the measured material
behaviour. The numerical model formed in this way was further calibrated to capture the measured behaviour of the “bare”
wallets. The geometry of this model is shown in Fig.16 and its response in terms of shear stress versus shear strain is depicted
in Fig.17 together with the relevant comparison to the corresponding experimental results. All the parameters introduced for
the masonry material are listed in Table 10. The adhesive mortar joint between the masonry and the thermo-insulating
panel-units is numerically simulated with 3-D solid finite elements, having 10 mm thickness and a Concrete Damage
Plasticity constitutive law (Table 11) defined by utilizing relevant test results. This mortar joint numerically simulates exactly
the actual geometry of the mortar joint of the tested specimens. Moreover, the thermo-insulating panels were also
numerically simulated with 3-D solid finite elements having elastic behaviour according to the relevant test results. The non-
linear behaviour was concentrated in an interface between the adhesive mortar and the thermo-insulating attachment and
not at the interface between the adhesive mortar and the masonry substrate, based on the relevant bond-strength test
results. The interface between the adhesive mortar and the thermo-insulating attachment uses nodal interaction with
cohesive – friction behaviour determined according to the laboratory measurements for both the normal and the tangential
behaviour (Table 8).

Fig. 18 depicts the details of the above numerical simulation as it can be seen through a cross-section of thermal insulated
masonry wallet. The numerical results presented next correspond to thermo-insulating specimens with panels of 100 mm
thickness.

These results in terms of equivalent shear stress versus shear strain response are compared with the corresponding test
results. The numerical response of the masonry wallet with mineral wool façade is depicted in Figs. 19a, b, c and d. Fig. 19a
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Fig. 19. Experimental and numerical results of masonry with 100 mm MW thermal insulation (a- top-left). Equivalent stress-strain response (b-top right)
Plastic strains of masonry panel (c-bottom left)), plastic strains of adhesive mortar (d- bottom right) plastic strains at the adhesive mortar thermal insulation
interface (Figs. 11).
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shows a comparison between numerical prediction and experimental measurements in terms of equivalent shear stress
versus shear strain. The numerically predicted plastic strains at the end of the loading sequence of the masonry panel, of the
adhesive mortar and of the interface between mortar and MW panels are depicted in Fig. 19b, c and d respectively. The
concentration of the plastic strains in these figures can be assumed to represent the development of damage during testing.
This masonry panel exhibited plastic strain distribution simulating the observed diagonal cracking (Fig. 9). This numerically
simulated crack is also predicted to be spreading in the adhesive mortar (Fig. 19c), as it was observed during testing. It is also
interesting to note that this numerical simulation also predicts in a realistic way the observed detachment of the MW panels
at the end of the loading sequence. Therefore, it can be concluded that this numerical simulation can realistically reproduce
the observed behaviour in terms of modes of failure and, up to a point, in terms of equivalent shear stress versus shear strain
response.

The procedure for forming the numerical simulation of the masonry wallet with MW attachment was repeated for the
masonry wallets having either EPS or XPS attachments on one of their façades. The obtained numerical response, in terms of
equivalent shear stress versus shear strain, and the corresponding experimental measurements are depicted in Figs. 20a and
b for the EPS or XPS, respectively. The numerical response of the masonry wallet with EPS attachment in terms of plastic
Fig. 20. Experimental and numerical results of masonry with 100 mm EPS thermal insulation (a-left) and XPS thermal insulation (b-right).
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Fig. 21. Numerical plastic strain predictions of masonry with 100 mm EPS thermal insulation at the end of loading (a-left) plastic strains of masonry panel
(b-right) of the interface of mortar joint with the thermal insulating panels (see also Figs. 12 and 13).

Fig. 22. Numerical plastic strain predictions of masonry with 100 mm XPS thermal insulation at the end of loading (a-left) plastic strains of masonry panel
(b-right) of the interface of mortar joint with the thermal insulating panels (see also Figs. 14 and 15).

Table 12
Summary results of numerical predictions compared to the experimental measurements.

wallets detail (type of
insulation)

Shear strength increase (%) Shear strain at maximum stress
increase (%)

Initial shear modulus increase (%)

Experimental
results

Numerical
predictions

Experimental
results

Numerical
predictions

Experimental
results

Numerical
predictions

(1) (2) (3) (4) (5) (6) (7)
Average of wallets with MW 56.1 % 49 % 442.9 % 171 % 20.8 % 25 %
Average of wallets with EPS 51.2 % 30 % 814.3 % 614 % 25.0 % 28 %
Average of wallets with XPS 64.7 % 50 % 604.8 % 396 % 42.0 % 48 %
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strains is depicted in Figs. 21a and b whereas for the masonry wallet with XPS attachment in Figs. 22a and b. Again, it can be
concluded that this numerical simulation can realistically reproduce the observed behaviour in terms of modes of failure
and, up to a point, in terms of equivalent shear stress versus shear strain response.

