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Abstract

:

Aluminum cladding panels have been used in some of the most iconic buildings around the world due to their durability, aesthetic appeal, and longevity. These panels play a critical role as the first line of defense against external forces such as wind and rain; therefore, the appropriateness of the design and resilience of aluminum cladding panels must be ensured. Previous researchers have conducted very minimal research on aluminum panels subjected to windborne debris impact. Their scope was limited to studying the response of panels when they are targeted at the center. The influence of various structural and load-related parameters on the response of such claddings has yet to be investigated. Furthermore, no design guidelines are readily available that engineers can use to predict the response of aluminum cladding panels when subjected to such loads considering various conditions (location of impact, projectile’s material, angle of impact, velocity of impact, unsupported length, and the geometry of the panels). The main aim of this paper was to develop some design guidelines that engineers can use to predict the response of aluminum cladding panels exposed to windborne debris impact. To achieve this, a series of parametric studies was conducted to generate a data bank. These parametric studies were performed with the help of a robust numerical model that has been validated with experimental results. The parametric sensitivity study revealed that the angle of impact was the most influential parameter, causing an 80% reduction in the peak impact force with a 50% decrease in the angle. The velocity, plate thickness, location of impact, and unsupported length also significantly influenced the panel’s response. The alloy type emerged as a dominant factor affecting the maximum and residual deflections. Regression equations were formulated based on the generated dataset to accurately predict the peak impact force, maximum central deflection, and residual deflection of solid aluminum cladding panels. The proposed prediction equations offer a better alternative to experimental testing.
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1. Introduction


Aluminum cladding is the ideal choice of material for resilient facade systems because it enables a high strength-to-weight ratio, durability, and corrosion resistance. It is the ideal base for various finishing options to suit any project’s architectural requirements [1]. Designed to suit commercial, residential, and industrial projects, this non-combustible product allows complete architectural freedom (see Figure 1).



Strong winds and heavy rains are generated by tropical cyclones (also known as hurricanes or typhoons) that act as a potential hazard for these claddings. The effects of violent precipitation and devastating wind threaten the safety of more than a hundred million people every day [3]. Additionally, the resulting windborne debris, produced as a result of the surrounding plants, trees, and construction activities, can greatly impact the façade system and damage the building envelope [4,5]. Such damage would increase internal pressurization, which in turn could potentially cause a collapse of the outer walls if the building is not designed to withstand the high wind loads of a cyclone event [6]. Therefore, it is important to ensure the appropriateness of the design and the resilience of these cladding systems.



In recent years, engineers have started investigating the behavior of aluminum panels subjected to windborne debris impact. The effect of some structural parameters, namely the thickness of the plate and length of the plate, on the impact force–time history and deflection–time history were investigated. Li et al. (2017) [7,8] conducted a drop-weight test on an aluminum plate using five different types of impactors to determine the size, shape, and depth of the dents. One of the limitations of these studies is that only one size configuration was set for the five types of dents and, therefore, numerous finite element analyses are to be further conducted to analyze the effect of dent size, orientation, and plate size (length, width, and thickness) on the ultimate strength of panels under compression. Mohotti et al. (2013) [9] studied the influence of the thickness of the plate on the deflection time history of AA5083-H116 and concluded that the increase in thickness of the plates caused a reduction in the maximum central deflection; however, in this study, the influence of an increase in the length of the plate (span) on its dynamic impact performance was not considered. Pathirana (2018) [10,11] also explored the damage to the aluminum facades from flying objects. An analytical model for assessing the impact-induced damage to aluminum panels was proposed. This study was based on a spherical specimen as a projectile and recommended confirming the validity of the equations proposed for spherical projectiles by using non-spherical projectiles. Iqbal et al. (2008) [12,13] performed extensive research studies on aluminum plates subjected to impact loading. The effect of the thickness of the target on the displacement history and force–time history was studied; however, the influence of the varying span and the distance between the fasteners on the response of these panels was not investigated.



In addition to structure-related parameters, another major challenge was the influence of load-related parameters, i.e., the location of impact, angle of impact, and velocity of impact on the response of the aluminum cladding system. Villavicencio et al. (2012) [14,15,16] conducted a series of experimental tests on transversely impacted, clamped aluminum plates struck at the center by a mass with a spherical intender. Christiansen et al. (1993) [17] investigated the effects of highly oblique impacts on thin and thick aluminum plates. An aluminum projectile was fired from the gas gun. The speed of the projectile was maintained between 6.5 and 7 km/h, with the angle of impact varying from 0° to 88° degrees. A 6.4 mm thick aluminum plate was used as a target and a 1 mm diameter ball as the projectile. It was concluded that multiple craters can be produced by a single, solid projectile impacting at an oblique angle.



In summary, the existing research predominantly focuses on the central impact of projectiles on targeted plates, neglecting investigations into the edge-on impact of solid aluminum panels, which is a common and critical scenario, especially in practical applications such as cladding. This significance is underscored by the fact that four out of the six designated impact locations specified in AS/NZ 1170.2 are in proximity to structural supports. Thus, assessing the performance of solid aluminum cladding systems at various locations, especially those adjacent to supports, becomes imperative.



Furthermore, real-world scenarios seldom involve projectiles striking wall cladding perpendicularly, emphasizing the need to explore the oblique impact performance of these panels. Additionally, the influence of the plate dimensions, representing the span and fastener distances in cladding panels, remains uninvestigated. Furthermore, no research is available in the literature that explores the response of cladding panels subjected to timber projectiles, and there exists a gap in the literature for the identification of key structure and load-related parameters that govern the response of aluminum cladding panel systems.



The study of solid aluminum panels is not only limited to experimental investigations: Some researchers have also proposed analytical and numerical models for their studies [18,19]. Grytten et al. (2009) [19] studied square plates penetrated by a blunt-nosed projectile, modeling a quarter of the target plate with orthotropic plasticity and using a hyperelastic–viscoplastic material model for solid aluminum panels. Mohotti et al. (2013) [9] employed a quarter plate model with a deformable solid element for the aluminum plate and a rigid body model for the projectile, using the Johnson–Cook material model. Fagerholt et al. (2010) [18] used a square-shaped aluminum plate with a central blunt projectile, while Mocian (2018) [20] simulated the low-velocity impact behavior of 6082-T6 aluminum plates. The majority of these researchers have used solid deformable body models for aluminum panels; however, shell models, which simplify complex shapes, offer advantages such as computational efficiency, easier meshing, and reduced errors. Furthermore, these researchers have modeled the projectile as a rigid body and have neglected the effect of friction between the projectile and the target. Thus, there is a need to develop a robust numerical model capable of addressing these limitations to ensure precise predictions.



Therefore, the main objective of the current paper is to develop some design guidelines that can easily be used by engineers to design solid aluminum claddings exposed to windborne debris impact.



The enabling objectives are to (a) develop a robust numerical model for plain solid aluminum panels subjected to impact loading, (b) verify the numerical model, and (c) develop a data bank by conducting a series of parametric studies considering the key structural and load-related parameters.




