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Abstract

:

Seismic events have repeatedly highlighted the vulnerability of existing masonry buildings. Seismic retrofitting is frequently focused on improving the connection between walls and roof for ensuring behavior able to resist loads from any horizontal direction. This paper deals with the design of masonry ring-beams made of clay bricks reinforced by natural fibers. Various solutions to ensure a masonry building box-behavior are possible, but this is a good combination of both static and conservation requirements, as it allows the use of bio-composites and grouts. It is a relevant possible alternative to the traditional reinforced concrete ring-beams, which are proven to be very ineffective under earthquakes. A simplified model for designing clay brick beams reinforced by flax fibers is provided, and a comparison with customary and traditional floor/roof masonry ring-beams is carried out.
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1. Introduction


Earthquakes constantly highlight the high seismic vulnerability of existing masonry buildings: they usually have got great resistance against loads-inducing compression (self-weight, dead and live loads), but low capacity against seismic loads which frequently induce incompatible stress states [1,2,3,4,5]. Most historic buildings frequently present unreliable behavior under earthquakes because of detachments and loss of connections among walls and floors [6,7]. In this context, one goal of seismic retrofitting is the improvement of the building unitary response, ensuring a box-behavior. Roofs could be “adequately but not excessively” stiffened in their plane to supply enough distribution capacity of seismic forces among walls, but, above all, walls and floors have to be efficiently connected each other to ensure the capability to withstand horizontal loads and prevent out-of-plane failures [8,9].



Over the past years, the introduction of slabs and ring-beams in reinforced concrete (so versatile and modern as far from the masonry mechanical behavior), the loss of sensibility in understanding the historic building behavior and the lack of knowledge on old materials and techniques often produced inadequate retrofitting, unable to achieve their main purpose, sometimes with catastrophic consequences [3,10,11,12].



A suitable retrofitting can be achieved through floor tie-rods and ring-beams in reinforced masonry at the roof level. The main aim of this paper is therefore to compare the strength capacity of masonry ring-beams made of clay bricks reinforced by flax fiber fabrics to one of the more widespread and traditional techniques.



Ring-beams subjected to loads which are both orthogonal and parallel to bed joints and designed by both a simple and quick procedure and a more refined finite element modeling, are analyzed.



Masonry Ring-Beams Reinforced by Natural Fibers


Floor ring-beams develop an important role in the seismic behavior of masonry buildings: they connect orthogonal walls, receive the horizontal loads due to earthquakes from floors and convey them to walls, undergo thrusts from roof beams, favor the structure box behavior thwarting out-of-plane failures [13]. Solutions based on several materials are available to achieve some of these needs: each has its advantages and disadvantages, whereby some static performances prevail.



Concrete ring-beams can bear large axial and bending forces, but are too heavy and stiff; additionally, they are not capable of adequately distributing vertical loads on the underlying masonry because of their high stiffness. The high stiffness may cause redistribution of vertical compressive stresses, and some masonry portions could result in becoming unloaded and prone to being unstable during earthquakes; additionally, the high stiffness can modify the natural vibration mode of masonry walls, thus inducing local high stresses in the masonry below [14,15,16,17,18]. Furthermore, such a strengthening technique was frequently combined with new r/c floor slabs, adding masses to the building structure, increasing the earthquake-induced inertia forces, and consequently, the stresses in masonry walls. Moreover, the analysis of damages due to several earthquakes showed that the high stiffness of r/c beams and roofs, combined with inadequate connections to the underlying masonry walls, induced the out-of-plane failure of masonry walls [19]. Roofs monolithically poured with ring-beams in case of r/c are very stiff in their plane, and under earthquakes, have different behavior from the underlying masonry. The connection of r/c ring-beams with underlying walls would be effective only if it is made through proper and diffuse vertical perforations. The latter, however, can be particularly invasive and unsuitable in the case of poor masonry in terms of quality or blocks arrangement. Fiber-reinforced masonry ring-beams are an ordinary continuation of the masonry below (joined to it by a mortar layer), have similar deformation characteristics, and if necessary, can be well connected to the underlying walls by folding up the reinforcement fabrics on the vertical faces of the walls. This last connection is a specific advantage of the use of fabrics as reinforcement. The connection of ring-beams to the roof can, on the other hand, be carried out using the same techniques adopted for masonry beams reinforced by steel bars, which are now common in the strengthening of masonry structures [17,20]. Finally, as well as for mechanical reasons, concrete is incompatible with many masonry types for chemical-physical reasons.



