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Abstract

:

The strengthening intervention strategies that exist for masonry buildings are based on the use of thin composites and are a recent activity used in structural engineering. Nowadays, mortar matrices are frequently found instead of epoxy resins, since the fiber reinforced cementitious matrix (FRCM) composites are more compatible with masonry than fiber reinforced plastic (FRP) ones. The mortar matrix in FRCM composites is not comparable to the epoxy resin, and therefore its contribution is different not only in traction but above all on the compression side. Due to its larger thickness, if compared to the epoxy resin, the impact of the mortar matrix on the flexural response of strengthened cross sections is not negligible. This paper aimed to investigate the influence of the contribution of the mortar matrix on the compression side on the flexural capacity of strengthened cross section. As such, p–m interaction domains and bending moment–curvature diagrams were evaluated to understand the influence of several mechanical properties of fiber and mortar matrices on FRCM efficiency, typical of real applications. Hence, the impact of several constitutive relationships of composites (linear and bilinear behavior) was considered for the structural analysis of the strengthened cross section. The presented results are all completely in a dimensionless form; therefore, independent of geometry and mechanical parameters can be the basis for developing standardized design and/or verification methodologies useful for the strengthening systems for masonry elements.
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1. Introduction


Nowadays, the use of composites for strengthening intervention and structural rehabilitation of existing masonry buildings is of paramount importance. The last seismic events in Italy, such as L’Aquila (2009), Emilia Romagna (2012), Central Italy (2016), and Ischia (2017), have confirmed the high vulnerability of masonry structures [1,2,3]. This is a crucial point for the Italian regions, where the masonry buildings represent the large part of the existing stock (i.e., churches, historic monuments, residential buildings). Such structures were built according to inadequate codes without seismic criteria. The need to retrofit these buildings today is clearer than before [4,5,6]. In the last few years, new techniques based on the use of fiber reinforced composite materials—i.e., fiber reinforced plastics (FRP) and fiber reinforced cementitious matrix (FRCM)—were developed and studied. The first ones are based on the use of high strength fibers bonded by means of epoxy resin and applied on concrete, steel, masonry, and wooden structural element [7,8,9,10,11]. Pre-formed FRP materials are largely used as well, made of fibers pre-impregnated with resins in the form of a sheet, characterized by initial axial rigidity, and a mono-directional behavior [12] that can be mechanically fastened [13]. These composites could represent the best solution for structural rehabilitation; indeed, they are characterized by a high strength/weight ratio, being successful in increasing the flexural capacity for the structural element without significant increases of mass of structures. For masonry buildings, the use of a mortar matrix (i.e., FRCM) instead of an organic one (i.e., FRP) is preferred. Indeed, cementitious matrices offer better performance under elevated temperatures and better compatibility with modern masonry substrates. In fact, several authors observed good performances in practical applications [14,15,16,17,18,19]. More studies, however, are required to better understand the behavior of composite material on the structural response of strengthened masonry elements [20,21,22], both in terms of flexural [23,24,25] and shear performance [26,27,28].



The calculation models proposed by Italian guidelines CNR–DT 215 [29] and/or internationals codes provide good results for FRP where the contribution of the mortar matrix can be completely neglected. Such assumptions cannot be directly extended to the case of FRCM. Indeed, FRCM, which is also referred to as TRM, i.e., textile reinforced mortar, is composed of a fiber grid with a thickness similar to FRP dry fibers, which is embedded in a mortar matrix with a thickness of about 10–20 mm, i.e., about one order of magnitude higher than FRP organic matrix.



A strengthening system is applied, generally, on the side where the masonry is weaker by its nature, i.e., on the tensile side. Due to the force reversal during seismic actions, the application of reinforcement systems occur on both sides of a masonry panel. Current Italian guidelines [29] not only neglect the contribution of the mortar matrix (on tensile side), leading to FRCM being conflated with FRP, but they disregard the strengthened layer on a compression side, assuming that the composite material is unable to carry loads.



This paper aimed to analyze the impact of the mortar matrix on the flexural capacity of the strengthened cross section (see Figure 1), observing the dimensionless axial load (p) and bending moment (m) interaction domains [30], as well as the ductility capacity through the analysis of the bending moment–curvature diagrams. The results are shown in a dimensionless form. Since they are independent geometrical and mechanical parameters of the masonry and strengthening system, they could represent the basis for the development of design and verification approaches.




