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Abstract

:

When catastrophic failure phenomena in aircraft structures, such as debonding, are numerically analyzed during their design process in the frame of “Damage Tolerance” philosophy, extreme requirements in terms of time and computational resources arise. Here, a decrease in these requirements is achieved by developing a numerical model that efficiently treats the debonding phenomena that occur due to the buckling behavior of composite stiffened panels under compressive loads. The Finite Element (FE) models developed in the ANSYS© software (Canonsburg, PA, USA) are calibrated and validated by using published experimental and numerical results of single-stringer compression specimens (SSCS). Different model features, such as the type of the element used (solid and solid shell) and Cohesive Zone Modeling (CZM) parameters are examined for their impact on the efficiency of the model regarding the accuracy versus computational cost. It is proved that a significant reduction in computational time is achieved, and the accuracy is not compromised when the proposed FE model is adopted. The outcome of the present work leads to guidelines for the development of FE models of stiffened panels, accurately predicting the buckling and post-buckling behavior leading to debonding phenomena, with minimized computational and time cost. The methodology is proved to be a tool for the generation of a universal parametric numerical model for the analysis of debonding phenomena of any stiffened panel configuration by modifying the corresponding geometric, material and damage properties.
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1. Introduction


The prediction and understanding of the structural behavior and residual strength of an aircraft component after the occurrence of damage is substantial, considering the need for the design of such structures to perform even under conditions of catastrophic failure initiation (Damage Tolerance design philosophy). Commonly, debonding phenomena arise in the composite materials often employed for modern aircraft structures, essentially affecting not only the response of the loaded structure but also the load level for the catastrophic failure of the composites themselves. An important category of debonding phenomena are the ones that occur as a consequence of buckling behavior due to compressive loads. For a deeper understanding of the buckling and post-buckling phenomena of composite structures, the review of Xu et al. [1] provides a wide range of the published literature on the various analytical, semi-analytical and numerical methods used for their analysis. For more state-of-the-art work on the subject, suggested works include Milazzo et al. [2], Groh et al. [3], Liguori et al. [4]. Specifically for numerical analyses, useful insight is given by studies such as Lanzi [5] for flat, composite-stiffened panels, Bisagni [6] for cylindrical shells and Debski et al. [7] for composite beams. In the process of numerically analyzing debonding phenomena, the need for large computational resources and elongated solution times are typical obstacles. More specifically, when commercial Finite Element Analysis (FEA) software are employed for the analysis of such problems, the typical methods used are the Virtual Crack Closure Technique (VCCT) and CZM; in terms of the integration of these methods in FE models, the VCCT is more complicated due to the increased amount of code development needed, while CZM is easier to define, usually through the determination of certain parameters (for a comprehensive presentation of both methods and their application process, the reader is directed to the ANSYS© software (Canonsburg, PA, USA) Help Manual [8]).



Characteristic studies on the matter where the VCCT is employed include those by Orifici et al. [9] and Bisagni [10], where debonding due to the buckling of I-shaped stiffened panels is analyzed; on similar configurations, Riccio et al. [11] developed and tested a modified, more efficient VCCT. Other panel configurations, such as T-shaped and Hat-shaped configurations, were examined using the VCCT by Zou et al. [12] and Raimondo et al. [13], respectively. On the other hand, for key studies on the application of CZMs on similar debonding phenomena, the reader is encouraged to see Zhao et al. [14] (I-shaped stiffened panels), Bisagni et al. [15], Vescovini et al. [16] and Yetman et al. [17] (Hat-shaped stiffened panels). In these last studies, it is mentioned that the definition of the CZMs relates to the need for the extreme refinement of the meshes incorporated for correct results to be obtained. Published works in the literature deal with the development of techniques for the coarsening of the meshes used in CZMs, with their efficiency mainly having been tested up to now on simple debonding cases, such as the Double Cantilever Beam (DCB), e.g., [18,19,20,21,22]. The applicability of these proposed techniques has not been thoroughly performed in relation to more complicated structures, such as stringer-stiffened panels, where a more complex structural behavior is expected, and the efficiency of these mesh-coarsening methods can be more deeply investigated.