On the other hand, reinforced brick masonry beams can be used for retrofitting the masonry buildings because of their well-matched mechanical properties, suitable compressive strength, availability, good compatibility, durability and low cost.



Following the rules of environmental protection, several composites based on natural fibers started to be more widespread as a tool for strengthening masonry buildings; and different fibers have been introduced in civil engineering [21,22,23]: bamboo, hemp, flax, jute, sisal, coir and cotton.



Fiber-reinforced composite materials based on natural fibers have advantages in terms of high tensile strength and lightness, as shown in the researches performed by Speranzini and Agnetti in 2012 [24] and earlier in 2010 [25], as well as in terms of production costs, pollution emissions and energy consumption for their production and disposal [21,26,27]. Besides, the cost of the disposal at the end of their life is generally significantly cheaper than the one of artificial composite materials.



Therefore, composites reinforced by natural fibers have attracted the interest of researchers over the last years [28,29,30,31,32,33,34,35,36,37], and if all of the positive features associated with the use of natural fibers are evaluated with the advantages of inorganic matrices, the use of these new sustainable composites is revealing to be a promising area of research and application. In fact, by using inorganic matrices instead of the organic ones, the compatibility with masonry substrates is improved [38] if compared to the more traditional fiber-reinforced polymers [39]. Furthermore, these strengthening systems can be applied in a wet environment [38,40,41], in the presence of dust, and they also exhibit good performance at elevated temperatures.



This paper focuses the attention on the retrofitting of existing masonry buildings through roof masonry ring-beams reinforced by flax fibers, and on the possibility of using simple numerical procedures for their design. Such beams allow overcoming many of the now well-known problems that were recognized to be due to r/c beams. This strengthening system was recently studied in some researches by other Authors [42,43,44,45,46], while the validation of this reinforcement solution for masonry beams was verified by experimental tests on full-scale beams reinforced by glass fiber-reinforced polymer composite [28]. Several specimens were tested under cyclic flexure and long duration loading. The results [28] show that such types of reinforced masonry ring-beams can be conveniently used to substitute traditional r/c ring-beams, with an advantage in lower weight and better material compatibility.





2. Materials and Methods


Ring-beams for seismic retrofitting of masonry buildings at the roof level are supported by the below masonry piers, and are subject to bending moment in correspondence of the underlying windows; sometimes they are built above the existing spandrel beams. Figure 1a,b respectively show reinforced masonry ring-beams under loads orthogonal and parallel to the bed joints. In the second case, the masonry wall is stressed out of the plane under seismic loading.



2.1. Materials


The geometry of the analyzed beams was determined according to the wall geometry of typical masonry buildings frequently found in seismic areas of Southern Italy [47]. Therefore, the beam width is constantly assumed equal to 600 mm, whereas the height is varied by varying the brick height and the number of clay bricks layers: the latter is varied from a minimum of three to a maximum of six. A reinforcing layer formed by flax fiber fabric is always interposed among them, and a natural hydraulic lime mortar mix is used to produce fiber-reinforced, cementitious matrix composite materials.



Solid and hollow commercial clay bricks for masonry structures are considered: all of them are 250 mm long and 115 mm wide, while the height varies: the solid bricks are 60 mm thick, while the hollow ones are 60 mm and 120 mm thick. The normalized compressive strengths of bricks are summarized in Table 1.



High-strength, flax fiber fabrics (unidirectional double layer) 0.267 mm thick are used as reinforcement. The main properties of flax fabric impregnated with mortar are reported in Table 2.



Even the elastic moduli are kept constant: 4000 MPa for clay bricks and 43,000 MPa for flax fibers. The material partial factors used to compute the corresponding design strengths are determined according to the Italian technical regulation in force, as it provides the values for both masonry and fibers. For masonry of class 2 (built with the availability of specific qualified and experienced personnel under inspection) made of bricks of category I (units with declared compressive strength and probability of failure not greater than 5%) and mortar with prescribed composition, the partial factor γm is equal to 2.7 [48]. For fiber-reinforced systems in which only materials are certified (type A applications), and for which the most likely failure is considered to be due to composite detachment, the partial factor γf is equal to 1.5 [49]. All of the above values are used in both the simplified and the finite element modeling.




