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Abstract

:

The combined seismic and energy retrofit of existing aged buildings represents a topic of importance for the building stock. The current study investigates the out-of-plane performance of a specific type of thermo-insulation scheme with panels attached on the external facades of multistory buildings. The investigation was carried out through flexure tests of prototype masonry specimens. From the comparison of their flexural performance, with or without thermo-insulating attachments, the influence of thermal insulation on the out-of-plane behavior of clay brick masonry is demonstrated. It was found that when the thermo-insulating attachment is in tension from such out-of-plane flexure of the masonry facade it performs in a satisfactory way and gives an increased flexural capacity for the assembly. The thermal insulating panels, although partially debonded from the masonry substrate at a limit-state, do not collapse, even when the masonry panel develops large flexural cracks. This is due to the presence of the used plastic anchors. When the thermo-insulating panel is subjected to compression during such an out-of-plane flexure the resulting increase in the out-of-plane load bearing capacity is relatively small. Based on these observations it can be concluded that such thermo-insulating panels may also lead to a less vulnerable seismic performance than that of the same masonry panel without this type of thermo-insulating attachment. This was also confirmed when the in-plane behavior was considered from a separate investigation already published. The employed numerical modeling was successful in simulating the most important aspects of the out-of-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 for further use.
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1. Introduction


Unreinforced masonry (URM) is used in many countries to construct the facades of multi-story reinforced concrete (RC) buildings. These masonry panels are usually assumed to be non-structural elements and as such are not subject to any particular structural design provisions. However, it has long been recognized that the seismic behavior of such masonry panels needs to be considered. During the seismic excitation of a multi-story building its masonry facades are subjected to horizontal forces that can be envisaged as acting either parallel (in-plane) or perpendicular (out-of-plane) to the mid-surface of these masonry panels acting simultaneously. However, initially the research attention was mainly attracted by the in-plane interaction of such masonry panels (usually called “infills”) with the principal structural system. This is because masonry “infills” have considerable in-plane stiffness. Therefore, a relatively flexible multi-story structural formation responds under horizontal seismic excitation quite differently from what is conceived in design. This is because well built stiff masonry infills are forced to interact with the surrounding structural elements. This interaction can lead to considerable seismic damage to the unreinforced masonry infills, due to the low strength of masonry [1,2,3,4,5]. In addition, such an interaction may also lead to distinct forms of seismic damage to the main RC structural elements: short columns formed by adjacent strong masonry panels or of columns in a soft story formed by upper stories stiffened by masonry infills [6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26]. Numerous publications deal with the in-plane interaction of masonry infill and surrounding frame [27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45]. Euro-Code 8 provides for limits in the inter-story drift towards protecting masonry infills from developing seismic damage [46]. The importance of studying the out-of-plane performance of masonry facades can be seen from substantial evidence of collapsed masonry facades after strong earthquake ground motions (Figure 1). Even though this seismic damage may be due to both the in-plane and the out-of-plane seismic forces, the final form of instability is in the form of out-of-plane dislocation of the masonry panels. Carydis et al. [16] have studied the-out-of-plane response of infilled masonry frames by subjecting one-bay single-story infilled masonry frames to dynamic and simulated earthquake motions on a shaking table. The importance of the interaction of the masonry with the surrounding frame, especially on the upper boundary, was underlined based on the observed response.



Apart from the seismic performance, these masonry facades in existing buildings have usually been constructed without being designed for energy efficiency and are in need of some type of thermal insulation as is described in the Energy Performance of Buildings Directive (European Directive 844/2018) [47,48]. Issues related to energy consumption in buildings are presented in a number of publications ([49,50,51,52,53,54]). 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%, [50,51,52]). This type of “External Thermal Insulation Composite System” will be designated in the following as ETICS [50].



From the above discussion it can be concluded that masonry facades represent non-structural elements that are both vulnerable in seismic actions and form the main barrier to economical energy consumption of a multi-story building. In order to improve the energy performance of existing buildings various cost-effective techniques have been developed that apply thermo-insulating attachments on such masonry facades without considering any implications connected to their seismic performance. From the performance of multi-story structures in past earthquakes it is documented that one such solution, depicted in Figure 2, usually results in increasing the seismic vulnerability of masonry facades, and thus it should be avoided. It is the case of double wythe masonry facades, built by relatively thin twin masonry panels, where the middle gap is filled with thermo-insulating material.



Dealing with the seismic vulnerability of masonry panels, numerous retrofitting techniques were documented in past research. An investigation to evaluate the effect of “Textile Reinforced Mortar” (TRM) coatings combined with insulating materials to achieve energy efficiency and seismic safety for aged multi-story buildings was done by Bournas [55]. Reduced losses from energy costs and seismic damage make such renovation strategies more viable. An experimental investigation was performed by Triantafillou et al. [56] and Gkournelos et al. [57] including thermal insulating panels. A large number of recent publications deal with the problem of strengthening masonry elements in order to achieve a less vulnerable seismic performance. Manos et al. [49] presented an overview of such research on the effects of masonry retrofitting employing fiber reinforced plastic (FRP) coatings or laminates, in the form of “Carbon Fiber Reinforced Polymers” (CFRP) or “Glass Fiber Reinforced Polymers” (GFRP). Other retrofitting techniques employ “Textile Reinforced Mortar” (TRM) or “Fiber Reinforced Cementitious Matrix” (FRCM), or Steel meshes or cords [58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87]. In all cases, a significant increase of the out-of-plane together with the in-plane bearing capacity of unreinforced masonry panels was observed. At the same time, the application of such retrofitting schemes improved the overall performance by avoiding the brittle failure observed on all as-built URM walls and providing large deformability of the wall panel past the maximum load. The influence of mechanical anchors in order to tie the externally added layers to the masonry substrate was also investigated ([71,81,87]). Finally, strong jacketing facades employing cement mixes or shotcrete and a variety of reinforcing schemes with steel or geo-synthetic coatings was also investigated ([83,84,86]). However, this research effort focuses on the effectiveness of such strengthening applications and not on the behavior of thermo-insulating solutions and their influence on the seismic performance of the masonry substrate, which represents the main objective of our present research effort, as is explained in the following. The focus of the present study is to examine the performance of a particular energy conservation technique whereby thermo-insulating attachments are applied externally on the masonry facades of multi-story buildings. This represents a cost-effective solution as it does not disrupt the functioning of the building. Moreover, such an additional external thermo-insulating barrier of sufficient thickness can provide the required energy conservation. There are certain concerns with regard to the fire hazard; however, this is beyond the scope of the present investigation. Instead, this study tries to provide evidence that the seismic performance of a masonry facade with such a thermo-insulating attachment is made less vulnerable to seismic loads than the performance of the same masonry prior to installing this type of thermo-insulation. Furthermore, the aim is to detail from laboratory measurements the limit states of such a thermo-insulating attachment when subjected to stress-fields generated from seismic forces. Further retrofitting of masonry panels in order to upgrade their seismic performance is a worthwhile objective that is not dealt with here. Towards examining the seismic performance of masonry panels with or without thermo-insulating facades the rationale adopted in Euro-Code 6 [88] for the design of unreinforced masonry elements is followed, which assumes un-coupled in-plane and out-of-plane limit states. This rationale is also adopted in this study, as was done in numerous past investigations either for masonry walls or for infill masonry panels [58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87], in the effort to study the influence of thermo-insulating attachments on the out-of-plane flexural behavior of masonry wallets. Following this rationale, the in-plane behavior was studied on its own in a previous publication by Manos et al. [49], reporting the results obtained at the first stage of this extensive research effort. In the present manuscript only the out-of-plane behavior for the examined thermo-insulating attachments are reported, as they became available during the second stage of this research. Towards this objective, a number of masonry wallets of prototype dimensions, built with prototype materials with or without thermo-insulating attachments, were subjected to out-of-plane forces at the laboratory. These force levels are gradually increased in order to document (a) the flexural behavior of the masonry and the thermo-insulating facade and (b) the level of forces required for a limit-state to be reached, either for the masonry panel or for the thermo-insulating attachment.




2. Employed Loading Set-Up and Instrumentation


Figure 3a,b depict the masonry wallet and the hydraulic actuator providing the out-of-plane load, which is oriented normal to the main plane of the specimen with its axis coinciding with the center of the specimen. The masonry wallet and the actuator are included within a steel reaction frame shown in these figures. The upper and lower horizontal boundary of the masonry wallet is cupped by a shallow channel ([) steel section having internal height slightly larger than the width of the masonry wallet (Figure 3a). These channel sections were attached to the masonry with strong adhesive mortar. These two horizontal boundaries (upper and lower) of the masonry wallet are supported by cylindrical hinges to the steel reaction frame whereas the other two vertical boundaries (left and right) are left free (Figure 3a,b). The surfaces of these hinges were lubricated in a way to provide minimal horizontal in-plane and rotational restraint. For the lower horizontal boundary three cylindrical hinges, each 100 mm long (Figure 3a and Figure 6a, sliding hinge 1), were used to support the weight of the panel and prohibit the out-of-plane displacement at this level allowing at the same time the rotation along a horizontal axis coinciding with the mid-vertical plane of the wallet. The hinges at the upper horizontal boundary of the masonry wallet also prohibited the out-of-plane displacement at this level allowing at the same time the rotation along a horizontal axis coinciding with the mid-vertical plane of the wallet. These second type of hinges (Figure 3a and Figure 6a, sliding hinge 2), apart from providing minimal horizontal in plane restraint also allowed vertical in-plane translation. The in-plane boundary conditions combined with the applied load being in an exactly out-of-plane direction ensured that the tested wallets were subjected to a dominant out-of-plane state of deformation and stress.