Table 12 lists the numerically simulated thermo-insulating panels (col. 1); the corresponding measured response values
are listed in terms of the measured increase of the shear strength (col. 2), shear strain at maximum stress (col. 4), and shear
modulus (col. 6), which were also listed in Table 9. The corresponding increase values resulting from the numerical
simulations are also listed in the same table in columns (3), (5) and (7). For these increase values derived from the numerical
simulations are obtained having as basis for these comparisons the numerical results derived from the numerical simulation
of the brick wall without any thermo-insulating attachment. It must be underlined that the numerical equivalent shear stress
versus shear strain response of the wallet without thermo-insulation compares well with the corresponding experimental
measurements (Fig. 17b). As can be seen from the values listed in Table 12, the effect of the thermo-insulating attachment, as
predicted by the described numerical simulations, portrays to a satisfactory degree the measured bahaviour. Further
refinements are currently under way towards improving, if possible, the numerical predictions.
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7. Discussion of the outcome of the current study

The current study examines the in-plane behaviour of clay brick masonry with thermo-insulated attachments (MW, EPS,
and XPS). This was done by studying the behaviour of unreinforced lay brick masonry wallets, with or without these
particular thermo-insulating attachments, when subjected to diagonal compression in the laboratory. By comparing their
performance with the corresponding performance of identical masonry wallets without thermo-insulating attachments an
effort was made to answer the following:
- 
How such a thermo insulating attachments perform when subjected to the stress field that arises to these masonry panels
when subjected to in-plane of stress similar to the one develops form seismic loads.
- 
Whether the seismic performance of a masonry panel with such a thermo insulating attachment is more vulnerable to
seismic loads than the corresponding performance of the same masonry panel prior to installing this thermo insulating
attachment.

The following are the most important observations:
- 
The flexibility of all the used thermo-insulating panels helped to protect them from being significantly damaged by the in-
plane state of stress which developed at the masonry panel. This was observed in all the stages of the diagonal
compression loading sequence. Relatively large shear strains of the masonry substrate, due to the widening of the
cracking, resulted in the gradual debonding of the thermo-insulating attachment from the masonry. However, this
debonding did not lead to the full detachment of any part of the thermo-insulating panel units from the masonry, even for
relatively large shear strains of the masonry. Towards this acceptable limit-state failure mode the contribution of the used
plastic anchors at key locations must be recognized.
- 
The attachment of the thermo-insulating panels increased, up to a point, the equivalent shear strength capacity and the in-
plane stiffness of the tested masonry wallet. Part of this increase must be attributed to the used adhesive mortar that was
used as part of attaching the used thermo-insulating panel units to the masonry substrate. Obviously, using such a mortar
layer with even stronger mechanical characteristics than the ones used here will increase even further the in-plane
bearing capacity of the composite masonry wall, as was shown by a number of such retrofitting studies. Apart from this
effect, an additional increase in terms of equivalent shear strength capacity and in-plane stiffness resulted from the
contribution of the XPS façade. This is due to the relatively larger stiffness and strength of this XPS material when
compared to either the MW or the EPS thermo-insulating facades that were employed in the present study.
- 
The presence of the thermo-insulating panel units attached on the clay brick masonry wallets had an additional beneficial
effect by altering, up to a point, the brittle behaviour of the tested specimens without such attachments. The response of all
these specimens with thermo-insulating attachments responded in an almost elastic-plastic manner after the formation
of the main diagonal crack for equivalent shear strains larger than 0.003, which was many times larger than the equivalent
shear strain for maximum load measured for the clay brick specimens without the thermo-insulating attachments.

The measure response was utilized to form realistic numerical simulations of the observed behaviour. The following
summarize the most significant observations.
- 
The measured response was utilized to form realistic numerical simulations of the observed behaviour. This numerical
simulation proposes a multi-stage procedure employing basic information obtained from the experimental campaign.
This information in the first stage is employed to form a realistic simulation of the masonry wallet. At the next stage,
information obtained from particular tests with the used adhesive mortar forms the basis of the employed constitutive
laws of the interaction between the mortar joint with either the masonry substrate or with the thermo-insulating panel-
units. Finally, the mechanical characteristics of all the thermo-insulating materials found from particular laboratory
testing were also employed. This procedure is of a general nature and can be employed for applications employing
different masonry or thermo-insulating materials.
- 
The final successful validation of this numerical procedure was done by comparing the numerical response in terms of
equivalent shear stress versus shear strain as well as the predicted limit-states in terms of plastic strain with the
corresponding experimental measurements and the observed damage. It could be seen from such a comparison that the
numerical predictions simulated satisfactorily all the significant effects on the in-plane response of the studied masonry
wallets introduced by the employed thermo-insulating attachments. This satisfactory comparison includes the observed
shear strength and in-plane stiffness increase, the almost elasto-plastic behaviour resulting from such an attachment and
the observed mode of failures in terms of diagonal cracking of the masonry substrate and adhesive mortar as well as the
debonding mechanism of the thermo-insulating panels from the masonry substrate. Consequently, it can be concluded
that the effect of the thermo-insulating attachment, as predicted by the described numerical simulations, portrays to a
satisfactory degree the measured behaviour. Further refinements are currently under way towards improving, if possible,
the numerical predictions.
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8. Conclusions

