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I. Introduction

The role of energy dissipating devices (passive safety devices) is to mitigate the potential danger to human injuries and structures damaging of various mechanical systems, like road vehicles, trains, aircrafts, ships, lifts, aircraft soft-landing, etc. These devices can also be seen in wide range of industrial areas as a primary part for enhancing their reliability in relation with minimizing harm/danger due to unexpected loading condition provoked by accident [START_REF] Alghamdi | Collapsible impact energy absorbers: an overview[END_REF][START_REF] Olabi | Metallic tube type energy absorbers: A synopsis[END_REF].

The thin-walled tubes are largely used in energy dissipating systems particularly those made often from ductile metallic materials like aluminum alloys, steel alloys, and fiber reinforced composites controlled by several combined fracture mechanisms.

The plastic buckling of circular thin-walled tubes earliest revealed by Mallock in 1908 [START_REF] Mallock | Note on the instability of tubes subjected to end pressure, and on the folds in a flexible material[END_REF] was of particular interest in this study. Such an element is considered as the most efficient system attributable to its mean collapse load stability, the effective stroke, and the contribution of tube material in bending and stretching strains [e.g., [START_REF] Lu | Energy Absorption of Structures and Materials[END_REF][START_REF] Guillow | Quasi-static Compression of Thin-Walled Circular Aluminum Tubes[END_REF][START_REF] Zhang | Energy Absorption of an Axially Crushed Square Tube with a Buckling Initiator[END_REF][START_REF] Zhang | Axial Crushing of Circular Tubes with Buckling Initiators[END_REF][START_REF] Sun | Energy absorption of aluminum alloy thin-walled tubes under axial impact[END_REF][START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF]. Therefore, many investigations have been conducted using the plastic buckling of thin-walled tubes. The corresponding load-deflection is usually described by the initial first peak load then it drops and oscillates around a mean value.

Finally, it terminates by a rapid increase of the crushing load due to a small amount of material which can be plastically deformed. The axisymmetric, diamond and mixed modes are the common collapse modes. They are controlled by two geometrical ratios, η(=R/t) and λ(=R/L), where R, t and L are respectively diameter, thickness and length of the tube [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF][START_REF] Zhao | On the strength enhancement under impact loading of square tubes made from rate insensitive metals[END_REF][START_REF] Zhao | An Experimental Study of Square Tube Crushing Under Impact Loading Using a Modified Large Scale SHPB[END_REF]. It is recognized that the best crashworthiness features are attained by the axisymmetric mode [START_REF] Abdul-Latif | Some improvements on the energy absorbed in axial plastic collapse of hollow cylinders[END_REF].

Designing new shock absorbers based particularly on the plastic buckling of tubes is desirable to draw an original concept. With non-conventional solutions, further improvements in the energy absorption performance with lighter structures can be provided [e.g., 1, 10, 14 -17]. Indeed, different structures have recently been developed with different geometries and materials like composite and cellular materials. Actually, structures with new geometries (like cross-sectional profiles) represent a suitable pathway for improving the energy absorption performance via the plastic buckling of a stepwise thickness of square member or multi-cell profiles [START_REF] Kim | Effect of the cross-sectional shape on crush behavior of a three dimensional space frame[END_REF][START_REF] Xie | Impact characteristics and crashworthiness of multicell, square, thin-walled, structures under axial loads[END_REF]. They provided important gains in energy absorbed up to 220% [START_REF] Zhang | Energy absorption of multi-cell stub columns under axial compression[END_REF]. A graded tube thickness has also been developed [START_REF] Zhang | Axial crushing of tapered circular tubes with graded thickness[END_REF][START_REF] Zhang | Axial crushing and optimal design of square tubes with graded thickness[END_REF][START_REF] Li | Comparison of functionally-graded structures under multiple loading angles[END_REF][START_REF] Li | A comparative study on thin-walled structures with functionally graded thickness (FGT) and tapered tubes withstanding oblique impact loading[END_REF]. This concept can be applied on various structures (square and circular thin-walled tubes and frusta). The solution showed an improvement in the energy absorption capacity of 35% with respect to the uniform tube thickness. For reducing the initial peak load and increasing the effective deformation stroke, another new solution has been proposed using triggers and cut-outs as imperfections in thin-walled tubes [START_REF] Yuen | The energy-absorbing characteristics of tubular structures with geometric and material modifications: an overview[END_REF]. Moreover, a new non-conventional solution has been developed using circular and square thin-walled tubes loaded under quasi-static and dynamic strain rates [START_REF] Abdul-Latif | Shock-absorber device comprising a plastically-deformable member[END_REF][START_REF] Baleh | Uniaxial-biaxial transition in quasi-static plastic buckling used as an energy absorber[END_REF][START_REF] Abdul-Latif | Dynamic biaxial plastic buckling of circular shells[END_REF][START_REF] Menouer | New generation of energy dissipating systems based on biaxial buckling[END_REF][START_REF] Calladine | Strain-rate and inertia effects in the collapse of two types of energy absorbing structures[END_REF]. The concept is to create a combined biaxial compression-torsion loading within the tested tube via an external uniaxial loading. Different loading complexities have been generated by the torsional component inducing a strength enhancement in the loaded structure. This is due to changes in local deformation mechanisms [START_REF] Drusin | Microstructure Analysis of Aluminum Alloy and Copper Alloy Circular Shells after Multiaxial Plastic Buckling[END_REF]. The complexity of biaxial loading increases as the rate of shear component increases generating therefore a complex strain state of compression, stretching, bending and shear. It has been concluded that the greater the biaxial loading complexity, the higher the energy absorbed for a given structure. For aluminum tubes deformed dynamically, an important gain in absorbed energy of 150% has been recorded compared to that uniaxially deformed under quasi-static strain rate [START_REF] Abdul-Latif | Dynamic biaxial plastic buckling of circular shells[END_REF].