The applied out-of-plane load is a line load applied at a horizontal cross-section at mid-span of the masonry panel coinciding with its horizontal axis of symmetry. A steel T-beam is used to link the horizontal actuator with the masonry panel through a load cell with a hinged connection to apply only axial load in compression or tension. In order to apply tensile axial load this T-beam was anchored to the masonry at mid-pan using four 14 mm steel anchor bolts with steel plates embedded to the bricks using special strong mortar. Moreover, the connection of this steel beam with the masonry panel is realized through a number of relatively flexible rubber attachments in order to realize a relatively uniform load distribution (Figure 4a). This support and loading arrangement was employed for all masonry wallets reported here, with or without thermo-insulation facade in order to provide the necessary common ground for comparing the observed differences in their load-bearing capacities (Figure 3a,b and Figure 4a,b).



The applied out-of-plane load results in axial stresses normal to the bed-joint of the tested wallets as well as to shear stresses parallel to the same bed-joints. The shear strength of the used mortar, found from specific triplet tests [49] together with the flexural strength of the bed-joints (fxk1, Table 1), combined with the geometry of the tested wallets ensured that the flexural mode of failure at the horizontal bed-joints would prevail. The thermo-insulating attachments provided additional shear strength resistance. All tested masonry panels are subjected to the same dominant flexural behavior reaching a flexural tensile limit state of the horizontal mortar joints, depending on the masonry flexural tensile strength, denoted by fxk1 in Euro-Code 6. This limit state is accompanied by the flexural tensile failure of one or more of the horizontal mortar joints near mid-span, which represents a typical mode of failure for relatively weak unreinforced masonry panels subjected to out-of-plane loads. Therefore, this simple loading arrangement represents a realistic approximation of the dominant state of stress that develops in prototype masonry facades when subjected to out-of-plane loads. All the information on the materials used for constructing the tested wallets as well as their dimensions is reported in what follows. Essential information on the mechanical properties of all the employed materials is provided by Manos et al [49,59].



The thermo-insulating facades were attached on each masonry panel at least two months before testing. For this purpose, a number of rectangular unreinforced masonry specimens, 0.95 m high and 2.0 m long having a thickness of one brick (150 mm) were constructed using perforated bricks with 12 horizontal holes. As can be seen in Figure 4a and Figure 6a,b these masonry wallets had four mortar bed-joints along their height and either 5 or 6 mortar head joints with a thickness of approximately 10 mm. All these specimens were of the same dimensions and were built with the same clay bricks and mortar mix, with the same detailing, by the same builders and were kept under the same conditions. Each specimen was built on top of a narrow steel plate 5 mm thick with the same length and width as the bottom horizontal boundary of each masonry wallet. The same steel plate was also placed at the top horizontal boundary of each masonry wallet. These steel plates facilitated the transportation and placement of each specimen within the reaction frame (Figure 3a,b) without being damaged prior to testing. Control specimens were tested without thermal insulation (“bare” specimens) whereas the majority of the specimens were tested having thermal insulation attached to one of their facades as is the typical practice. All specimens were constructed and tested at Aristotle University with the thermo-insulating attachments, employing all materials and details used in prototype applications. Thus, these wallets can be considered a good approximation of the central part of masonry infill panels located within typical bays of a framed multi-story building. The employed materials and details for this type of thermo-insulation are produced by the industrial partner of this research as is acknowledged at the end of this manuscript. The described testing methodology aims to provide means of quantifying the out-of-plane performance of relatively weak masonry wallets with thermo-insulating attachment when its limit-state is expected to be the formation of flexural cracks within the masonry. On the contrary, for relatively strong masonry within a building the corresponding limit state is expected to be the separation of the masonry from the supporting boundaries of the surrounding structural system, which is not examined at this stage. Therefore, the described loading set-up is designed to quantify whether a particular type of thermo-insulating attachment results (or not) in increasing the out-of-plane flexural resistance for the used host masonry wallets compared to the performance of the same wallet prior to such a thermo-insulating attachment.



One basic parameter that is monitored throughout all tests is the amplitude of the applied load. Figure 5a,b depict the used sign convention for the applied out-of-plane load. As can be seen in Figure 5b when the out-of-plane load is applied in the direction of axis x this results in flexure for the specimen whereby the insulation layer is subjected to compression, this is designated with a positive sign as “tensile” load; when this load is applied in the opposite direction it is designated with a negative sign as “compressive” load (Figure 5a).



2.1. Test Set-Up and Instrumentation


The behavior of each specimen was measured in terms of the variation of the applied horizontal load versus the resulting horizontal displacement profile of the masonry specimen. This was measured at two vertical cross-sections along the height of each wallet (East and West shown in Figure 3b-right) located at a distance equal to 300 mm from the vertical axis of symmetry of the masonry panel and 800 mm from its left and right free vertical boundaries, respectively. The exact location of the displacement transducers is indicated in Figure 3a-left as well as Figure 6a using the terms: Top steel, Top thermo, Up thermo, Mid thermo, Down thermo, Bottom thermo, Bottom steel. The instrumentation was placed in this way in order to be able to check the symmetry of the resulting out-of-plane response as well as the amplitude of the deformation of the upper and lower boundaries of the masonry panels. The applied out-of-plane load was of a low-frequency (0.02–0.04 Hz) cyclic nature and all response measurements were recorded in real-time by an automatic data logger. By studying the variation of the applied load against the resulting out-of-plane horizontal displacement response the limit-states in terms of out-of-plane load versus horizontal displacements were identified. From the comparative study of these limit-states between all tested masonry panels, the influence of the thermo-insulating attachments on such a flexural response was obtained.




2.2. Contents of the Present Study


The main construction details of the tested specimens together with the basic mechanical properties of all materials derived by laboratory measurements, conducted exclusively by the authors, are next presented in summary form (Section 3). More details are reported by Manos et al. [49]. Selected results that describe the most important aspects of the measured out-of-plane flexural performance of the masonry wallets, with or without thermo-insulation, is presented in Section 4, derived from an extensive experimental sequence conducted exclusively by the authors. The discussion of the observed performance of the tested masonry wallets is included in Section 5. In Section 6 the numerical modeling of the examined wallets together with the predicted performance is presented and discussed. Finally, the observations of the ongoing research are given in Section 7 together with the final conclusions.





3. Specimen Construction and Mechanical Properties of the Used Materials


3.1. Construction of the Tested Materials


A description of the construction details can be found in [49]. Figure 7 depicts the cross-section of a thermo-insulated attachment bonded through a special adhesive mortar together with the brick masonry substrate (with dimensions 995 mm by 2020 mm and a thickness of 150 mm). Three different thermo-insulating materials were used as ETICS, namely extruded polystyrene (XPS), expanded polystyrene (EPS) and mineral wool (MW) having a thickness of either 50 or 100 mm bonded with the adhesive mortar covering about 60% of panel area for XPS and EPS panels and 100% of the MW panels. Finally, plastic anchors were also installed. The tests were performed three months after completing construction.




3.2. Characterization of the Materials Used in Building the Masonry and the Thermo-Insulating Facades


All specimens were built by builders following the relevant prototype work conditions. They employed, typical in Greece, hollow clay brick units with 12 horizontal holes, that had nominal dimensions: length = 330 mm, height = 180 mm and thickness = 150 mm. Information on the masonry mechanical characteristics found according to European Standards ([46,88,89,90]) is reported in [49] together with the basic mechanical properties of all the employed thermo-insulating materials ([91,92,93,94,95]). Table 1 lists only the relevant information on the compressive and flexural strength of the masonry. The values listed in columns (1) and (3) of Table 1 were found from laboratory tests performed by the authors. An overview of the bond strength properties between the used adhesive mortar and either the masonry substrate or the thermo-insulating panels is also presented by Manos et al. [49] and is not repeated here. The measured fxk1 value equal to 0.168 MPa is larger than the corresponding characteristic value provided by Euro-code 6 for mortar type M2 equal to 0.1 MPa [88].



The flexural strength normal to bed-joints was determined from simple triplet tests using a typical four-point bending loading arrangement shown in Figure 8. The monotonic applied load was measured in real time. These triplet specimens were built and tested at the same time and with the same materials that the masonry wallets were built. The two mortar joints of these triplets were subjected to flexure leading to the fxk1 average value listed in column 3 of Table 1.



The fxk1 value listed in column 3 of Table 1 was obtained through the average maximum load measured during these tests, which were conducted at the time when the wallet out-of-plane test sequence reported in Section 4 commenced.



Pull-off tests were conducted, according to the relevant EN standard [95], in order to define the bond strength between the masonry and the mortar, which was used to attach the ETICS and either the masonry substrate or the thermal insulating panels in a direction perpendicular to the wall’s plane. Details on these tests are described by Manos et al. [49]. The corresponding values are also listed in Table 2. As it was proved 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. This indicates that the dominant mode of failure would be the detachment of the thermo-insulating material from the adhesive mortar rather than the mortar–masonry interface. The direct tensile strength of all thermal insulating materials was measured. In the case of the XPS specimens this strength is larger than the corresponding bond strength. Thus, the failure surface during the pull-off tests was the contact interface between the XPS and the adhesive mortar. On the contrary, EPS and MW specimens’ failure surface was within the volume of the insulating material at a small distance from the contact interface [49].