2. Finite Element Modeling


The finite element modeling software ABAQUS 6.14-5 [21] was used for the development of a robust numerical model to ensure precise predictions.



2.1. Development of a Robust Numerical Model


The proposed model aimed to finalize the range of instrumentation to be used in experimental studies and to verify the numerical techniques. The following sections provide a detailed discussion of the role of the element types, material models, fracture strain, and the influence of Cowper–Symonds parameters in the development of the robust numerical model.



2.1.1. Element Type and Size


A review of the published literature showed the preference of the majority of researchers [9,13,18,22,23] to use a general-purpose linear brick element, with reduced integration (C3D8R), for the simulation of the targeted plate; however, shell elements can be a significant time saver because they enable the modeling of thin features with fewer elements than solid elements [24]. Furthermore, shell elements address Jacobian errors arising from thin solid features. Thus, a 4-node general-purpose shell, reduced integration with hourglass control, and finite membrane strain elements (S4R) were employed in the proposed model to simulate the behavior of aluminum panels. The computational time recorded for the analysis of the proposed model with shell elements was less than half of that when solved with solid elements (refer to Figure 2). The projectile was modeled as a solid deformable body (C3D8R). A solid deformable projectile is closer to what practically happens when a projectile (deformable body, usually roof tiles or battens) falls from the roof of the building and hits a wall/roof cladding panel.



The appropriate use of the element size is important in finite element analysis (FEA) to effectively simulate the deflection-time history and force–time history of aluminum panels. Thus, a convergence study was considered in the finite element modeling of the aluminum plates. A plateau was noted between 2 mm and 5 mm mesh size with a percentage difference of around 1%. The mesh size 5 × 5 mm (both for the projectile and the plate) was found to be the most suitable for the finite element modeling of the proposed model (refer to Figure 3).




2.1.2. Material Model


Two commonly utilized material models used for the simulation of aluminum panels are (a) the piecewise linear plasticity model and (b) the Johnson–Cook material model. Many of the previous studies [9,14,15,18] have used the Johnson–Cook model to define material properties. The Johnson–Cook material model requires various parameters to be used as input, most of which should be obtained from experimental testing. This makes it a less cost-effective solution. To address this difficulty, a piecewise linear plasticity model was employed in this study. Two different alloys of aluminum, i.e., AA5083-H116 and 6082-T6, were used to develop the proposed model. The engineering stress-strain curves for AA5083-H116 and 6082-T6 were adopted from the previous studies [9,20]. The analytical equations used for converting the engineering stress–strain into true stress–strain are shown in Equations (1) and (2), and the true strain was converted to plastic strain using Equation (3) [23].


σtrue = σengineering × (1 + εengineering)



(1)






   ε  true   = ln ( 1 +  ε  engineering   )  



(2)






   ε plastic  =  ε true  −   σ t r u e   E    



(3)




where E represents the modulus of elasticity. The material properties used as input in the plasticity model are given in Table 1.




2.1.3. Dynamic Increase Factor


The dynamic effects of strain rates that highly influence the force–time history should be taken into consideration in the simulation of impact loading [20]. They are defined by scaling the static yield stress with the factor assumed by the Cowper–Symonds relation (POWER LAW) [21] given in Equation (4).


   σ ¯  =  σ 0  (   ε ¯   p l   , θ ,  f i  ) R (   ε ¯  •     p l   , θ ,  f i  )  



(4)




where   σ ¯   is a material’s yield stress,    σ 0  (   ε ¯   p l   , θ ,  f i  )   is the static stress–strain behavior and   (   ε ¯  •     p l   , θ ,  f i  )   is the ratio of the yield stress at a non-zero strain rate to the static yield stress so that   R ( 0 , θ ,  f i  )   = 1.0.


    ε   − • p l   =   D ( R − 1 )   n    



(5)







Previous studies [9,18,19,27] have neglected the effect of parameters D (multiplier) and n (exponent) on the impact force (refer to Equation (5)). In this study, based on the established ranges from the literature [6,20], a series of values, i.e., 2, 4, 4.5, 5, 5.5, and 6, were considered for the parameter n, where the value of D was kept constant at 5000. In the next phase, this value of n was kept constant, varying the value of D from 5000 to 500,000 to assess the influence of D on the impact force [20].




2.1.4. Damage to the Ductile Metals


The plastic behavior of aluminum is best defined using the piecewise linear plasticity material model to the point where the plate has not experienced bulging. But when fracturing is expected (at critical strain), it is important to define the damage initiation. ABAQUS [21] offers a variety of choices of damage initiation criteria for ductile metals, each associated with distinct types of material failures. The damage evolution in ABAQUS [21] is defined by using the values of the fracture strain. The fracture strain is the point where damage initiates. In Figure 4, σyo and εf−pl are the yield stress and equivalent plastic strain at the onset of damage. εo−pl is the equivalent plastic strain at failure.



Previous studies [9,20,27] have investigated the behavior of solid aluminum panels before perforation and have not studied the damage to these panels. In the proposed model, the values of the plastic strain for damage initiation (fracture strain) were calculated from the true stress vs. plastic strain curves that were plotted using Equations (1) and (3). The offset method was used to find the value of the plastic strain (0.091 mm/mm) at the ultimate yield strength (274 MPa), which is the point of damage initiation.




2.1.5. Loading and Boundary Conditions


The load was applied to the reference point of the projectile in terms of velocity as a predefined field. Fixed boundary conditions were used for the target plate, which means translational displacements and rotations of the plate were restrained in all directions (U1= U2 = U3= UR1 = UR2 = UR3 = 0). In the case of the projectile, its translational displacements were restricted in all directions except the direction of the velocity (U1 = U2 = 0, U3 = 1), while the rotations were restrained in all directions (UR1 = UR2 = UR3 = 0).




2.1.6. Contact Algorithm


The surface-to-surface interaction with penalty contact was employed in the proposed model. The definition of the master and slave surfaces is arbitrary; however, in general, the master surface is defined as the stiffer body or the surface with a coarser mesh if the two surfaces have comparable stiffness [29]. In the proposed model, the mesh of the projectile and the target was of the same size, which is why the projectile (a stiffer surface) was defined as the master and the target plate as the slave surface.




2.1.7. The Difference between the Proposed Model and the Previous Models


A summary of the differences between the proposed model and those already published in the literature is given in Table 2. The assemblies of the proposed models are given in Figure 5.