The following are the final conclusions and represent the originality of the current study.
a1) The thermo insulating attachment of the tested type performs in a satisfactory way when subjected to the stress field

that arises to these masonry panels when subjected to diagonal compression. These thermo insolating panels, although
finally debonded from the masonry substrate, do not collapse, even when the masonry panel develops large diagonal cracks,
due to the presence of the used plastic anchors.

b1) The presence of such thermo insulating attachments leads to an increase of the in-plane load capacity and to a less
brittle behaviour than the one without this thermo-insulation. This may also lead to a less vulnerable seismic performance
than that of the same masonry panel without this thermo insulating attachment, although further validation is needed
considering also the out-of-plane performance.

c1) The employed numerical simulation was successful in simulating the most important aspects of the in-plane response
of the tested masonry wallets with or without thermo-insulating attachments. This was done by including in the numerical
simulation constitutive laws based on the extensive investigation of all used materials for the masonry, for the thermo
insulation as well as for the adhesive mortar that is used fro the attachment that is a very crucial parameter. The good
agreement with observed performance as well as the general nature of this numerical simulation confirms its validity.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

All materials for the construction of the specimens were provided by “FIBRAN Anastasiadis Dimitrios S.A.”. Part of the
aforementioned research “Intelligent Facades for Nearly Zero Energy Buildings (IF – ZEB)” has been co-funded by Greece and
European Union through the Operational Program “Erevno - Dimiourgo - Kainotomo” (project code: T1EDK-02045) which
are gratefully acknowledged.

References

[1] C. Modena, et al., L’aquila 6th April 2009 earthquake: emergency and Post-emergency activities on cultural heritage buildings chapter 20, Earthquake
Engineering in Europe, Geotechnical, Geological, and Earthquake Engineering, Springer Science+Business Media B.V, 2010, doi:http://dx.doi.org/
10.1007/978-90-481-9544-2_20 17.

[2] D. D’Ayala, M. Dolce, Guest editorial: L’Aquila earthquake: seismic sequence of 6th April 2009, Abruzzo, Italy, Bull. Earthquake Eng. 9 (2011) 1–10, doi:
http://dx.doi.org/10.1007/s10518-010-9240-4.

[3] G. Manos, Consequences on the urban environment in Greece related to the recent intense earth-quake activity, Int. J. Civil Eng. Archit. 5 (12) (2011)
1065–1090 (Serial No. 49).

[4] GEER - EERI - ATC - Cephalonia GREECE Earthquake Reconnaissance January 26th/ February 2nd, (2014) Version 1: June 6 2014.
[5] G.C. Manos, The 30th of october samos-greece earthquake. Issues relevant to the protection of structural damaged caused by strong earthquake

ground motions, J. Archit. Eng. 5 (4) (2020), doi:http://dx.doi.org/10.23968/2500-0055-2020-5-4-03-17. https://aej.spbgasu.ru/index.php/AE.
[6] M. Holmes, Steel frames with brickwork and concrete infilling, Proceedings of the Institution of Civil Engineers (ICE) 19 (1961).
[7] M. Holmes, Combined loading on infilled frames, Proceedings of the Institution of Civil Engineers (ICE) 25 (1963).
[8] Stafford Smith, Bryan, Behaviour of square infilled frames, J. Struct. Div. (1966) ASCE, February.
[9] D.V. Mallick, R.T. Severn, The behaviour of infilled frames under static loading, Proc. ICE, Part 2, V.38, Dec 1967, 1967, pp. 639–656.

[10] B. Stafford Smith, C. Carter, A Method of Analysis for Infilled Frames, vol. 44, Institution of Civil Engineers (ICE), 1969.
[11] R.J. Mainstone, Supplementary Note on the Stiffnesses and Strengths of Infilled Frames Current Paper CP 13/74, Building Research Station, (1974) .
[12] R.E. Klingner, V.V. Bertero, Infilled Frames in Earthquake - Resistant Construction EERC, Report No. 76-32, University of California, Berkeley, California,

USA, 1976.
[13] D. Dhanasekar, A.W. Page, The influence of brick masonry infill properties on the behaviour of infilled frames, Proceedings Instn. Civ. Engrs (1986)

593–605 Part 2.
[14] R. Zarnic, M. Tomazevic, The Behaviour of Masonry Infilled Reinforced Concrete Frames Subjected to Cyclic Lateral Loading 8WCEE San Francisco,

(1984) .
[15] K. Styliniades, Experimental Investigation of the Behaviour of Single-story Infilled R/C Frames Under Cyclic Quasi-static Horizontal Loading

(Parametric Analysis) PHD Thesis, Department of Civil Engineering, Aristotle University of Thessaloniki, Thessaloniki, 1985.
[16] P.G. Carydis, H.P. Mouzakis, J.M. Taflambas, E.A. Vougioukas, Response of infilled frames with brickwalls to earthquake motions, Proceedings, 10th

World Conference Earthquake Engineering, Madrid, 1992, pp. 2829–2834.
[17] S.G. Buonopane, R.N. White, Pseudodynamic testing of masonry infilled reinforced concrete frame, J. Struct. Eng. (1999) 578–589.
[18] Y.C. Chiou, J.-C. Tzeng, Y.W. Liou, Experimental and analytical study of masonry infilled frames, J. Struct. Engrg., ASCE 125 (10) (1999) 1109–1116.
[19] V. Soulis, Investigation of the Numerical Simulation of Masonry Infilled R/C Frame Structures Under Seismic Type Loading PHD Thesis, Department of

Civil Engineering, Aristotle University of Thessaloniki, Thessaloniki, 2009.
[20] J. Thauampteh, Experimental Investigation of the Behaviour of Single-story R/C Frames Infills, Virgin and Repaired, Under Cyclic Horizontal Loading

PHD Thesis, Department of Civil Engineering, Aristotle University of Thessaloniki, 2009.
[21] F. Da Porto, G. Guidi, G. Garbin, C. Modena, In-plane behaviour of clay masonry walls: experimental testing and finite element modelling, ASCE, J.