4. Out-of-Plane Tests of the Masonry Wallets—Measurements


This study included numerous specimens without or with thermo-insulation attachments. Results of the measured out-of-plane performance, obtained from the following selected seven typical specimens listed in Table 3, are presented and discussed here. One of these specimens represents the control specimen without any thermo-insulating attachment; two of them have extruded polystyrene (XPS), three of them have expanded polystyrene (EPS) and one of them is with mineral wool (MW). The thickness of these thermo-insulating attachments is also listed in this table, being either 50 or 100 mm. In what follows, results from these specimens with 100 mm thickness will be presented and discussed in some detail. Moreover, the observed performance of all seven specimens will be also presented and discussed in tubular form.



4.1. Out-of-Plane Load-Displacement Response of Masonry Wallet without or with Thermo-Insulating Attachment


In what follows, the observed flexural behavior of four wallets will be presented in terms of plots portraying the variation of the applied out-of-plane horizontal load versus the resulting horizontal out-of-plane displacement at mid-height (Point K4-West, Figure 6a). It was selected to commence the forcing sequence for each wallet towards the direction designated as “compressive load” (Figure 5a left) in order to be able to reach first the limit flexural load in this direction. The cyclic load was applied with a relatively slow variation in time (0.02–0.04 Hz) with a gradual increase in amplitude aiming to determine the peak value (minimum load) in the direction that the thermo-insulation is subjected to tension (Figure 5a left). Therefore, it is only a crude approximation of a seismic type loading. From preliminary testing it was ascertained that the peak load in this direction had absolute value larger than the corresponding peak load value in the opposite direction (maximum load, designated as tension (Figure 5b right)). This was confirmed by the measured behavior of all tested wallets. In what follows, the obtained flexural performance of four masonry wallets, in terms the variation of the applied out-of-plane horizontal load versus the resulting horizontal out-of-plane displacement at mid-height during the loading cycles led to the peak load. One of these masonry wallets is without any thermal insulation representing the control specimen. All the remaining three wallets have thermo-insulating attachments with a thickness of 100 mm; the first thermo-insulation is made of mineral wool (MW), the second is made of expanded polysterene (EPS) and the third is made of extruded polysterene (XPS). The following summarize the main observations of the measured response included in Figure 9a–d. Further comparison of the measured behavior is also included in Section 4.2, Section 4.3, Section 4.4 and Section 4.5. as well as in Section 5 (Table 4).



	-

	
Initially, the first cycles of small load-displacement amplitudes are demonstrating an almost linear response with an initial stiffness K0 = 20–24 kN/mm.




	-

	
The gradual increase in the applied load-displacement amplitude is accompanied by a decrease in the obtained stiffness. For the masonry wallet without thermo-insuation the peak load, as expected, is reached within four loading cycles with a relatively small increase in the displacement amplitude and is accompanied with a sudden decrease of the bearing capacity and a large deformability (brittle behavior).




	-

	
In contrast, all three specimens with thermo-insulation required a significant increase in the load and displacement amplitudes in order to reach the peak load beyond which a similar brittle behavior follows (4–8 loading cycles, Table 4). Until this peak “compressive” load is reached the subsequent loading cycles demonstrate a decreased stiffness (K1 = 15–5 kN/mm), compared to the K0 initial stiffness, together with load-displacement cycles with energy dissipation characteristics. The same can be observed but to a lesser degree when the load direction is reversed (“tensile” load). This must be attributed to the interaction of the thermo-insulation with the crack formation of the masonry substrate as well as the partial debonding. The ratio of the mid-height displacement for peak load over the corresponding “assumed yield” displacement increased from approximately 1.4 for the masonry wallet without thermo-insulation to approximately 2.0 for the wallets with XPS thermo-insulation and to approximately 3.0 for the wallets with either EPS or MW thermo-insulation (Table 4).




	-

	
The peak load increase in absolute value terms is larger for the XPS and EPS thermo-insulation attachments than that observed for the mineral wool (MW) attachment. The opposite can be observed for the relative amplitude of plastic deformations before reaching the peak load; these are somewhat larger for the MW and EPS than for the XPS thermo-insulating attachments.








4.2. Masonry Wallet without Any Thermo-Insulating Attachment (Code Name WOP0A)


The obtained out-of-plane displacement profiles of the vertical cross-sections (East and West) of this specimen are plotted in Figure 10 for four distinct time steps of the loading sequence. First, it is for the time step when the out-of-plane load obtains its minimum value (−8.81 kN, peak compression) for a maximum out-of-plane displacement at mid-height approximately equal to 1 mm. This load resulted in the partial formation of a horizontal crack at the bed-joints located at mid-height of the masonry wallet. Reversing the direction of the load the wall could displace approximately 2.5 mm for a tensile load equal to 1.01 kN. During the next load reversals, the out-of-plane deformations increased accompanied with a significant decrease of the applied out-of-plane load (in absolute value) together with the spread of cracking for the mortar bed-joints located at mid-height of this masonry wallet (Figure 10). The plotted East and West displacement profiles in Figure 10b-right are almost identical for every time step, thus demonstrating the uniform deformation behavior of the tested specimen along its length. The out-of-plane displacement amplitude at the top and bottom horizontal boundaries is quite small when compared to the out-of-plane displacement values attained at mid-height.




4.3. Masonry Wallet with a Mineral Wool (MW) Facade of 100 mm Thickness Subjected to Out-of-Plane Flexure (WOPM100A)


This is a masonry wallet with a mineral wool (MW-Petro) thermo-insulating attachment having a thickness of 100mm in one of its facades. The obtained out-of-plane displacement profiles of the East and West vertical cross-section of this specimen are plotted in Figure 11b-right for two (2) distinct time steps of the loading sequence. For one of these time steps the out-of-plane load obtains its minimum value (−14.77 kN, peak compression) for an out-of-plane displacement at mid-height approximately equal to 6 mm. This represents the load that resulted in the partial formation of horizontal cracks at the bed-joints located near the top of the masonry wallet accompanied by the initiation of the debonding of the mineral wool from the masonry facade (Figure 11a-left). Reversing the direction of the load the wall could displace approximately 8 mm for a tensile load equal to 5.21 kN. At the next load reversals (Figure 12b-right) the out-of-plane deformations would increase (14 mm) for a significant decrease (in absolute values) of the applied out-of-plane load (−6.54 kN) being accompanied with the spread of mortar cracking at the horizontal bed-joints together with large spread of the debonding between the mineral wool thermo-insulating attachment and the masonry facade (Figure 12a-left). Again, the plotted East and West displacement profiles remain almost identical during each loading time step, which ensures the uniform deformation pattern of the tested specimen along its length. Moreover, the out-of-plane displacement amplitude at the top and bottom horizontal boundaries is quite small when compared to the maximum out-of-plane displacement value attained at mid-height.




4.4. Masonry Wallet with an Expanded Polystyrene (EPS) Facade of 100 mm Thickness Subjected to Out-of-Plane Flexure (WOPE100A)


This is a masonry wallet having in one of its facades an expanded polyester (EPS) thermo-insulating attachment with a thickness of 100 mm. The obtained out-of-plane displacement profiles of the East and West vertical cross-section of this specimen are plotted in Figure 13b-right for two (2) distinct time steps of the loading sequence. The first time step is for the loading stage when the out-of-plane load obtains its minimum value (−29.57 kN, peak compression) for an out-of-plane displacement at mid-height approximately equal to 5 mm. This load did not result in any damage. Reversing the direction of the load the wall could displace approximately 3 mm for a tensile load equal to 4.96 kN. At the next load reversals (Figure 14b-right) the out-of-plane deformations would increase (6 mm) for an out-of-plane load equal to −35.62 kN (compression). For the subsequent load reversals, a significant decrease of the applied out-of-plane load (in absolute values) could be observed (+2.45 kN/−3.18 kN) being accompanied with extensive debonding between the expanded polyester thermo-insulating attachment and the masonry facade of the upper part of the masonry wallet (Figure 14a-left). This is also depicted by the out-of-plane displacement profiles plotted in Figure 14b-right corresponding to these decreased load levels (+2.45 kN/−3.18 kN). Again, the plotted East and West displacement profiles remain reasonably identical, which shows that the deformation pattern of the tested specimen along its length remained approximately uniform. Moreover, the out-of-plane displacement amplitude at the top and bottom horizontal boundaries remains reasonably small when compared to the maximum attained out-of-plane displacement value at mid-height, despite the relatively high amplitude of the applied load.




4.5. Masonry Wallet with an Extruded Polystyrene (XPS) Facade of 100 mm Thickness Subjected to Out-of-Plane Flexure (WOPX100B)


The obtained out-of-plane displacement profiles of the East and West vertical cross-sections of this specimen, having in one of its facades an extruded polyester (XPS) thermo-insulating attachment with a thickness of 100 mm, are plotted in Figure 15c–e-right. The observed damage is depicted in Figure 15a,b-left.