2.2. The Proposed Base Model for the Impact of Timber Projectile


The objectives of the base model were to conduct a sensitivity analysis, generate a data bank, and determine the key controlling structural and load-related parameters that influence the dynamic impact performance of the solid aluminum cladding system exposed to timber projectiles. A base model was developed considering the specifications given in AS/NZ 1170.2_2021 [30]. A seasoned timber, Messmate stringybark (Tasmanian oak), with a density of 780 kg/m3, modulus of elasticity of 15,000 MPa, and poison ratio of 0.40, was employed in the proposed base model [26]. The projectile was modeled as a deformable body with a mass of 4 kg. A velocity of 2.8 m/s was assigned to it (see Figure 6). To finalize the type of alloy and the dimensions of the targeted plate, a survey was conducted to find out the most commonly used alloys of aluminum and the dimensions of the plate. Based on the most commonly used criteria, a solid aluminum panel of 5052-H32 with the dimensions of 550 × 550 × 3 mm was used as a target plate [2,31,32]. A 4-node general-purpose shell, reduced integration with hourglass control, and finite membrane strain elements (S4R) were employed in the proposed model to simulate the behavior of aluminum panels. A piecewise linear plasticity model was used to define the behavior of 5052-H32 for which the stress–strain curve was obtained from the study of Ji-Woo Park [33]. The values of the density, poison ratio, and modulus of elasticity used in the base model are given in Table 1. The connection details of the plate in practice are given in Figure 7. It shows that the translational displacement and rotations of the plate are restricted in all directions by a system of screws and aluminum Z-sections fully fixed to the perimeter of the panels. Considering this, fixed boundary conditions were applied to the aluminum plate in the proposed base model. Similarly, the translational displacement and rotations of the projectile were restricted in all other directions except the direction of drop. The surface-to-surface interaction with penalty contact was employed in the base model. The top of the projectile, which comes in contact with the plate, was assigned as the master surface and the target plate as the slave surface. A mesh convergence study was conducted to find the mesh size that can provide a balance between accuracy and computational cost. A plateau was noted between the 15 and 20 mm mesh sizes, with a percentage difference of around 1%, so a mesh size of 20 × 20 mm was used in the base model.





3. Validation of the Robust Numerical Model


The values of (a) the peak impact force, (b) maximum, and residual deflection obtained from the proposed numerical model were compared with the experimental results from the previous studies as well as the results of the pilot test. The reason for comparing it with previous studies was to find the range of the instrumentation (to be used in the pilot test) and to verify the numerical techniques. The pilot test was intended to further verify the numerical techniques, particularly when a timber projectile is used.



3.1. Validation of the Proposed Model Using Previous Experimental Studies


Table 3 shows the experimental studies that were selected to validate the robustness of the proposed model. The results obtained from the proposed numerical model when compared with the previous experimental studies showed good agreement.



3.1.1. Comparison of the Peak Impact


Table 4, Table 5, Table 6 and Table 7 show the comparison of the results for the peak impact force. The percentage difference between the maximum value of the impact force predicted using the proposed numerical model and the values recorded during the experiments conducted by the previous researchers was found to be less than 10% for all the studies used as references. This is while the percentage difference between the previous numerical models with experimental was more than 10% for some cases, thus confirming the robustness of the proposed model [18]. The analysis of the influence of the Cowper–Symonds parameters on the peak impact force showed that as the values of the Cowper–Symonds parameters (multiplier and exponent) are increased, so are the stresses (refer to Equations (4) and (5)); however, this effect was not very prominent at lower velocities. These results were in line with the findings from the studies of Mocian et al. (2018) [20] and Hussain et al. (2021) [6].




3.1.2. Comparison of the Maximum Deflection and Residual Deflection


Table 8, Table 9, Table 10 and Table 11 show the comparison of the results for the maximum deflection and the residual deflection. When compared with the study conducted by Mohotti et al. (2013) [9], the magnitude of the maximum deflection obtained from the proposed model was found to have less than a 3% difference from the experimental result (refer to Table 8); however, this percentage was slightly more (around 7%) for the residual deflection (refer to Table 9). The residual deflection was overestimated by the proposed model, similar to the one by Mohotti et al.’s (2013) [9] model. Similarly, the percentage difference in the predicted values by the proposed model had a difference of less than 10% when compared with the experimental results published by Fagerholt et al. (2010) [18] and Pathirana et al. (2018) [10] (refer to Table 10 and Table 11). Thus, it confirms the robustness of the proposed model for the prediction of the maximum and residual deflection when solid aluminum plates are subjected to impact loading.





3.2. Validation of the Proposed Model Using the Results of the Pilot Test


No existing literature provided studies in which an aluminum plate was subjected to wooden projectiles. Consequently, to validate the proposed base model with a timber projectile, an experimental test was conducted at the School of Engineering and Built Environment, Griffith University, Nathan Campus. The details of the experimental study conducted are provided in this section.



3.2.1. Test Setup and Procedure


The test setup consisted of a drop pipe to guide the projectile to hit the plate at the center. The test specimen was made up of a 3 mm thick aluminum plate of alloy 5052-H32 with a size of 550 mm × 550 mm that was held by a supporting frame using M10 bolts (see Figure 8). The unsupported area of the specimen was 500 mm × 500 mm. The AS/NZ 1170.2_2021 instructions were followed for the selection of the timber projectile. It states that where windborne debris is required for impact resistance testing, the debris loading shall be “a timber member of 4 kg mass (minimum density of 600 Kg/m3) with a nominal cross-section of 100 mm × 50 mm at the impacting end” [30]. The projectile was dropped with a velocity of 2.8 m/s from a height of 400 mm.




3.2.2. Instrumentation


A laser displacement sensor HG-C 100 was placed underneath the plate and was aligned along the vertical axis of motion of the projectile to record the readings for the deflection–time histories of the specimen for the impact test. HG-C1100 has a measurement range of ±35 mm, a sample rate of 26 K/s, and a measurement center distance of 100 mm. To record the acceleration of the projectile during the event, an accelerometer 7264D-2KTZ-2-360 ± 2000 g (a resonance frequency range of 40 kHz) was connected to the projectile at 50 mm from the impacting edge. The accelerometer was screwed inside the timber perpendicular to the direction of the drop as shown in Figure 9. It was used to record the acceleration–time history that was then employed to calculate the impact force–time history. The impact velocity of the projectile was determined using Equation (6).


V = √2gh



(6)




where V is the velocity of impact (m/s), g is the gravitational acceleration (m/s2), and h is the drop height (m).




3.2.3. Comparison of the Experimental and Numerical Results


The response of the panels was recorded in terms of the impact force–time history and deflection–time history. The results showed that the impact force–time history had four phases: an initial peak phase, a vibration phase, a plateau phase, and an unloading phase. The first three stages are the parts of the impact process’s contact stage, whereas the last phase occurs during the separation stage. The impact force increases rapidly at first, reaching its peak as the strike begins, followed by following spikes of lesser amplitudes. The plate and impact head then move together and remain in contact, indicating the plateau period. This plateau period is followed by the unloading phase, in which the impact force is reduced to zero when the panel and impact head are entirely separate. The primary peak force recorded was 20.13 kN (see Figure 10). The value of the maximum central deflection recorded was 7.45 mm (see Figure 11). The comparison of the experimental and numerical results showed the percentage difference between the peak impact force recorded in the experiment and that predicted using the proposed model had a difference of less than 5%. Similarly, the difference in the value of the maximum displacement predicted using the base model and that recorded in the experiment was approximately 9%. The comparison of the experimental and numerical results for the force–time history and deflection–time history are given in Figure 10 and Figure 11, respectively. Figure 12 shows the numerical results for the maximum deflection at the center of the plate. Post-test observations of the impacted plate indicated no local indentations (see Figure 13), which is consistent with the predictions provided by the numerical model, showing zero residual deflection (see Figure 11).