Struct. Eng. (2010).
[22] P.G. Asteris, Special issue on infilled framed structures, Open Constr. Build. Technol. J. 2012 (Suppl 1) (2012) 632.
[23] Jabbar Abdalaali Kadhim, Abbass Oda Dawood, Seismic performance of clay bricks construction, Civ. Eng. J. 6 (4) (2020).
[24] Saeed Rastegarian and Ashkan Sharifi, An investigation on the correlation of inter-story drift and performance objectives in conventional RC frames,

Emerg. Sci. J. 2 (June (3)) (2018) 2018.
21

http://dx.doi.org/10.1007/978-90-481-9544-2_20
http://dx.doi.org/10.1007/978-90-481-9544-2_20
http://dx.doi.org/10.1007/s10518-010-9240-4
http://dx.doi.org/10.23968/2500-0055-2020-5-4-03-17
https://aej.spbgasu.ru/index.php/AE


G.C. Manos, L. Melidis, K. Katakalos et al. Case Studies in Construction Materials 14 (2021) e00538
[25] Muhammad Umar, Syed Azmat Ali Shah, Khan Shahzada, Tayyab Naqash, Wajid Ali, Assessment of seismic capacity for reinforced concrete frames
with perforated unreinforced brick masonry infill wall, Civ. Eng. J. 6 (December(12)) (2020), doi:http://dx.doi.org/10.28991/cej-2020-03091625 2020.

[26] Athmane Rahem, Yahiaoui Djarir, Lahbari Noureddine, Bouzid Tayeb, Effect of masonry infill walls with openings on nonlinear response of steel
frames, Civ. Eng. J. 7 (February(02)) (2021) 2021, (E-ISSN: 2476-3055; ISSN: 2676-6957).

[27] P. Antoniadou, M. Symeonidou, E. Kyriaki, E. Giama, S.N. Boemi, S. Chadiarakou, A.M. Papadopoulos, High performance building façades for Zero
Energy Buildings in Greece: state of the art and perspectives, IOP Conference Series: Earth Environ. Sci. 410 (1) (2020), doi:http://dx.doi.org/10.1088/
1755-1315/410/1/012036.

[28] A.M. Papadopoulos, State of the art in thermal insulation materials and aims for future developments, Energy Build. 37 (1) (2005) 77–86, doi:http://
dx.doi.org/10.1016/j.enbuild.2004.05.006.

[29] E. Touloupaki, T. Theodosiou, Optimization of external envelope insulation thickness: a parametric study, Energies 10 (3) (2017), doi:http://dx.doi.
org/10.3390/en10030270.

[30] R. Norvaišien _e, V. Buhagiar, A. Burlingis, K. Miškinis, Investigation of mechanical resistance of external thermal insulation composite systems (ETICS, J.
Build. Eng. 32 (June) (2020), doi:http://dx.doi.org/10.1016/j.jobe.2020.101682.

[31] T. Uyguno�glu, S. Özgüven, M. Çalış, Effect of plaster thickness on performance of external thermal insulation cladding systems (ETICS) in buildings,
Constr. Build. Mater. 122 (2016) 496–504, doi:http://dx.doi.org/10.1016/j.conbuildmat.2016.06.128.

[32] A. Borri, M. Corradi, R. Sisti, C. Buratti, E. Belloni, E. Moretti, Masonry wall panels retrofitted with thermal-insulating GFRP-reinforced jacketing, Mater.
Struct. Materiaux et Construct. 49 (10) (2016) 3957–3968, doi:http://dx.doi.org/10.1617/s11527-015-0766-4.

[33] M.F. Leone, G. Zuccaro, Seismic and energy retrofitting of residential buildings: a simulation - based approach, UPLanD 1 (1) (2016) 11–25.
[34] D.A. Bournas, Concurrent seismic and energy retrofitting of RC and masonry building envelopes using inorganic textile-based composites combined

with insulation materials: a new concept, Compos. Part B Eng. 148 (April) (2018) 166–179, doi:http://dx.doi.org/10.1016/j.compositesb.2018.04.002.
[35] P. La Greca, G. Margani, Seismic and energy renovation measures for sustainable cities: a critical analysis of the Italian scenario, Sustainability

(Switzerland) 10 (1) (2018), doi:http://dx.doi.org/10.3390/su10010254.
[36] T.C. Triantafillou, K. Karlos, P. Kapsalis, L. Georgiou, Innovative structural and energy retrofitting system for masonry walls using textile reinforced

mortars combined with thermal insulation: in-plane mechanical behaviour, J. Compos. Constr. 22 (5) (2018), doi:http://dx.doi.org/10.1061/(asce)
cc.1943-5614.0000869 04018029.

