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Out-of-face gradient sandwich structures have been widely studied for their excellent impact resistance. One uniform and two out-of-plane gradient cores are proposed based on the bionic structure of Royal Water Lily, and the midspan deflection of the back panel and the energy absorption of the out-of-plane gradient sandwich structures under various blast loads are studied. Two frequently adopted methods of explosive loading are applied to the sandwich panels, and the responses are contrasted for the loads applied as a time-dependent pressure history versus imposition of the initial velocity. The effect of the fluid–structure interaction is considered in the blast impulsion, and the dynamic responses of the sandwich structures with different out-of-plane density arrangements are analyzed under two loading approaches. Results show that the energy absorption of the core layer under the prescribed velocity approach is approximately 3–5 times that of the applied pressure approach, while the back panel deflections of different out-of-plane gradient sandwiches are similar. There are significant differences in the deformation mechanisms of structures under these two types of impact loads. Under the same type of impact load, the core compression process of the out-of-plane positive gradient sandwich panel is decoupled from the whole tensile bending deformation process of the structure, whereas the core compression process of the out-of-plane negative gradient sandwich panel is strongly coupled with the whole tensile bending deformation process of the structure. The related research will lay the foundation for an in-depth understanding of the theoretical study of the impact of out-of-face gradient sandwich structures.
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1 INTRODUCTION
Sandwich structures generally comprise two parts: two thin but high-strength plates and a thick but low-density core. Sandwich structures can consider the characteristics of porous metal materials and overcome the shortcomings of low strength (Guo et al., 2024). Thus, they possess an improved structural performance. Sandwich structures are widely used in aerospace, automobile, and marine industries because of their excellent mechanical/structural performance (Lu and Yu, 2003; Wang et al., 2021; He et al., 2022; Liu et al., 2023; Zhang et al., 2023; Zhang et al., 2024). The concept of gradient core has been introduced for sandwich structure performance improvement. The gradient of the core can be achieved through three methods: variation in cell wall thickness (Zhang et al., 2016), changes in the size of cells (Wang et al., 2013; Zheng et al., 2016), and changes in the properties of core materials (Shen et al., 2013a; Shen et al., 2013b). The relative density gradients of the 2D cores have two orientations: parallel to the load and normal to the load. Many gradient studies focus on the first case, where the gradient and the loading directions are the same (Brothers and Dunand, 2008; Ajdari et al., 2009; Wang et al., 2009; Karagiozova and Alves, 2015; Liang et al., 2017; Yang et al., 2017).
However, in engineering, the slight gradient changes in the direction of relatively small dimensions in thin-walled structures may be caused by conscious (human involvement) or unconscious factors (differences in mechanical processing accuracy or material batches leading to performance differences). Therefore, the impact of small changes in the out-of-plane gradient of thin-walled structures on their impact resistance is a very interesting research direction. The wall thickness in the out-of-plane direction is relatively thin, thereby complicating the gradient design.
The dynamic mechanical response of the sandwich structure under blast loading has been widely studied. Two models can be used to study its dynamic deformation mechanism under blast loading. The first is the model based on yield locus, also named “three-stage” theory (Fleck and Deshpande, 2004; Qiu et al., 2005; Tilbrook et al., 2006; Liang et al., 2007; Zhu et al., 2010; Cui et al., 2012). The first stage of the theoretical model assumes that all the impulses act on the front panel. The momentum conservation is used to transform the impulses into the initial velocity field of the front panel. The second is the one-dimensional lumped parameter model (Deshpande and Fleck, 2005; Main and Gazonas, 2008; McMeeking et al., 2008; Ghoshal and Mitra, 2014). This model considers the dynamic equation of motion of the equivalent SDOF system to study the front panel, core compression, and back plate motion. The blast impulse transmission phase and the core compaction process are captured well. The difference between the two models lies in the loading modes: one is the prescribed approach, whereas the other is the applied pressure approach.
