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Abstract:

 Adobe constructions were widespread in the ancient world, and earth was one of the most used construction materials in ancient times. Therefore, the preservation of adobe structures, especially against seismic events, is nowadays an important structural issue. Previous experimental tests have shown that the ratio between mortar and brick mechanical properties (i.e., strength, stiffness and elastic modulus) influences the global response of the walls in terms of strength and ductility. Accurate analyses are presented in both the case of unreinforced and reinforced with fiberglass mesh when varying the mechanical properties of the materials composing the adobe masonry structure. The main issues and variability in the behavior of seismic resisting walls when varying the mechanical properties are herein highlighted. The aim of the overall research activity is to improve the knowledge about the structural behavior of adobe structural members unreinforced and reinforced with fiberglass mesh inside horizontal mortar joints.
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1. Introduction

Earth is one of the oldest and most widespread construction material used in the construction of buildings and has been used for thousands of years. Earth can be considered the cheapest material readily available for construction. It has been extensively used for masonry constructions around the world. The popularity of adobe is also related to the low level of skill and technology required for the production of the bricks and construction. Furthermore, due to its inherent properties, earth is an efficient heat and sound insulating material [1,2]. After the introduction of reinforced concrete, the number of adobe buildings has become progressively less. Nevertheless, as reported in [3], it is estimated that approximately 30% of the world’s population still lives in buildings made of earth. In spite of its past and present spread, adobe constructions are prone to damage under seismic actions [4], and most of these buildings are located in high seismic risk areas. Therefore, there is nowadays raising awareness for the preservation of historic, archeological, or even still in use structures. Unfortunately research on the structural behavior of adobe buildings, and especially on their reinforcement, is inadequate, so far. The seismic resistance of adobe masonry structures primarily depends on the in-plane shear behavior of individual walls. The typical failure mode under earthquakes is the diagonal cracking mode. This occurs when the principal tensile stresses developed in the wall, under a combination of vertical and horizontal loads, exceed the tensile strength of the adobe material. The seismic characterization of the masonry structural element is generally carried out through direct shear tests or diagonal compression tests. According to [5], the diagonal compression test allows the determination of the diagonal tensile (or shear strength) of masonry assemblages. The test consists in loading the specimen in compression along one diagonal, resulting in a diagonal tension failure. This test allows for the evaluation of the effects of variables, such as the type of masonry unit, mortar, workmanship, etc. [6]. The use of plaster reinforcement mesh between adobe blocks, in the construction phase, can significantly improve the shear strength of adobe walls. Fiberglass mesh is a glass fiber fabric, usually coated with a polymer latex-resistant matrix. It is widely used in the building industry as a plaster stiffener or as a wall reinforcement (anti-crack). Previous experimental tests by [7] showed the effect of fiberglass reinforcement on adobe masonry walls. These tests represent the base of the present paper.



2. Summary of Experimental Outcomes


2.1. Test Setup

Experimental diagonal compression tests on adobe wall panels (unreinforced and reinforced with plaster fiberglass mesh) presented in [7] have been used as a benchmark for the validation of the herein presented numerical analyses. All the tested panels were subjected to diagonal compressive load (compressive edge load) acting in the plane of the wall and forming a 45° angle with the direction of the mortar bed joints; the geometry of a tested panel is reproduced in Figure 1.

Figure 1. Tested panel geometry.
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The specimens were built with the global size of 80 × 80 cm2. The brick unit size was 11.5 × 10.5 × 21.5 cm3. The mortar thickness was 10 mm, while the width (the third out-of-plane dimension) was 11.5 cm for both bricks and mortar. Different adobe soil curing for both the bricks and the mortar were used for each specimen. The reinforced panels were built placing a plaster reinforcement fiberglass mesh (with equal spacing of 5 mm × 5 mm) inside the horizontal mortar joint of the adobe blocks. This sort of mesh fiber reinforcement is very cheap and commonly used for reinforced plaster coatings, usually applied on the exterior and interior faces of walls by the construction industry.