4. Parametric Sensitivity Analysis


Using the validated base model with a timber projectile, a parametric sensitivity study was conducted to (1) find the influence of various structure and load-related parameters on the impact performance of solid aluminum panels, and (2) find the key parameters. Table 12 shows the various structure- and load-related parameters that were considered for the parametric and sensitivity studies. The response of the structure was noted in terms of the impact force–time history and deflection force–time history. The velocity was systematically increased to determine the threshold at which penetration occurs for different locations and alloys. Additionally, this section explores the correlation between dent production and the response of the plate, with a specific emphasis on the initial peak force (see Figure 14).



4.1. Influence of the Structural-Related Parameters on the Response of the Claddings


The sensitivity analysis of solid aluminum panels during impact encompassed three critical structural-related parameters (see Figure 15, Figure 16 and Figure 17). First, the unsupported length, while having a modest impact on the impact force, played a substantial role in determining the maximum and residual deflection. Second, the plate thickness emerged as a significant factor, influencing the impact force and deflection, with thicker plates resulting in greater force and less deflection. Third, the choice of alloys had minimal effects on the impact force but significantly influenced the deflection due to differences in the yield strength: alloys with lower yield strengths led to increased deflection during impact.



4.1.1. Unsupported Length


The sensitivity analysis showed that when the unsupported length was increased by 100%, there was only around a 1% reduction in the impact force and vice versa (refer to Figure 15). Furthermore, it was observed that when a dent was produced in the impact plate, there was a reduction in the value of the impact force. This hypothesis is also proved by the findings of Dale et al. (2012) and supported by Equations (7) and (8) [34].


   F   t    =  K e   α n   



(7)




where F(t) is the magnitude of the contact force, ke is the contact stiffness, and n is the exponent (power), which according to the original Hertzian analysis is n = 3/2 for a sphere contacting a flat infinite material (half-space).


  α =  D 1  −  D 2  (  a 2  ,  b 2  , t )  



(8)




where D1 represents the global deflection, and     D   2       a   2   ,   b   2   , t     represents the local deflection/ dent in the plate (see Figure 14). Thus, it can be concluded that the intensity of the impact force is dependent on the contact stiffness and the deflection of the impacted plate. The value of ke depends not only on the kind of elastic material under consideration but also on its dimensions, shape, and boundary conditions. When there is an increase in the unsupported length of the solid aluminum plate, there is a decrease in the value of the contact stiffness (Ke) that causes a reduction in the impact force. Here, it is worth mentioning that this change in the impact force due to a change in the unsupported length is very small.



The influence of the unsupported length on the deflection was more than the impact force. There was around a 43% increase in the maximum deflection (refer to Figure 16) and a 90% increase in the residual deflection when the unsupported length of the plate was doubled. The increase in the residual deflection with an increase in the unsupported length is valid up to 1000 mm, after which the increase in the unsupported length reduces the residual deflection due to excessive elastic vibrations (see Figure 17). Similarly, the reduction in the unsupported length to half resulted in around a 19% and 14% reduction in the maximum and residual deflection, respectively, for the base model. The transfer of energy between the moving impact head and the solid aluminum panels occurs through physical contact between the two bodies. This impact results in local deformation (indentation) at the impact location and global bending deformation of the panel (refer to Figure 14) [35]. According to the plate bending theory, the load–displacement relationship of the square plate is given by Equation (9) [36].


   ω 0  =    p 0   a 4    47 D    



(9)







Here, ω0 is the deflection at the center of the plate, p0 is the concentrated load, a is the unsupported length of the plate and D is the bending constant. It is obvious from Equation (9) that an increase in the unsupported length exponentially increases the central deflection of the impacted plate.




4.1.2. The Thickness of the Plate


It was found that a 50% increase in the thickness led to an approximately 49% increase in the impact force, while a 25% decrease in the plate thickness resulted in a roughly 24% reduction in the impact force (see Figure 15). Furthermore, the sensitivity analysis, conducted across various thickness values detailed in Table 12, demonstrated a nearly 15% rise in both the maximum and residual deflection when the thickness was decreased by 25%. Conversely, increasing the plate thickness by 50% led to a reduction of approximately 20% in the maximum deflection and about 24% in the residual deflection (see Figure 16 and Figure 17). This influence of the thickness is mainly due to the change in the stiffness of the plate. For uniformly loaded clamped plates, the stiffness (K) is given by Equation (10) [36].


  K = C    h 3     L 2     



(10)







Here, C is the constant, h is the thickness of the plate and L is the distance from the support. The thickness of the plate favors the stiffness of the plate, which eventually increases the contact stiffness of the test and thus the impact force, reducing the maximum and residual deflection.




4.1.3. Type of the Alloys


The analysis revealed that different alloys had a minimal impact on the impact force, with variations of less than 1% observed (refer to Figure 15). The alloys having higher moduli of elasticity will have more contact stiffness and relatively a higher impact will be experienced (refer to Equation (11)). The plate bending theory has defined the relation of the contact stiffness (Ke) with the modulus of elasticity as given in Equation (11) [34,36], where E1 is the modulus of elasticity of the impacted plate and R is the radius of the projectile.


   K e  =  4 3   E 1   R   



(11)







However, for the alloys considered in this study, the moduli of elasticity are almost the same, i.e., 70 MPa except for 5005-O, which has the value of E as 68.2 MPa but is still very close to it, which is why no considerable influence was noted from the perspective of different alloys on the impact force. Noteworthily, these different alloys possess distinct values for the yield strength, fracture initiation strain, and rupture strain, which significantly affect the maximum deflection and residual deflection. Taking the yield strength of 5052-H32 as a benchmark at 269 MPa, a sensitivity analysis revealed noteworthy findings. When using 3003-H32 with a lower yield strength (of around 165 MPa), both the maximum deflection and residual deflection increased by 28%. Furthermore, reducing the yield strength to 42 MPa by using 5005-O resulted in a significant increase of 29% in the maximum deflection and an increase of 79% in the residual deflection (refer to Figure 16 and Figure 17).





4.2. Influence of the Load-Related Parameters on the Response of the Claddings


4.2.1. Velocity of Impact


A series of velocities from 4 m/s to 40 m/s were used with a reference velocity of 22.8 m/s. When the impact velocity was reduced by 82.5% (to 4 m/s), the impact force was decreased by 85%. Similarly, increasing the velocity of impact by 80% (to 40 m/s) caused around a 75% increase in the impact force (see Figure 15). Thus, it was concluded that when the velocity of impact increases, so does the impact force. These results of the impact force (Fi) are also supported by Newton’s 2nd law, as given in Equation (12) [37].