Ashkan (Vaziri and Hutchinson, 2007) investigated the responses of the square honeycomb and the folded plate core sandwich plates subjected to a time-dependent pressure history (applied pressure approach) and the imposition of initial velocity (prescribed velocity approach). A slight difference exists between the overall deflections of the back panel from the two approaches, and the greatest difference emerges in the degree of the core compression. The initial velocity approach can significantly overestimate the core crushing and energy dissipation. When the response time characterizing the overall panel motion is longer than the blast period, the loading is commonly represented as an initial impulse or velocity imparted to the panel, with the impulse derived from Fluid-Structure Interaction (FSI) theory. This approximation is compared with the more accurate approach of applying the time-varying pressure history derived from fluid interaction theory to the sandwich face-plate.
Plenty of numerical simulations have been designed by changing the relative density gradients of the core and the blast impulses to study the performances and deformation mechanisms of sandwich structures with different out-of-plane gradient cores of thin-walled sandwich structures under the two loading approaches. Inspired by Royal Water Lily (RWL)’s venation, we propose the bio-inspired honeycomb core of RWL. The out-of-plane compressive strength of RWL bionic honeycomb is superior to the out-of-plane compressive performance of several common honeycombs such as quadrilateral honeycomb, hexagonal honeycomb, and rhombic honeycomb (Wang et al., 2020a). The core relative density distribution is controlled by wall thickness variation. The sandwich cores are divided into three groups according to the relative density gradient, such as non-gradient core, out-of-plane negative gradient, and out-of-plane positive gradient cores. The impact of fluid–structure coupling is considered in the impulses. Two frequently adopted methods of explosive loading are applied to the sandwich plates. The responses are contrasted for the loads applied as a time-dependent pressure history versus the imposition of the initial velocity, and the dynamic responses of the sandwich structures with different out-of-plane density arrangements are analyzed under two loading approaches.
The outline of this paper is as follows. First, the core design strategy of RWL, core relative density, material parameters, and the blast loading considering the fluid–structure interaction (FSI) are analyzed inSection 2. The setup of the finite element model and the validation of the model are presented in Section 3. The numerical simulation is proved to be effective. The effectiveness of the finite element model is verified by comparing the finite element simulation solution and the exacting experiments under various blast loadings. Subsequently, the energy absorption, deflection of the back panel, and deformation mechanism of different out-of-plane gradient sandwich structures under two loading approaches are discussed in Section 4. Finally, the conclusions are presented in Section 5.
2 SANDWICH PANELS WITH DIFFERENT GRADIENTS SUBJECT TO INTENSE AIR BLASTS
2.1 Core design strategy of RWL
The distribution of RWL’s main and secondary veins is illustrated in Figure 1A. According to the natural distribution of leaf veins, the dimensionless size relationships in the simplified model are proposed as shown in Figure 1B. Sectional drawing of the sandwich model is shown in Figure 1C. The simplified model is similar to the one in our previous work (Wang et al., 2020b). In the plane, the model is divided into five parts according to the golden section ratio of the plant vein bifurcation. These parts are used to adjust the density gradient distribution of the core layer in the horizontal direction. In the vertical direction, the core layer structure is divided into three layers to adjust the density gradient.
[image: Figure 1]FIGURE 1 | Core design strategy. (A) Natural structure of the RWL vein. (B) Finite element model of the core. (C) Sectional drawing of the sandwich model.
2.2 Material parameters
In general, the panel material of sandwich structures is harder than the core layer material. Therefore, the panels are made of 5,052 aluminum alloy (Qiang et al., 2014), and the core part is composed of 6060T4 aluminum alloy (Liu et al., 2015). A bilinear constitutive model, adopted for the constituent materials, is given by (Wang et al., 2021)
[image: image]
The specific material parameters are shown in Table 1. The strain rate sensitivities of the two adopted aluminum alloys are not considered in the analysis because they are relatively weak (Wang et al., 2020a).
TABLE 1 | Specific material parameters of the sandwich structure.
[image: Table 1]The relative density of different parts of the core (as shown in Figure 1B) is calculated as follows in Eq. 2:
[image: image]
where Vm is the whole volume of the matrix and Vp is the apparent volume of the matrix.