2. Materials and Methods


In this section, the constitutive law of the materials (such as masonry and FRCM) adopted for the structural analysis are defined. From the scientific literature, several stress–strain constitutive relationships can be used to describe the mechanical behavior of masonry [31]. One of the most adopted models for compressive behavior, used for the presented analyses, is suggested by CEN Eurocode 6 [32], as shown in Figure 2. This model completely neglects the post-peak softening, considering a perfectly plastic post-peak behavior. The tensile behavior, on the other hand, can be described by elastic–brittle relationship, yet for the purposes of the present work, its contribution is negligible when the strengthening system is applied.



Composite materials are, by definition, made up of two or more materials known as phases. In FRCM composite materials, it is possible to differentiate exactly three phases: the fibrous phase, the mortar matrix phase, and the interface phase. Due to this mixed nature of the mortar matrix and fiber, the FRCM composite is characterized by various phenomena such as matrix cracking, slip, or debonding phenomena. However, it is possible to provide a general stress–strain relationship to simulate the behavior of the whole composite system to interpret the different factors that influence its behavior most. De Felice et al. [33] reported three different stress–strain relationships to simulate the behavior of composite systems in tension: linear, bilinear, and trilinear behavior. For the purposes of this work, only the linear and bilinear behaviors were compared to different behaviors between a classical FRP and FRCM with synthetic fibers, as shown in Figure 3. Moreover, the bilinear and trilinear relationships take into account several effects of the mortar matrix, such as the cracking, bond slip, or tension stiffening effect that are neglected by the linear behavior.



The structural analysis of the strengthened cross section was performed with reference to the p–m interaction domains that allows for the evaluation of the flexural capacity (m) under a specified axial load (p) in the dimensionless format. Indeed, we evaluated the impact of mechanical parameters on the flexural capacity response. The numerical analysis of the cross section is based on the same classic assumptions used for reinforced concrete (RC) cross sections in the technical approach.




	
Conservation of plain sections (also referred to as the Bernoulli–Navier assumption);



	
validity of the Bernoulli principle, wherein the shear deformability is neglected;



	
the stress–strain relationship of the materials is known a priori;



	
the stresses are dependent on the strain of the element alone, so that the effects of viscosity and shrinkage over time are neglected;



	
it is assumed that the application of the load and consequent deformation take place in a monotonous way, and thus they do not explicitly consider the behavior under cyclic loads;



	
it assumes the perfect bond between masonry and the strengthening system (without slip);



	
the ultimate condition of the cross section is reached, either by crushing the compressed masonry or tensile failure of the composite system.








As listed previously, the strengthening system was considered perfectly bonded to the masonry substrate in accordance to several experimental bond tests [34,35], which evidenced that debonding phenomena from the substrate rarely occur for such materials. Bonding with the matrix fiber interface is included in the phenomenological constitutive relationships in tension for the composites.



The construction of p–m interaction domains has considered with a completely dimensionless form. To better understand the dimensionless procedure, we started from translation and rotation equilibrium equations wherein each contribution is in dimensional form. Per usual, from the latter equations, the depth of the neutral axis and the flexural capacity of the strengthened cross section can be defined, as Equations (1) and (2) report:


   P = ψ  ·  x  ·  B  ·  f c  −  B  ·  t f  ·    σ   f   + B  ·  t  m o r   ·  σ  m o r    



(1)






   M = ψ  ·  x  ·  B  ·  f c  ·   ( b  c  )  + B  ·  t f  ·  σ f  ·   ( b  f  )  + B  ·  t  m o r   ·  σ  m o r   ·   ( b   m o r   )  



(2)







According to Figure 4:




	
P and M are the axial force and the bending moment;



	
fc is the compressive strength of masonry;



	
σmor and σf are the stress of the mortar matrix on compression side (same relationship of masonry, see Figure 2) and the stress of the composite on tension side, respectively;



	
B and H are the base and the height of the cross section, respectively;



	
tf, tmor are the thickness of fibers and mortar matrix, respectively;



	
bc, bf and bmor are the distances of force resultants from the centroid of cross section, respectively.