The current work considered the concept of non-conventional metallic like-composite structures experimentally developed in [START_REF] Abdul-Latif | Metallic-metallic composite for a plastically deformable member[END_REF][START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF]. Such structures have been manufactured by incorporating a case-hardened phase of 15% on the tube outer surface of mild steel tubes. The hard phase which took different geometrical forms (rings and vertical strips) with a constant depth improved the structures crashworthiness [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF]. The impact of these case-hardened forms on the structure buckling response has been examined under quasi static strain rate. As a result, the energy absorption capacity can be increased up to 42% compared to conventional tube.

For energy dissipating devices, applications deploying numerical techniques such as finite element method increased due to the advantage of reducing effort and time compared to experimental investigations [START_REF] Qiu | Some topics in recent advances and applications of structural impact dynamics[END_REF][START_REF] Baroutajia | On the crashworthiness performance of thin-walled energy absorbers: Recent advances and future developments[END_REF]. In 1968, an automobile collision/impact simulation with rigid member using a simple mass and spring system can be mentioned as a pioneer numerical approach [START_REF] Emori | Analytical Approach to Automobile Collisions[END_REF]. Indeed, the mass represented the vehicle and the spring characterized the resistance of the vehicle structure to crush. This promising finding has been to illustrate the potential of a spring-mass system to simulate vehicle frontal, and rear structures collision with a rigid body. The numerical simulations for collision have been extended with finite element analysis approach and emerged in study of impact bodies [START_REF] Qiao | Impact Mechanics and High-Energy Absorbing Materials: Review[END_REF][START_REF] Pifko | Theory and application of finite element analysis to structural crush simulation[END_REF]. In reality, a continuous upgrade of computation algorithms related to contact and material damage [START_REF] Belytschko | Contact-impact by the pinball algorithm with penalty and Lagrangian methods[END_REF][START_REF] Armero | Formulation and analysis of conserving algorithms for frictionless dynamic contact/impact problems[END_REF][START_REF] Zang | A contact algorithm for 3D discrete and finite element contact problems based on penalty function method[END_REF][START_REF] Wriggers | A virtual element method for contact[END_REF], stain rate effect [START_REF] Johnson | A generalized particle algorithm for high velocity impact computations[END_REF][START_REF] Johnson | SPH for high velocity impact computations[END_REF][START_REF] Rusinek | Constitutive relations in 3-D for a wide range of strain rates and temperatures -Application to mild steels[END_REF] has been integrated. This supported to increase the potential of numerical simulations to yield reliable approach for different impact problems. Several commercial finite element software like ABAQUS, LS-DYNA, CAM CRUSH, etc., integrate a number of mathematical models. Theoretical approaches have been developed analyzing the dynamic loading effect on simple or complex mechanical systems response [START_REF] Olabi | Metallic tube type energy absorbers: A synopsis[END_REF].

Reliable numerical platforms have been developed to understand the deformation mechanism and deploying their outputs on complex energy dissipating devices design. For example, Al-Galib and Limam [START_REF] Galib | Experimental and numerical investigation of static and dynamic axial crushing of circular aluminum tubes[END_REF] carried out a non-linear finite element analysis using RADIOSS. The quasi-static and dynamic plastic buckling of circular aluminum tube has been described. The predicted crushing loads (peak and mean) and the deformation mode have been in a good agreement with the experimental results. Moreover, a comparative analysis (experimental / numerical) has been made for different tubular structures. It revealed that the cross section has a significant effect on the energy absorption capacity, i.e., the lower the cross-sectional area, the lower the mean and peak loads [START_REF] Alavi Nia | Comparative analysis of energy absorption and deformations of thin walled tubes with various section geometries[END_REF]. Besides, such a study displayed that the peak load reduced in the case of pyramidal and conical tubes compared to a constant tube cross section.

A parametric study via Abaqus/Explicit has been conducted predicting quasi-static and dynamic buckling responses for mild-steel tubes of different tube thicknesses and taper angle [START_REF] Nagel | A numerical study on the impact response and energy absorption of tapered thin-walled tubes[END_REF]. For the tapered tubes, the higher the strain rate, the higher the sensitivity to wall thickness. However, the lower the dynamic strain rate, the lower the effect of taper angle and impact mass. Another numerical investigation has been conducted describing the dynamic post-buckling response of extruded aluminum tube of polynomial section [START_REF] Rossi | Numerical simulation of the axial collapse of thinwalled polygonal section tubes[END_REF].

Due to the high demand of different energy dissipating devices, a research has been synthesized and analyzed using numerical simulations [START_REF] Qiao | Impact Mechanics and High-Energy Absorbing Materials: Review[END_REF]. New energy absorbing systems have been discussed such as truss structures, hybrid sandwich composites, metal foams and porous shape memory alloys. Another numerical study has been made to evaluate the crashworthiness efficiency of the hybrid tubes (square aluminum tubes warped with E-glass fiber composite) under quasistatic loading [START_REF] El-Hage | A numerical study on the quasi-static axial crush characteristics of square aluminum-composite hybrid tubes[END_REF]. It revealed that such tubes have higher energy absorption capacity than that of simple aluminum tubes. However, their specific energy absorption is almost comparable to each other. Therefore, these tubes may have better specific energy absorption if a lighter weight overwrap is used. A comparative analysis for foam-filled and multi-cell aluminum tubes has been realized using a non-linear finite element analysis [START_REF] Zhang | A comparative study of energy absorption characteristics of foamfilled and multi-cell square columns[END_REF]. It has been found that the energy absorption efficiency of multi-cell columns is greater than that of foam-filled columns by 50-100%. The mean loads of the foam-filled and multi-cell columns described by finite element approach have been in good agreement with theoretical predictions. Concerning the response of bitubal circular foamfilled tubes under oblique dynamic loading, finite element simulations have been developed using Abaqus/Explicit for different tube configurations [START_REF] Djamaluddin | Non-linear finite element analysis of bitubal circular tubes for progressive and bending collapses[END_REF]. Experimental and predicted results showed that a new foam-filled double tube provides a high energy absorption capacity.

The current study was to formulate a numerical analysis describing non-conventional metallic-like composite tubes developed in [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF] with the objective of increasing their axial plastic buckling strength. Consequently, finite element models for tube with different case-hardened patterns were formulated. They employed as platform looking for the best energy absorption capacity.