2. Theoretical Background


The work presented here is motivated by the engineering approach already developed by Turon et al. [21]. In this analysis, Turon et al. proposed a technique for the adaptation of a Bilinear CZM incorporated in FEA. This adaptation is based on the modification of certain CZM parameters, depending on the mesh size desired by the engineer. The need for this modification arises from the fact that originally, CZMs require extremely fine meshes, even of the order of a tenth of a millimeter, and this leads to large solution times; this could be a serious consideration, especially when computational resources are limited or when numerous of consecutive calculations has to be performed, for example, in a preliminary design phase. The approach of Turon et al. examines an important characteristic size of structures under debonding, the “cohesive length zone”; this is defined as the length from the crack tip to the first point in the undamaged region of the cohesive material where, under single-mode loading (mode I or modes II–III), the observed normal traction, for mode I, and shear traction, for modes II–III, reach their maximum values. The proposition of Turon et al. suggests an adjustment of this cohesive length zone, to be adapted to the selected mesh size for the FEA. However, it is mentioned that a minimum number of elements is required to span the cohesive length zone, which is based on previous studies, is suggested to be between three and five elements (referred to hereafter as Ne). This adjustment of the cohesive length zone is achieved by modifying the nominal values of the maximum normal and shear traction of CZM; instead, the fracture toughnesses of each mode have to be used with their original values. In this way, the highly refined meshes usually needed for the analysis of debonding by means of CZM are bypassed. The modification of the normal and shear tractions is based on Equation (1).
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In Equation (1), E22 is the transverse elasticity modulus, Gc is the fracture toughness in for mode I or II, III (depending on the traction to modify), Ne is the selected number of elements on the cohesive zone (according to Turon et al., a number between three and five is proposed, based on the results of previous studies) and le is the desired element length. It is highlighted that Equation (1) in its original form in [21] is employed with an isotropic modulus of elasticity E, but Turon et al. suggest that when orthotropic materials are investigated, as in the present study, the E22 modulus is used.




3. Reference Benchmark Study and Finite Element Modeling


3.1. Benchmark Study


The experimental and numerical results of a single-stringer compression specimen (SSCS) are selected, from the literature, as references to study the effectiveness of the Bilinear CZM implemented in ANSYS© software. The maximum normal and maximum shear traction parameters of the model are modified according to Equation (1) to be adapted to increasingly coarser meshes. More specifically, taking into consideration the buckling phenomena typically arising in SSCS configurations under uniaxial compression, the FE models developed hereafter are assessed in terms of the following aspects: (a) prediction of the load–displacement curve, (b) prediction of the debonded length at the end of the loading, (c) energy absorbed at the end of the loading and (d) total solution duration. It is noted that the authors of the present contribution are not working on developing a new method for modifying CZMs but are instead investigating the applicability of the already proposed modification method of Turon et al. [21] to the undoubtedly more complex problem of an SSCS undergoing debonding due to buckling behavior.



The validation of the present FE model is obtained by comparing its results with the respective numerical results achieved by Riccio et al. [11], who developed a more efficient modified Virtual Crack Closure Technique (VCCT). Apart from the above comparison, the generated results are also compared with the respective results of the standard VCCT, as well as with the experimental results of the same SSCS of [9].



The geometric characteristics and material properties (IM7/8552UD) of the reference SSCS specimen are depicted in Figure 1 and Table 1, respectively.




3.2. Development of Finite Element Model


In the pursuit of accurate results with FE models, 3D quadratic elements are generally preferred. However, this approach is the most computationally expensive. If the computational resources are capable and the run time is not of great importance, then there is no reason to employ shell or solid-shell elements. This is due to the fact that shell and solid-shell elements assume the response of the thin-walled structure, something that it is not required for solid elements. In the current work, where an efficient and time-effective way of solving debonding problems is discussed, solid-shell elements are preferred over shell elements for the benchmark analysis. Even though both type of elements (shell and solid shell) require some preprocessing preparation before the geometry is meshed, solid-shell elements are preferred hereafter, since they have simultaneously the benefits that shell and solid elements individually offer. Solid-shell elements deliver quite accurate results with reduced run time in comparison to shell elements. Furthermore, by assigning a single element through thickness to solid-shell elements, the produced results are as accurate as shell elements. Finally, by employing solid-shell instead of shell elements, convergence issues due to contact elements can be overcome. Consequently, in the current benchmark, solid and solid-shell elements are utilized.