2.2. Material Characterization

An essential mechanical characterization of the material is provided in [7]. Nevertheless, further data not present in [7] have been achieved by fitting numerical global experimental data. Tensile and compressive strengths of both the brick and the mortar, at different curing times, were achieved by interpolation according to the values suggested in [8]. Such tests provide data from 0 to 28 days of curing for plain soil. The elastic modulus, E, of the adobe soil was achieved by fitting the global response curve, because such mechanical characterization was lacking. According to the tests presented in [8], the trends of the compressive and tensile strength ratio when varying the curing time are shown in Figure 2. The strength ratio is defined as the ratio between the actual strength (related to the curing time) and the maximum strength. As shown in Figure 2 the compressive strength of the plain soil is almost doubled after about three weeks. Being that both the mortar and the bricks made of the adobe soil, the increase of strength should be considered either for brick and mortar according to their curing time.

Figure 2. Compressive and tensile strength trends when varying the curing time.
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3. Nonlinear Numerical Analyses


3.1. Finite Element Method

The influence of the different constituent materials (i.e., the local properties of soil, composition, curing), as well as the fiberglass plaster mesh reinforcement on the global structural behavior has been studied by means of a finite element method (FEM) model. The FEM model has been validated comparing the numerical FEM outcomes to the experimental data [7]. Micromodeling was adopted and some parametric analyses were conducted on validated models. Numerical two-dimensional analyses have been performed. Since the width of the panel is much lower than the other two dimensions, a plane-stress assumption was adopted, and in-plane loads were applied. Different mechanical properties are provided for plain adobe soil when varying the curing time. In particular, the analyses were performed when varying the strength (tensile and compressive) of both, the bricks and the mortar, according to the curing time. In particular, bricks at the testing time [7] were 28 days old, while mortar was almost fresh. Typical values for the fiberglass mesh mechanical parameters have been used. In particular, according to the experimental tests, a fiberglass mesh with the following properties has been considered: weight 100 g/m2, density 2.5 g/cm3, elastic modulus 20 GPa and strength 1000 N/50 mm. Lacking an experimental counterpart, for comparison purposes, numerical simulations were performed considering two more cases: the first one applying a mortar having higher performances compared to plain fresh mortar, namely, “mortar B”; the second one considering for both mortar and bricks the same properties, due to the long time of the curing (i.e., longer than 28 days), namely “long-term curing”. The adopted values for the tensile and compressive strength, according to curing time, are reported in Table 1.

Table 1. Material mechanical properties. 


	Properties
	Fresh plain soil
	Plain soil
	Plain soil
	Mortar B





	Curing time (days)
	0
	28
	>28
	0



	Tensile strength (kPa)
	39.2
	78.4
	98
	98



	Compressive strength (MPa)
	3.32
	6.64
	8.30
	8.30










The FEM model used is constituted of more than 13,000 eight-node quadrilateral isoparametric plane stress elements based on quadratic interpolation and Gauss integration (Figure 3b).

Figure 3. Test setup: (a) experimental; (b) finite element model; and (c) removed fiberglass mesh from the horizontal mortar joint ((a) and (c) were reprinted from [7], Copyright 2001 Elsevier).
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All the analyses have been performed by means of the TNO DIANA v9.4.4 code. In the FEM model, bricks and mortar are modeled individually, without interface elements between them, according to the total strain model coupled with the rotating crack stress-strain relationship approach. In particular, in the total strain approach, the constitutive model describes the stress as a function of the strain. In the rotating crack approach, stress-strain relationships are evaluated in the principal directions of the strain vector, as reported in [9]. Furthermore, the combined Rankine/von Mises yield criterion was adopted. Interface elements have been neglected, according to previous studies [6,10,11,12], mainly due to the lack of experimental properties. The reinforcement has been modeled as bar reinforcements embedded in all plane stress elements at the horizontal mortar joint locations. In particular, 1D bar reinforcement elements have been used; for these elements, the strains are computed from the displacement field of the mother elements. Thus, a perfect bond between the reinforcement and the surrounding material is assumed [9]. The total area of the reinforcement grid cross-section has been modeled as the equivalent area concentrated in the reinforcement bar cross-section.