During test 4 (Figure 15c-right), the initiation of the debonding between the XPS panel and the masonry facade at the top was observed for a compressive load −34.08 kN and an amplitude of the out-of-plane displacement at mid-height approximately equal to 2.5 mm. The subsequent load reversal resulted in a tensile load equal to 9.68 kN for an out-of-plane displacement at mid-height approximately equal to −5 mm. For the next test (No. 5, Figure 15d-right), the compressive load attained its minimum value equal to −38.91 kN for an out-of-plane displacement at mid-height approximately equal to 3.5 mm. A following large increase of the out-of-plane displacement amplitude (20 mm) resulted in a significant propagation of the debonding between the XPS panel and the masonry facade at the top together with a large drop, eventually, of the out-of-plane bearing capacity. Figure 15e-right depicts the observed performance during the next test (No. 6). The amplitude of the tensile load is equal to 10.05 kN for an out-of-plane displacement at mid-height approximately equal to −7 mm. The horizontal crack through the mortar bed-joint at mid-height propagated to the XPS at this location (Figure 15a,b left).





5. Observed Performance


5.1. Observed Out-of-Plane Performance of the Tested Wallets


Table 4 lists the summary results of this out-of-plane flexural behavior campaign in terms of minimum compressive (row 3)/maximum tensile (row 4) measured load together with the corresponding out-of-plane horizontal displacement measured at the mid-height of the wallet. Row 1 and row 2 list a brief description of the tested specimens whereas row 5 includes the increase (%) in the flexural capacity as expressed by the peak (minimum) “compressive” load value measured for each specimen compared to the corresponding value of the control specimen without any thermo-insulation (“bare”). This is repeated in row 6 for the peak (maximum) “tensile” load values when this was measured during testing before the development of any damage. In these cases, the maximum tensile load for the “bare” specimen was assumed to have the same absolute value with the minimum “bare” specimen measured compressive load value. Row 7 lists the number of loading cycles used towards reaching the peak (minimum) “compressive” load and the loading cycles after this point. Row 8 lists the initial measured stiffness value (K0) together with the stiffness value when the peak “compressive” load was reached. Row 9 lists the values of the ratio of the horizontal out-of-plane displacement at peak “compressive” load with the corresponding value that can be assumed as “yield” displacement in the load versus displacement cyclic sequence. Finally, row 10 lists the observed damage together with the maximum value of the measured out-of-plane horizontal displacements at mid-height for each wallet at the final stage of the loading sequence. It becomes evident that in all cases one of the prevailing forms of damage is the debonding either at the adhesive mortar–thermo-insulation interface (for XPS) or within the volume of the thermo-insulating material near this interface (for EPS and MW), as was already underlined by Manos et al. according to the performed material tests [49].




5.2. Discussion of the Measured Behavior


	-

	
The wallets having a thermo-insulating attachment showed an increase of the measured out-of-plane flexural capacity. When the thermo-insulating panels are subjected to tension form flexure and their thickness is 100 mm, this increase is 68%, 304%, 342% for the MW, the EPS and the XPS, respectively. A somewhat similar increase is also evident for the case with thermo-insulating panels having thickness equal to 50 mm.




	-

	
A part of this increase is due to the adhesive mortar layer that is common to all the thermo-insulating attachments. Another part is due to the contribution of the various thermo-insulating materials. This contribution varies according to the corresponding variation of the tensile strength of the thermo-insulating materials in flexure.




	-

	
A limiting factor in capitalizing on the flexural tensile strength of the insulating material is the relatively low bond strength between the adhesive mortar and these materials either in the tangential or in the normal direction of the bond surface (Table 3). This is evident from the fact that in almost all cases the limit state was that of debonding of the insulating panels either at the top or at the bottom of the masonry panel.




	-

	
These thermo-insulating attachments, being under flexural tension, results in values of the out-of-plane displacements for peak compressive load significantly larger (XPS 3–6 mm, MW and EPS 5 mm) than those measured for the specimen without any thermo-insulating attachment (“bare”, 2 mm).




	-

	
When the applied load was reversed, thus subjecting the thermo-insulating attachments in flexural compression, the increase of the out-of-plane flexural capacity was considerably smaller than the corresponding increase when the same insulating panels were under flexural tension. Contributing factors for this is the low compressive strength of these materials relatively to the corresponding tensile strength.




	-

	
In all tested wallets, the presence of the thermo-insulating material did not alter the initial dominant flexural failure mode which, as expected, was the formation of horizontal cracks at the bed-joints near mid-height. This flexural response mechanism was accompanied in subsequent load cycles by the debonding of the insulating panels from the masonry substrate at the top and bottom horizontal boundaries of the tested specimens. In all cases, this debonding occurred for relatively large values (approximately more than 5 mm) for the out-of-plane displacements at mid-height of each wallet. For such large out-of-plane deformations the corresponding flexural capacity was significantly reduced.




	-

	
Apart from the observed cracking and the subsequent debonding of the thermo-insulating attachments for such large out-of-plane displacements (in excess of 15 mm at mid-height of the wallet at the final loading stages) there was no incident of an insulating panel-unit detaching completely from the facade of the masonry wallet. This must be attributed to the protective action of the plastic anchors placed in key location for this purpose (Figure 13a-left).




	-

	
The increase in the out-of-plane flexural capacity was larger for the EPS facades 100 mm thick than for those being 50 mm thick. However, for the XPS facades, the flexural capacity for a thermo-insulating facade 50 mm thick is larger than that for a facade 100 mm thick. This must be attributed to the fact that, due to a local weakness of the clay bricks in these XPS wallets, the local breaking of the masonry near the horizontal support developed apart from the cracking of the horizontal mortar joints and the debonding of the thermo-insulating facades from the masonry. As can be seen, the wallets with XPS facades resisted much higher out-of-plane loads than the corresponding EPS or MW wallets. This is partly due to the higher bond strength developed between the adhesive mortar the XPS panel combined with the higher flexural tensile strength of the XPS material itself than those for the EPS or MW (Table 3). The resulting higher value of the applied out-of-plane load resulted in certain cases to the breaking of the clay bricks, due to local weakness in the brick units.




	-

	
Until this peak “compressive” load is reached the subsequent loading cycles demonstrate a decreased stiffness (K1 = 15–5 kN/mm), compared to the K0 initial stiffness (K0 = 24–20 kN/m), together with load-displacement cycles with energy dissipation characteristics. The same can be observed but to a lesser degree when the load direction is reversed (“tensile” load). This must be attributed to the interaction of the thermo-insulation with the crack formation of the masonry substrate as well as the partial debonding. The value of the ratio of the mid-height displacement for peak load over the corresponding “assumed yield” displacement increases from approximately 1.4 for the masonry wallet without thermo-insulation to approximately 2.0 for the wallets with XPS thermo-insulation and to approximately 3.0 for the wallets with either EPS or MW thermo-insulation.









6. Numerical Simulation of the Out-of-Plane Flexure for the Tested Wallets


Different numerical methodologies are reported in the literature towards simulating the non-linear behavior of masonry walls. Asteris et al. reviewed the most popular numerical approaches for numerically simulating the masonry infill behavior [96,97]. Manos et al. [49] included an overview of the validations of numerical simulations of the non-linear behavior of masonry walls “bare” or with different retrofitting schemes ([30,31,32,41,42,43,44,45,59,60,98,99,100]). More complex modeling strategies are employed when attempting to numerically simulate the behavior of masonry retrofitted in various ways. These strategies utilize either shell elements or solid finite elements and can be classified either as macro-models or as micro-models. Macro-models are adopted by many researchers in order to reduce the computational cost [32,98]. Noor-E-Khuda et al. [99] investigated the effectiveness of various retrofitting schemes for unreinforced masonry walls using layered shell elements. The numerical results are in good agreement with the experimental measurements. Bi-dimensional models were also examined by Gattesco et al. [81] and Galvez et al. [100]. In both cases, they used experimental measurements to calibrate the numerical simulations thus achieving good agreement. Bello et al. [39] developed numerical models based on the smeared cracking theory towards deriving homogenized material properties for both the masonry as well as the FRCM composite. The strengthened models predicted well the observed great increase of bearing capacity by the applied retrofitting. A Drucker–Prager non-linear constitutive law was adopted by Khan et al. [86] for the numerical representation of 3D macro-models of masonry walls together with 2D shell elements representing geo-synthetic coatings. It was found that the addition of such coatings increased the maximum out-of-plane applied load more than 50%. The numerical results discussed here were obtained employing a macro-modeling strategy for the masonry walls employing test results in order to quantify the relevant properties of homogenized masonry, utilizing the capabilities of commercial software [101]. The same numerical methodology was used before in an effort to investigate the in-plane behavior [49].



6.1. Comparison between Numerical Predictions and Observed Behavior in the Current Study


The masonry substrate was formed with 3-D finite elements adopting a homogenized material obeying the concrete damaged plasticity (CDP) constitutive law for masonry (Table 5) ([102,103]). Initially, the numerical model for the control “bare” specimen was formed, shown in Figure 16, and the relevant predictions of its flexural response were compared with the observed behavior, found to be satisfactory (Section 6.1.1). All the parameters introduced for the homogenized masonry are listed in Table 5.