A fully parametric model is developed using the ANSYS Parametric Design Language (APDL) of the ANSYS© software so that the attributes of the numerical model can be easily altered. By modifying the element type for the skin and stringer, the element length and the CZM modification, a parametric study is performed to identify the ideal combination of parameters that provide accurate results with reduced computational cost and time. Table 2 presents all of the combinations of the attributes that are employed to the FE model in detail. Consequently, twelve different FE models are generated per element type. It is worth mentioning at this point that the maximum normal and shear tractions of the CZM model are calculated for every case according to Equation (1).



Regarding the two element types shown in Table 2, SOLID185 and SOLSH190 (eight-node solid and solid shell, correspondingly), that were used to model the specimen skin and stringer, option “enhanced strain formulation” the available in ANSYS© software for the treatment of shear and volumetric locking of this kind of element type is activated. The cohesion conditions between the skin and stringer of the SSCS are modeled with four-node surface-to-surface contact and target elements implemented in ANSYS© software (CONTA173 and TARGE170 elements for each contact pair). The section of the skin–stringer interface that is initially bonded is modeled with a “bonded” contact type, along with the definition of a CZM material, to enable possible further debonding during loading. The initial artificially debonded part of the interface (denoted in Figure 1 as the “debonded region”) is modeled with a “standard” contact type because only the interpenetration of surfaces should be taken into consideration. As for the boundary conditions at the two ends of the specimen, at the clamped end, the corresponding faces are constrained for all of the degrees of freedom (DOFs) applicable (UX = UY = UZ = 0); at the loaded end, the UX DOF is gradually increased in an automatic time-stepping way defined by the ANSYS© software based on the convergence of the problem (until 1.5 mm, as is explained later) to simulate the loading, and the other two DOFs are constrained (UY = UZ = 0). The two “potting regions” designated in Figure 1, used in the experimental fixture to ensure the correct establishment of the specimen, are modeled by only constraining the transverse DOFs involved (UY = UZ = 0). For the initiation of the non-linear buckling behavior of the specimen, it is mentioned that no imperfections of the geometry are needed to operate as perturbations. In contrast to other cases of non-linear buckling problems, where it is common to insert an initial perturbation to the model in order to cause the structure to buckle, in the case examined, the initiation of the non-linear buckling behavior is generated by the laminations of the specimen parts themselves. More specifically, the laminations of the stringer flange and web are such that their coupling matrices [B] are non-zero. It is noted that when a lamination possesses a non-zero coupling matrix [B], there is interconnection between in-plane (tension compression and shear) and out-of-plane (bending and torsion) behavior. For the specimen considered, the in-plane compressive displacement applied leads the stringer to an out-of-plane bending and torsion deflection, which triggers the structure to exhibit non-linear buckling behavior. A typical FE model of the SSCS, along with the aforementioned boundary conditions, is shown in Figure 2.





4. FE Model Results and Validation


4.1. Validation of the FE model


In this section, the numerical results from the analysis of the FE model are presented along with its validation. In Figure 3a,b, a representative contour plot of the out-of-plane displacement (z-axis) at the end of the loading is shown for one of the investigated specimens under consideration (SOLSH190 and 5 mm element length depicted). In Figure 3a, the case where a modified CZM is applied is presented, whereas in Figure 3b, the case where no modification is considered is shown. In both cases, the buckling of the debonded section of the skin is identified. However, it is obvious that there is a considerable difference in the displacement pattern, since the debonding behavior with and without the modified CZM is quite different. More specifically, when the modified method is used, the initial debonding propagates well beyond its initial length, something that does not happen when no modification is performed.