Simulations were carried out using the Abaqus/ Explicit software considering the rate independent plastic buckling. Six experimental configurations were numerically simulated describing their plastic buckling responses. The latter faithfully described the experimental results. To further enhance the energy absorption capacity, several other numerical case-hardened patterns were designed and investigated. Two patterns were shown better energy absorption capacity even than those observed experimentally.

II. Experimental data employed and energy absorption parameters II.1 Experimental work

The main purpose of the experimental study developed in [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF] has been to propose an innovated methodology to improve the crashworthiness of metallic tubular structures. In fact, mild-steel tubes have been considered as a reference having η= R/t= 15 and λ= R/L= 0.18. These ratios give in general an axisymmetric deformation mode [START_REF] Abdul-Latif | Some improvements on the energy absorbed in axial plastic collapse of hollow cylinders[END_REF][START_REF] Andrews | Classification of the axial collapse of cylindrical tubes under quasi-static loading[END_REF]. The non-conventional solution has been proposed using a case-hardening process on designing several forms such as rings and vertical strips, etc. Controlling the volume fraction of the case-hardening is a key parameter in designing shock absorber. Therefore, the choice of carbonizing only 15% of the tube outer surface with a depth of 0.5 mm represents a suitable strength-ductility compromise. Otherwise, the risk of failure can be expected to increase in the crushed tube leading to loss of structural integrity.

The designed case-hardened forms have been referred to as 2R, 3R, 4R and 5R in reference to two, three, four and five ring-shaped zones, and 2V and 3V representing two and three vertical strip forms, respectively. For these forms, despite their different orientation and number, they share, as mentioned above, the same volume fraction of the case-hardening.

The terms: "as received", "protected", and "case-hardened" are related to the response of materials without any surface treatment, protected surface (applying a fully protected shield) and casehardened (carburized) zone, respectively. They have been heat-treated together in the same batch.

So each like-composite structure has therefore a nonlinear response.

The effect of these different materials (case hardened or not) within these tubes and their forms on the tube response has experimentally been investigated in [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF]. The stress-strain relationship of each material was illustrated in Figure (1a). The microhardness evolution throughout the tube thickness was also demonstrated in Figure (1b). Actually, the results revealed that the as-received tube material (i.e., conventional tube) was changed after the case-hardening process. Besides, the recorded microhardness of the case-hardened region decreases linearly from outside surface up to mid-thickness of the tube. Then, the following microhardness up to protected inner surface had almost a constant value (Figure 1b).

An Instron universal testing machine has been used applying a compressive cross-head speed of 5 mm/min. Tubes were compressed between the upper and lower platens of the machine. Then, the load-deflection curves have systematically been recorded for all tests. Figure [START_REF] Alghamdi | Collapsible impact energy absorbers: an overview[END_REF] illustrates the experimental load-deflection curves for the different ring and the vertical strip forms.

II.2 Energy absorption parameters

The parameters used to evaluate the capacity of the proposed energy dissipating devices are: i. The first peak load, Pmax, describes the first maximum load;

ii. The mean collapse load, Pa, is defined mathematically by

= (1)
where is the axial deflection iii. The total absorbed energy, Ea, is determined as the area under the load-deflection curve expressed by: =

iv. The crush load efficiency, ψ, is the ratio of the mean collapse load to the first peak load, written as:

ψ = (3) 

III. Finite element modeling III.1 Assumption

For the employed tubes, the radius to thickness (η= R/t) and radius to length (λ= R/L) ratios were considered as defined experimentally, i.e., η= 15 and λ= 0.18, where R= 15 mm, L= 80 mm and t= 1 mm. The experimental load evolution during plastic buckling was considered in finite element analysis.

It is assumed that the used materials have isotropic behavior.

The material response across the tube thickness for the treated zone was considered as multimaterial with functionally graded behavior as case-hardened and protected zones.

Solutions obtained by the case-hardening process were taken into account. Indeed, these carbonized patterns generate the tube imperfection. Due to different case-hardened patterns, each one was consequently considered to have an advantage in term of imperfection.

III.2 Geometric modeling

The geometric modeling was built for imitating the experimental responses of conventional and non-conventional tubes. 3D models were developed taking into account the deformable tubular structure, the upper and lower rigid platens. The lower and upper ends of the tube were firmly fixed and pinned, respectively.

The real tube dimensions given above were adopted to model both conventional and nonconventional tubes. Shell modeling allowed to use a shell element that could facilitate the analysis of strain and stress states with minimal computational expense. In fact, compression, stretching and bending effects were observed particularly in the plastic hinge zones. The shell modeling is useful to describe non-symmetric entities employing specific numerical simulation techniques.

The general tube dimensions together with the case-hardened forms were entirely adopted as in [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF]. For the upper and lower platens, their geometry which was not important and not mandatory for the analysis was defined by a radius of 20 mm. This was adequate to avail a contact surface for crushing process.

For the non-conventional tubes, their architecture was defined using two units: fully protected zone and the case-hardened zone (Figure 3). The outer surface width for each case-hardened configuration was chosen similar to that designed experimentally.

A special attention was made for modeling the vertical strip width since it is an arc width unlike a straight width for rings. Moreover, the material response was considered to be homogeneous.

Unlike the protected case, a composite-layer was proposed realizing a graded functionally material behavior along the tube thickness. Accordingly, the preferred approach was to orient the composite sections with different material behaviors to be piled up layer-by-layer across the entire thickness [START_REF]Dassault Systèmes, Abaqus/CAE User's Guide[END_REF].

III.3 Material modeling

As an important step to obtain correct numerical simulations, the nonlinear finite element analysis was targeted to describe the axial quasi-static plastic buckling of tubes as energy dissipating systems. Therefore, a reliable constitutive equation, where the flow stress depends particularly on strain hardening rather than strain rate and temperature [START_REF] Lu | Quasi-static axial compression of thin-walled tubes with different cross-sectional shapes[END_REF][START_REF] Song | Axial crushing of thin-walled structures with origami patterns[END_REF]. Thus, the rate-independent Cowper-Symond constitutive equation was used:

= + (4) 
where B and n are material constants, and A and are the initial yield stress and plastic strain, respectively. To identify these parameters for the as-received, protected and case-hardened materials, an appropriate curve fitting technique was employed using the experimental stress-strain curves. A faithfully comparison between the numerical and experimental data was made. The material coefficients and the true stresses were summarized in Table [START_REF] Abdul-Latif | Metallic-metallic composite for a plastically deformable member[END_REF].