The post-failure tensile behavior can be determined either by the tension stiffening incorporated in a post-failure stress–strain relation or by applying a fracture energy cracking criterion [101]. The tension stiffening approach was employed here towards simulating numerically the observed behavior of the wallets tested at the laboratory without or with thermo-insulation attachments in the framework of the present study (Section 6.1.1, Section 6.1.2, Section 6.1.3 and Section 6.1.4). Towards examining these two post-failure capabilities, the observed behavior of the masonry wallet without any thermo-insulation was numerically simulated employing either the tension-stiffening or the fracture energy numerical approach. They both yielded almost identical predictions with the equivalent tensile fracture energy for the masonry wallet of this study equal to 18 Nmm/mm2. This value of the fracture energy is in good agreement with similar studies reported in the literature. Lourenco et al. [98] developed a plasticity model for clay masonry walls which features a Rankine-type criterion for tension and the tensile fracture energy was defined equal to 20 Nmm/mm2, calibrated by experimental results. The adhesive mortar joint between the masonry and the thermo-insulating panel-units is numerically simulated with 3-D solid finite elements (Figure 18a-left), having 10 mm thickness and a concrete damage plasticity constitutive law (Table 6) defined again by utilizing relevant test results of this study. For the parameters required to define the plasticity properties of masonry and adhesive mortar material law the default values included in the employed commercial software [101] were adopted, while the value of the dilation angle was set equal to 30°. The thermo-insulating panels were also numerically simulated with 3-D solid finite elements having elastic behavior according to relevant measurements. The interface between the masonry substrate and the adhesive mortar assumes perfect bond, according to the observed behavior whereas the interface between the adhesive mortar and the thermo-insulating attachment was provided instead with non-linear behavior, according to test results (Table 2) obtained by measurements conducted exclusively by the authors [49]. This was done in order to simulate the debonding between the adhesive mortar and the thermo-insulating attachment, which was shown to be critical in the observed behavior. This later interface uses nodal interaction with cohesive–friction behavior determined according to tests for both the normal and the tangential behavior. Figure 17 depicts a cross-section of the tested specimens with all the details of the above numerical simulation.



6.1.1. Numerical Simulation of the Out-of-Plane Behavior of the Masonry Wallet without any Thermo-Insulating Attachment (“Bare”)


Initially, the out-of-plane behavior of the masonry wallet without any thermo-insulating attachment (“bare”) was numerically simulated, following the previously described steps (Figure 18b-right). Figure 19 depicts the numerical out-of-plane response in terms of applied horizontal load versus corresponding horizontal displacement at mid-height of this specimen. It must be clarified that this response was obtained by applying the out-of-plane load separately either as compressive force (negative load versus positive out-of-plane displacement) or as tensile force (positive load versus negative out-of-plane displacement). No attempt was made to numerically simulate the cyclic nature of observed response and the influence of the development and accumulation of plastic strains under reverse loading conditions.



Figure 19a-left depicts the numerically obtained out-of-plane displacement at mid-height versus the applied horizontal load, as explained before. In the same figure the corresponding measured response is also plotted. As can be seen, good agreement is reached between the numerically predicted (−8.88 kN) and the observed (−8.81 kN) minimum compressive load. The numerically predicted displacement response for the compressive load is also in agreement with the measured values. Therefore, the numerical response portrays quite accurately the observed degradation of the bearing flexural capacity that is characterized by a considerable increase of the out-of-plane displacements with a significant decrease (in terms of absolute values) of the corresponding out-of-plane compressive load. In these figures, the numerically predicted response for the tensile load does not agree with the measurements. This is due to the fact that no attempt was made to numerically simulate the cyclic nature of the observed response and the influence of the development and accumulation of plastic strains under cyclic load reversals. The plotted numerical simulation of the “bare” masonry behavior for out-of-plane tensile force (Figure 19a-left) is anti-symmetrical to the one plotted for the compressive force. However, the corresponding measured plotted load versus displacement response for tensile force was recorded at the stage that this wallet had already failed during the preceding compressive load cycle. This is the underlining reason for the obvious discrepancy between observed and numerically predicted response. Despite this drawback, the following numerical simulations are based on the same approximation not attempting at present to simulate the effect of the load reversals. Therefore, the following numerical simulations that include the masonry facade were done separately for either compressive force or tensile force and not for continuous cyclic load reversals. This should be kept in mind when one compares the numerical predictions with the corresponding measurements.



As can be seen from Figure 20, the employed numerical simulation was successful in predicting the mode of failure and the flexural capacity of the masonry wallet without any thermo-insulating attachment (“bare”). In the following, this basic satisfactory numerical simulation of the masonry substrate was extended to include the thermo-insulating attachments and the adhesive mortar layer, following the construction details shown in Figure 17 and Figure 18, as described before. In the subsequent sections summary numerical results are presented for the wallets having 100 mm thick thermo-insulating attachments made of either mineral wool (MW), or expanded polystyrene (EPS) or extruded polystyrene (XPS). All these cases were studied experimentally, and the relevant results are included in this manuscript. It is again underlined that, whereas the loading sequence during testing included cyclic load reversals, the numerical results were obtained from applying the load either as a compressive force (subjecting the thermo-insulating attachments to tension) or as a tensile force (subjecting the thermo-insulating attachments to compression), without accounting for any accumulation of plastic strains from cyclic load reversals.




6.1.2. Numerical Simulation of the Out-of-Plane Behavior of the Masonry Wallet with Thermo-Insulating Attachment Made of Mineral Wool (“MW” with a Thickness of 100 mm)


Figure 21 depicts the numerical out-of-plane response in terms of applied horizontal load versus corresponding horizontal displacement at mid-height of this specimen which has a 100 mm thick thermo-insulating attachment of mineral wool. Figure 21a-left depicts the numerical out-of-plane response in terms of applied horizontal load versus corresponding horizontal displacement at mid-height of this specimen whereas Figure 21b-right shows the numerical out-of-plane displacement profiles along a vertical cross-section (for either compressive or tensile force). In the same figures, the corresponding measurements are also shown. As can be seen, reasonably good agreement is reached between the numerically predicted value (−13.35kN) and the observed (−14.77kN) minimum compressive load. The numerically predicted displacement response appears to be less flexible than the corresponding measured response (Figure 22b-right). This must be attributed to the fact that the plotted measured response was preceded by at least two loading cycles of smaller amplitudes than the ones plotted here, which may have contributed to the observed flexibility. Despite this, the numerical response portrays quite accurately the observed degradation of the bearing flexural capacity that is characterized by a considerable increase of the out-of-plane displacement, which accompanies the significant decrease (in terms of absolute values) of the corresponding out-of-plane load. In these figures, the numerically predicted response for the tensile load (8.88 kN) shows similar trends with the measured values (5.21 kN) as this tensile load is significantly smaller, in terms of absolute values, than the compressive load. As already stated, no attempt was made to numerically simulate the cyclic nature of the observed response and the influence of the development and accumulation of plastic strains under reverse loading conditions. Despite this, the contribution of the thermo-insulating attachment, when in compression, seems to be well approximated even in this limited way. Figure 22a (left) depicts the predicted accumulation of the loss of contact at the interface between the masonry and the thermo-insulation, beyond the stage where the minimum compressive load was applied. Figure 22b (right) shows the observed debonding type of damage for the same masonry wallet with 100mm thick mineral wool when during testing the applied load was significantly decreased (in terms of absolute values), as compared to the minimum compressive load.




6.1.3. Numerical Simulation of the Out-of-Plane Behavior of the Masonry Wallet with Thermo-Insulating Attachment Made of Expanded Polystyrene (“EPS” with a Thickness of 100 mm)


Figure 23 depicts the numerical out-of-plane response in terms of applied horizontal load versus corresponding horizontal displacement at mid-height of this specimen which has a 100 mm thick thermo-insulating attachment of expanded polystyrene. Figure 23a-left depicts the numerical out-of-plane response in terms of applied horizontal load versus corresponding horizontal displacement at mid-height of this specimen whereas Figure 23b-right shows the numerical out-of-plane displacement profiles along a vertical cross-section (for either compressive or tensile force). In the same figures, the corresponding measurements are also shown. As can be seen, reasonably good agreement is reached between the numerically predicted value (−21.99kN) and the observed (−35.69kN) minimum compressive load.



The numerically predicted displacement response, as noted before for the mineral wool specimens, appears to be less flexible than the corresponding measured response (Figure 21b-right). Again, this must be attributed to the fact that the plotted measured response was preceded by at least two cycles of smaller amplitudes than the ones plotted here, which may have contributed to this observed flexibility. Despite this, the numerical response portrays quite accurately the observed degradation of the bearing flexural capacity that is characterized by a considerable increase of the out-of-plane displacement with a significant decrease (in terms of absolute values) in the corresponding out-of-plane load. In these figures, the numerically predicted response for the tensile load (9.51 kN) shows similar trends with the measured values (4.95 kN) as this tensile load is significant smaller, in terms of absolute values, than the compressive load. The contribution of the thermo-insulating attachment, when in compression, seems to be taken into account even in this limited way.



Figure 24a (left) depicts the accumulation of the loss of contact at the interface between the masonry and the numerical simulation of the thermo-insulation as predicted beyond the stage where the minimum compressive load was applied. Figure 24b (right) shows the observed debonding type of damage for the same masonry wallet with 100 mm thick expanded polystyrene when during testing the applied load was significantly decreased (in terms of absolute values), as compared to the minimum compressive load.