For the validation, load–displacement curves are produced from the analysis of the FE model, where the SOLSH190 element type is applied, considering 2.5 and 5 mm element length (Figure 4). These curves are compared with the respective numerical [11] and experimental results [9] found in the literature. The comparison between the numerical results of this work and the respective experimental are meaningful up to a longitudinal displacement of 1.5 mm, because beyond this value, the experiments showed that intra-laminar damage (fiber and matrix fracture) and consequently specimen collapse occur. In the present FE models, the intra-laminar damage is not implemented, since the focus is on the debonding behavior predicted by CZM alone. In another study [23], however, the fiber and matrix fracture are considered utilizing the progressive damage modeling (PDM) technique. Despite this, it is clear that an excellent agreement is achieved between the modified CZM used here and the modified VCCT presented by Riccio et al. [11], as well as with the experimental results up to the point of interest (1.5 mm longitudinal displacement, before the specimen experimental collapse).



In Figure 5, the load–displacement curves for both examined element types (SOLID185 and SOLSH190), for all element lengths and values of CZM parameter Ne (number of cohesive zone elements) are presented. In these graphs, it is important to highlight that results where the CZM parameters are not modified are also included. It is observed that when the CZM is not modified, then the loads predicted at the end of the simulation are higher than the ones predicted by the modified CZM by a percentage of 10–12%.



Due to the fact that the assessment of only the load–displacement curves is not adequate to decide the necessity of the CZM modification, another important aspect of the FE model is its ability to predict the total debonded length at the end of the analysis. It is noted that for the aim of the study, the end of the analysis is considered when the longitudinal displacement of the loaded end reaches 1.5 mm in order to comply with the experimental results used as a reference. Figure 6 presents a comparison between the FE results of the final debonded length obtained with the 5 mm element length for the SOLID185 and SOLSH190 element types. These results are compared with the respective experimental results from [9] and with the corresponding numerical ones obtained with a modified VCCT, as well as with a standard VCCT [11]. It is remarkable that, when the modification of the CZM parameters is not applied, the debonding length does not grow/propagate at all; instead it remains the same, in contrast to the reference experimental and numerical results. On the other hand, for the cases with modified CZM, if the average of the final debonded length when measured from the two sides of the skin–stringer interface is taken as a mean of comparison, the correlation shows that: (a) the SOLID185 element type, after modification of the CZM, achieves a final debonded length 2.2% longer than the experimental and 9.4% shorter than the numerical modified VCCT, and (b) the SOLSH190 element type, after modification of CZM, achieves a final debonded length 2.9% shorter than the experimental and 13.9% shorter than the numerical modified VCCT (a quantification of the comparison with the standard VCCT has no meaning, as this VCCT over-predicts the expansion of the debonding at the full length of the specimen, which is not even close to the experimental results).



Consequently, if the load–displacement curves of Figure 4 and Figure 5 and the final debonded lengths of Figure 6 are examined simultaneously, it is concluded that the modification of CZM is necessary for correct predictions, depending on the mesh size selected. If the modification is not incorporated, higher loads than expected shall result (here, a percentage of 10–12% is detected), due to the fact that the evolution of the debonding growth will be wrongly predicted, as it is shown. Both the element types that are examined, SOLID185 and SOLSH190, perform in a similar way.




4.2. Additional Numerical Results for the SSCS


Despite the fact that it was not a matter of interest in the reference results used previously, FE results regarding the maximum energy absorbed by the specimen at the 1.5 mm final longitudinal displacement are presented in Figure 7, because energy absorption is an important feature in terms of crashworthy behavior. For both examined element types, the energy absorption predicted follows the same path as the load–displacement curves of Figure 4 and Figure 5, meaning that when the modification of CZM is not used, the resulting maximum value is about 12% higher than when the CZM parameters are modified. Due to the observations previously made during the validation of the FE model, it is safe to conclude that the necessity for CZM modification is also depicted in terms of energy absorption.



A final important feature of the developed FE models, especially when considered in parallel with their ability to predict satisfying results in terms of load–displacement, debonded length and energy absorption even with very coarse meshes, is the total solution duration. This feature is essential, for example, when an engineer wants to obtain useful results when either large workstations are not available or the repetition of multiple cases is needed. Figure 8 presents the evolution of the total computation duration when the modification of CZM is incorporated (both the Ne parameter values are included), in accordance with the mesh coarsening, from 1.25 mm to 10 mm element length. Furthermore, by examining the results from Figure 5, Figure 7 and Figure 8 in parallel, it can be concluded that while accuracy is not compromised (Figure 5 and Figure 7), the solution time is greatly reduced (Figure 8) when the mesh is coarsened and modified CZM is applied. It is impressive that the reduction in solution duration from the finest mesh to the coarsest one is approximately 85–90% (all calculations were performed in a Workstation with a 12-core AMD Ryzen 9 processor, 64 GB of DDR4 RAM and a 500 GB SS Drive).