[37] G.C. Manos, K. Katakalos, L. Melidis, A. Anastasiadis, The behaviour of masonry infills with thermal insulation facades under out of plane seismic type
loads (in Greek), 4th Panhellenic Conference on Earthquake Engineering and Technical Seismology (2019).

[38] G.C. Manos, L. Melidis, K. Katakalos, V. Soulis, A. Anastasiadis, Unreinforced masonry with thermal insulation facades in multi-story buildings
subjected to seismic type loads, The 17th World Conference on Earthquake Engineering (2020).

[39] P.D. Gkournelos, T.C. Triantafillou, D.A. Bournas, Integrated structural and energy retrofitting of masonry walls: effect of in-plane damage on the out-
of-Plane response, J. Compos. Constr. 24 (5) (2020), doi:http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0001066 04020049.

[40] D.A. Pohoryles, C. Maduta, D.A. Bournas, L.A. Kouris, Energy performance of existing residential buildings in Europe: a novel approach combining
energy with seismic retrofitting, Energy Build. 223 (2020)110024, doi:http://dx.doi.org/10.1016/j.enbuild.2020.110024.

[41] N. Gattesco, I. Boem, Experimental and analytical study to evaluate the effectiveness of an in-plane reinforcement for masonry walls using GFRP
meshes, Constr. Build. Mater. 88 (2015) 94–104, doi:http://dx.doi.org/10.1016/j.conbuildmat.2015.04.014.

[42] N. Gattesco, C. Amadio, C. Bedon, Experimental and numerical study on the shear behaviour of stone masonry walls strengthened with GFRP
reinforced mortar coating and steel-cord reinforced repointing, Eng. Struct. 90 (2015) 143–157, doi:http://dx.doi.org/10.1016/j.engstruct.2015.02.024.

[43] M.R. Valluzzi, T. Tinazzi, C. Modena, D. Tinazzi, C. Modena, Shear behaviour of masonry panels strengthened with FRP laminates, Constr. Build. Mater.
16 (409–416) (2006) 409–416, doi:http://dx.doi.org/10.1016/S0950-0618(02)00043-0.

[44] A. Jafari, A.V. Oskouei, M. Bazli, R. Ghahri, Effect of the FRP sheet’s arrays and NSM FRP bars on in-plane behaviour of URM walls, J. Build. Eng. 20 (April)
(2018) 679–695, doi:http://dx.doi.org/10.1016/j.jobe.2018.09.018.

[45] A. Kalali, M.Z. Kabir, Experimental response of double-wythe masonry panels strengthened with glass fiber reinforced polymers subjected to diagonal
compression tests, Eng. Struct. 39 (2012) 24–37, doi:http://dx.doi.org/10.1016/j.engstruct.2012.01.018.

[46] M. Kału _za, The influence of FRCM system with a basalt mesh on the shear properties of AAC masonry walls, Brick and Block Masonry -From Historical
to Sustainable Masonry (2020) 388–394.

[47] L. Garcia-Ramonda, L. Pelá, P. Roca, G. Camata, In-plane shear behaviour by diagonal compression testing of brick masonry walls strengthened with
basalt and steel textile reinforced mortars, Constr. Build. Mater. 240 (2020)117905, doi:http://dx.doi.org/10.1016/j.conbuildmat.2019.117905.

[48] E. Mustafaraj, Y. Yardım, Usage of ferrocement jacketing for strengthening of damaged unreinforced masonry (URM) walls, 3rd International Balkans
Conference on Challenges of Civil Engineering, (May) (2016) 19–21.

[49] A. D’Ambrisi, M. Mezzi, A. Caporale, Experimental investigation on polymeric net-RCM reinforced masonry panels, Compos. Struct. 105 (2013) 207–
215, doi:http://dx.doi.org/10.1016/j.compstruct.2013.05.017.

[50] X. Wang, C.C. Lam, V.P. Iu, Experimental investigation of in-plane shear behaviour of grey clay brick masonry panels strengthened with SRG, Eng.
Struct. 162 (January) (2018) 84–96, doi:http://dx.doi.org/10.1016/j.engstruct.2018.02.027.

[51] A. Incerti, A. R. T, A. Bellini, In-plane Behaviour of FRCM-strengthened Masonry Panels. Brick and Block Masonry -From Historical to Sustainable
Masonry, (2020) , pp. 313–321.

[52] M. Del Zoppo, M. Di Ludovico, A. Balsamo, A. Prota, Experimental in-plane shear capacity of clay brick masonry panels strengthened with FRCM and
FRM composites, J. Compos. Constr. 23 (5) (2019) 1–12, doi:http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000965.

[53] S.L. Sagar, V. Singhal, D.C. Rai, P. Gudur, Diagonal shear and out-of-plane flexural strength of fabric-reinforced cementitious matrix-strengthened
masonry walletes, J. Compos. Constr. 21 (4) (2017) 1–13, doi:http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000796.