6.1.4. Numerical Simulation of the Out-of-Plane Behavior of the Masonry Wallet with Thermo-Insulating Attachment Made of Extruded Polystyrene (“XPS” with a Thickness of 100 mm)


Figure 25 depicts the numerical out-of-plane response in terms of applied horizontal load versus corresponding horizontal displacement at mid-height of this specimen which has a thermo-insulating attachment of extruded polystyrene 100 mm thick. Figure 25a-left depicts the numerical out-of-plane response in terms of applied horizontal load versus corresponding horizontal displacement at mid-height of this specimen whereas Figure 25b-right shows the numerical out-of-plane displacement profiles along a vertical cross-section (for either compressive or tensile force). In the same figures, the corresponding measurements are also shown. As can be seen, reasonably good agreement is reached between the numerically predicted value (−32.33 kN) and the observed (−38.91 kN) minimum compressive load. The numerically predicted displacement response of this extruded polystyrene specimen appears to agree with the corresponding measured response (Figure 25b-right). The numerical response portrays quite accurately the observed degradation of the bearing flexural capacity that is characterized by a considerable increase of the out-of-plane displacement with a significant decrease (in terms of absolute values) of the corresponding out-of-plane load. In Figure 26b-right the measured out-of-plane displacement profile of the wallet at the initiation and propagation of the debonding at the upper part is also plotted. It is evident that the combination of the flexural cracks of the mortar bed-joints at mid-height of the masonry with the initiation of the debonding of the thermo-insulation increases the out-of-plane displacement response. In these figures, the numerically predicted response for the tensile load (10.34 kN) shows similar trends with the measured values (14.86 kN) as this tensile load is significantly smaller (in terms of absolute values) than the compressive load.



Figure 26a (left) depicts the accumulation of the loss of contact at the interface between the masonry and the numerical simulation of the thermo-insulation as predicted beyond the stage where the minimum compressive load was applied. Figure 26b (right) shows the observed debonding type of damage for the same masonry wallet with 100 mm thick extruded polystyrene specimen during testing when the applied load was significantly decreased (in terms of absolute values), as compared to the minimum compressive load. It must be underlined that for this XPS masonry wallet the propagation of the debonding of the thermo-insulation from the masonry was accompanied by the breaking of the clay bricks close to the upper boundary, as is shown in Figure 26b-right. This type of failure was not numerically simulated, and this fact may partly explain the differences that can be seen between the numerically predicted and the measured out-of-plane load versus displacement responses shown in Figure 25a,b.



The behavior of four wallets, one of “bare” masonry and the other three having 100 mm thick thermo-insulating facades (extruded polystyrene-XPS, expanded polystyrene EPS, or mineral wool MW), which were included in Figure 19a, Figure 21a, Figure 23a, and Figure 25a, is summarized in Figure 27a,b. These figures depict the out-of-plane response of horizontal displacement at mid-height versus the applied horizontal load for masonry wallets without or with thermo-insulating attachment (XPS, EPS or MW 100 mm thick). On the left side of this figure the numerical predictions are depicted, whereas on the right side the corresponding experimental measurements are shown.



Table 7 summarizes the numerically predicted and measured behavior of these four wallets under compressive out-of-plane load, without or with thermo-insulating facades whereby these attachments are under tension, in terms of maximum absolute value of the applied compressive load and the corresponding out-of-plane displacement values at mid-height. In the same table, the corresponding increase in the flexural capacity of these wallets due to the addition of the thermo-insulating attachments is also listed (see Table 4). The following underline the main observations.



	-

	
The measured increase in the flexural capacity resulting from the addition of thermo-insulating facades is reasonably well predicted by the employed numerical simulation together with predicting the debonding mode of failure and the resulting decrease in the flexural bearing capacity as was measured during testing.




	-

	
In all cases the measured out-of-plane flexibility of the tested wallets was larger than the one resulting from the numerical predictions. This is evident in all figures where the measured out-of-plane response is compared to the corresponding numerical predictions. This is also evident from the listed displacement values at peak load listed in Table 7 and must be partly attributed to the fact that the numerical analyses did not simulate the cyclic load reversals of the loading laboratory sequence and the corresponding gradual accumulation of micro-cracking and plastic deformations that occurred during the experiments. This issue is currently under study.




	-

	
These observations are relevant only for the case that the direction of the out-of-plane loads result in a flexural behavior whereby the thermo-insulating attachments are under tension. As already discussed, based on the presented experimental evidence, when the direction of the out-of-plane loads subject the thermo-insulating attachments to compression the resulting flexural capacity increase is much smaller than when these thermo-insulation attachments are in tension. This experimental observation was also confirmed by the numerical predicted behavior.




	-

	
Based on the above observations, it can be concluded that the employed numerical simulation, despite its limitations, yields reasonably realistic predictions of the bearing flexural capacity. It must be noted that this numerical simulation utilized all the necessary information relevant to the mechanical properties of all the employed materials as well as the necessary mechanical characteristics that govern the behavior at the contact surface between brick masonry, adhesive mortar and thermo-insulating panels.




	-

	
Certain discrepancies between the peak measured flexural capacity and the one numerically predicted can be seen for the wallet having as thermo-insulating attachment the one constructed with extruded polystyrene (XPS 100 mm). This discrepancy was attributed to the local breaking of the clay cricks at the upper boundary of this wallet together with the initiation of the debonding, which resulted in a decrease of the bearing capacity. This underlines the importance of the boundary conditions and the performance of the masonry substrate at its peripheral supports. It also underlines the necessity in numerically simulating actual conditions. This very important issue is currently under study.










7. Discussion of the Outcome of the Current Study


The following discussion focuses on whether the out-of-plane flexural performance of a masonry facade with such a thermo-insulating attachment, is made less or more vulnerable to seismic loads than the performance of the same masonry prior to installing a certain type of thermo-insulation. This is done by comparing the measured flexural behavior of the tested specimens with thermal insulation to that without, as presented in Section 5. Another point of interest is to discuss the observed limit state of the thermo-insulation when the host masonry is subjected to out-of-plane flexural loads. The following summarize the most important observations:




	-

	
The addition of thermo-insulating attachments resulted in an improved out-of-plane flexural behavior of the tested masonry wallets compared to the masonry wallet without any such attachment. This was demonstrated by the measured increase of the peak out-of-plane load bearing capacity and of the corresponding deformability of the tested specimens having such thermo-insulating attachments. This increase was quite substantial when the direction of the out-of-plane loads was subjecting these thermo-insulating facades to tension. When, for the reverse load direction, these facades were subjected to compression the observed performance improved to a much lesser degree.




	-

	
For most cases, the prevailing mode of failure was the partial debonding of the thermo-insulating facades at their interface with the masonry substrate, being preceded by cracking of the horizontal mortar bed-joints at mid-height. Despite this partial debonding, the presence of the plastic anchors prohibited the total dislocation of these facades from the masonry substrate.




	-

	
The observed improvement of the out-of-plane performance was more substantial for the XPS and EPS facades than for the MW facades. Moreover, an increase in the thickness of the thermo-insulating facade from 50 to 100 mm resulted in a noticeable improvement of the out-of-plane flexural performance. However, the increase in this way of the flexural capacity in terms of peak out-of-plane load resulted in the development of local breaking of the masonry at the supports, due to weakness of the used clay bricks. This type of damage limited any further improvement of the flexural capacity. This fact underlines the importance of investigating the capacity of the masonry substrate and the influence of its boundary conditions at the supports of such masonry facades prior to attaching the thermo-insulation attachments.









The measured response was utilized to form realistic numerical simulations of the observed behavior. The following summarize the most significant observations.



	-

	
The employed numerical simulation proposes a multi-stage procedure employing basic information obtained from laboratory testing. Initially, a valid numerical simulation is formed for the “bare” masonry wallet. Next, this numerical simulation is extended to include the thermo-insulating attachment, utilizing in the subsequent non-linear analysis the obtained in the laboratory mechanical properties of the adhesive mortar and the thermo-insulating materials and their interaction. In this way, the non-linear analysis included realistic constitutive laws describing the interaction between the adhesive mortar interface with the masonry substrate and with the thermo-insulating panel-units. This procedure is of a general nature and can be employed for applications addressing different masonry or thermo-insulating materials.




	-

	
From the comparison of the numerical predictions with the corresponding measurements, it can be concluded that a reasonable agreement can be reached for the flexural capacity, in terms of peak value for the applied out-of-plane load as well as for the observed debonding mode of failure. The better improvement of the flexural capacity of the XPS facade than that of the MW facade, which was observed during testing, was confirmed by the numerical predictions. These numerical simulations neither reproduced the observed out-of-plane flexural flexibility nor the local breaking of the masonry of the tested wallets. These issues should be addressed by future research.








8. Conclusions


(a1) The used thermo-insulating panels, although finally debonded from the masonry substrate, do not collapse, even when the masonry panel develops large out-of-plane displacements, due to the protective action of the used plastic anchors. This may be considered as an acceptable performance for a thermo-insulating attachment when the masonry substrate is subjected to such out-of-plane flexure.