The fundamental quantities for the structural analysis of a strengthened cross section were evaluated as dimensionless. Given a generic masonry cross section, the main dimensionless parameters are [23]:


    p =   P   B  ·  H  ·  f c           m =     6  ·  M     B  ·  H  ·  f c      



(3)







With regard to the strengthening system, different dimensionless procedures were performed for the tensile and compressive sides. In Ramaglia et al. [23], a detailed procedure was presented for the composite material on each tensile side (in red in Figure 4), where its contribution is normalized with reference to its ultimate tensile strength. Conversely, this study presents how the compressive contribution offered by the mortar matrix (in blue in Figure 4) can be normalized. Indeed, it was performed with reference to the ultimate compressive strength of the mortar matrix.



The constitutive relationship of the mortar matrix adopted for numerical analysis was the same as of concrete, i.e., the parabola-rectangle diagram [36]. The behavior of the mortar matrix under compression loads was not far from the concrete loads. The contribution of compressed fibers was neglected, as is usually done for FRP strengthening systems due to their slenderness and low mechanical contribution compared to the mortar matrix in compression.



Manipulating Equations (1) and (2) shows the translation and rotation equilibrium equations of the strengthened cross section, respectively:


   P = ψ  ·  x  ·  B  ·  f c  −  A f  ·  σ f  +   A   m o r   ·   σ   m o r    



(4)






   M = ψ  ·  x  ·  B  ·  f c  · (  b c  ) +  A f  ·  σ f  ·   ( b  f  ) +  A  m o r   ·  σ  m o r   ·   ( b   m o r   )  



(5)







According to (3), the Equations (4) and (5) can be written in dimensionless form:


  p = ψ · ξ −  ω f  ·     σ f   ¯   +  ω m  ·     σ m   ¯    



(6)






  m = ψ · ξ ·  ( 3 − 6  ·  λ  · ξ ) +  (  ω f  ·     σ f   ¯   +  ω m  ·     σ m   ¯   )  ·  ( 3 + 3  ·  ρ m  )  



(7)




where (see Figure 5):




	
ξ is the depth of neutral axis normalized with reference to cross section height, ξ = x/H;



	
ψ and λ are the coefficients (dimensionless) that correlate to the real non-linear stress distribution to the uniform distribution and the distance of the resultant of real non-linear stress distribution to the neutral axis depth, respectively [37];



	
ωf and ωm are the mechanical fiber reinforcement ratios related to the tensile and the compressive sides respectively, defined as:


    ω f  =    A f  ·  f f     B  ·  H  ·  f c           ω  m o r   =    A  m o r   ·  f  m o r      B  ·  H  ·  f c      



(8)




where Af and Amor are the cross section of dry fiber and of mortar matrix respectively, while fmor and ff are the strength of mortar matrix (in compression) and of composite (in tension);



	
ρm is the ratio between the thickness of the mortar and the height of masonry cross section:


   ρ m   =     t  m o r      H     



(9)







	
     σ ¯   m    and      σ ¯   f    are the stress of the mortar matrix on the compression side and the stress of the composite on the tensile side, normalized with reference to the compressive strength of the mortar matrix and to the tensile strength of composite, respectively;








The effect of the mortar matrix on the flexural capacity of the strengthened cross section was analyzed in terms of flexural capacity through the p–m interaction domains, considering the influence of different stress–strain relationships of the composite material, as well as observing, at the same time, the structural behavior of the cross section with, or without, the contribution of the compressed mortar matrix.



It is very important, for the safety of the structures after exceptional actions such as earthquakes, to look over the capacity of the structural elements and include post elastic behavior in evaluations. In this way, the structures can exploit their own capacity to dissipate energy produced during earthquakes in a controlled manner and in specific zones of the structures, expressing the desired collapse mode. It is necessary that structures have an adequate “ductility”. As a result, bending moment–curvature diagrams have been developed, highlighting how the ultimate curvature changes as the constitutive relationship of the FRCM composite and the contribution in compression of the mortar matrix varies.



The analyses have been carried out on four different cases in order to highlight, on a purely theoretical basis, the comparison between several strengthening systems. In particular:




	(1)

	
The linear relationship on the tension side and no mortar contribution on the compression side;




	(2)

	
The bilinear relationship on the tension side and no mortar contribution on the compression side;




	(3)

	
The linear relationship on the tension side and no mortar contribution on the compression side;




	(4)

	
The bilinear relationship on the tension side and mortar contribution on the compression side.