As far as the conventional tubular structure is concerned, the as-received material response was directly deployed for material modeling. The combination of protected and case-hardened zones was considered describing the non-conventional tubes response. The constitutive law for each material was independently defined.

The material behavior of protected zone was directly modeled with a consideration of no hardness variation across the tube thickness. Nonetheless, for the case-hardened zone, the microhardness varied across the tube thickness. Consequently, the global structure response depends on the casehardened zone (hard) and the protected zone (soft) across the thickness. The case-hardened zone with two layers of thickness ratio 0.5/0.5 was used to model the hard and soft zone, respectively.

III.4 Shell element and meshing

Regardless the case-hardening process, the S4R shell element was selected due to its computational advantage (reducing the numerical integration) and its support to finite strains with a potential of controlling hourglass effect [START_REF] Bjorkman | Mesh Convergence Studies for Thin Shell Elements[END_REF].

Five integration points for all models would integrate stress and strain across thickness without compromising computation time. They were utilized across each layer of material model.

Moreover, the Simpson rule for result approximation was chosen to minimize the computation time without compromising the quality of result [START_REF] Azarakhsh | Axial crushing analysis of empty and foam-filled brass bitubular cylinder tubes[END_REF].

Default R3D4 shell element was used for the two rigid bodies considering a unique element type which is not mandatory for the analysis.

The mesh convergence represents also another key step in finite element analysis to assert reliable results. Meshed tubes with 1mm element size leads to maintain the convergence of numerical result particularly for the mean collapse load. However, for the two rigid bodies, a course meshing was set as compared to the deformable body. This supported not only to minimize computational time, but also to minimize the possible penetration of the master surface (rigid bodies) to slave surface (deformed body) nodes [START_REF]Dassault Systèmes, Abaqus/CAE User's Guide[END_REF].

III.5 Step time and mass scaling

For quasi-static loading simulations where the loading rate is less than 10e-1second, the analysis should consider all the small elements. So, the calculation took long time to terminate the total crushing process. The advantage of finite element method may not be sufficient if the analysis takes long time. Hence, the mass scaling technique was adopted to increase the density of the material to increase the stable time. The latter should not highly influence the inertia effect as indicated by:
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where # is small element length; E and ρ are modulus of elasticity and density of the material, respectively.

In this study, a mass scaling factor of 1000 was used. However, the relation between internal energy and kinetic energy of the plastic deformation process was cross checked. This step helped us to verify that the mass scaling factor did not affect the expected result [START_REF]Dassault Systèmes, Abaqus/CAE User's Guide[END_REF][START_REF] Santosa | Experimental and numerical studies of foam-filled sections[END_REF].

III.6 Contact definition and boundary conditions

In the axial plastic buckling process, one of the main keys to be considered was a continuous contact between deformed surfaces. Likewise, this contact phenomenon should be modeled suitably. The case of dry friction contact would exercise once the deformed surface suffers from self-contact and surface-to-surface contact. Hence, a general contact interaction model was chosen.

This model maintains a balanced master-slave weighting that has limiting the advantage of the slave surface without penetration into the master surface. A penalty friction was set with a coefficient of friction of 0.23 [START_REF] Fuller | Coefficients of Friction[END_REF][58][START_REF] Peter | Friction Science and Technology: from Concepts to Application[END_REF].

Likewise, Figure (4) displays the plastic buckling prediction of a tubular structure describing the experimental results. Once again, the lower end of the deformed body was fixed to the lower platen and the second end pinned to the upper platen by which the axial load was applied. These connections were defined as a constraint to prevent penetration, separation and sliding of the surface in contact with each other. Numerically, the lower end reference point was built-in. The upper end had a freedom to move along the tube axis during deformation.

The total plastic buckling was set by a crushing displacement of 50 mm with a velocity of 0.1 m/s.

This leads to a quasi-static load analysis as in [START_REF] Santosa | Experimental and numerical studies of foam-filled sections[END_REF][START_REF] Sun | Energy absorption mechanics for variable thickness thin-walled structures[END_REF]. Besides, to eliminate the effect of high kinetic energy at the beginning of crushing, the calibration was amplified with a smooth step type.

III.7 Imperfection

Imperfection was considered as a new entity integrated into a simulated structure whose response is different from that of non-imperfect configuration. Geometric imperfections can be incorporated into energy dissipation devices by chamfering or grooving, etc. to minimize the first peak load.

Besides, a numerical imperfection was adopted to obtain a smooth deformation form [START_REF] Friedrich | Comparison of theoretical approaches to account for geometrical imperfections of unstiffened isotropic thin walled cylindrical shell structures under axial compression[END_REF].

A geometric imperfection was used to trigger the model before any load application. Due to different configurations and orientations in case-hardened zones, these zones were viewed as imperfect in different manner compared to the conventional tubular structure. It was applied via the first Eigen mode of the model. The imperfection integration approach was performed based on a scaling factor. A decoupled analysis of the Eigen mode was used through ABAQUS/Standard and ABAQUS/Explicit. In fact, some percentages of the model geometric values varied from 1% to 2% were provided with respect to the tube thickness [START_REF]Dassault Systèmes, Abaqus/CAE User's Guide[END_REF][START_REF] Rahi | Controlling energy absorption capacity of combined bitubular tubes under axial loading[END_REF].

IV. RESULT AND DISCUSSION

IV.1 Plastic buckling of a conventional tube

By virtue of identifying a simple to a more complex solution, it was suitable to start with a minor complexity. Therefore, we first sought to predict the response of the conventional tube. A geometrical imperfection coupled with explicit nonlinear finite element analysis led to result depicted in Figures ( 4 and5). The corresponding deformation mode and load-displacement curve were demonstrated for 50 mm axial displacement. An axisymmetric mode was numerically (Figure 4a) and experimentally (Figure 4b) recorded. These responses were almost similar.