2.2. Methods


The seismic safety verification and the strengthening design of masonry buildings can be performed through 3D and 2D finite element models [50] or by simplified models, where piers and spandrel beams are modeled by one-dimensional elements, as advised by several codes [48]. In the latter case, reinforced masonry ring-beams at the roof level could be modeled by further beams, assigning them adequate behavioral characteristics and load-bearing capacity in terms of axial force, shear force and bending moment.



Within a simplified approach, the capacity in terms of axial and shear force is immediately determined, whereas the evaluation of the bending capacity requires a simplified but suitable procedure to compute the resisting moment.



In this context, the reinforced ring-masonry beams can be designed similarly to the RC ones: therefore, in this paper, the classical technical beam theory used to calculate the strength of RC beam cross-sections is adapted to the masonry section reinforced by flax fibers [51,52]. The ultimate strength under bending stresses is computed by considering a linear elastic behavior for both reinforcement and masonry units [53]. This allows a quick sizing of reinforced masonry beams under loads orthogonal and parallel to the mortar joints in the retrofitting of existing masonry structures.



Therefore, the simplified design of masonry sections reinforced by flax fibers is simply performed under the customary basic assumptions of the flexural theory: (i) plane sections remaining plane (Bernoulli’s principle); (ii) strains in bricks and reinforcing fibers are equal at the same level, provided that the bond between fiber-reinforced cementitious matrix composites and bricks is sufficient to keep them acting together under the different load stages (no slip can occur between the two materials); (iii) brittle behavior for both materials (materials are linearly elastic and do not deform plastically); (iv) materials are assumed to be isotropic and homogeneous; (v) tensile strength of bricks may be neglected; (vi) fiber composite does not resist to compression.



The assumption regarding the bond between bricks and fiber reinforced cementitious matrix composite materials is a well-established hypothesis for this reinforcing technique, and is also based on excellent results achieved in experimental researches. In Codispoti et al. [34], Cevallos et al. [46] and Olivito et al. [54] it is shown that flax fiber reinforced cementitious matrix have a good bond behavior with the masonry support; it is also shown how flax fibers made full use of their mechanical properties in the composite during the tests performed.



The hypothesis concerning the compressive strength of masonry (brittle behavior) requires a deepening, since it is considered one of the most important assumptions. It is known that the manufacturing of clay and shale masonry units (raw materials, production technique and baking temperature) strongly influences their sizes and physical properties. Commercial clay bricks are usually produced by extrusion molding, and frequently exhibit an almost linear stress–strain curve up to the maximum strength, and a sudden drop in stress values after the peak, with a small increment in strains. The softening behavior of clay bricks after the peak stress is extensively described in several research papers [55]. It is a salient feature of these quasi-brittle materials because of the progressive internal crack growth. This is due to material defects (flaws and voids), inclusions and micro-cracks arising from the shrinkage during the burning process. Initially, the micro-cracks are stable and grow only when the compressive load is increased. Around the peak stress, the formation of macro-cracks starts: they are unstable and result in a sudden decrement of stresses and the localization of cracking in small zones only, whereas the rest of the brick unloads [55]. This behavior is in contrast to the cast and press historic brick units that have lower strengths and a larger capacity of deformation in uniaxial strain, with a more evident and stable inelastic response. Furthermore, it was often observed that most of the burnt clay brick prisms fail due to the formation of vertical splitting cracks along their height [56]. Finally, the commonly assumed bilinear compressive stress–strain curves for burnt clay bricks masonry is also attributed to brick cracking and mortar nonlinearities. In the case under examination, it was considered more conservative to assume a linear behavior without nonlinear excursions, and also because the realization of a beam reinforced with flax fibers would require somewhat thin layers of mortar, that inevitably allow minor inelastic adaptability.



Under the above assumptions, the equations for computing the resisting bending moments of a ring-beam reinforced by flax fibers are the following (Figure 2).