In the present study, the core wall thickness is changed to adjust different relative density gradients. The core walls with different thicknesses are assembled to form the honeycomb core. The wall thickness of each cell in the honeycomb core is no longer uniform compared with that in nongradient cores. The specific parameters of the three core types, namely, uniform core (uniform gradient (UG), out-of-plane positive gradient core (Model-I), and out-of-plane negative gradient core (Model-II), are listed in Table 2.
TABLE 2 | Model type and related parameters.
[image: Table 2]2.3 Blast loading
The research on blast load has been carried out through experiments, theoretical analysis, and numerical calculation (Kambouchev and NoelsRadovitzky, 2006; Goel, 2015). The experimental method is relatively common. Henrych proposed an empirical formula for calculating the airborne blast load based on the experiment. One commonly used empirical formula of the overpressure peak of TNT in an infinite airfield proposed by Henrych (Henrych, 1979) is shown in Eq. 3,
[image: image]
where [image: image] is the scaling distance, d is the stand-off distance, and W is the charge weight of equivalent TNT. The incident wave pressure is [image: image], and t0 is the period of the incident wave. The reflective over pressure is given by (Henrych, 1979), as shown in Eq. 4.
[image: image]
The interaction of the incident shock waves in air with the sandwich structure is analyzed using the model proposed by Kambouchev et al. (KambouchevNoelsRadovitzky, 2006). In Ref. (Vaziri and Hutchinson, 2007), the theory is also called KNR theory. In the present study, the impulse/area I imparted to the front panel is calculated by KNR theory. The pressure is [image: image]. The impulse imparted to the front panel is calculated as [image: image], where tR is the decay period. The ratios of the momentum/area transmitted to the front panel of the sandwich structure toward the blast with (Ir)and without considering FSI (I∞) are compared in Figure 2.
[image: Figure 2]FIGURE 2 | The unit area momentum curves transmitted to the sandwich panel with and without considering FSI (Z < 1).
As shown in Figure 2, when FSI is considered, the momentum/area, Ir, can be as much as 50% lower than [image: image] for the sandwich plate subjected to incident waves with pulse time t0 = 0.1 ms. The KNR result for Ir does not account for the core’s resistance on the back side of the front panel.
3 FINITE ELEMENT MODELING
3.1 Setup of the finite element model
The shape of the core based on the simplification of the RWL leaf vein is shown in Figure 1B. The radius of the circular sandwich structure R is 100 mm. The thicknesses of the front panel (FP) and the back panel (BP) are 1 mm, and the core thickness is 15 mm. The edge of the circular sandwich panel is clamped. The core is divided into three layers vertically, each layer is 5 mm thick. The cores and face panels are meshed using S4R shell elements. These have a four-node, double-curved thin or thick shell, reduced integration, hourglass control and finite membrane strains. The mesh size is taken as 1 mm based on the grid convergence analysis. The adopted mesh of the FE model is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Adopted mesh of the FE model.
The core structure with different density gradients can be obtained by changing the shell element thickness. The three types of TNT masses were set to 15 g (Case 1), 25 g (Case 2), and 35 g (Case 3). The stand-off distance is 200 mm. Two loading approaches used by Ashkan are introduced in the present simulations. For the applied pressure approach, the pressure on the front face is Pr, and the load duration time is tR. For the prescribed velocity approach, the initial velocity of the front panel can be calculated by momentum conservation: [image: image]. The uniform initial velocity is imposed on the front sandwich panel toward the blast. Two simplified loading methods are shown in Figure 4.
[image: Figure 4]FIGURE 4 | Two simplified loading methods.
The specific load settings are shown in Table 3.
TABLE 3 | Specific load settings of the two load approaches.
[image: Table 3]The responses of different gradient sandwich structures under the two loading approaches are detailed in Section 4.
3.2 Validation of the numerical approach
In this section, the numerical approach is validated by a series of experiments (Nurick et al., 2009). Figure 5 presents the sandwich panel deformation. The numerical model deformation is in agreement with the final deformation mode of the experiment.
[image: Figure 5]FIGURE 5 | Final deformation diagram of the experiments and the simulations at various impulses.