   F i  =   m ( u − v )  t   



(12)




where m is the mass of the projectile, u is the velocity of the projectile before impact, v is the velocity of the projectile after impact and t is the time for velocity to change from u to v. At the velocity of 4 m/s compared with the reference velocity of 22.8 m/s, the maximum deflection decreased approximately 85% and the residual deflection decreased 90%, while at 40 m/s, the maximum deflection increased 70% and the residual deflection increased 80% (refer to Figure 16 and Figure 17).




4.2.2. Location of Impact


The sensitivity analysis showed around a 4% increase in the impact force for location P and a 10% increase in the impact force for location Q when compared with the impact at the center of the plate, confirming position Q as the critical location of impact. Random locations of impact were selected in the transverse direction and longitudinal direction, ranging from center to corner in such a way that they cover various points. The location of impact at the center of the plate was chosen as a reference. Locations P and Q are shown in Figure 18. R represents the total distance from the center (C) to the support (Q) for the inclined part of the plate and from the center (C) to support (P) for the middle part. r is used for the distance of every location (a, b, c, etc.) of impact from the center in such a way that at points P and Q, r is equal to R. In Table 12, the variable X represents the horizontal distance, while Y represents the vertical distance of the impact location from the center of the plate. These values were utilized in the application of the Pythagorean theorem (refer to Figure 18) to precisely calculate the impact location. As the impact point moves away from the center of the plate toward the support, the stiffness of the targeted plate increases, which in turn increases the contact stiffness (Ke) between the impactor and the impacting plate. This increase in Ke favors the peak impact force (see Figure 15). It is important to know that this hypothesis will not be followed if the increased velocity produces a dent or perforation in the plate. In that case, the value of α will be reduced (refer to Equation (8)), and thus, the impact force will be decreased even if it is near the support. Figure 19 and Figure 20 present the variations in the plate’s response corresponding to different impact locations. It shows that at velocity of 8.5 m/s, when the location of the projectile went closer to the support, there was an increase in the impact force; however, a reduction in force was noted at the same location when the velocities of 22.8 m/s and 40 m/s were used because of the production of the dent (see Figure 20). In Figure 19 and Figure 20, Fo represents the referenced peak impact force when the impact is at the center of the plate.



When the results of the maximum and residual deflection for a base model were analyzed, around a 55% reduction in the maximum deflection (see Figure 16 and Figure 21) and a 51% reduction in the residual deflection (see Figure 17) were noted at location Q when compared with the respective values at the center of the plate. It is worth mentioning that the plate perforated at location Q at higher velocities. As shown in Figure 22, when the ratio of r/R increased, a decrease in the residual deflection was recorded at 8.5 m/s and 22.8 m/s; however, a perforation was noted at the velocity of 40 m/s where the value of the residual deflection was noted as zero and the curve went down to touch the zero line. In Figure 21, dmo represents the referenced maximum deflection of the plate where the impact is at the center of the plate, whereas the dm shows the maximum deflection when the location of impact is other than the center. Similarly, in Figure 22, dro represents the referenced residual deflection of the plate where the impact is at the center of the plate, whereas the dr shows the residual deflection when the location of impact is other than the center.




4.2.3. Angle of Impact


The projectile’s incident angle significantly influences the impact force and the maximum and residual deflection in the targeted plate [38]. The sensitivity analysis showed that the maximum impact force results when the projectile hits the target normally at 90°. When the angle of impact was reduced by 50%, i.e., from 90° to 45°, the impact force was reduced by approximately 84.5% (see Figure 15). This is because when the impact is at an angle, the force is resolved into horizontal and vertical components, causing a reduction in the impact force (see Figure 23). As Equation (11) suggested, the geometry (dimensions) of the projectile hitting the plate has a significant influence on the contact stiffness Ke, which ultimately affects the impact force. When the impact is at an angle, the area of contact stiffness between the projectile and the target plate is reduced, which results in reducing the impact force.



Contrary to the impact force, the value of the maximum and residual deflection increases as the angle of impact between the plate and the projectile decreases from 90°. This can be attributed to the intensified load concentration on a smaller contact area. For instance, reducing the angle to 85° led to a 4% rise in the maximum deflection (refer to Figure 16) and a 1% increase in the residual deflection (refer to Figure 17); however, as the angle was reduced to 45°, both the maximum and residual deflections decreased. This decrease was primarily due to the considerable reduction in the vertical component of the impacting force. At an angle of 45°, the analysis showed a 3.8% decrease in the maximum deflection and a significant 7% decrease in the residual deflection. It is important to note that even with the reduced deflection at lower angles, dent formation persisted due to the substantial force concentration on a smaller contact area.





4.3. Summary of Parametric and Sensitivity Study


The slopes of the sensitivity curves calculated for the graphs given in Figure 15, Figure 16 and Figure 17 showed that the angle of impact is the parameter that highly influenced the peak impact force, followed by the velocity of impact and thickness of the plate, respectively. The location of impact and unsupported length were the next parameters in the queue, respectively. There was no significant impact of the type of alloy on the impact force. The rankings varied when considering the maximum and residual deflections. In the case of the maximum deflection, the primary influencing factor was the type of alloy, followed by the velocity of impact, plate thickness, location of impact, unsupported length, and the angle of impact, in that order; however, when examining the parameters’ effect on the residual deflection, the sequence exhibited slight variations. The type of alloy held the most significant position, followed by the velocity of impact, unsupported length, location of impact, plate thickness, and angle of impact, in that respective order. Table 13 offers a summary of the penetration at different velocities at the normal angle of impact for 3 mm thick panels.





5. Development of the Design Guidelines


The parametric sensitivity study enabled us to generate a data bank and determine the key structure- and load-related parameters that are affecting the dynamic impact performance of the solid aluminum claddings. Table 14 outlines these key parameters, forming the basis for the regression analysis. Using data from 216 numerical models, regression equations were formulated, achieving high R2 values (97%, 94%, and 95%) for predicting the peak impact forces at different angles (α, β, and γ). These equations considered parameters such as the plate thickness, impact velocity, impact location, yield strength of the alloy, and unsupported length. A similar regression analysis led to equations (92.5%, 93.2%, and 93.1% R2) predicting the maximum deflection and residual deflection of the plates [39,40]. Table 15 presents the reference parameters utilized in formulating the proposed equations.