The beam is subjected to pure bending, because only vertical loads act. The neutral axis y, measured from extreme compressive fiber, can be computed using the balance of all forces acting on the beam cross-section (Figure 2a):


    b  y 2   2  + b  h f   (  n  n f  − n  n b  −  n b   )  y + b  h f    ∑   i = 1    n b     d i  − n b  h f    ∑   i =  n b  + 1    n f     d i  = 0  



(1)




where b is the section width, nf is the total number of layers of reinforcing fiber, hb is the thickness of bricks, hf is the thickness of each fiber layer, nb is the number of clay bricks fully or partially compressed, n is the ratio of the modulus Eb of clay bricks to the modulus Ef of the reinforcing flax fiber, di is the distance of the center of each fiber layer from the upper edge of the section (numbered from the top of the section).



The resisting bending moment is provided by:


   M R  =   b  y 2   f c   3  −   b  h f   f c   y    ∑   i = 1    n b       (  y −  d i   )   2  + b  h f   f t   (  h −    h f   2  − y −  h b   )  +   b  h f   f t     (  h −    h f   2  − y −  h b   )      ∑   i =  n b  + 1    n f  − 1      (   d i  − y  )   2   



(2)




where h is the total height of the ring-beam, fc is the compressive strength of bricks at the section upper edge and ft is the tensile strength of the lowest fiber, in the stressed direction.



The computation of neutral axis and resisting bending moment requires an iterative solution: such a solution involves that one of the two strengths fc and ft is equal to the design strength of the corresponding material, while the other one is lower.



If the masonry beam is subjected only to loads parallel to the bed joints, clay bricks and flax fibers are loaded differently with respect to the previous case. The neutral axis y (measured from extreme compressive fiber) is computed by the following equation (Figure 2b), being the beam subjected to pure bending:


   (  h −  n f   h f  − n  n f   h f   )   y 2  + 2 n  n f   h f  b y − n  n f   h f   b 2  = 0  



(3)







The resisting moment is provided by:


   M R  =    (  h −  n f   h f   )   y 2   f c   3  +    n f   h f     (  b − y  )   2   f t   3   



(4)







In this paper, the resisting bending moment of several reinforced masonry cross-sections is computed by the above equations and by a more refined 3D finite element modeling. In the latter case, a 3600 mm long beam is considered, with the aim of comparing the resistant bending moment of the mid-span cross-section of the beam under the same working conditions considered in the simplified model (achieving maximum compressive strength in the upper bricks or maximum tensile strength in the reinforcement fiber fabrics). A simply supported (pinned-hinged) beam is modeled when loads act orthogonally to the bed joints (Figure 3). In the case of bending due to loads parallel to the bed joints, the nodes at the beam vertical ends are constrained by hinge bearings, and the nodes at the lower ends are constrained by roller bearings (Figure 4). In both cases, the absence of further constraints in the lower nodes of the beam is due either to the presence of possible windows (the ring-beam works as a spandrel beam) or to a conservative assumption necessary to calculate the bending moment. The bricks are modeled by eight-node solid elements, considering the compressive strength of Table 1. Each brick has been divided into four solid elements: two in the direction of greatest length (and arranged in the longitudinal development direction of the beam) and two in height. The FEM analyses are performed using the computer program MidasGen®, using the well-known Drucker–Prager failure criterion [57], as a smooth version of the Mohr–Coulomb yield surface, suitable for materials that exhibit volumetric plastic deformations. The cohesion c and the friction angle φ are assumed equal to 0.14 MPa and 45°, respectively [58,59,60]. The flax fibers are placed inside the mortar beds as a fiber-reinforced cementitious matrix composite, and are modeled through “tension only” elements (Table 2). No slip is considered possible between bricks and fiber-reinforced cementitious matrix composites, since the bond is sufficient to keep them acting together under the different load stages, as previously explained for the simplified procedure. The FEM model is composed of minimum 1260 and maximum 3180 elements, due to the variation in the number of clay bricks layers. Figure 3 and Figure 4 show the model of beams made of five layers of solid bricks 60 mm thick (therefore with four layers of fiber-reinforced cementitious matrix composite).





3. Results


The resisting bending moment of several masonry cross-sections is computed through both the simplified Equations (2) and (4) and the more complete nonlinear finite element modeling previously introduced. Subsequently, the first values are compared to the ones of the ring-beams made by other materials.