5. Application of Modified CZM to Multi-Stiffened Plate


To explore the applicability and efficiency of the modified CZM method to large-scale structures, a stiffened panel with debonding is examined. This case simply consists of the SSCS specimen multiplied by 3 times, thus building a three-stringer structure. A debonded region equal to the one examined before (80 mm, central), was placed in the central stringer alone, while the other two (stringers) were left fully bonded lengthwise. The boundary conditions at the ends and potting regions of the structure are the same with the SSCS, since the aim is to examine the difference in the results that arise by adding two initially undamaged stringers to the left and right of the initial specimen. In this case, for the skin and stringers, the solid-shell element type SOLSH190 is used, along with unmodified and modified CZM (trial runs showed that similar results are derived for the SOLID185 element as well). The selected parameter is Ne = 5, while all the element lengths of Table 2 are considered. In Figure 9a,b, the contour plots of the out-of-plane displacement for the three-stringer configurations with 5 mm element length are depicted. In Figure 9a, the case where CZM is modified is presented, whereas in Figure 9b, the contour plot of unmodified CZM is shown. It is remarkable that in the model where CZM is modified (Figure 9a), not only has the initially debonded region of the central stiffener buckled and the debonding length has increased, but the same happens for the right and left initially undamaged skin–stringer interfaces. On the contrary, in the case where CZM is not modified and the normal and shear tractions of Bilinear CZM have their nominal values, only the buckling of the initially debonded area is observed (Figure 9b); the debonding length is not increased beyond its initial value and the initially undamaged skin–stiffener interfaces are left intact.



In Figure 10, the load–displacement curves for the three-stringer structure examined are presented, up to an arbitrary longitudinal displacement of 2 mm, only selected for the purpose of the present work. It is easily noticeable that the modified method of CZM operates in the same way as in the SSCS examined before. When CZM is not modified, the load–displacement curves of the different mesh densities of the FE models coincide. On the other hand, when CZM is modified, despite the fact that different maximum normal and shear tractions are assigned to each element length, the results are almost coincident, and the only deviation is at the step that occurs at approximately 1.2–1.3 mm longitudinal displacement, implying sudden debonding in the right and left stringer. Beyond this step, all the curves coincide almost perfectly. The buckling load predicted at the end of the analysis, where no modification of the CZM is applied, compared to the application of the modification is significantly higher (approximately 40%). Even though they are not depicted here, graphs and figures regarding the maximum values of energy absorption, the debonded length at the end of the loading and the total solution duration for this three-stringer structure exhibit behavior and efficiency analogous with the one presented for the SSCS case. More specifically, when CZM modification is not used, the maximum energy absorption value is overestimated by approximately 30%, while the debonded length does not propagate beyond its initial length. Regarding the FE model efficiency in terms of solution duration, when CZM modification is applied, the total solution time is reduced by approximately 200% and 800% for 5 mm and 10 mm element length, respectively, when compared to the finest mesh of 1.25 mm element length.