The comparison of the midspan deflection of the back panel between the simulation and the experiment is also shown in Figure 6. The simulation results are very close to the experimental results, even though the results have a slight deviation. The analysis of the two fitting curves of the deflection–impulse curve shows that the error between the finite element simulation results and the experimental results is less than 20%, and it can be seen that the accuracy of finite element simulation is still acceptable within the impulse interval. Besides, from the fitting curve between finite element simulation and experimental results, it can be found that there is a difference of about 1 mm between the two results and it gradually reduces with the increase in the impulsive load strength. Therefore, the blast loading setting and material parameters of the numerical model are proved reliable for studying the blast resistance of the sandwich panels.
[image: Figure 6]FIGURE 6 | Comparison of finite element results with existing experiments.
4 RESULTS
The parametric analysis based on numerical analysis is conducted to discuss the responses of the gradient sandwich structures under the two loading approaches. The back panel deflection and the energy absorption are the two key performance parameters. The response of the uniform sandwich panels under the two loading methods is analyzed in Section 4.1. In Section 4.2, the energy dissipation of the sandwich panel with different density gradients under different loading approaches is mainly studied. The deflections of the back panel with different density gradients under different loading approaches are discussed in Section 4.3.
4.1 Response of the uniform sandwich panels
The response of a uniform core layer under different loading methods is first studied as a reference. The plastic dissipation is normalized by the initial kinetic energy (KE in the following figures) imparted to the plate under the prescribed velocity approach for the following sections to compare the core energy absorption capacity under different impulse conditions.
4.1.1 Energy absorption of the uniform sandwich structure
As shown in Figure 7, the energy absorptions of the uniform sandwich structures with various relative densities under two loading approaches are studied. The energy absorption of the uniform sandwich structures shows that the estimation of the sandwich panel’s energy absorption is quite different between the two loading methods.
[image: Figure 7]FIGURE 7 | The energy absorption of uniform sandwich structures varies with the relative density cores under two loading approaches. (ALL represents dimensionless total energy absorption. FP, BP, Core represents dimensionless energy absorption of the front panel, the back panel and the core, respectively).
In the case of the applied pressure approach, the increase in the relative density of the core significantly reduces the structure’s total energy absorption. Moreover, the energy absorptions of the front and back panels are synchronously decreased. The core’s energy absorption is first decreased and then increased. The inflection point at which the energy absorption of the core layer first decreases and then increases varies as the load impulse increases. At an impulse of 15 g of explosives, the energy absorption efficiency of the core is the lowest at a relative density of 3%. However, this value is 4% and 5% at the impulse of 25 and 35 g explosives, respectively.
The relationship between compressive plateau stress and relative density can be expressed as (Fleck and Deshpande, 2004): [image: image], where [image: image] is the relative density of the core layer and [image: image] is the yield strength of the matrix material. The out-of-plane compressive strength of RWL bionic honeycomb with different relative density cores is studied (Wang et al., 2020b). In the present paper, [image: image] is 80 MPa, and m = 1. Then the compressive plateau stress is [image: image]. For the core with a relative density of 3%, 4%, 5%, its compressive plateau stress is 2.4 MPa, 3.2 Mpa, 4 MPa. Compared with the pressure peak, the proportion is 0.38, 0.35, 0.34, respectively.
This finding indicates that in the case of the applied pressure approach, the extremely low point of the energy absorption efficiency of the core gradually increases as the load impulse increases. Moreover, the graph shows that the energy absorption of the upper and lower panels gradually decreases with the increase in the relative density of the core. The energy absorption efficiencies of the two panels are gradually approaching and follow the same pattern. This finding indicates that under this explosive load impulse, the deformation of the upper and lower panels at the center of the core layer tends to be consistent as the relative density of the core layer increases. Moreover, the compression at the center of the core layer decreases. However, the overall energy absorption efficiency of the core layer gradually increases. The comparison of the energy absorption efficiency of different parts of the structure under these three working conditions shows that the energy absorption efficiency of each sandwich panel part varies under the loading of the force–time curve.