(b1) The presence of such thermo-insulating attachments leads to a considerable increase of the out-of-plane flexural capacity and to a less brittle behavior than the one without this thermo-insulation, when the direction of the out-of-plane loads subjects the thermo-insulating facades to tension. Consequently, 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 the influence of the boundary and support conditions of such masonry facades. However, this increase is not as good when the out-of-plane loads subject these thermo-insulating facades to compression.



(c1) The employed in the numerical simulation non-linear response at the interface between the adhesive mortar and the thermo-insulating panels was a key factor for approximating the observed performance. Another key factor was the successful approximation of the non-linear response of the masonry substrate employing the described numerical approach. Both these numerical approximations were based on independent laboratory measurements. The good agreement with observed performance as well as the general nature of this numerical simulation confirms its validity.



(d1) The above conclusions of the present study for the out-of-plane performance of masonry panels, having this particular type of thermo-insulating attachments that was investigated, agree with similar conclusions drawn before [49] for the in-plane performance. It can thus be stated that attaching thermo-insulating facades, similar to the ones studied here, improves the out-of-plane flexural performance as well as the in-plane performance of the masonry substrate, provided that there are not inherent weaknesses of the masonry substrate.



(e1) It must be underlined here that the present investigation is limited in assessing the contribution of the examined thermo-insulating attachments on a given relatively weak masonry substrate. As shown by many researchers, there are many available retrofitting techniques that can effectively upgrade the in-plane and out-of-plane seismic performance of a weak masonry substrate when this is the main objective and not the thermo-insulation. Moreover, it is an objective of future research to study more effective ways of combining seismic strengthening with thermo-insulation. It is hoped that the employed tools and the reported results of the current work will be useful towards such an objective.
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Figure 1. Collapse of unreinforced masonry facades of multi-story R/C buildings in Duress, Albania (26th November 2019, in-situ visit). 
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Figure 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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Figure 3. Used loading arrangement (steel strong reaction frame) for the out-of-plane flexural performance of masonry wallets with or without thermo-insulating attachments. (a) Vertical cross-section through the axis of symmetry of the masonry wallet with the thermo-insulation where the actuator is attached. (b) View of the facade where the thermo-insulation is attached together with the two vertical cross-sections (East and West) where the installed instrumentation measures the out-of-plane displacement response. 
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Figure 4. Used loading arrangement (steel strong reaction frame) for the out-of-plane flexural performance of masonry wallets with or without thermo-insulating attachments. (a) View of the facade without thermo-insulation where the actuator is attached. (b) View of the facade where the thermo-insulation is attached. 
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Figure 5. Used sign convention for the applied out-of-plane load. 
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Figure 6. Τhe different stages of the ETICS construction: completion of masonry wallet. (a) The pattern of panels and of anchors locations, (b) masonry wallet prior to attaching the thermal insulating panels, (c) final plastering, (d) wallet with mineral wall thermo-insulating attachment, (e) wallets with either EPS or XPS thermal insulating attachments. 
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Figure 7. Typical cross-section of a thermal insulated infill wall with details of the used plastic anchor. 
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Figure 8. Typical four-point bending of masonry triplets. 
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Figure 9. (a) Masonry wallet without any thermo-insulating attachment (Code name WOP0A). (b) Masonry wallet with a mineral wool (MW) facade of 100 mm thickness subjected to out-of-plane flexure (WOPM100A). (c) Masonry wallet with an expanded polystyrene (EPS) facade of 100 mm thickness subjected to out-of-plane flexure (WOPE100A). (d) Masonry wallet with an extruded polystyrene (XPS) facade of 100 mm thickness subjected to out-of-plane flexure (WOPX100B). 






Figure 9. (a) Masonry wallet without any thermo-insulating attachment (Code name WOP0A). (b) Masonry wallet with a mineral wool (MW) facade of 100 mm thickness subjected to out-of-plane flexure (WOPM100A). (c) Masonry wallet with an expanded polystyrene (EPS) facade of 100 mm thickness subjected to out-of-plane flexure (WOPE100A). (d) Masonry wallet with an extruded polystyrene (XPS) facade of 100 mm thickness subjected to out-of-plane flexure (WOPX100B).
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Figure 10. (a-left) “Bare” wallet crack pattern. (b-right) East and West vertical cross-section out-of-plane horizontal displacement profiles for certain distinct stages of the out-of-plane. Horizontal load applied to the “bare” masonry wallet without thermo-insulating attachment. 






Figure 10. (a-left) “Bare” wallet crack pattern. (b-right) East and West vertical cross-section out-of-plane horizontal displacement profiles for certain distinct stages of the out-of-plane. Horizontal load applied to the “bare” masonry wallet without thermo-insulating attachment.
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Figure 11. (a-left) Masonry wallet with mineral wool attachment initiation of crack pattern. (b-right) East and West vertical cross-section out-of-plane horizontal displacement profiles for certain distinct stages of the out-of-plane horizontal load applied to the masonry wallet with masonry wool thermo-insulating attachment. 
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Figure 12. (a-left) Masonry wallet with mineral wool attachment propagation of crack pattern and debonding of mineral wool. (b-right) East and West vertical cross-section out-of-plane horizontal displacement profiles for certain distinct stages of the out-of-plane horizontal load applied to the masonry wallet with mineral wool thermo-insulating attachment. 
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Figure 13. (a-left) Masonry wallet with expanded polyester attachment—no damage. (b-right) East and West vertical cross-section out-of-plane horizontal displacement profiles for certain distinct stages of the out-of-plane horizontal load stress applied to the masonry wallet with expanded polyester thermo-insulating attachment. 






Figure 13. (a-left) Masonry wallet with expanded polyester attachment—no damage. (b-right) East and West vertical cross-section out-of-plane horizontal displacement profiles for certain distinct stages of the out-of-plane horizontal load stress applied to the masonry wallet with expanded polyester thermo-insulating attachment.
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Figure 14. (a-left) Masonry wallet with expanded polyester attachment—horizontal cracking at mid height and extensive debonding of EPS at the upper part. (b-right) East and West vertical cross-section out-of-plane horizontal displacement profiles for certain distinct stages of the out-of-plane horizontal load applied to the masonry wallet with expanded polyester thermo-insulating attachment. 






Figure 14. (a-left) Masonry wallet with expanded polyester attachment—horizontal cracking at mid height and extensive debonding of EPS at the upper part. (b-right) East and West vertical cross-section out-of-plane horizontal displacement profiles for certain distinct stages of the out-of-plane horizontal load applied to the masonry wallet with expanded polyester thermo-insulating attachment.
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Figure 15. Masonry wallet with extruded polyester attachment. (a-left) Horizontal cracking and debonding at the top. (b-left) Flexural crack at mid-height both at the horizontal bed-joint as well as at the XPS panel. (c-right) East and West vertical cross-section out-of-plane horizontal displacement profiles Test 4. (d-right) East and West vertical cross-section out-of-plane horizontal displacement profiles Test 5. (e-right) East and West vertical cross-section out-of-plane horizontal displacement profiles Test 6. 
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Figure 16. Used numerical simulation of the interface between masonry and thermo-insulation. 
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Figure 17. Cross-section of a masonry attached with thermal insulation model. 
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Figure 18. (a-left) The numerical simulation of the adhesive mortar is depicted with gray color. The area of the masonry substrate not covered with adhesive mortar is shown with orange color. (b-right) The actual area covered by the adhesive mortar from a typical specimen after the removal of the attached thermo-insulation. 
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Figure 19. Masonry wallet without thermo-insulating attachment. (a-left) Out-of-plane horizontal displacement at mid-height versus applied horizontal load. (b-right) Out-of-plane horizontal displacement profile along the West vertical cross-section for either minimum compressive or maximum tensile force. 






Figure 19. Masonry wallet without thermo-insulating attachment. (a-left) Out-of-plane horizontal displacement at mid-height versus applied horizontal load. (b-right) Out-of-plane horizontal displacement profile along the West vertical cross-section for either minimum compressive or maximum tensile force.
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Figure 20. Masonry wallet without thermo-insulating attachment. (a-left) Accumulated plastic strains as predicted by the numerical simulation. (b-right) Observed damage at a horizontal mortar bed-joint during testing. 






Figure 20. Masonry wallet without thermo-insulating attachment. (a-left) Accumulated plastic strains as predicted by the numerical simulation. (b-right) Observed damage at a horizontal mortar bed-joint during testing.



[image: Buildings 11 00335 g020]







[image: Buildings 11 00335 g021 550] 





Figure 21. Masonry wallet with thermo-insulating attachment mineral wool (MW) 100 mm thick. (a-left) Out-of-plane horizontal displacement at mid-height versus applied horizontal load. (b-right) Out-of-plane horizontal displacement profile along the West vertical cross-section for either minimum compressive or maximum tensile force. 
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Figure 22. Masonry wallet with mineral wool thermo-insulating attachment 100 mm thick. (a-left) Numerically predicted loss of contact strains at the interface between the masonry and the numerical simulation of the thermo-insulation. (b-right) Observed debonding type damage at the top of the tested masonry wallet. 
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Figure 23. Masonry wallet with thermo-insulating attachment expanded polystyrene (EPS) 100 mm thick. (a-left) Out-of-plane horizontal displacement at mid-height versus applied horizontal load. (b-right) Out-of-plane horizontal displacement profile along the West vertical cross-section for either minimum compressive or maximum tensile force. 
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Figure 24. Masonry wallet with expanded polystyrene thermo-insulating attachment 100 mm thick. (a-left) Numerically predicted loss of contact strains at the interface between the masonry and the numerical simulation of the thermo-insulation. (b-right) Observed debonding type damage at the top of the tested masonry wallet. 