In Ramaglia et al. [23], the typical ranges of variation of the individual materials composing a FRCM composite have been identified. As a result, the dimensionless parameters adopted for the analysis have been chosen, which defined two constitutive relationships to strengthen the system. Listed in Table 1, they are as follows:




	
     E ¯   f    is the normalized modulus of elasticity of the dry fiber (Ef/ff);



	
     E ¯   1    is the normalized uncracked modulus of elasticity of the composite (E1/ff);



	
     E ¯   2    is the normalized post-cracking modulus of the composite (E2/ff);



	
     σ ¯    c r     is the normalized first cracking strength of the mortar matrix;



	
εuf is the ultimate strain of composite.








The outcomes of the research by Ramaglia et al. [23] allowed us to focus on typical ranges of material properties and, as an example, the properties of a commercial system are adopted and normalized. In Table 1, the normalized parameters are derived from a material, with the mechanical properties outlined in Table 2:




	
Em is the modulus of elasticity of the mortar matrix;



	
σcr is the homogenized first cracking in tension of the mortar matrix [23];



	
Ef is the modulus of elasticity of the dry fiber;



	
E1 is the uncracked modulus of elasticity of the composite homogenized to dry fiber [23] (see Figure 3);



	
E2 is the post-uncracked modulus of elasticity of the composite homogenized to the dry fiber [23] (see Figure 3);



	
εcr is the strain corresponding to the stress σcr.








Figure 6 shows the linear and bilinear behavior according to the values listed in Table 1.



In order to have a good variability of the results, the mechanical compressed mortar matrix reinforcement the ratio (ωm) and mechanical fiber reinforcement ratio (ωf), which varied to define several p–m interaction domains. In this way, the influence the constitutive relationship of other parameters, such as the mechanical reinforcement ratios, were analyzed. Figure 7 shows the numerical results in terms of p–m interaction domains from case 1 to case 4 as the dimensionless parameters ωm and ωf change. The diagrams were grouped to fix the mechanical fiber reinforcement ratio, where ωf was equal to 5%, 10%, and 20% (Figure 7a–c, respectively).



In Figure 7, the comparison between the p–m interaction domains at different mechanical ratios confirmed that the contribution of the mortar matrix played a non-negligible role, as its presence greatly enhanced the axial load capacity during compression and improved the bending capacity of the strengthened cross section. The increase in flexural capacity was mainly related to the mechanical fiber reinforcement ratio ωf. When ωf was relatively low (for example the diagrams in Figure 7a), in the typical working range of masonry structures with a variable p from 0 to 0.4, the increase in flexural capacity was relatively moderate if compared to the case where ωf was higher. Moreover, results shown in Figure 7 confirmed that when the reinforcement ratios for the compression and tension sides were fixed, the different behavior of the stress–strain relationship of the composite, linear, or bilinear relationship provided a reserve of flexural capacity. Such reserve was greater the more ωf increased. It is worth noting that when ωf was smaller than ωm (i.e., in case 4; Figure 7a), it an overlap of the p–m interaction domain at low compression forces can be observed. This is due to failure that occur on the tension side, where the composite material works at its ultimate strain and the influence of the different constitutive relationships is negligible. The failure on tension side tends to reduce when ωm increases.



For higher axial force values, the p–m interaction domain tends to overlap due to the fact that when the strengthened cross section is subjected to large axial forces, the FRCM on the tension side has a low working rate, favoring compressive behavior.



As mentioned before, increasing the flexural capacity of the masonry element is a limited benefit; in a seismic context, it is necessary to ensure that the element also has good performance in post-elastic fields in order to prevent collapse. It is possible to read such information from the bending moment–curvature diagrams (see Figure 8).



In Figure 8, it can be observed that the dimensionless curvature capacity (χH) of the strengthened cross section was clearly affected by the different relationships between the composite materials. When observing cases 1 and 2, it is clear which matches case is reinforced on one side, and which strengthening system increases the flexural capacity reduces the ultimate curvature and ductility. In other words, applying reinforcement only on the tension side tends to weaken the cross section, even though it is related to an increase in flexural capacity. The presence of the mortar matrix in compression conversely causes an increase of flexural capacity and increases the ultimate curvature (see cases 3 and 4). How much curvature can be recovered from the mortar matrix is to the mechanical fiber reinforcement ratio ωf. As such, the higher ωf is, the smaller the ultimate curvature is (see Figure 8), and thus the higher ωm is needed to recover the lost curvature capacity.



As observed in the p–m interaction domains, the different relationships adopted for the composite material on the tension side provides different results in terms of ultimate curvature. In fact, a not already cracked mortar matrix (bilinear constitutive relationship) provides a greater result if compared to the one provided by the linear relationship. Such different behavior yields to a reduction in the ultimate curvature due to an increase in the neutral axis depth.