6. Conclusions


In this work, an engineering approach from the literature, aimed at adapting Bilinear CZMs to the desired mesh size by modifying the parameters of maximum normal and shear tractions, is employed for the investigation of a single-stringer composite specimen under buckling deformation with initial debonding. The results achieved using an FE model are compared to the experimental and numerical results of other debonding analysis methods (VCCT); the necessity of CZM modification according to the mesh size of the model is highlighted in terms of load–displacement, the prediction of debonding propagation beyond the initial length and energy absorption. Moreover, the accuracy achieved even with the coarse meshes examined, in addition to the reduction in the solution time needed, demonstrates the efficiency of the FE model in terms of computational resources. The FEA of an additional multi-stringer, stiffened plate exhibited results with trends analogous to the single-stringer case, thus exhibiting the capability of the FE model proposed to be used in the analysis of larger and more complex structures. Consequently, the present model is proved to be a useful tool during FEAs, especially in the initial stages, where, starting from a coarse mesh, continuous refinement along with convergence monitoring is performed in order to select the most appropriate mesh size for the specific case. To achieve meaningful results for every mesh size examined, a model such as the proposed one is necessary. However, it is remarked that the case of stiffened panels investigated in the present manuscript was selected as a representative case of a lot of aircraft structures with buckling phenomena accompanied by debonding propagation. Continuing work in the direction of studying more correspondingly complex structural problems in the frame of CZM modification techniques is highly beneficial for the establishment of these methods in a wider range of cases.
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Figure 1. Single-stringer compression specimen geometry used as a reference point [9]. 
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Figure 2. Typical FE model of the studied SSCS. 
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Figure 3. (a,b) FE contour plot of the out-of-plane displacement at the end of the loading when (a) the maximum normal and shear traction parameters are modified and (b) when they are not. 
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Figure 4. Comparison of the load–displacement curves for SOLSH190 when modified CZM is applied, with experimental and numerical from the literature. 
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Figure 5. Load–displacement curves for different element types and element sizes. 
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Figure 6. Comparison of FE results (5 mm element length) regarding the final debonding length with experimental and numerical ones from the literature. 






Figure 6. Comparison of FE results (5 mm element length) regarding the final debonding length with experimental and numerical ones from the literature.



[image: Computation 10 00005 g006]







[image: Computation 10 00005 g007 550] 





Figure 7. FE results of the maximum energy absorption values of the specimen examined. 
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Figure 8. Solution duration according to the element length used. 
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Figure 9. (a,b) FE contour plot of the out-of-plane displacement, when modification of the maximum normal and shear traction parameters of the CZM is used and when is not used, for a 3-stringer structure case. 
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Figure 10. Load–displacement curves of the 3-stringer structure for element type SOLSH190. 
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Table 1. Geometric characteristic and material properties of the SSCS examined.
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	Geometric Characteristic
	Value
	Material Property
	Value





	Total length, L (mm)
	400
	E11 (GPa)
	147.8



	Free length, Lf (mm)
	300
	E22 = E33 (GPa)
	11.8



	Width, b (mm)
	64
	G12 = G13 (GPa)
	6



	Skin lay-up
	[90/±45/0]s
	G23 (GPa)
	4



	Stiffener flange lay-up
	[06/±453]
	v12 = v13
	0.3



	Stiffener web lay-up
	[±453/06]s
	v23
	0.45



	Ply thickness, t (mm)
	0.125
	Max normal traction (mode I) (MPa)
	50



	Total stiffener height, h (mm)
	14
	Max shear traction (mode II) (MPa)
	100



	Stiffener flange width, w (mm)
	32
	GIc (J/m2)
	243



	Debonded length (mm)
	80
	GIIc = GIIIc (J/m2)
	514
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Table 2. Bilinear CZM parameters.






Table 2. Bilinear CZM parameters.





	
Element Type

	
Element Length

	
CZM Modification

	
CZM Max Normal Traction (MPa)

	
CZM Max Shear Traction (MPa)






	
SOLID185

SOLSH190

	
1.25 mm

(17,280 elements)

	
No CZM Modification

	
50

	
100




	
CZM Modification (Ne = 3)

	
26

	
37.8




	
CZM Modification (Ne = 5)

	
20.1

	
29.3




	
SOLID185

SOLSH190

	
2.5 mm

(8640 elements)

	
No CZM Modification

	
50

	
100




	
CZM Modification (Ne = 3)

	
18.4

	
26.7




	
CZM Modification (Ne = 5)

	
14.2

	
20.7




	
SOLID185

SOLSH190

	
5 mm

(4320 elements)

	
No CZM Modification

	
50

	
100




	
CZM Modification (Ne = 3)

	
13

	
18.9




	
CZM Modification (Ne = 5)

	
10.1

	
14.6




	
SOLID185

SOLSH190

	
10 mm

(2160 elements)

	
No CZM Modification

	
50

	
100




	
CZM Modification (Ne = 3)

	
9.2

	
13.4




	
CZM Modification (Ne = 5)

	
7.1

	
10.4
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