[54] S. Babaeidarabad, D. Arboleda, G. Loreto, A. Nanni, Shear strengthening of un-reinforced concrete masonry walls with fabric-reinforced-
cementitious-matrix, Constr. Build. Mater. 65 (2014) 243–253, doi:http://dx.doi.org/10.1016/j.conbuildmat.2014.04.116.

[55] M. Corradi, C. Tedeschi, L. Binda, A. Borri, Experimental evaluation of shear and compression strength of masonry wall before and after reinforcement:
deep repointing, Constr. Build. Mater. 22 (4) (2008) 463–472, doi:http://dx.doi.org/10.1016/j.conbuildmat.2006.11.021.

[56] A. Borri, G. Castori, M. Corradi, E. Speranzini, Shear behaviour of unreinforced and reinforced masonry panels subjected to in situ diagonal
compression tests, Constr. Build. Mater. 25 (12) (2011) 4403–4414, doi:http://dx.doi.org/10.1016/j.conbuildmat.2011.01.009.

[57] Nanjunda K.S. Rao, Joshi Amrut Anant, Experimental investigations on the in-plane shear behaviour of unreinforced and reinforced masonry panels,
13th North American Masonry Conference 1 (2019) 447–458.

[58] R. Soti, A.R. Barbosa, Experimental and applied element modeling of masonry walls retrofitted with near surface mounted (NSM) reinforcing steel
bars, Bull. Earthq. Eng. 17 (2019), doi:http://dx.doi.org/10.1007/s10518-019-00607-2.

[59] N. Ismail, R.B. Petersen, M.J. Masia, J.M. Ingham, Diagonal shear behaviour of unreinforced masonry wallettes strengthened using twisted steel bars,
Constr. Build. Mater. 25 (12) (2011) 4386–4393, doi:http://dx.doi.org/10.1016/j.conbuildmat.2011.04.063.

[60] N.A. Misnon, M. Giaretton, D. Shedde, J. Ingham, D. Dizhur, Shear testing of URM wallettes retrofitted with NSM steel wire rope, Structures 27 (July)
(2020) 1 613–1622, doi:http://dx.doi.org/10.1016/j.istruc.2020.07.059.

[61] C. Mishra, K. Yamaguchi, Y. Endo, T. Hanazato, M. S, Study on shear and flexural behaviour of Nepalese masonry walls with and without reinforcement,
The 17th World Conference on Earthquake Engineering (2020).

[62] H.A. Khan, R.P. Nanda, D. Das, In-plane strength of masonry panel strengthened with geosynthetic, Constr. Build. Mater. 156 (2017) 351–361, doi:
http://dx.doi.org/10.1016/j.conbuildmat.2017.08.169.

[63] M. Giaretton, D. Dizhur, E. Garbin, J.M. Ingham, F. Da Porto, In-plane strengthening of clay brick and block masonry walls using textile-reinforced
mortar, J. Compos. Constr. 22 (5) (2018) 1–10, doi:http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000866.
22

http://dx.doi.org/10.28991/cej-2020-03091625
http://dx.doi.org/10.1088/1755-1315/410/1/012036
http://dx.doi.org/10.1088/1755-1315/410/1/012036
http://dx.doi.org/10.1016/j.enbuild.2004.05.006
http://dx.doi.org/10.1016/j.enbuild.2004.05.006
http://dx.doi.org/10.3390/en10030270
http://dx.doi.org/10.3390/en10030270
http://dx.doi.org/10.1016/j.jobe.2020.101682
http://dx.doi.org/10.1016/j.conbuildmat.2016.06.128
http://dx.doi.org/10.1617/s11527-015-0766-4
http://dx.doi.org/10.1016/j.compositesb.2018.04.002
http://dx.doi.org/10.3390/su10010254
http://dx.doi.org/10.1061/(asce)cc.1943-5614.0000869
http://dx.doi.org/10.1061/(asce)cc.1943-5614.0000869
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0001066
http://dx.doi.org/10.1016/j.enbuild.2020.110024
http://dx.doi.org/10.1016/j.conbuildmat.2015.04.014
http://dx.doi.org/10.1016/j.engstruct.2015.02.024
http://dx.doi.org/10.1016/S0950-0618(02)00043-0
http://dx.doi.org/10.1016/j.jobe.2018.09.018
http://dx.doi.org/10.1016/j.engstruct.2012.01.018
http://dx.doi.org/10.1016/j.conbuildmat.2019.117905
http://dx.doi.org/10.1016/j.compstruct.2013.05.017
http://dx.doi.org/10.1016/j.engstruct.2018.02.027
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000965
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000796
http://dx.doi.org/10.1016/j.conbuildmat.2014.04.116
http://dx.doi.org/10.1016/j.conbuildmat.2006.11.021
http://dx.doi.org/10.1016/j.conbuildmat.2011.01.009
http://dx.doi.org/10.1007/s10518-019-00607-2
http://dx.doi.org/10.1016/j.conbuildmat.2011.04.063
http://dx.doi.org/10.1016/j.istruc.2020.07.059
http://dx.doi.org/10.1016/j.conbuildmat.2017.08.169
http://dx.doi.org/10.1061/(ASCE)CC.1943-5614.0000866