On the other hand, some general features of the crashworthy response can be noted. Actually, an examination of Figure [START_REF] Lu | Energy Absorption of Structures and Materials[END_REF] presented a typical example of load-displacement curve comparing experimental and numerical results. Both load-displacement curves have smooth and almost uniform oscillation by which the tube deformation mode can be determined. In fact, each curve began with a linear relationship until it reached its first peak. Then, the load kept increasing till a peak value corresponding to the final plastic hinge formation. Afterward, a decrease of the load was recorded allowing the formation of the second fold. Some differences were observed related obviously to the number of folds (Figure 5). Indeed, four folds (i.e., 4-peak) were experimentally recorded against five numerically obtained folds for the same crushing distance of 50 mm. Such differences would be overcome by using more sophisticated constitutive equations than that used in this study. However, Figure [START_REF] Mallock | Note on the instability of tubes subjected to end pressure, and on the folds in a flexible material[END_REF] showed experimentally five folds and the same for the numerical solution. This is due to the fact that the experimental photo was taken for an axial displacement greater than 50 mm. Also, Table (2) displayed a comparison between the experimental and numerical results for the mean and first peak loads and the energy absorbed with relative errors of 1.2%, 3.7% and 1.2%, respectively.

One can conclude that: (i) a quasi-similarity between the numerical and experimental results was recorded, (ii) the nonlinear finite element analysis is an appropriate preliminary numerical approach for describing the plastic buckling of non-conventional tubes.

IV.2 Plastic buckling of non-conventional tubes

IV.2.1 Energy absorption processes

The energy absorbed attributable to the plastic buckling of tubes with specific carbonized zones was investigated. The responses of six different non-conventional cases (2R, 3R, 4R, 5R, 2V and 3V) were predicted. A small perturbation effect was proposed. The first eigenvalue was factorized with a scaling factor of a small percentage of tube thickness. Because of the different inherent responses in the non-conventional tube materials, the scaling factors of 1.1% and 2.0% were set to obtain a smooth deformation mode for (2R, 3R and 2V) and for (4R, 5R and 3V), respectively.

IV.2.2 Deformation modes

The predicted deformation modes of non-conventional tubes were outlined in Figure [START_REF] Guillow | Quasi-static Compression of Thin-Walled Circular Aluminum Tubes[END_REF]. The experimental result of each case was given at right side for comparison. For the case-hardened ring form, it was clearly observed that their starting point of deformation was close to crushing end between the case-hardened zones of red color (Figures 6a, b, c andd). Hence, the protected sections were more likely to be affected by the plastic buckling than the case hardened zone. The 2R type was characterized by a transition from three axisymmetric folds to diamond fold starting in the middle portion between the two rings (Figures 6a) and continuing until the crushing end.

Practically, the same state of deformation was observed in 3R and 4R (Figure 6b andc) as in 2R

except that only two folds were generated due to the limited length of the protected portion.

However, in the 5R configuration, the plastic buckling started with diamond mode practically from the middle span between the 4 rd and 5 th rings (Figure 6d).

Concerning the vertical strips form (2V and 3V), Figures (6e and f) demonstrated their successive plastic flow. Evidently, a pure diamond mode was numerically obtained for both types.

The progressive buckling described by these models corresponded to what was expected for the plastic buckling of tubular structures. The deformation started at the crushed tube end and progressively continued up to the crushing end. This deformation process corresponded to what was observed experimentally, except for 2V, where a progressive deformation started at bottom/fixed end and continued until the crushing end. Moreover, its experimental deformation mode was purely axisymmetric; whereas numerically it was purely diamond mode.

In general, the case-hardened zones resist primarily against plastic buckling and orient the deformation differently due to the partial discontinuity generated by the hardened zones. So, the case-hardening process contributed in tube response. Thus, a change in their plastic buckling was clearly recorded. Moreover, the mixed mode (axisymmetric followed by diamond mode) was numerically obtained in 2R, 3R, and 4R conforming to the experimental data except for 2V. On the other hand, the diamond mode was obtained experimentally and numerically in 5R. As a result, a comparison was made between these results and that of conventional tube which deformed axisymmetrically (Figure 4).

IV.2.3 Load-displacement

One of the general features of crashworthy behaviour of tubular structures is the load-displacement curve. Hence, Figure [START_REF] Zhang | Energy Absorption of an Axially Crushed Square Tube with a Buckling Initiator[END_REF] illustrated a comparison between the numerical and experimental results.

It is utilized to evaluate the absorbed energy for each case. The non-linearity of the tube response was induced by the structural instability due to the localization of plastic strains (plastic hinge).

By means of case-hardened zones, a complicated strain state has been discussed in [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF]. It should be noted that the strain complexity occurred throughout the tube thickness controlled by the hard and soft phases interaction. Based on the simulations provided below, the strain state over the tube thickness was studied to identify the local flow strain mechanism for each case. Figure [START_REF] Zhang | Energy Absorption of an Axially Crushed Square Tube with a Buckling Initiator[END_REF] revealed a linear relationship between the starting point up to the first peak load, followed by an oscillated evolution with peak values which are less than the first peak load. A comparison between the loaddisplacement curves of the conventional and non-conventional tubes was shown. Non-uniform upand-down curves were observed due to the mixed mode generation in non-conventional tubes.

The area under the load-displacement curve is essential to determine the total absorbed energy for each tube. Therefore, their numerical and experimental results were compared in Table [START_REF] Olabi | Metallic tube type energy absorbers: A synopsis[END_REF]. Thus, predictions were sufficiently close to that observed experimentally. For cross checking the predicted results with that of experimental ones, the profile of the mean load was compared and illustrated in Figure [START_REF] Zhang | Axial Crushing of Circular Tubes with Buckling Initiators[END_REF]. Likewise, the predicted mean and the first peak loads were in good agreement with these determined experimentally (Figure 8 and Tables 4 and5). Note that the maximum errors recorded regarding the mean and the first peak loads were 10.5% (for 4R) and 11.1% (for 2R).