In the case of the prescribed velocity approach, the total energy absorption of the structure changes slightly while the energy absorption of the core increases gradually with the increase in the core density. For the energy absorption of the upper and lower panels, the energy absorption efficiency of the front panel decreases significantly as the relative density increases, whereas that of the rear panel does not change significantly. The comparison of the energy efficiencies of each sandwich panel part under different explosion loads shows that the trend and numerical range of energy absorption rate in each part are approximately consistent under the three working conditions.
In terms of the total amount of energy absorption, the normalized energy absorption of the core under the prescribed velocity approach is approximately 2–3 times higher than that under the applied pressure approach. The normalized plastic dissipation energy decreases with the increase in the relative density of the core for both loading approaches. According to Figure 7, core crushing and energy dissipation can be significantly overestimated by the initial velocity approach.
For the simplified forms of explosive loads, such as rectangular pulse loads, the magnitude of pulse load P (MPa) can also be obtained by adjusting the load action time based on the conservation of impulse, [image: image]. Therefore, the energy absorption of a sandwich circular plate with a reference configuration of 4% relative density is studied under Case 2 conditions, with the same impulse and different action times.
Figure 8 shows a comparison of the total energy absorption and core layer energy absorption of a 4% relative density sandwich panel under two loading conditions. Under the two loading conditions of 4%, the relative density sandwich panels, the total energy absorption efficiency of the sandwich panel, and the energy absorption efficiency of the core layer show a decreasing trend with the increase in force application time. As the loading time decreases, the total energy absorption efficiency and the core layer energy absorption efficiency gradually approach the speed loading method.
[image: Figure 8]FIGURE 8 | Comparison of the total energy absorption and the core energy absorption of the sandwich panel with 4% relative density under two loading conditions.
The time scale of the explosion load characteristics investigated in this study, t/t0∼0.5, shows that the overall energy absorption efficiency of the 4% relative density sandwich panel structure under the prescribed velocity approach is 1.64 times that of the applied pressure approach, whereas the core layer energy absorption efficiency of the prescribed velocity approach is 2.2 times that of applied pressure approach. This finding indicates that under the pre-acceleration field loading method, the compression of the core layer far exceeds that of the sandwich panel core layer under the force–time curve loading method.
In addition, as t/t0 is gradually reduced, the energy absorption in the sandwich layer and the overall structure gradually approaches the results of the pre-acceleration field condition. This is because when the input impulse is constant, decreasing t/t0 increases the instantaneous impact force, thus allowing the sandwich panel to complete the energy input in a shorter period of time, which behaves more similarly to the velocity impact of the front panel. As the application time increases, the magnitude of the impact force decreases significantly. Considering the resistance of the core compressive strength to core compression, the compression of the core layer gradually decreases and the structural deformation will gradually change to an overall tensile bending mode.
4.1.2 Back panel deflection of the uniform sandwich structure
Figure 9 shows the comparison of the panel deflections after two equivalent loading methods under the explosion impulse of 15, 25, and 35 g explosives. For the uniform sandwich circular plates, the deflection of the rear panel correspondingly decreases with the increase in relative density under different impact loads. At low impulses, the deflection of the rear panel under the two loading methods is close to the upper limit of the theoretical solution. The panel deflection under the two loading methods gradually approaches the lower limit of the theoretical solution as the impact load increases. The upper and lower limits of the theoretical solution are obtained based on Fleck’s theory (Fleck and Deshpande, 2004).
[image: Figure 9]FIGURE 9 | Deflection value of the back panel and the upper and lower limits of the theoretical solution for the uniform core layer under two equivalent loading modes with different cases. (The red line represents the upper limit of the theoretical solution. The green line represents the lower limit of the theoretical solution. The black line represents the deflection of the back panel under the applied pressure approach. The blue line represents the deflection of the back panel under the prescribed velocity approach).
Figure 9A shows that at this impact load level, the panel deflection after the uniform core layer under the two loading methods gradually increases with the increase in relative density, and the difference between the two gradually increases from 3% relative density. The deflection of the back panel should gradually decrease using the force–time curve method for loading compared with that using the prescribed velocity approach. The difference between the two is approximately 16.6% when the relative density is 8%.