Few data were available for constituent materials, especially for the nonlinear post peak phase; therefore, ideal plasticity was assumed in compression. This assumption is acceptable, since the compressive strength has never been reached during the analyses, remarking that the tensile behavior governs the problem. Therefore, in tension, two limit cases were considered, namely “ideal plasticity” and “brittle failure”. The “brittle failure” represents the worst case, which is the more realistic, as well. This case has been modeled by means of an elastic-brittle model. Whereas the “ideal plasticity”, which represents the upper bound, has been modeled by means of an elastic-perfectly plastic model. These two cases have been considered in order to define the boundaries between which the real behavior has to be. All the analyses were performed under displacement control, measuring in-plane deformations and the evolution of reacting stresses. The diagonal compressive axial load has been applied, as a displacement load, through two wooden supports. The supports have been modeled at the two opposite corners of the panel, according to the experimental test setup [7]. Eight-node quadrilateral isoparametric plane stress elements were used to model the supports, as well. As a boundary condition, the bases were fixed.



3.2. Numerical Program

The results of FEM analyses were validated through a comparison between experimental and numerical outcomes. In particular, three main cases were considered, each one including both the tensile plasticity models introduced in the previous section (i.e., ideal plasticity and brittle failure.). Moreover, for each main case, both reinforced and unreinforced wall configurations have been analyzed. The three main cases considered have been named as follows:


	Plain tested: the wall is made of plain adobe bricks, 28 days curing and fresh plain mortar (i.e., 0 day curing), the elastic modulus for both materials is 20 MPa based on experimental data fitting;


	Long-term curing (LTC): this wall, not tested in reality, is made of plain adobe bricks and plain mortar after a long curing time (i.e., a curing time higher than about 28 days); elastic moduli were the same as the first case, for comparison purposes;


	Mortar B (MB): this wall, not tested in reality, is considered only for comparison purposes with the plain tested wall; the wall is made of plain adobe bricks, 28 days curing and a better mortar compared to plain soil; elastic moduli were the same as the first case, for comparison purposes.




The masonry material properties used in the FEM analyses are listed in the following Table 2. The plain soil properties are based on experimental outcomes [7,8]. Conversely, since LTC and MB panels were not tested in reality, their properties are based on the material property trends listed in Table 1. The elastic modulus is derived from best fitting of the global experimental curve for a plain unreinforced panel.

Table 2. Material parameters used for the finite element method (FEM) analyses. LTC, long-term curing; MB, Mortar B.


	FEM model
	Brick tensile strength (kPa)
	Mortar tensile strength (kPa)
	Brick compressive strength (MPa)
	Mortar compressive strength (MPa)





	Plain
	78.4
	39.2
	6.64
	3.32



	LTC
	98.0
	98.0
	8.30
	8.30



	MB
	78.4
	98.0
	6.64
	8.3













4. Outcomes of Numerical Analyses


4.1. Experimental Theoretical Comparison

The behavior of adobe wall panels (unreinforced and reinforced with fiberglass mesh) was analyzed (when varying tension softening models) in terms of the force/displacement curve, shear stress-average diagonal strain curve, shear stress-average shear strain curve, Poisson ratio-displacement and Shear modulus-displacement curves. According to [5], for the standard method, the shear stress, τ, has been computed as τ = 0.707·V/An, where V = diagonal load and An = the net section area of the uncracked section of the panel (in the considered case, An = 0.092 m2). The average vertical and horizontal strains, εv and εh, have been computed as the average displacement along the compressive and tensile diagonals, respectively, over the same gauge length (400 mm). The shear strain, γ, according to [5], is: γ = εv + εh. The shear modulus, G, and the Poisson ratio, ν, were computed according to the well-known solid mechanics relationships, as ν = −εh/εv and G = τ/γ, respectively. Failure modes, in all the considered cases, were also checked by means of the crack patterns. The experimental failure mode mainly involved the cracking and detachment of lateral corners of the panel, outside the compressed strut between the two wooden loading supports. In the considered cases, the numerical outcomes mainly showed the same cracking pattern, but the spreading of cracks (smeared crack strain field in numerical simulations) depends mainly on the post peak tensile behavior of the soil. In the next figures, solid signs represent experimental data, while continuous and dashed lines represent brittle and ideal post-peak tensile behavior, respectively (i.e., the adopted tensile plasticity model), in FEM outcomes. A small cross marks the failure point for brittle material.