5.1. Proposed Equations


5.1.1. Peak Impact Force


Equations were developed for different ranges of parameters, keeping in mind achieving the highest value of R2. Separate equations were developed considering the impact at different angles. The regression equations for the prediction of the impact force at various angles are given in Equation (13) to Equation (15). The values of R2 obtained for Equation (13), Equation (14), and Equation (15) were 97%, 94%, and 95%, respectively.


  l n     F   i       F   α 0     = ( 0.39   t     t   0     + 0.40   v     v   0     + 0.134   r   R   + 0.0353     F   b y         F   b y     0     − 0.11   L     L   0     − 0.56 )    θ i  =  90 °   



(13)






  l n     F   i       F   β 0     = ( 0.634   t     t   0     + 0.414   v     v   0     + 0.276   r   R   + 0.0828     F   b y         F   b y     0     − 0.0971   L     L   0     − 0.898 )   45 °  <  θ i  <  90 °   



(14)






  l n     F   i       F   γ 0     = ( 0.505   t     t   0     + 0.406   v     v   0     + 0.193   r   R   + 0.036     F   b y         F   b y     0     − 0.003   L     L   0     − 0.803 )    35 °  <  θ i  ≤  45 °   



(15)




where Fi is the value of the impact force to be predicted, Fα0 (64.74 kN), Fβ0 (14.04 kN), and Fγ0 (11.80 kN) are the impact forces recorded when the projectile hits the center of the plate at an angle of 90°, 85°, and 45°, respectively, at reference parametric values (refer to Table 15). Furthermore, t represents the thickness of the plate, v stands for velocity of impact, r is the distance of impact from the center of the plate, Fby is the yield strength of the alloy used in the manufacturing of the plate and L is the unsupported length.




5.1.2. Maximum Deflection


Similar to the impact force, equations were also developed to predict the maximum deflection of the plate at the location of impact. The maximum deflection of the plate when it was impacted at the center was considered as a reference. The values of R2 were 92.5%, 93.2%, and 93.1% for Equation (16), Equation (17) and Equation (18), respectively.


  l n     Δ   m i       Δ   m α 0     = ( − 0.50   t     t   0     + 0.42   v     v   0     − 0.83   r   R   − 0.8     F   b y         F   b y     0     + 0.28   L     L   0     + 0.68 )    θ i  =  90 °   



(16)






  l n     Δ   m i       Δ   m β 0     = ( − 0.46   t     t   0     + 0.416   v     v   0     − 0.74   r   R   − 0.76     F   b y         F   b y     0     + 0.28   L     L   0     + 0.62 )    45 °  <  θ i  <  90 °   



(17)






  l n ⁡     Δ   m i       Δ   m γ 0     = ( − 0.43   t     t   0     + 0.40   v     v   0     − 0.60   r   R   − 0.56     F   b y         F   b y     0     + 0.50   L     L   0     + 0.091 )   35 °  <  θ i  ≤  45 °   



(18)




where Δmi is the maximum deflection that is to be predicted, Δmα0 (11.72 mm), Δmβ0 (11.73 mm), and Δmγ0 (10.89 mm) are the maximum deflections recorded when the projectile hits the center of the plate at an angle of 90°, 85°, and 45°, respectively, at the reference parametric values (refer to Table 15).




5.1.3. Residual Deflection


Equations were also proposed to predict the residual deflection of the solid aluminum cladding system. The residual deflection of the plate when it was impacted at the center was considered as a reference. The coefficient of determination calculated for the proposed equations, Equation (19), Equation (20), and Equation (21), was more than 90% for all the sets of values.


  l n     Δ   R i       Δ   R α 0     = ( − 0.55   t     t   0     + 0.46   v     v   0     − 0.72   r   R   − 0.94     F   b y         F   b y     0     + 0.1   L     L   0     + 1.2 )    θ i  =  90 °   



(19)






  l n     Δ   R i       Δ   R β 0     = ( − 0.48   t     t   0     + 0.45   v     v   0     − 0.56   r   R   − 0.9     F   b y         F   b y     0     + 0.1   L     L   0     + 1.1 )    45 °  <  θ i  <  90 °   



(20)






  l n     Δ   R i       Δ   R γ 0     = ( − 0.56   t     t   0     + 0.44   v     v   0     − 0.66   r   R   − 0.77     F   b y         F   b y     0     + 0.19   L     L   0     + 0.93 )   35 °  <  θ i  ≤  45 °   



(21)




where ΔRi is the residual deflection that is to be predicted, ΔRα0 (7.4 mm), ΔRβ0 (7.74 mm) and ΔRγ0 (5.05 mm) are the residual deflections recorded when the projectile hits the center of the plate at an angle of 90°, 85°, and 45°, respectively, at the reference parametric values (refer to Table 15).





5.2. Verification of the Proposed Equations


The validity of the proposed equations was confirmed by incorporating values into the equations and then comparing the results with numerical models. Random values were picked for different parameters and the predicted values of the structure- and load-related parameters were calculated from the proposed equations. These values were compared with data collected from the numerical models. The percentage difference between the predicted values using the regression equations and those of the numerical model was less than 10% for the peak impact force and maximum deflection and around 12% for the residual deflection for all the sets of random values, which proves the validity of the equations (see Table 16, Table 17 and Table 18).





6. Conclusions


This study provides manufacturers and engineers with the design equations and velocity ranges required to optimize the impact loading testing process for panels, ensuring efficiency and cost-effectiveness in compliance with construction regulations. It involves the development and validation of the proposed model for analyzing the impact response of solid aluminum panels. The key parameters influencing the panel’s impact response were identified through a parametric sensitivity study. Regression equations were then developed to accurately predict the panel’s performance when subjected to the impact of timber projectiles.



The findings of this study can be summarized as follows:




	
A robust numerical model can be developed for the simulation of the dynamic response of solid aluminum panels by defining the target as shell elements and the projectile as the solid deformable body. The material model and Cowper–Symonds constants were the key factors that enabled the robustness of the proposed model. The numerical results obtained by employing a piecewise linear plasticity model were in close agreement with those of the experimental, confirming the robustness of the material model.



	
It was found that the angle of impact is the most influential parameter, resulting in an 80% reduction in the peak impact force with a 50% decrease in angle. Increasing the velocity of impact by 75% led to an 82% increase in the peak impact force. The plate thickness also had a significant effect, with a 50% increase resulting in a 49.5% increase in the impact force. The location of impact influenced the response by 13%, while the unsupported length contributed to a 1.5% variation. The type of alloy was the dominant parameter, with an increase in the maximum and residual deflection of 29% and 79% when using 5005-O instead of 5052-H32. The velocity of the impact also favored the maximum and residual deflections, with a 75% increase in the projectile velocity increasing the maximum and residual deflection by 70% and 80%, respectively. The increase in the plate thickness reduced the maximum and residual deflection by 50%.