Figure 24. Masonry wallet with expanded polystyrene thermo-insulating attachment 100 mm thick. (a-left) Numerically predicted loss of contact strains at the interface between the masonry and the numerical simulation of the thermo-insulation. (b-right) Observed debonding type damage at the top of the tested masonry wallet.
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Figure 25. Masonry wallet with thermo-insulating attachment extruded polystyrene (XPS) 100mm thick. (a-left) Out-of-plane horizontal displacement at mid-height versus applied horizontal load. (b-right) Out-of-plane horizontal displacement profile along the West vertical cross-section for either minimum compressive or maximum tensile force. 
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Figure 26. Masonry wallet with extruded polystyrene thermo-insulating attachment 100 mm thick. (a-left) Numerically predicted loss of contact strains at the interface between the masonry and the numerical simulation of the thermo-insulation. (b-right) Observed debonding type damage at the top of the tested masonry wallet accompanied with breaking of parts of the clay bricks at this location. 
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Figure 27. Out-of-plane horizontal displacement at mid-height versus applied horizontal load for masonry wallets without or with thermo-insulating attachment 100mm thick. (a-left) Numerical simulation predictions. (b-right) Experimental measurements. 
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[image: Buildings 11 00335 g027]







[image: Table] 





Table 1. Compressive and flexural strength of masonry triplets with mortar joints 10 mm thick.






Table 1. Compressive and flexural strength of masonry triplets with mortar joints 10 mm thick.





	Measured Masonry Compressive Strength
	Masonry Compressive Strength

Euro-Code 6 [46]
	Measured Masonry Flexural Strength Normal to Bed-Joint (fxk1)





	(1)
	(2)
	(3)



	1.02 MPa
	0.94 MPa

(for K = 0.35)
	Average = 0.168 MPa

(SDV = 0.035 MPa)
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Table 2. Bond strength of adhesive mortar.






Table 2. Bond strength of adhesive mortar.





	
Bond between the Adhesive Mortar and the Thermal Insulating Panel (Normal to the Facade) (MPa)






	
MW

	
EPS

	
XPS




	
Mean = 0.068   SDV = 0.023

	
Mean = 0.105   SDV = 0.012

	
Mean = 0.178   SDV = 0.068
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Table 3. Masonry wallets with or without thermo-insulating attachments tested in out-of-plane flexure.






Table 3. Masonry wallets with or without thermo-insulating attachments tested in out-of-plane flexure.





	Code Name
	WOP0A
	WOPX50

A
	WOPX100

B
	WOPE50

A
	WOPE50

B
	WOPE100

A
	WOPM100

A





	Type of thermo-insulation *
	No
	XPS
	XPS
	EPS
	EPS
	EPS
	MW



	Thickness (mm)
	0
	50
	100
	50
	50
	100
	100







XPS—extruded polystyrene; EPS—expanded polystyrene; MW—mineral wool; * Attachment placed on one facade of the tested wallet whereas the other facade was left without any attachment.
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Table 4. Masonry wallets with or without thermo-insulating attachments tested in out-of-plane flexure.
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	(1) Code Name/insulation thickness (mm)
	WOP0A/0 mm
	WOPX50A/50 mm
	WOPX100B/100 mm
	WOPE50A/50 mm
	WOPE50B/50 mm
	WOPE100A/100 mm
	WOPM100A/100 mm



	(2) Type of thermal

Insulation *
	“Bare”

without
	Extruded polystyrene (XPS)
	Extruded polystyrene (XPS)
	Expanded polystyrene (EPS)
	Expanded polystyrene (EPS)
	Expanded polystyrene (EPS)
	Mineral wool

(MW)



	(3) Minimum “compressive” load (kN)/mid-height displ. (mm) **
	−8.81 kN/2 mm
	−44.48 kN/6 mm
	−38.91 kN/3 mm
	−25.23 kN/4 mm
	−27.30 kN/5 mm
	−35.62 kN/5 mm
	−14.77 kN/5 mm



	(4) Maximum “tensile” load (KN)/mid-height displ. (mm) ***
	1.01 kN/1.5 mm
	5.02 kN/2 mm
	14.86 kN/1.5 mm
	10.21 kN/1.5 mm
	Not tested
	2.45 kN/5 mm
	5.21 kN/5 mm



	(5) Increase (%) in the “compressive” load compared to the control masonry wallet without thermo-insulation ***
	0%
	405%
	342%
	186%
	210%
	304%
	68%



	(6) Increase in the “tensile” load (compared to “bare” %) ****
	0%
	Damaged before by “compression”
	69%
	16%
	Not tested
	Damaged before by “compression”
	Damaged before by “compression”



	(7) Number of cycles till peak load (“compressive”) is reached/after peak load
	4/1
	4/1
	7/1
	8/2
	7/1
	6/2
	7/3



	(8) Initial stiffness (K0) and/stiffness before reaching peak load (K1) kN/mm
	K0 = 20
	K0 = 20/K1 = 10
	K0 = 24/K1 = 15
	K0 =20/K1 = 6.7
	K0 = 24/K1 = 6
	K0 =20/K1 = 8
	K0 = 20/K1 = 4



	(9) Ratio of mid-height displ. for the peak load by assumed yield displacement
	1.41
	2.01
	1.99
	3.11
	3.0
	3.08
	3.25



	(10) Observed damage /corresponding out-of-plane displacement at mid-height

(mm)
	Horizontal crack at mid-height (3 mm)
	Horizontal crack at mid-height/debonding at bottom (15 mm)
	Horizontal crack at mid-height/debonding at top (15 mm
	Horizontal crack at mid-height/debonding at top (15 mm)
	Horizontal crack at mid-height/debonding at bottom (15 mm)
	Horizontal crack at mid-height/debonding at top (15 mm)
	Horizontal crack at mid-height/debonding at top (15 mm)







* Attachment placed on one facade of the tested wallet whereas the other facade left without any attachment; ** The thermo-insulating attachment is subjected to tension from flexure of the masonry substrate; *** The thermo-insulating attachment is subjected to compression from flexure of the masonry substrate; **** The thermo-insulating attachment is subjected to compression from flexure of the masonry substrate. The increase is only calculated for the cases when the maximum tensile load was measured before the development of any damage.
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Table 5. Parameters of CDP constitutive law for masonry material.






Table 5. Parameters of CDP constitutive law for masonry material.





	
Material Model Assigned to Masonry Panel




	
General Properties

	
Compressive Behavior

	
Tensile Behavior






	
Density

	
1.00 tn/m3

	
Yield stress

	
Inelastic strain

	
Yield stress

	
Inelastic strain




	
Young’s modulus

	
750 MPa

	
13.50 MPa

	
0.00

	
2.30 MPa

	
0.00




	
Poisson’s ratio

	
0.20

	
0.13 MPa

	
0.02

	
0.05

	
0.02
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Table 6. Parameters of concrete damage plasticity constitutive law for the strong adhesive mortar.






Table 6. Parameters of concrete damage plasticity constitutive law for the strong adhesive mortar.





	
CDP Constitutive Law for the Strong Adhesive Mortar




	
General Properties

	
Compressive Behavior

	
Tensile Behavior






	
Density

	
1.00 tn/m3

	
Yield stress

	
Inelastic strain

	
Yield stress

	
Inelastic strain




	
Young’s modulus

	
1000 MPa

	
13.50 MPa

	
0.00

	
2.30 MPa

	
0.00




	
Poisson’s ratio

	
0.20

	
0.13 MPa

	
0.02

	
0.05 MPa

	
0.02
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Table 7. Summary results of all tested specimens without or with thermo-insulating attachments 100mm thick (XPS, EPS and MW) and numerically simulated wallets. Numerical predictions and experimental measurements.






Table 7. Summary results of all tested specimens without or with thermo-insulating attachments 100mm thick (XPS, EPS and MW) and numerically simulated wallets. Numerical predictions and experimental measurements.





	

	
Experimental Measurements for Compressive Force

	
Numerical Predictions for Compressive Force






	
Description

	
Absolute maximum load (kN)/Hor. displ. (mm)

	
Increase in the flexural bearing capacity *

	
Absolute maximum load (kN)/Hor. displ. (mm)

	
Increase in the flexural bearing capacity **




	
Bare masonry

	
8.81 kN/1 mm

	
0%

	
8.88 kN/0.9 mm

	
0%




	
MW 100 mm

	
14.77 kN/5 mm

	
68%

	
13.35 kN/1.5 mm

	
50%




	
EPS 100 mm

	
35.62 kN/5 mm

	
304%

	
21.99 kN/2.4 mm

	
148%




	
XPS 100 mm***

	
38.91 kN/3 mm

	
342%

	
32.33 kN/3.8 mm

	
286%








* The increase is based on the measured bearing capacity of the bare masonry wallet; ** The increase is based on the numerically predicted bearing capacity of the bare masonry wallet; *** Despite the local breaking of the clay bricks, this value is used in the comparison. It is expected that without this local failure the increase in the flexural capacity with XPS facade would have been larger than what is reported here.
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