IV.2.4 Plastic strain

It is known that the peak and bottom loads of each collapse cycle depend on several parameters like the tube material, the deformation mode (axisymmetric, diamond or mixt), and the geometry of the tube, particularly its η(=R/t) ratio. For a given material and tubular structure, the axisymmetric mode absorbs more energy than the diamond mode [START_REF] Abdul-Latif | Some improvements on the energy absorbed in axial plastic collapse of hollow cylinders[END_REF][START_REF] Andrews | Classification of the axial collapse of cylindrical tubes under quasi-static loading[END_REF][START_REF] Wierzbicki | On the crushing mechanics of thin-walled structures[END_REF]. In addition, the plastic strains and their distribution across the thickness of the tube are key parameters with which the determination of the tube's resistance can be identified during plastic buckling. To understand how the case-hardening affects the tube response observed in [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF]; the local deformation scenario was therefore studied numerically. In other words, a further increase in the energy absorption capacity of the case-hardened tubes with their different patterns can be interpreted. in fact, these patterns play an additional role in enhancing the tube's strength against plastic buckling beyond the well-known conventional parameters mentioned above. On the basis of certain works published [24, 26, 27 and 29], it seems that the complexity of strain state through the tube thickness can be considered as an important aspect that leads to further increase its energy absorption capacity. As a result, the influence of the case-hardened patterns on the tube post-buckling response was found to be governed by local multiaxial strain states due to the hard/soft phase interaction. Therefore, it seems that, the higher the local deformation complexity, the greater the local yield strength, the higher the strength of the tubular structure. This scenario could interpret the variation of the mean collapse load by the case-hardening pattern type. A numerical study of the strain state within the tube thickness is necessary to understand the local deformation scenario. For the non-conventional tubes, their corresponding models were developed using the concept of composite shell section.

The latter piled up two layers (Figure 9a), where the section integration was used during the analysis process. The elastoplastic behavior for the two piled up layers were adopted. They have a zero orientation and five integration (section) points (SP) for each layer. The Simpson's approximation rule was considered for the analysis. Hence, strains in some selected elements (1178, 3766, 7910 and 3784) were examined for conventional and non-conventional tubes. The procedure was to identify these elements which had the highest equivalent plastic strain (PEEQ).

They are near the plastic hinges at the tube perimeter, close enough to the case-hardening boundary, i.e., the interphase between the hard and soft phase. Along the upper and lower part of the shell element, the strain evolution was recorded by the integration points. The targeted strain components were: (i) nominal strain along thickness (PE11), (ii) nominal strain along the tube circumference (PE22), (iii) nominal strain along the tube axis (PE33) and (iv) shear strain (PE12).

They were considered to assess their influence on PEEQ. The As-Received and 3R models were simulated. The 3R model was selected as a bench mark for the others. Despite the technical difficulty in visualizing the location of these selected elements, an attempt was made showing the variation of plastic deformation in Figures ( 9b and9c). An examination of Figure [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF] revealed that the evolution of PEEQ had several stages with some commonalities for both models. The first stage gave almot a zero strain. Then, the second one began to attain a small strain, where the element started to be stressed as it reached to the vicinity of the element. Thereafter, during the third stage, a high nominal gain began to be processed regardless the used model. The chosen element in the As-Received model was deformed with a rate less than that of 3R (Figure 10a). The latter had a high and abrapt rate (Figure 10b). In both cases, the final phase showed a slow strain evolution up to the crushing end. These different selected elements behaved differentely where the element of 3R was deformed almost three times more than that for As-received.

Moreover, the nominal strains evolution was illustrated in Figure [START_REF] Zhao | On the strength enhancement under impact loading of square tubes made from rate insensitive metals[END_REF]. As far as the strains along the tube thickness and the shear stress were concerned. Their evolutions were different apart from the high difference of strain magnitude. For the circumferential and axial strains, although the evolution was similar to each other, their magnitude was however different. Moreover, the nominal PE22, PE33 and PE12 strains were significantly greater than PE11.

For the 3R model, the nominal strain components revealed that the element no. 3766 was highly deformed than the element no. 1178 for the As-Received model. The strain evolutions changed abruptly from positive to negative (Figure 11b), then to positive value for PE11 and PE12 (Figure 11h). Such evolutions occurred due to the combined effect of bending and stretching in the vicinity of the element. Moreover, for the element located in the protected zone on the tube outer surface, it was significantly deformed compared to the element in the case-hardened zone. The related strain components had a positive intensity with a higher value.

For 3R, the strains evolution of two selected elements located in high and low deformed regions was investigated (Figure 12). In fact, the elements A (no. 7910) and B (no. 3784) located respectively in low and high deformed regions were examined. The evolution of predicted strains regarding the elements A and B pointed out a low evolution (Figure 12a) and an abrupt and zigzag change in the thickness direction (PE11) (Figure 12b). For PE12, its evolution occurred without zig-zag and with a low value (Figure 12g). In addition to their higher strain intensity, a more complex strain effect was captured for PE11 and PE12 in B (Figures 12b andh) compared to A (Figures 12a andg). It was observed that the nominal shear strain (PE12) in the element A was relatively smaller than in B (Figures 12h andg).

The complexity of strains and their evolution at these local points can be contemplated. For 3R, three local points were targeted to contemplate. An increase of high strain can be interpreted by a combined condition of case-hardening and loading. With the limitation of shell element that relayed on plane stress, its impact on this local point would be due to essential changes in material behavior. The latter was governed by the separated case-hardening and presumably, due to a change in strains state. Such a condition of combined effect could develop a triaxial strain complexity. Therefore, the enhancement of tube resistance captured experimentally by the prior study [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF] can give us a track for interpreting such strength improvement.

Likewise, the difference in strain evolution was supported by the hypothesis that a biaxial strain state of bending and stretching in the highly deformed regions affects these elements, i.e., exerting all the strain components with high and progressive rate.