	
The proposed prediction equations offered a better alternative to experimental testing. The validation test verified that the difference between the predicted values using the regression equations and those of the numerical model was less than 10% for the peak impact force and maximum deflection and less than 12% for the residual deflection, confirming the accuracy. Thus, it was concluded that the prediction formulae agree to a considerable degree with the numerical results and can be used as alternatives for the prediction of the dynamic impact performance of plain solid aluminum panels. They enable the identification of the maximum peak impact force panels can withstand, as well as the maximum and residual deflection anticipated during an impact event. By implementing control measures, manufacturers can develop resilient and efficient designs, ensuring the structural integrity of the panels under various impact conditions.
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Figure 1. Applications of aluminum cladding systems (Belconnen Health Reclad) [2]. 
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Figure 2. Element types and boundary conditions investigated in this study. 
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Figure 3. Comparison of the peak impact force using different mesh sizes. 
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Figure 4. Stress–strain curve with progressive damage degradation, own elaboration based on data from [28]. 
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Figure 5. Assemblies of the proposed model, own elaboration based on data from (a) AA5083-H116 and (b) 6082-T6 [6]. 
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Figure 6. Proposed base model. 
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Figure 7. Connection details of solid aluminum panels (Element 13) [2]. 
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Figure 8. Test setup for the drop test. 
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Figure 9. Connection of the accelerometer to the projectile. 
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Figure 10. Force–time history for a 5052-H32 plate subjected to the impact at the center. 
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Figure 11. Deflection–time history for a 5052-H32 plate impacted at the center. 
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Figure 12. Maximum deflection at the location of impact. 






Figure 12. Maximum deflection at the location of impact.



[image: Buildings 14 00135 g012]







[image: Buildings 14 00135 g013] 





Figure 13. Post-test observations of the impacted plate indicated no local indentations. 
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Figure 14. Schematic diagram of the indentation at the velocity of 40 m/s. 
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Figure 15. Influence of the key parameters on the peak impact force. 
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Figure 16. Influence of the key parameters on the maximum deflection. 
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Figure 17. Influence of the key parameters on the residual deflection. 






Figure 17. Influence of the key parameters on the residual deflection.



[image: Buildings 14 00135 g017]







[image: Buildings 14 00135 g018] 





Figure 18. Different locations of impact selected for the sensitivity study. 
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Figure 19. Impact force w.r.t location of impact (angle of impact was 45°, 5052-H32). 
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Figure 20. Impact force with respect to the location of impact (600 mm span, 5005-O). 
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Figure 21. Maximum deflection with respect to the location of impact (5052-H32). 
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Figure 22. Residual deflection with respect to the location of impact (5005-O). 
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Figure 23. Impact of a projectile at an angle. 
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Table 1. Parameters used as input in the plasticity model.
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Parts

	
Parameters

	
Values

	
Units






	
Aluminum plate [25]

	
Modulus of elasticity

	
70,000

	
MPa




	
Poison ratio

	
0.33

	




	
Density

	
2.66 × 10−9

	
tons/mm3




	
Steel projectile [25]

	
Density

	
7.85 × 10−9

	
tons/mm3




	
Modulus of elasticity

	
210,000

	
MPa




	
Poisson’s ratio

	
0.3

	




	
Timber projectile [26]

	
Density

	
7.80 × 10−10

	
tons/mm3




	
Modulus of elasticity

	
15,000

	
MPa




	
Poisson’s ratio

	
0.40

	











 





Table 2. Difference between the proposed model and the previous models.
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	Parameters
	Proposed
	Mohotti et al. [9]
	Mocian et al. [20]
	Fagerholt et al. [18]
	Grytten et al. [19]





	Aluminum plate
	Shell elements
	Solid elements
	Shell elements
	Solid elements
	Solid elements



	Material model
	Piecewise linear plasticity model
	Johnson–Cook material model
	Mat Plastic Kinematic Model
	Johnson–Cook material model
	Johnson–Cook material model



	Damage to the ductile metals
	Used fracture strain
	Studied non-perforated plates
	Employed fracture strain
	Johnson–Cook damage model
	Johnson–Cook damage model



	Friction
	Considered
	Neglected
	Neglected
	Neglected
	Neglected



	Projectile
	Deformable body
	Rigid body
	Rigid body
	Rigid body
	Rigid body



	Effect of strain rate (DIF)
	Considered
	Neglected
	Considered
	Neglected
	Neglected










 





Table 3. Experimental studies selected from the literature to validate the proposed model.






Table 3. Experimental studies selected from the literature to validate the proposed model.





	S. No.
	Researcher
	Description





	1
	Mohotti et al. (2013) [9]
	Out-of-plane impact resistance of aluminum plates (AA5083-H116) subjected to low-velocity impacts was investigated. A 37 mm projectile was launched on an aluminum plate of 300 × 300 mm through a gas gun. The weight of the projectile was 5 kg. The exposed surface of the plate was 250 × 250 mm. Different velocities of impact ranging from 5 m/s to 15 m/s were used.



	2
	Mocian et al. (2018) [20]
	The low-velocity impact of 6082-T6 aluminum plates was studied. An aluminum plate of 140 × 140 mm with a thickness of 1.5 mm was used as the target plate. The mass and the velocity of the hemispherical projectile were 13.15 kg, and a velocity of 0.77 m/s, respectively, and the head diameter of the projectile was 20 mm.



	3
	Fagerholt et al. (2010) [18]
	A blunt projectile of 30 mm diameter was used to target square-shaped (AA5083-H116) plates with dimensions 600 × 600 × 5 mm at the center with a velocity ranging from 7 to 11 m/s. The total weight of the projectile used was 19 kg.



	4
	Grytten et al. (2009) [19]
	A blunt nose projectile with a diameter of 20 mm was used to target a square plate (AA5083-H116) of 600 × 600 mm mounted on a circular frame. A range of velocities from 3.5 to 15 m/s was employed. The thicknesses of the plates were 3 mm, 5 mm, and 10 mm. The total weight of the projectile was 19 kg.



	5
	Pathirana et al. (2018) [10]
	The study focused on assessing the damage incurred by aluminum panels when subjected to the high-velocity impact of windborne debris. Spherical projectiles made of wood and concrete, both with a diameter of 62.5 mm, were employed in the study. Moreover, 300 × 300 mm aluminum plates (made of 5052-H34) with a thickness of 2 mm and 4 mm were targeted at the center with a velocity of 21 and 40 m/s.










 





Table 4. Comparing the peak impact force results with those of Mocian et al. (2018) [20].






Table 4. Comparing the peak impact force results with those of Mocian et al. (2018) [20].





	
S. No.

	
Velocity

(m/s)

	
Peak Impact Force (kN)

	
        E X P . − F E A   E X P .     × 100    




	

	

	
Mocian et al. [20]

	
Proposed FEA (%)




	

	

	
FEA

	
EXP.

	

	
Proposed

	
Mocian et al. [20]






	
1

	
0.77

	
N/P *

	
2.35

	
2.29

	
2.55

	
N/A **




	
2

	
1.5

	
N/P

	
5.54

	
5.29

	
4.51

	
N/A




	
3

	
3.5

	
12.07

	
11.15

	
11.19

	
0.35

	
8.25








* N/P stands for not published. ** N/A stands for not applicable.













 





Table 5. Comparing the peak impact force results with those of Grytten et al. (2009) [19].






Table 5. Comparing the peak impact force results with those of Grytten et al. (2009) [19].





	
S. No.

	
Velocity

(m/s)

	
Peak Impact Force (kN)

	
        E X P . − F E A   E X P .     × 100    




	

	

	
Grytten et al. [19]

	
Proposed FEA (%)




	

	

	
EXP.