G.C. Manos, L. Melidis, K. Katakalos et al. Case Studies in Construction Materials 14 (2021) e00538
[64] EN 1015, Methods of Test for Mortar for Masonry - Part 11: Determination of Flexural and Compressive Strength of Hardened Mortar, (1999) .
[65] EN1996-1-1, Euro-code 6 - Design of Masonry Structures - Part 1-1: General Rules for Reinforced and Unreinforced Masonry Structures, (1998) .
[66] EN 1998-1/2005-05-12, Eurocode 8: Design of structures for earthquake resistance - Part1: General rules, seismic actions and rules for buildings.
[67] EN 826, Thermal Insulating Products for Building Applications. Determination of Compression Behaviour, (2013) .
[68] EN 1607, Thermal Insulating Products for Building Applications. Determination of Tensile Strength Perpendicular to Faces, (2013) .
[69] EN 12089, Thermal Insulating Products for Building Applications - Determination of Bending Behaviour, (2013) .
[70] EN 12090, Thermal Insulating Products for Building Applications. Determination of Shear Behaviour, (2013) .
[71] EN 1542, Products and Systems for the Protection of Concrete Structures- Test Methods – Measurements of Bond Strength by Pull-off, (1999) .
[72] EN 772-1, Methods of Test for Masonry Units - Part 1: Determination of Compressive Strength, (2011) .
[73] S. Malanho, Mdo R. Veiga, Bond strength between layers of ETICS – influence of the characteristics of mortars and insulation materials, J. Build. Eng. 28

(October 2019) (2020), doi:http://dx.doi.org/10.1016/j.jobe.2019.101021.
[74] I. Dirkx, Y. Gregoire, Evaluation of the Durability of ETICS: Additional Requirements in Belgium, Technical Report, Belgian Building Research Institute

Belgium, 2012.
[75] ASTM E519-15, Standard Test Method for Diagonal Tension (shear) in Masonry Assemblages, American Society for Testing Material, 2015.
[76] RILEM LUMB6, Diagonal Tensile Strength Tests of Small Wall Specimens (1991). Rilem Recommendations for the Testing and Use of Constructions

Materials, RILEM, 1994, pp. 488–489.
[77] R. Sousa, H. Sousa, J. Guedes, Diagonal compressive strength of masonry samples - Experimental and numerical approach, Mater. Struct. Materiaux et

Constructions 46 (5) (2013) 765–786, doi:http://dx.doi.org/10.1617/s11527-012-9933-z.
[78] A. Benedetti, Diagonal compression behaviour of masonry walls reinforced with FRM coatings, Structural Analysis of Historical Constructions Vol. 18

(2019) 1949–1958, doi:http://dx.doi.org/10.1007/978-3-319-99441-3.
[79] S.Y. Seo, S.M. Jeon, Evaluation of prism and diagonal tension strength of masonry form-block walls reinforced with steel fibers, Constr. Build. Mater.

152 (2017) 394–405, doi:http://dx.doi.org/10.1016/j.conbuildmat.2017.06.168.
[80] F. Da Porto, M. Grendene, F. Mosele, C. Modena, In-plane cyclic behaviour of load bearing masonry walls, Proceedings, 7th International Masonry

Conference, London, 2006.
[81] A. Ghosh, A. Amde, Finite element analysis of infilled frames, J. Struct. Eng. (2002) 881–889.
[82] G.C. Manos, V. Soulis, J. Thauampteh, A nonlinear numerical model and its utilization in simulating the in-plane behaviour of multi-story R/C frames

with masonry infills, Open Constr. Build. Technol. J. 2012 (Suppl 1-M16) (2012) 254–277 6.
[83] G.C. Manos, V. Soulis, Simulation of the in-plane seismic behaviour of masonry infills within multistory reinforced concrete framed structures, Proc.

9th Int. Masonry Conference (2014).
[84] G.C. Manos, V.J. Soulis, J. Thauampteh, The behaviour of masonry assemblages and masonry-infilled R/C frames subjected to combined vertical and

cyclic horizontal seismic-type loading, Adv. Eng. Softw. 45 (1) (2012) 213–231, doi:http://dx.doi.org/10.1016/j.advengsoft.2011.10.017.
[85] F. Focardi, E. Manzini, Cyclic and Monotonic Diagonal Tension Tests on Various Shape Reinforced and Non-Reinforced Brick Panels, Vol. 4(1986) 8th

EAEE, Lisbon.
[86] P.B. Lourenco, Computational Strategies for Masonry Structures Dissertation, Delft University of Technology, Delft, The Netherlands, 1996.
[87] P. Lourenco, J.G. Rots, On the use of micro-models for the analysis of masonry shear-walls, in: G.N. Pande, J. Middleton (Eds.), Computer Methods in

Structural Masonry-2, Swansea, UK, 1993, pp. 14–25.
[88] A.B. Mehrabi, P. Shing, Finite element modelling of masonry-infilled RC frames, J. Struct. Eng. (1997) 604–613.
[89] L. Lavado, J. Gallardo, C. H, Experimental and numerical analysis of behaviour of old brick masonries, The 17th World Conference on Earthquake

Engineering (2020). https://doi.org/10.4028/www.scientific.net/AMR.133-134.307.
[90] T. Janaraj, M. Dhanasekar, Effectiveness of two forms of grouted reinforced confinement methods to hollow concrete masonry panels, J. Mater. Civ.