It is also interesting to observe how the ultimate curvature changes with the axial load for several specified cases (Figure 9). In cases where the strengthened cross section is characterized by a failure on the compression side—i.e., cases 1 and 2 (Figure 9a,b)—a continuous reduction of the ultimate curvature and ductility is observed. Conversely, initial increases of ultimate curvature, with the increase of the axial load in lower value ranges, are related to the cases with a failure on the tension side and the peak, with subsequent reduction representative of a transition, i.e., from “failure on tension side” to “failure on compression side”.



The analyses performed in the present work are based on a purely numerical approach. In order to validate the procedure proposed, we conducted a comparison with the specimens and materials experimentally tested by Papanicolaou et al. [38]. Based on the four previously defined cases, bending moment–curvature diagrams were evaluated according to experimental data, as shown in Figure 10. Table 3 and Table 4 show the dimensional and dimensionless parameters from Papanicolaou et al. [38].



Figure 10 shows the bending moment–curvature diagrams built with dimensionless parameters from Papanicolaou et al. [38]. Small increases occurred for cases 2 and 4, especially when compared to cases 1 and 3. These increases depended on the adopted mechanical parameters, wherein the Young’s modulus Em of the mortar matrix (630 MPa) was rather low, and the bilinear behavior was linear.



The comparison between numerical and experimental values is shown in Figure 11. It is worth noting that the cases 1 and 2 represent the cross section reinforced on both sides and on tensile side, respectively. Figure 11 does not highlight a clear and simple comparison, but, above all, it clarifies what this work has proposed. It is very clear that case 2 (i.e., cross section reinforced only on the tension side) has a significantly lower capacity compared to the experimental data. On the other hand, case 1 (i.e., cross section reinforced on both sides, in particular the case with axial load p = 0.10) is in perfect agreement with the experimental value. Therefore, the presence of the mortar matrix in compression played a fundamental role in order not to excessively underestimate the flexural capacity of the strengthened masonry structural elements.



It is worth underlining that the comparison was made with reference to a limited number of samples. Given the particular nature of the materials, the imperfect match with the experimental thresholds could be caused by experimental uncertainties during the test, which are not taken into account in the proposed numerical simulation. Certainly, the reliability of the model presented in this paper can be further validated by comparing the analytical results with further available experimental data.




3. Conclusions


The paper focused on the behavior of masonry cross sections strengthened with composite materials such as FRP or FRCM. The structural performance of strengthened cross section was evaluated via varying tensile behaviors in the composite and analyzing the contributions offered by the mortar matrix in the compression. As mentioned, this sought to remark upon the importance of considering the mortar matrices contributions vis-à-vis the tensile and compression sides to preventing excessive underestimation of the structural capacity. The presented results were in a dimensionless form and were valid for mechanical and geometric parameters, thus providing extremely useful results for the design and verification of strengthening interventions. The flexural capacity was evaluated in terms of p–m interaction domains by changing the constitutive relationship of the FRCM. The strengthening system, even if only applied on the tensile side, provided clear benefits to the flexural capacity, causing a reduction in the ultimate curvature. Being able to preserve a plastic capacity reserve was useful for seismic behavior. For this reason, the contribution of the mortar matrix in compression played a major role. It was able to increase not only the flexural and axial capacity but also to provide a good recovery of the ultimate curvature and ductility, as was observed from bending moment–curvature diagrams. Moreover, the analysis of the axial load-ultimate curvature diagrams provided very useful results. It was possible to observe the trend of the ultimate curvature as the mechanical dimensionless parameters and the axial load change. The benefits offered from the mortar matrix in compression was clear in this study. Lastly, depending on the mechanical fiber reinforcement ratio, the ultimate curvature was almost always larger than the unreinforced cross section strengthened only on one side.
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List of Symbols




	fc
	compressive strength of masonry



	εk
	conventional yielding strain of masonry in compression



	εu
	conventional ultimate strain of masonry in compression



	σcr
	first cracking in tension of the mortar matrix



	ff
	tensile strength of the composite



	εcr
	strain corresponding to the stress σcr



	εuf
	ultimate strain of the composite



	fmor
	compressive strength of mortar matrix



	Ec
	modulus of elasticity of the masonry



	Em
	modulus of elasticity of the mortar matrix



	Ef
	modulus of elasticity of the dry fiber



	E1
	uncracked modulus of elasticity of the composite



	E2
	post- uncracked modulus of the composite system



	      E ¯   f    
	normalized modulus of elasticity of the dry fiber



	      E ¯   1    
	normalized uncracked modulus of elasticity of the composite



	      E ¯   2    
	normalized post- uncracked modulus of elasticity of the composite



	      σ ¯    c r     
	normalized first cracking stress in tension of the mortar matrix