Figure 9B shows that at the impact load level of 25 g explosive, the difference in the panel deflection after the uniform core layer under the two loading methods gradually increases after a relative density of 5%. The difference in back panel deflection between the two loading methods is relatively small when the relative density is less than 5%. However, the difference in the back panel deflection between the two loading methods gradually expands when the relative density exceeds 5%. At 8% relative density, the difference between the two is approximately 11%.
Figure 9C shows that at the impact load level of 35 g explosive, the difference in the panel deflection after the uniform core layer under the two loading methods gradually increases after a relative density of 6%. The difference in the back panel deflection between the two loading methods is relatively small when the relative density is less than 6%. However, the difference in back panel deflection between the two loading methods gradually expands when the relative density exceeds 6%. At 8% relative density, the difference between the two is approximately 9%.
In a uniform sandwich structure, the difference in the back panel deflection under the two loading methods is relatively low when the relative density of the core layer is low. As the relative density of the core layer increases, the difference in the back panel deflection under the two loading methods gradually appears. From the perspective of the explosion load’s impulse level, the anisotropy of the uniform core layer with a high relative density gradually decreases under two types of loading as the explosion impulse increases. The comparison of the panel deflection’s simulated values for the same relative density sandwich panel indicates that the simulated solution approaches the upper limit of the theoretical solution for low explosive loads under the two loading methods. Moreover, the simulated solution gradually approaches the lower limit of the theoretical solution as the explosive load increases.
As can be seen in Figures 7, 9, the difference in the overall energy absorption between the core and the sandwich panel under two different loading methods is greater than that in the deflection of the back panel. Similar to the research conclusion of Ashkan et al. (Vaziri and Hutchinson, 2007), the results in the present study indicate that for uniform sandwich panels, the difference in the back panel deflection of this bio-mimetic sandwich circular panel is relatively small under the two loading methods, whereas the overall compression of the core layer under the prescribed velocity approach far exceeds that under the applied pressure approach.
The difference in energy absorption for uniform sandwich structures under different loading conditions is mainly due to the different ways in which the impact loads act on the sandwich panels. This makes the deformation mechanism of the sandwich structure different. Through the applied pressure approach, the front panel of the sandwich panel receives the external pressure as well as the resistance of the core in a short period of time. For the front panel of the sandwich structure, before the external force and the core layer platform stress to reach equilibrium, this is an accelerated movement process from zero, the front panel impact on the core layer leads to core layer compression, and when the external force continues to reduce, the sandwich structure overall reaches a consistent motion process, the front panel gradually decelerates until it matches the overall speed of the structure. However, for the prescribed velocity approach, the front panel is always in decelerating motion, and under the action of the core layer resistance, the front panel decelerates from a very high velocity until it is in line with the overall velocity of the structure.
The two different deformation and motion mechanisms lead to a dramatic change in the core compression of the structure and a very different energy absorption in the structure. However, due to the certain impulse, although the deformation mode is different in the fluid-solid coupling stage and the core layer compression stage, the final deflection during the overall motion state of the structure stays approximately the same.
Given that the density gradient of the core layer can significantly impact the response of the structure, the response of the outer gradient core layer under two loading methods must be studied.
4.2 Energy absorption of the out-of-plane gradient sandwich structure
The energy absorption of the out-of-plane gradient core is shown in Figure 10. The initial impulses of the two loading methods are the same. The energy absorption of the core layer under the prescribed velocity approach is approximately 3–5 times that of the applied pressure approach. For the prescribed velocity approach, a slight difference exists in the energy absorption of the core layer with different gradients. This finding indicates that under this loading method, the small changes in the out-of-plane gradient slightly affect the total energy absorption of the core layer. However, the total energy absorption of different gradient core layers varies greatly under the applied pressure approach. This finding indicates that under this loading method, the density gradient is sensitive. Model-I has the best energy absorption capacity under the applied pressure approach.
[image: Figure 10]FIGURE 10 | Energy absorption of the single gradient core.