V. Parametric design using new case-hardened patterns V.1 Proposed models

Closely matched with the experimental results, a numerical simulation procedure was developed as given above. In this paragraph, a parametric design was proposed to predict the plastic buckling behavior. Indeed, new case-hardening patterns with their models were developed to determine the best pattern leading to the highest energy absorption capacity.

From the previous work [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF], only 15% of tubes outer surface has been case-hardened proposing specific patterns: rings (circumferential direction) and vertical stripes (parallel to tube axis).

Certainly, a non-exclusive number of possibilities of case-hardened patterns can be developed. As a result, among these patterns designed and simulated, in this study, only the best solution was highlighted as a conclusion to be drawn. Now, three families of patterns were designed to numerically define the best energy absorption capacity even for those observed experimentally. The first family was categorized by patterns of six hardened rings (noted 6R) and four vertical case-hardened stripes (4V) (Figure 13). In the second family, a combination of rings and vertical stripes patterns was proposed (Figure 14). They were designated by 3R3V, 3R4V and 4R4V representing three rings associated with three vertical stripes, three rings attached to four vertical stripes and four rings connected to four vertical stripes, respectively (Table 6). The third family consisted of rectangular case-hardened patterns matrices distributed along the tube outer surface (Figure 15) and circular (Figure 16). Indeed, these patterns were designed according to three-row by three-column (3X3) matrix, and three-row by fourcolumn (3X4) matrix arrangement to align the rectangular and circular. Therefore, nine and twelve rectangular and circular patterns matrices were modeled (Table 6, Figures 15 and16). To further investigate the size effect of these patterns, different height and width dimensions and radii were proposed with the same treated area. The 12R_HW model represented twelve rectangular patterns where the height was greater than the width (H= 10 mm and W= 9.4 mm) and 12R_WH represented twelve rectangular case-hardened zones where the width was greater than the height (H= 14.1 mm and W= 6.7 mm) for the same area. Two circular case-hardened patterns matrices of 3-row by 3-column of a radius of 6.3 mm (noted 9C) and 3-row by 4-column of 5.5 mm radius (12C) were designed. The predictions of these new designed models will be discussed below.

V.2 Deformation mode results

The generated deformation modes of the designed case-hardened patterns under quasi-static loading were summarized as follows:

• For the 4V pattern (Figure 17), the deformation began in the vicinity of the loading end and continued progressively toward the fixed end. The mixed mode was recorded. • For the 6R pattern (Figure 18), the final deformation mode was an axisymmetric fold mechanism. Indeed, the deformation started first from the fixed end followed by the second deformation fold. A new fold began at the loading end followed by the fourth fold up to the crushing end. Moreover, it was observed that the fifth fold started at the middle of protected span.

• For the combined configuration between rings and vertical strips patterns, the deformation fold began at the fixed end of tube and continued progressively towards the loading end. A fully axisymmetric deformation was recorded in the case of 4R4V (Figure 19); whereas, a mixed mode was observed in 3R3V and 3R3V (Figures 20 and21).

• For the circular case-hardened pattern matrix of 12C, an axisymmetric deformation mode was noted (Figure 22). However, a mixed mode in 9C was observed (Figure 23).

• For the rectangular matrices, the deformation fold began initially in the vicinity of the loading end (Figures 24, 25 and 26); while the second fold started at the opposite end described by the three models. For the 9R_HW model, the third fold occurred near the second fold towards the mid span of the tube (Figure 24). For both 12R_WH and 12R_HW models (Figures 25 and26), the third fold started near the second fold; while the forth one began from the first fold. For these models, a similar deformation mechanism was still captured although their geometric difference.

V.3 Load-displacement relations

Figures [START_REF] Menouer | New generation of energy dissipating systems based on biaxial buckling[END_REF][START_REF] Calladine | Strain-rate and inertia effects in the collapse of two types of energy absorbing structures[END_REF][START_REF] Drusin | Microstructure Analysis of Aluminum Alloy and Copper Alloy Circular Shells after Multiaxial Plastic Buckling[END_REF][START_REF] Qiu | Some topics in recent advances and applications of structural impact dynamics[END_REF] illustrated the predicted load-displacement curves for these three families. The same oscillated curves were predicted during the progressive plastic buckling of tubes. The figures obviously exhibited, after the first peak load, successive peak loads. In the rectangular matrix case, after the second fold up to the end of crushing process, the corresponding peak loads were close to the first peak load (Figure 29). Moreover, the same first peak load value was recorded regardless of the rectangular case due to the same deformation mode.

Based on the load-displacement curves of the simulated cases, the mean collapse load (Pa), crush load efficiency (ψ) and the energy absorbed were summarized in Table [START_REF] Zhang | Energy Absorption of an Axially Crushed Square Tube with a Buckling Initiator[END_REF]. Obviously, the gain in the energy absorption capacity due to the new proposed models was enhanced compared to the conventional model. The enhancement in the energy absorbed was evaluated. It was found that 4V, 12C and 3R3V have the highest Pa. The 12C and 3R3V patterns possess the best cases when the competition between ψ and Pa was taken into account. Therefore, it was found that the 12C type is the best compared to 3R3V.

For further clarity, Table [START_REF] Zhang | Energy Absorption of an Axially Crushed Square Tube with a Buckling Initiator[END_REF] and Figure [START_REF] Baroutajia | On the crashworthiness performance of thin-walled energy absorbers: Recent advances and future developments[END_REF] summarized all finite element predictions obtained for the designed case-hardened patterns (2R, 3R, 4R, 5R, 6R, 2V 3V, 4V, 3R3V, 3R4V, 4R4V, 9C, 12C, 9R_HW, 12R_HW and 12R_WH). Indeed, this table ranked these patterns in increasing order with respect to the mean collapse load. Similarly, this table presented the energy absorbed at the end of tubes crushing and the corresponding gain for each pattern. The finite element predictions of Pa and ψ were illustrated (Figure 30) for these designed patterns and compared also to the available experimental results of 2R, 3R, 4R, 5R, 2V and 3V as given in [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF]. The developed numerical approach highlighted the predictive capability in describing the different responses of tubes affected by the case-hardened patterns.