4.2. FEM Models: Validation

The FEM model has been validated both in the cases of unreinforced and reinforced plain panels. In both the cases, mortar and bricks are made of the same material. However, different curing times differentiate the two materials. In particular, the mortar is almost fresh, while bricks are cured for 28 days. Therefore, the strength of the brick is higher in both tension and compression.

The main outcomes of the numerical analyses and a comparison between the numerical and experimental force/displacement curves are presented in Figure 4 in the case of an unreinforced panel.

Figure 4. Experimental-theoretical comparison (unreinforced plain adobe soil).
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According to the results shown in Figure 4, the brittle material model seems to catch the experimental failure better, in terms of both failure load and the crack pattern. Actually, as shown in Figure 5, the crack pattern is widely smeared, and it almost involves vertical lines connecting the wooden supports.

Figure 5. Detail of the experimental crack pattern (unreinforced plain adobe soil) (reprinted with permission from [7], Copyright 2001 Elsevier).
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The global response of the reinforced panel in terms of force/displacement highlights, as well as the unreinforced panel is an almost linear behavior (see Figure 6).

Figure 6. Experimental-theoretical comparison (reinforced plain soil panel).
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The brittle material model catches the experimental failure better, both in terms of crack pattern and failure load. In the case of the brittle material, the shear modulus, G, as well as the Poisson ratio, ν, exhibits, up to the failure, the same trend as the case of the ideal material. Of course, the ideal material yields to a longer loading branch. The strength of the plain panel with mesh is about 25% higher, compared to plain soil without mesh, and the ultimate displacement is about 50% higher, so that the benefits of a thin fiber mesh are evident.



4.3. FEM Models: Long-Term Curing (LTC)

The LTC panels were not experimentally tested, but they are analyzed to assess the influence of curing time (i.e., strength) of materials on the global behavior of the masonry panels. Since mortar and bricks have identical mechanical properties, these panels can be considered as practically homogeneous panels. The strengths of the two materials correspond to more than 28 days curing, and it is about 25% higher, compared to plain soil bricks (28 days curing) and 2.5 times higher than plain soil mortar (0 day curing). The global response in terms of force/displacement is almost linear up to the failure point (Figure 7). The shear strength achieved is almost doubled if compared to the first unreinforced plain panel. In any case, the main difference, compared to the first test, is the strength of the materials. The global effect is an increase of the shear strength, being comparable to the increase of the mortar strength. The crack pattern of the unreinforced panel is almost restricted to the vertical lines connecting the wooden supports, but it is quite smeared, due to the higher strength of this panel.

Figure 7. Numerical experimentation (unreinforced LTC panel).
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In the case of reinforced LTC panel (Figure 8), the crack pattern achieved is similar to the one achieved in the case of the reinforced plain panel (Figure 6). However, a wider crack pattern was found, due to the higher mechanical properties. The global response in terms of force/displacement is almost linear up to the failure point in the case of the ideal material. However, in the case of brittle material, the graph has a second, less stiff branch after a displacement of 17 mm. The stiffness reduction is related to global cracking damage coupled with a shear modulus, G, drop and the Poisson ratio, ν. The difference, compared to the plain panel with mesh, is the strength of materials, and the global effect is an increase of the shear strength comparable to the increase of the basic material strength (about doubled). Compared to the plain panel without mesh, an increase of strength of about 2.3 times is noticed, while the ultimate displacement is almost doubled.

Figure 8. Numerical experimentation (reinforced LTC panel).
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4.4. FEM Models: Mortar B (MB)

The panels modeled with a better mortar, as well as the previous LTC panels were not tested in reality. However, this case has been analyzed to assess the influence of the strength of the mortar on the global behavior of the masonry panels. The MB panels are still almost homogeneous panels (having identical elastic moduli). However, the strength of the mortar is about 2.5 times higher, compared to plain soil mortar (0 day curing), while the brick properties are the same as the plain panels case. In the case of the unreinforced panel, both the crack pattern and the global response in terms of force/displacement are almost similar compared to the unreinforced plain panel (Figure 9). Nevertheless, the panel presents a higher ultimate load and shear strength. The comparison with the unreinforced plain panel test allows one to find, in general, a spreading of the crack pattern and higher global performances; however, an easier and more direct comparison can be made with the previous unreinforced long-term curing test. Actually, the main difference, compared to the previous test, is the strength of the brick (that in this case is lower than the previous case), and the global effect is a reduction of the shear strength (almost 20% smaller), being comparable to the reduction of the strength of the bricks.