In the FEM analysis, a uniformly distributed load acting in the vertical direction over the entire upper surface of the beam is increased in the case of loads perpendicular to the mortar layers, in addition to the beam self-weight. In the case of loads parallel to the mortar layers, the distributed load is applied in the horizontal direction over the entire front surface of the beam. The bending moments are computed by integrating the normal stresses acting in the mid-span cross-section of the masonry beam when one of two materials (clay brick and flax fiber) reaches its failure condition.



The beam failure is usually computed assuming a maximum strain, defined as the strain corresponding to stress equal to a predetermined percentage (usually 80%) of the peak stress in the post-peak region. This assumption of failure strain does not apply in the case of the examined burnt clay brick masonry, since, as previously reported, after reaching the peak stress, a sudden drop in stress value is frequently observed with a small increment in strains. Thereafter, the strain could increase with a higher rate due to the evident crushing of masonry, and this should not be allowed in the ring-beams studied in this paper, which should be used as strengthening elements. This explains why a brittle behavior is assumed for masonry, and an elastic calculation without post-critical behavior is advised: therefore, the failure condition is assumed to correspond to the achievement of maximum design compressive strength in bricks or tensile strength in flax fiber fabrics.



Figure 5 shows the load-displacement curve (computed at the mid-span) of a beam made of five layers of solid bricks 60 mm thick (and then four layers of impregnated flax fibers) subjected to loads orthogonal to the mortar beds (vertical loading).



The figure shows the load at which the design tensile strength of the lower layer of flax fiber reinforcement is achieved, while the maximum compressive stress in the bricks is lower than the design one. This condition corresponds to the failure condition in the simplified method. After this point, as loads increase, the other layers of flax fibers reach their design strength and the vertical displacements increase very quickly.



Figure 6 shows the distribution of normal stresses in the same beam as Figure 5 when the lowest flax fiber fabric is reaching the design tensile strength. The normal stresses in the mid-span cross-section are also shown in the Figure. A neutral axis at about 60 mm from the extreme compressive fiber can be identified, and the integration of such normal stresses leads to a resistant bending moment equal to 25.63 kNm. It can be remarked that the simplified procedure provides the neutral axis at 49 mm from the extreme compressive fiber and a resistant bending moment equal to 21.27 kNm.



Figure 7 shows the resisting bending moments in beams made by several brick types and loaded orthogonally to the bed joints (bending in vertical planes). The moments are plotted as the beam height (that is, the number of brick layers) varies. The continuous lines show the bending moments provided by the FEM model analysis, the dotted lines the ones obtained by the simplified procedure. The red lines represent solid brick masonry (SB), the black lines hollow brick masonry (HB).



The curves in Figure 7a show that as the number of brick layers increases, the simplified procedure underestimates the resisting moment with respect to FEM analysis, mainly in the case of bricks 60 mm thick. The error is still bounded within about 20%, except for the masonry beam made by seven layers of solid bricks 60 mm thick.



This is due to the different hypothesis on the clay brick behavior, since a linear behavior is assumed in the simplified model, while in the FEM model, the bricks are assumed to behave nonlinearly. In both models, the flax fibers work at maximum design strength, and the position of the neutral axis is almost the same. Therefore, for the same compression resulting force, in the FEM model, the bricks contribute more to the resisting moment, having a higher centrifugation (the resulting compression has a greater distance from the neutral axis).



This effect is lower in the case of bricks 120 mm thick (see Figure 7b), since the compression force is centrifuged even in the simplified model. On the other hand, it has been seen that assuming an elastic–plastic behavior in the simplified model (as often assumed for the masonry piers) would tend to overestimate the capability of the masonry ring-beam, as the number of clay bricks is small, that is in situations that have a greater recurrence in daily practice.



Figure 8 shows the load-displacement curve (computed at the mid-span) of the same beam of Figure 5 and Figure 6 subjected to loads parallel to the mortar beds (horizontal loading). The Figure shows the load level at which the most compressed bricks reach the design compressive strength: beyond this threshold, the response of the beam is no longer linear and the horizontal displacements increase rapidly. Such a threshold also corresponds to the failure condition used in the simplified method.