VI. Conclusion

The experimental plastic buckling of right-circular mild steel like-composite tubes studied in [START_REF] Abdul-Latif | Innovative solution for strength enhancement of metallic like-composite tubular structures axially crushed used as energy dissipating devices[END_REF] as energy absorbers was numerically modeled in this work using Abaqus/Explicit. Various casehardened patterns have experimentally been achieved on 15% of the outer surface of tubes with a depth of 0.5 mm.

The current work focused on a development of nonlinear finite element analysis to simulate the response of these tubular structures. The S4R shell element with a size of 1 mm was chosen to reduce numerical integration and to have an accurate mesh convergence on the mean collapse load.

The mass scaling factor of 1000 was selected to increase the stability time. A contact with a dry friction penalty of 0.23 was considered to establish a contact between tube surface-to-surface and tube-to-rigid bodies. The complexity of nonlinear geometric behavior and the material rate independent behavior were numerically modeled. The tube imperfection which strongly affects the tube response was generated by the case-hardened patterns.

The numerical analysis developed provides local responses which can support to interpret the additional improvement in the energy absorption capacity of the different case-hardened tubes.

Thanks to the nonlinear finite element analysis, the complexity of strain state across the tube thickness can be considered as an important aspect leading to understand how a further enhancement of the energy absorption capacity can be obtained during the plastic buckling.

Four case-hardened ring patterns (2R, 3R, 4R and 5R) and two vertical strip patterns apes (2V and 3V) were first modeled. The simulations faithfully described the experimental data. Despite a nonexclusive number of possibilities of case-hardened patterns which can be developed, a limited number of new case-hardened patterns (6R, 4V, 3R3V, 3R4V, 4R4V, 9C, 12C, 9R_HW, 12R_HW and 12R_WH) were designed and simulated to find the pattern that provides the best energy absorption capacity. Thus, the 12C and 3R3V patterns showed the best energy absorbers with a gain of 42% greater than that of the conventional tube. By considered the couple (Pa, ψ), the 12C pattern represents the best shock absorber. 
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 234567 Figure 2 -Evolution of axial collapse load versus the axial deflection for the case-hardened ring-shaped zones (2R, 3R, 4R and 5R) and the vertical strips (2V and 3V) [10]
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 8 Figure 8 -Comparison between the experimental results and the corresponding finite element predictions related to the mean collapse load (Pa) and the crush load efficiency (ψ) of tubes having different casehardened forms of rings (2R, 3R, 4R and 5R) and vertical strips (2V and 3V).
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Table 1 .

 1 Material data

	Material type	Density	Modulus of	Poisson's	First new yield	Highest plastic
		(g/cm 3 )	Elasticity (GPa)	ratio	strength (MPa)	strength
						(MPa)
	As Received	7.85	195	0.3	217	467
	Protected	7.85	205	0.3	307	570
	Case-harden	7.85	209	0.3	513	1268

Table 2 .

 2 Mean and Peak loads of the conventional tube

	Description	Mean load	Peak load	Energy absorbed
		(kN)	(kN)	(kJ)
	Numerical simulation	19	31.5	0.95
	Experimental	19.4	32.7	0.97
	Error (%)	2.1	3.8	2.1

Table 3 .

 3 Energy absorbed of non-conventional tubes

	Description	2R	3R	Energy absorbed, kJ 4R 5R	2V	3V
	Numerical Simulation	1.2	1.28	1.15	1.17	1.27	1.27
	Experimental	1.17	1.39	1.27	1.21	1.29	1.25
	Error (%)	-2.5	7.6	9.4	2.9	1.8	-1.3

Table 4 .

 4 Mean collapse load of non-conventional tubes

	Description	2R	3R	Mean load (Pa), kN 4R 5R	2V	3V
	Numerical Simulation	24.0	25.7	22.9	23.5	25.4	25.4
	Experimental	23.4	27.9	25.5	24.2	25.9	24.9
	Error(%)	-2.5	7.8	10.5	3.0	2.1	-1.8

Table 5 .

 5 First peak load of non-conventional tubes

	Description	2R	3R	Peak load (Pmax), kN 4R 5R	2V	3V
	Numerical Simulation	43.3	41.2	41.4	40.0	45.0	46.3
	Experimental	39.0	45.9	42.6	41.4	42.1	44.0
	Error (%)	-11.1	10	2.8	3.4	-7.0	-5.2

Table 6 .

 6 Dimensions of the new case-harden patterns

	Case-hardened zone size (CH)
	*All dimensions are in millimeter

Table 7 .

 7 Outline of mean and first peak collapse loads, crush force efficiency (ψ), total energy absorbed and gain for the new case-hardened patterns

		Sir no. Description Width Height Thickness Radius			
		1		9R_HW	12.6 10.0						
		2	12R_HW	9.4	10.0						
		3	12R_WH 14.1	6.7						
		4		9C						6.3			
		5		12C						5.5			
		6		4V				3.5					
		7		6R				2.0					
		8		3R(3V)			2.0(2.4)				
		9		3R(4V)			2.0(1.8)				
		10		4R(4V)			1.5(1.8)				
		Ref.	4R4V	6R	12R_WH 9R_HW	9C	12R_HW 3R4V	3R	4V	12C	3R3V
	Pa, kN	19	23.3	24.3	24.4	24.6	24.9	25.3	25.5	25.7	26.1	26.9	27
	Pmax, kN	32.7 31.5	41.6	40.2	41.5	41.9	39.6	41.3	43	41.3	44.2	39.9	43.1
	ψ=Pa/Pm	0.6	0.56	0.60	0.59	0.59	0.63	0.61	0.59	0.62	0.59	0.67	0.63
	Energy absored, kJ	0.97 0.95	1.16	1.22	1.22	1.23	1.24	1.27	1.27	1.26	1.3	1.33	1.35
	Gain,%	-	22.6	27.9	28.4	29.5	31.1	33.3	34.2	35.3	37.4	41.6	42.1

PE:PE22 SP:1 PI:3R E:3784 PE:PE22 SP:10 PI:3R E:3784