Figure 9. Numerical experimentation (unreinforced MB panel).
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In the reinforced MB panel, the global response in terms of force/displacement and crack pattern is almost similar to the previous case of the long-term curing panel reinforced with mesh (Figure 10). The main reason for this result is the presence of the mesh reinforcement. Actually, the reinforcement makes less evident the benefits of the strength of the basic materials on the global behavior (and in particular, the properties of the mortar where the mesh reinforcement is placed). As well as in the previous LTC case, compared to the plain panel with mesh, the strength is doubled. Compared to the plain panel without mesh, the increase of strength is about 2.3 times, and the ultimate displacement is doubled.

Figure 10. Numerical experimentation (reinforced MB panel).
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5. Conclusions

Adobe earth constructions were copious in the ancient world. Furthermore, earth is still diffuse as a construction material, especially for its cheapness. Many historic structures, built for thousands of years, are now in need of conservation. In spite of their diffusion, only a few experimental tests are available. Actually, the variability of soil mechanic properties due to aging and composition strongly influence the seismic performance of adobe constructions. Plaster fiberglass mesh reinforcement represents a valid seismic reinforcement system for adobe building. The basic concept of this reinforcement is to improve the frictional resistance at the horizontal mortar joint location. In fact, the link between the brick units is the weakest section in the structural behavior of adobe walls. Numerical experimentation is a feasible way to deepen the knowledge of the seismic behavior of such structures. After validating the numerical model, FEM simulations can be used as a tool to increase the knowledge of the effect of fiberglass mesh reinforcement, when varying the constituent materials, on global structural performances. The main scope of the present study is to highlight the influence of different mortar and brick compositions and aging combined with a fiberglass mesh reinforcement on the in-plane shear performance of adobe walls. A literature survey clarified the effect of curing time on the strength of the soil material, namely an increase of strength both in tension and in compression. Then, numerical analyses allowed for us to remark on the following effects. The crack pattern is directly affected by an increase of the mortar strength; in fact, a stronger mortar is able to spread the smeared cracking strain field. In Table 3, ratios are evaluated in relation to the test on the unreinforced plain soil panel. The increase of the mortar strength (e.g., equal for both LTC and MB simulations), yet having the same stiffness of basic materials, leads to an increase of global shear strength. However the increase, at a global level (about 2.5 times), is nearly proportional to the mortar strength increase at the local level (about 2.5 times), but it is mitigated by the reduction of brick strength; in fact, a reduction of the brick strength of about 20% corresponds almost proportionally to a 20% reduction of the global shear strength. However, the presence of the fiberglass mesh reinforcement makes less evident the influence of the better mechanical properties of the mortar or bricks. The mesh is able to increase the shear strength of the panel, not altering its global stiffness. An interesting future development of this research (which is based on the reinforcement of adobe during construction) could be the extension of the study to the strengthening of existing structures by means of joint external repointing. In fact, the joint’s reinforcement was proven to be effectively improving the adobe shear behavior.


Table 3. The main numerical outcomes (the ratios are related to the unreinforced plain panel).



	
FEM model

	
Material level (input data)

	
Global level (outcomes)




	
Brick strength ratio

	
Mortar strength ratio

	
G (MPa)

	
τ (MPa)

	
τ ratio






	
Plain (unreinforced)

	
1

	
1

	
9.17

	
0.15

	
1.00




	
Plain (reinforced)

	
1

	
1

	
8.14

	
0.19

	
1.26




	
LTC (unreinforced)

	
1.25

	
2.5

	
9.17

	
0.32

	
2.20




	
LTC (reinforced)

	
1.25

	
2.5

	
8.14

	
0.35

	
2.31




	
MB (unreinforced)

	
1

	
2.5

	
9.17

	
0.25

	
1.70




	
MB (reinforced)

	
1

	
2.5

	
8.14

	
0.34

	
2.31
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