Moreover, no obvious downward trend is observed with the increase in impulse load for the normalized plastic dissipation energy of the cores under the applied pressure approach. However, in the case of the prescribed velocity approach, the normalized plastic dissipation energy of the core decreases with the increase in impulse load strength. Therefore, the choice of load form affects the judgment of the energy absorption capacity of the structure when dealing with explosion impact problems.
A comparative analysis is conducted on the dimensionless energy absorption of the core layers in the out-of-plane direction under different loading cases to study further the energy absorption and distribution law of the core. The specific results are shown in Figure 11.
[image: Figure 11]FIGURE 11 | Dimensionless energy absorption of various core parts in different cases.
Figure 11 shows that the applied pressure approach is above the horizontal axis, and the prescribed velocity approach is below the horizontal axis. For the applied pressure approach, the energy absorptions of the A, B, and C layers in Model-I and the UG decrease gradually. In Model-II, the energy absorption of the C layer is relatively large. For the prescribed velocity approach, the A layer energy absorption of all core types is the highest.
4.3 Deflections of the out-of-plane gradient sandwich panel
4.3.1 Back panel deflections of the out-of-plane gradient sandwich panel
The back panel deflections of the out-of-plane gradient sandwich panel under the two loading approaches are shown in Figure 12. No obvious differences exist in the back panel deflections of different out-of-plane gradient sandwich structures under different impulse levels.
[image: Figure 12]FIGURE 12 | Influence of the out-of-plane gradient on the back panel deflection.
For the small gradient changes in the out-of-plane direction, no significant change is observed in the deflection of the structure’s panel. However, the energy absorption of the core layer has significant differences under different loading methods. Nevertheless, the back panel deflection is not significantly different. Further research is needed on this phenomenon.
4.3.2 Deformation mechanism of the sandwich structure
To further investigate the deformation modes of the sandwich panels under blast loading, the velocity curves of the front and back panels are extracted. Fleck divides the response of the sandwich panel under impact into three response stages based on the difference in response time, namely, fluid solid coupling stage - stage I, core layer compression stage - stage II, and overall motion stage of the sandwich panel - stage III (Fleck and Deshpande, 2004; Qiu et al., 2005; Tilbrook et al., 2006; Liang et al., 2007; Zhu et al., 2010; Cui et al., 2012). The velocity–time curves of the midspan of the front and back panels under the two loading approaches are shown in Figures 13, 14. Figure 13A shows that for the applied pressure approach and the out-of-plane negative gradient sandwich panel (denoted as F-I), the velocity of the front panel increases more quickly than that of the back panel. When the velocity of the front panel reaches its maximum value, it begins to decelerate and reaches the same velocity as that of the back panel at teq= 0.21 ms. The front panel will move at a higher speed than the back panel before reaching the same speed, causing the core to compress. However, after a common speed is reached (Phase I of Stage III), the velocity of the back panel exceeds that of the front panel. This finding indicates that the core is not being compressed but reversed and stretched. Afterward, the velocity of the back panel begins to decline at tbd = 0.33 ms (Phase II of Stage III). Phase II of Stage III ends at t = 0.4 ms. Teq < tbd indicates that Stage II and Stage III are decoupled at this time.
[image: Figure 13]FIGURE 13 | Velocity–time curves of the midspan of the front and back panels under the applied pressure approach at pr3 ([image: image]). (A) Positive gradient sandwich panel. (B) Negative gradient sandwich panel. Teq is the time when the front and the back panels reach the common velocity. Veq is the common velocity of the front and back panels. Tbd is the time when the velocity of the back panel reaches the maximum velocity.
[image: Figure 14]FIGURE 14 | Velocity–time curves of the midspan of the front and back panels under the prescribed velocity approach at pr3 ([image: image]). (A) Positive gradient sandwich panel. (B) Negative gradient sandwich panel.
For the applied pressure approach and the out-of-plane positive gradient sandwich panel (denoted as F-II), in the beginning, the velocity of the front panel increases equally with that of the back panel, as shown in Figure 13B. The speeds of the front and back panels begin to decrease at 0.12 ms and reach a common speed at 0.2 ms. Before the common speed is reached, the back panel speed experiences downward and upward fluctuations. Finally, a common velocity is reached at teq at t = 0.2 ms. This finding indicates that Stage II and Stage III are coupled in this situation. Stage III ends at 0.4 ms. The deformation mechanism of the two kinds of sandwich plates is different.