Figure 9 shows the resisting bending moments in beams loaded in the direction parallel to the bed joints (bending in horizontal planes). The curves show that, in this case, the two design approaches lead to similar values for beams made by solid or hollow bricks 60 mm thick (Figure 9a), and different values in beams made by hollow bricks 120 mm thick (see Figure 9b).



Under these working conditions of masonry beams (loads parallel to the bed joints), the resisting moment is controlled by the brick strength, while even the flax fibers at the maximum distance from the neutral axis do not offer their maximum resistance. Therefore, the two models provide different neutral axis positions, which correspond to different contributions of bricks and flax fiber fabrics, and then to different resisting moments, mostly in the case of hollow bricks 120 mm thick.



In conclusion, Figure 7 and Figure 9 show an adequate capacity of the simplified modeling in assessing the resistant bending moments of masonry ring-beams reinforced by flax fibers, mainly for beams made by solid or hollow bricks 60 mm thick. This allows us, for example, to use this approach in the simplified modeling of an entire building structure, such as the masonry frame model usually used to perform pushover analyses [61,62].




4. Discussion


Figure 10 compares the resisting bending moments computed for masonry beams made of solid clay bricks 60 mm thick, reinforced by flax fibers (FFRG), with the ones calculated for two customary alternatives in different materials: clay masonry beams reinforced by stainless bars (R/M) and reinforced concrete beams (R/C). The first is a strengthening technique that has partially spread in recent times, and the second, as previously reported, should be excluded in the retrofitting of existing masonry buildings, although it is widespread.



The beams have the same geometry as that reinforced by flax fibers. In both cases they are reinforced by three 16 mm diameter stainless steel bars both at the upper and lower edge, a framework widely used in everyday practice for strengthening existing masonry buildings; this reinforcement is kept constant as the height of the beam varies.



The resistant bending moment of reinforced concrete beams is computed using the usual assumptions of r/c beam theory, i.e., the parabola–rectangle diagram for concrete under compression and the bilinear stress–strain relation for reinforcement. Cylindrical concrete strength of 20 MPa and 235 MPa yield strength stainless steel are assumed. In this regard, it should be noted that the design tensile force provided by three 16 mm diameter bars is very close to that provided by the considered flax fibers. The partial factors for material strength are equal to 1.50 for concrete and 1.15 for steel [48].



In masonry beams reinforced by stainless steel bars, the linear distribution of stresses for masonry and bilinear relation for steel are adopted, assuming a maximum allowable strain of 0.002 and 0.01, respectively, (as required by numerous building codes). Partial factors for material properties of 2.70 for masonry and 1.15 for steel are assumed.



The comparison of Figure 10a (bending in vertical planes) shows that the masonry beams reinforced by flax fibers have slightly lower resistant moments than the other ones. The resisting moments rise with increasing the beam height because of the increasing number of fiber layers with the beam height for FFRG and the larger bars centrifugation for R/M and R/C.



When the beams are loaded in the horizontal plane, the resistant moment of the ones reinforced by flax fibers is much lower, especially in the case of low beams, and increases much more with the beam height (see Figure 10b). This is due to the larger number of fiber layers which, in the case of thick beams, contribute to the resistant moment, while in other cases the reinforcement is kept constant.



The above results, however, do not deny that masonry ring-beams reinforced by flax fiber fabrics can be a valid alternative to traditional r/c ring-beams that recent earthquakes have shown to be unsuitable for strengthening existing masonry structures. The increment of bricks and composite layers allows achieving ring-beams of size and height able to develop resisting moments sufficient to provide all of the needs in the seismic retrofitting of historic buildings (connection of orthogonal walls, distribution of the thrusts due to roof beams, building box behavior, thwarting of out-of-plane failures of below walls).




5. Conclusions


The strengthening of existing masonry buildings often requires the construction of ring-beams at the roof level to improve the connection among orthogonal walls, obtain a building box behavior, distribute the roof thrusts among the below walls, thwarting the out-of-plane failure of walls. For several years, r/c ring-beams were built, but numerous recent earthquakes have proven not to be a suitable solution. The r/c beams, in fact, have stiffness often disproportionate and unjustified for the function to be fulfilled, and present mechanical and physical incompatibility with the masonry material.