Eng. 27 (12) (2015), doi:http://dx.doi.org/10.1061/(asce)mt.1943-5533.0001295 04015038.
[91] C.B. De Carvalho Bello, A. Cecchi, E. Meroi, D.V. Oliveira, Experimental and numerical investigations on the behaviour of masonry walls reinforced

with an innovative sisal FRCM system, Key Eng. Mater. (2017) 190–195, doi:http://dx.doi.org/10.4028/www.scientific.net/KEM.747.190 747 KEM.
[92] Hasim Ali Khan, Radhikesh P. Nanda, D. Das, Numerical analysis of capacity interaction of brick masonry wallettes strengthened with geosynthetic,

13th North American Masonry Conference 1 (2019) 1554–1564.
[93] M. Bolhassani, A.A. Hamid, A.C.W. Lau, F. Moon, Simplified micro modeling of partially grouted masonry assemblages, Constr. Build. Mater. 83 (2015)

159–173, doi:http://dx.doi.org/10.1016/j.conbuildmat.2015.03.021.
[94] O. Arnau, C. Sandoval, D. Murià-Vila, Determination and validation of input parameters for detailed micro- modelling of partially grouted reinforced

masonry walls, Proceedings of the Tenth Pacific Conference on Earthquake Engineering (2015) 110.
[95] C. Sandoval, O. Arnau, Experimental characterization and detailed micro-modeling of multi-perforated clay brick masonry structural response, Mater.

Struct. Materiaux et Constructions 50 (1) (2017), doi:http://dx.doi.org/10.1617/s11527-016-0888-3.
[96] Daniele Malomo, Matthew J. DeJong, A. P, A Homogenized Distinct Macro-Block (HDM) Model for Simulating the In-Plane Cyclic Response of URM

Walls, 13th North American Masonry Conference 1 (2019) 1042–1054.
[97] N. Domede, A. Sellier, Experimental and numerical analysis of behaviour of old brick masonries, Adv. Mat. Res. 133–134 (2010) 307–312. https://doi.

org/10.4028/www.scientific.net/AMR.133-134.307.
[98] Abaqus Unified FEA - SIMULIATM by Dassault Systèmes.
[99] J. Lubliner, J. Oliver, S. Oller, E. Oñate, A plastic-damage model for concrete, Int. J. Solids Struct. 25 (3) (1989) 299–326, doi:http://dx.doi.org/10.1016/

0020-7683(89)90050-4.
[100] J. Lee, G.L. Fenves, Plastic-damage model for cyclic loading of concrete structures, J. Eng. Mech. 124 (8) (1998) 892–900, doi:http://dx.doi.org/10.1061/

(asce)0733-9399(1998)124:8(892).
23

http://dx.doi.org/10.1016/j.jobe.2019.101021
http://dx.doi.org/10.1617/s11527-012-9933-z
http://dx.doi.org/10.1007/978-3-319-99441-3
http://dx.doi.org/10.1016/j.conbuildmat.2017.06.168
http://dx.doi.org/10.1016/j.advengsoft.2011.10.017
https://doi.org/10.4028/www.scientific.net/AMR.133-134.307
http://dx.doi.org/10.1061/(asce)mt.1943-5533.0001295
http://dx.doi.org/10.4028/www.scientific.net/KEM.747.190
http://dx.doi.org/10.1016/j.conbuildmat.2015.03.021
http://dx.doi.org/10.1617/s11527-016-0888-3
https://doi.org/10.4028/www.scientific.net/AMR.133-134.307
https://doi.org/10.4028/www.scientific.net/AMR.133-134.307
http://dx.doi.org/10.1016/0020-7683(89)90050-4
http://dx.doi.org/10.1016/0020-7683(89)90050-4
http://dx.doi.org/10.1061/(asce)0733-9399(1998)124:8(892)
http://dx.doi.org/10.1061/(asce)0733-9399(1998)124:8(892)

	Masonry panels with external thermal insulation subjected to in-plane diagonal compression
	1 Introduction
	2 Methodology
	2.1 Test set-up and instrumentation
	2.2 Contents of this study

	3 Specimen construction and mechanical properties of the used materials
	3.1 Construction of the tested wallets
	3.2 Characterization of the materials used in building the masonry
	3.3 Characterization of the materials used in building the thermo-insulating attachments

	4 Diagonal compression tests of the Masonry Wallets
	4.1 Wallets with a mineral wool (MW) façade subjected to diagonal compression
	4.2 Wallets with an expanded polystyrene (EPS) façade subjected to diagonal compression
	4.3 Wallets with an expanded polyester (XPS) façade subjected to diagonal compression

	5 Discussion of the observed performance
	5.1 Discussion of the material test results
	5.2 Discussion of the observed diagonal compression performance of the tested wallets

	6 Numerical simulation of the diagonal compression for the Wallets
	6.1 Comparison between numerical predictions and observed behaviour in the current study

	7 Discussion of the outcome of the current study
	8 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