The velocity–time curves of the midspan of the front and back panels under the prescribed velocity approach are shown in Figures 14A, B. Under the velocity loading condition, the two sandwich panel types show the Stage 2 and Stage 3 coupling. However, the coupling degree of type I sandwich panel is far less than that of type II sandwich panel. Figure 14A shows that the back panel experiences slight downward and upward fluctuations in speed before it reaches the same velocity as the front panel. The cause of these fluctuations is the same as that of a series of fluctuations in Figure 14B, which originate from the out-of-plane density gradient. Therefore, the mode of coupling action appears in type I sandwich panel; however, it can be understood as the mode of global decoupling and local coupling. Figure 14B shows the velocity–time curve of the midspan of Model II under the prescribed velocity approach. The velocity of the back panel decreases at 0.058 ms before the front panel and the back panel reach a common velocity at 0.15 ms. This finding indicates that Stage II and Stage III are coupled in this case. The comparison of Figure 14A with Figure 14B shows that the slope of the velocity–time curve in Figure 14A is more moderate than that in Figure 14B in the beginning. This finding means that the resistance received by the front panel at the initial stage of core compressing is different. Moreover, the resistance given by Model I is small, whereas that given by Model II is large. However, the speed of the front panel of Model II decreases gradually compared with that of Model I during the compression process, as shown in Figure 14A.
The velocity–time curves of the midspan of the front and back panels under two loading approaches are studied. Two kinds of gradient sandwich panels are coupled with each other in Stage II and Stage III. Moreover, Stage II and Stage III of Model II under two loading approaches are coupled. Their deformation mechanisms are quite different. The common velocity is calculated as 88.17 mm/ms by calculating the momentum theorem, and the error of finite element results is approximately 2%.
5 CONCLUSION
The study is an investigation of two methods of load application to the sandwich panel. The responses are compared for load application as a time dependent pressure history versus the imposition of the initial velocity. Core crushing shows the greatest difference. Core crushing and energy dissipation can be significantly overestimated using the initial velocity approach. The energy dissipation and the deflections of the cores with different gradients are very different when the density gradient is introduced. Based on the results among the present sandwich panels, the following conclusions can be drawn:
(1) Under the two loading conditions, the deflections of the two kinds of sandwich structures are quite different. For the applied pressure approach, Stage II and Stage III of the Model-I deformation process are decoupled from the whole tensile bending deformation process of the structure, whereas Stage II and Stage II of the Model-II deformation process are strongly coupled with the whole tensile bending deformation process of the structure. The two core deformation processes are all coupled for the prescribed velocity approach.
(2) In terms of energy absorption, the energy absorption of the core under the prescribed velocity loading approach is much higher than that under the applied pressure loading approach. Moreover, the plastic dissipation energy under the prescribed velocity loading approach is approximately 3–5 times that under the applied pressure loading approach at the same case of the impulse level. The whole plastic dissipation energy decreases with the increase in the relative density of the core.
(3) For the small gradient changes in the out-of-plane direction, no significant change is observed in the deflection of the sandwich structure’s panel. However, the energy absorption of the core layer has significant differences under different loading methods. Nevertheless, the back panel deflection is not significantly different. Further research is needed on this phenomenon. This finding may suggest that a direct positive relationship may not exist between the energy absorption of the core and the deflection of the structural panel, or a competitive relationship may exist between the energy absorption of the core and the structural deformation resistance. For example, there may be a critical state of “symbiosis” between energy absorption and deformation resistance in gradient structures. Beyond the critical threshold, there will be some “competition” between energy absorption and resistance to deformation. “The better the energy absorption of the core layer is, the stronger the structural deformation resistance is” may be existing only between some critical states. Therefore, for the core design of sandwich structures, the energy absorption of the core should be appropriately coordinated with the structural stiffness.
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