The paper shows that masonry ring-beams reinforced by flax fiber fabrics can be a valid alternative, since they allow the achievement of the aforementioned main purposes that are necessary to improve the seismic capacity of existing masonry buildings: it is shown that these beams develop resisting bending moments in both the horizontal and vertical planes similar to those of other more common or less reliable beam solutions. Furthermore, the availability of adequate resisting moments is coupled with deformation characteristics which are more compatible with the ones of the below masonry walls.



Masonry ring-beams reinforced by flax fibers are also a particularly suitable solution for retrofitting monumental masonry structures. They fully respond to requests of normative documents concerning the Seismic Risk Prevention of Cultural Heritage, where it is generally advised that the seismic improvement of historically–artistically relevant structures must be mandatorily achieved through interventions that enhance the seismic capacity without changing the main features of the structure. Masonry ring-beams reinforced by flax fibers fully comply with this request due to their high mechanical compatibility with historical masonry structures, to be both respectful of the original building system (in terms of materials and structural system) and completely reversible.



The paper also shows how simple analytical procedures are sufficient to design the aforementioned flax fiber-reinforced masonry beams. The beams can be designed according to the classical technical beam theory used to design r/c and masonry beam cross-sections, adapted to masonry sections reinforced by several layers of flax fibers. The hypotheses underlying this calculation are then illustrated and discussed in the paper, and it is shown how it allows a quick sizing under loads orthogonal and parallel to the bed joints.



Finally, comparisons among the resisting moments computed for masonry beams made of solid clay bricks reinforced by flax fibers, and the ones computed for two customary alternatives in different materials (that is, clay masonry beams reinforced by stainless bars and reinforced concrete beams), are shown and discussed.
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Figure 1. Reinforced masonry beams differently loaded with respect to the bed joints: (a) Loads orthogonal to the mortar layers; (b) Loads parallel to the mortar layers. 
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Figure 2. Cross-section of reinforced masonry ring-beam: geometric parameters. (a) Bending due to loads orthogonal to the bed joints; (b) Bending due to loads parallel to the bed joints. 
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Figure 3. Finite Element Model (FEM): constraints of a beam made by five layers of solid clay bricks 60 mm thick for loading orthogonal to the bed joints. 
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Figure 4. Finite Element Model: constraints of a beam made by five layers of solid clay bricks 60 mm thick for loading parallel to the bed joints. 
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Figure 5. FEM: load-displacement curve for masonry beam reinforced by flax fiber under vertical loads. 
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Figure 6. Distribution of normal stresses [MPa] in the mid-span cross-section of the FEM masonry beam. 
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Figure 7. Resisting bending moments of masonry beams reinforced by flax fibers for loads orthogonal to the bed joints: (a) solid and hollow bricks 60 mm thick; (b) hollow bricks 120 mm thick. 
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Figure 8. FEM: load-displacement curve for a masonry beam reinforced by flax fiber under horizontal loads. 
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Figure 9. Resisting the bending moments of masonry beams reinforced by flax fibers for loads parallel to the bed joints: (a) solid and hollow bricks 60 mm thick; (b) hollow bricks 120 mm thick. 
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Figure 10. Comparison among the resisting moments of ring-beams in several materials: (a) loads orthogonal to the bed joints; (b) loads parallel to the bed joints. 
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Table 1. Mechanical characteristics of commercial solid and clay bricks.
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	Brick Thickness [mm]
	Brick Type
	Load Direction and Compressive Strength [MPa]





	60
	Solid clay brick
	In plane: 34.07



	60
	Solid clay brick
	Out of plane: 11.64



	60
	Hollow clay brick
	In plane: 27.38



	60
	Hollow clay brick
	Out of plane: 6.69



	120
	Hollow clay brick
	In plane: 25.62



	120
	Hollow clay brick
	Out of plane: 3.88
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Table 2. Properties of flax fabric impregnated with mortar.






Table 2. Properties of flax fabric impregnated with mortar.





	Type
	MOE [MPa]
	Tension [MPa]
	Density [g/m3]
	Equivalent Thickness [mm]
	Elongation at Failure [%]





	Bidirectional
	43,000
	532
	430
	0.267
	2.34
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