	      σ ¯   f    
	normalized stress of the composite system



	Am
	cross section of mortar matrix



	Af
	cross section of dry fiber



	B
	base of the cross section



	H
	height of the cross section



	P
	axial load



	p
	normalized axial load P



	M
	bending moment



	m
	normalized bending moment M



	tf
	equivalent thickness of fibers



	tmor
	thickness of mortar matrix



	bc
	lever arm of masonry resultant



	bf
	lever arm of FRCM resultant



	bmor
	lever arm of mortar matrix resultant



	ψ
	dimensionless factor that correlates real nonlinear stress distribution with stress block resultant



	λ
	dimensionless factor that correlates real distance of centroid of nonlinear stress distribution with the neutral axis depth



	x
	depth of the neutral axis



	ξ
	normalized neutral axis



	ωf
	mechanical fiber reinforcement ratio



	ωm
	mechanical compressed mortar matrix reinforcement ratio



	ρm
	ratio between the thickness of the mortar matrix and the height of masonry cross section
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Figure 1. (a) Unreinforced masonry panel; (b) strengthened masonry panel with fiber reinforced cementitious matrix (FRCM) composite. 
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Figure 2. Stress–strain relationships of the masonry. 
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Figure 3. Different stress–strain constitutive relationships for composite systems in tension. 
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Figure 4. Equilibrium of strengthened masonry section including the effect of mortar matrix of the composite in compression–dimensional form. 
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Figure 5. Equilibrium of the strengthened masonry section including the effect of the mortar matrix of the composite in compression–dimensionless form. 
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Figure 6. Stress–strain constitutive relationship of composite in tension, adopted for the analyses. 
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Figure 7. The p–m interaction domains for all 4 cases: (a) ωf is fixed (5%); (b) ωf is fixed (10%); (c) ωf is fixed (20%). 
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Figure 8. Bending moment–curvature diagrams for all 4 cases: (a) ωf is fixed (5%); (b) ωf is fixed (10%); (c) ωf is fixed (20%). 
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Figure 9. Axial load-ultimate curvature diagrams for all 4 cases: (a) ωf is fixed (5%); (b) ωf is fixed (10%); (c) ωf is fixed (20%). 
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Figure 10. Numerical bending moment–curvature diagrams. 
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Figure 11. Comparison between numerical bending moment–curvature diagrams and experimental values. 
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Table 1. Normalized parameters adopted for the analyses.
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	Ēf
	Ē1
	Ē2
	     σ ¯    c r    
	εuf





	[-]
	[-]
	[-]
	[-]
	[-]



	16.67
	500
	12.61
	0.25
	0.06
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Table 2. Dimensional parameters for the analyses.
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	Ef
	ff
	Em
	σcr
	tf
	tmor
	E1
	E2





	[GPa]
	[MPa]
	[MPa]
	[MPa]
	[mm]
	[mm]
	[GPa]
	[GPa]



	36
	2150
	1041
	538
	0.02
	20
	1077
	27
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Table 3. Dimensional parameters, adapted from Papanicolaou et al. [38].
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Adopted Dimensional Parameters




	
fc

	
ff

	
Em

	
σcr

	
fmor

	
Af

	
Ef

	
Amor






	
[MPa]

	
[MPa]

	
[MPa]

	
[MPa]

	
[MPa]

	
[mm2]

	
[GPa]

	
[mm2]




	
4.3

	
3350

	
630

	
836

	
31.36

	
18.8

	
225

	
800
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Table 4. Dimensionless parameters, adapted from Papanicolaou et al. [38].
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Adopted Dimensionless Parameters




	
E1/ff

	
E2/ff

	
εcr

	
εuf

	
ωf

	
ωm

	
ρm






	
[-]

	
[-]

	
[-]

	
[-]

	
[-]

	
[-]

	
[-]




	
75.2

	
64.9

	
0.003

	
0.01489

	
0.43

	
0.17

	
0.024
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