	
FEA

	

	
Proposed

	
Grytten et al. [19]






	
1

	
4.16

	
21.7

	
25.29

	
19.79

	
8.80

	
16.54




	
2

	
5.06

	
24.99

	
26.02

	
22.70

	
9.16

	
4.12




	
3

	
5.99

	
39.14

	
44.46

	
36.24

	
7.40

	
13.59




	
4

	
7.5

	
41.12

	
51.69

	
37.79

	
8.10

	
25.70




	
5

	
12.31

	
97

	
N/A

	
94.87

	
2.20

	
N/A




	
6

	
13.53

	
99

	
111

	
95.87

	
3.16

	
12.12











 





Table 6. Comparing the peak impact force results with those of Fagerholt et al. (2010) [18].






Table 6. Comparing the peak impact force results with those of Fagerholt et al. (2010) [18].





	
S. No.

	
Velocity

(m/s)

	
Peak Impact Force (kN)

	
        E X P . − F E A   E X P .     × 100    




	

	

	
Fagerholt et al. [18]

	
Proposed FEA (%)




	

	

	
EXP.

	
FEA

	

	
Proposed

	
Fagerholt et al. [18]






	
1

	
7.31

	
52.84

	
69.91

	
50.02

	
5.33

	
32.3




	
2

	
7.92

	
55.74

	
65.28

	
52.78

	
5.31

	
17.11




	
3

	
10.69

	
62.96

	
72.5

	
60.56

	
3.81

	
15.15











 





Table 7. Comparing the peak impact force results with those of Pathirana et al. (2018) [10].






Table 7. Comparing the peak impact force results with those of Pathirana et al. (2018) [10].





	
S. No.

	
Velocity

(m/s)

	
Projectile

	
Peak Impact Force (kN)

	
        E X P . − F E A   E X P .     × 100    




	

	

	

	
Pathirana et al. [10]

	
Proposed FEA (%)




	
EXP.

	
FEA

	

	
Proposed

	
Pathirana et al. [10]






	
1

	
24.5

	
Concrete

	
20

	
20

	
18.98

	
5.10

	
0




	
2

	
36

	
Wood

	
28

	
N/P

	
30.75

	
9.82

	
N/A











 





Table 8. Comparing the maximum deflection results with those of Mohotti et al. (2013) [9].






Table 8. Comparing the maximum deflection results with those of Mohotti et al. (2013) [9].





	
S. No.

	
Velocity (m/s)

	
t

(mm)

	
Maximum Deflection

(mm)

	
        E X P . − F E A   E X P .     × 100    




	

	

	

	
Mohotti et al. [9]

	
Proposed FEA (%)




	

	

	

	
EXP.

	
FEA

	

	
Proposed

	
Mohotti et al. [9]






	
1

	
9.02

	
3

	
17.94

	
18.18

	
17.4

	
3.01

	
1.33




	
2

	
12.31

	
5

	
17.5

	
18.47

	
17.67

	
0.97

	
5.54




	
3

	
13.53

	
6

	
16.91

	
17.7

	
17.13

	
1.30

	
4.67











 





Table 9. Comparing the residual deflection results with those of Mohotti et al. (2013) [9].






Table 9. Comparing the residual deflection results with those of Mohotti et al. (2013) [9].





	
S. No.

	
Velocity (m/s)

	
Thickness

(mm)

	
Residual Deflection

(mm)

	
        E X P . − F E A   E X P .     × 100    




	

	

	

	
Mohotti et al. [9]

	
Proposed FEA (%)




	

	

	

	
EXP.

	
FEA

	

	
Proposed

	
Mohotti et al. [9]






	
1

	
9.02

	
3

	
12.88

	
12.68

	
13.90

	
7.92

	
1.55




	
2

	
12.31

	
5

	
13.47

	
13.49

	
14.45

	
7.28

	
0.15




	
3

	
13.53

	
6

	
13.02

	
11.98

	
13.95

	
7.14

	
7.99











 





Table 10. Comparing the maximum deflection results with those of Fagerholt et al. (2010) [18].






Table 10. Comparing the maximum deflection results with those of Fagerholt et al. (2010) [18].





	
S. No.

	
Velocity

(m/s)

	
Maximum Deflection

(mm)

	
        E X P . − F E A   E X P .     × 100    




	

	

	
Fagerholt et al. [18]

	
Proposed FEA (%)




	

	

	
EXP.

	
FEA

	

	
Proposed

	
Fagerholt et al. [18]






	
1

	
7.31

	
23.67

	
23.50

	
22.86

	
3.42

	
0.71




	
2

	
7.92

	
25.5

	
25.09

	
24.84

	
2.58

	
1.60




	
3

	
10.69

	
29.2

	
25.21

	
26.49

	
9.28

	
13.66











 





Table 11. Comparing the maximum deflection results with those of Pathirana et al. (2018) [10].






Table 11. Comparing the maximum deflection results with those of Pathirana et al. (2018) [10].





	
S. No.

	
Velocity

(m/s)

	
Projectile

	
Maximum Deflection

(mm)

	
        E X P . − F E A   E X P .     × 100    




	

	

	

	
Pathirana et al. [10]

	
Proposed FEA (%)




	

	

	

	
EXP.

	
FEA

	

	
Proposed

	
Pathirana et al. [10]






	
1

	
24.5

	
Concrete

	
12.5

	
13.99

	
11.70

	
6.4

	
11.9




	
2

	
36

	
Wood

	
7.12

	
N/P

	
7.26

	
1.96

	
N/A











 





Table 12. Parameters and their ranges used for the sensitivity analysis.






Table 12. Parameters and their ranges used for the sensitivity analysis.





	
Parameter

	
Ranges






	
Structure-related

	
Unsupported length of the plate (mm × mm)

	
300 × 300, 500 × 500, 600 × 600, 900 × 900, 1050 × 1050, and 1200 × 1200




	
The thickness of the plate (mm)

	
3, 4 and 6




	
Type of alloys

	
5052-H32, 3003-H14 and 5005-O




	
Load-related

	
The velocity of impact (m/s)

	
4, 8.5, 14.8, 18.8, 22.8, 24, 32, and 40




	
Location of impact in the longitudinal direction

(X2 + Y2)1/2 (mm)

	
275, 270, 260, 250, 240, 120, and 0




	
Location of impact in the transverse direction (X2 + Y2)1/2 (mm)

	
169.7, 339.4, 346.4, 353.5, 381.8, and 388.9




	
The angle of impact with respect to the surface of the target plate (in degrees)

	
90, 85, 80, 75, 65, 45, and 35











 





Table 13. Penetration for different velocities at the normal angle of impact, 3 mm thick panel.






Table 13. Penetration for different velocities at the normal angle of impact, 3 mm thick panel.





	
Alloy

	
Velocity

(m/s)

	
Dimensions

(mm × mm)

	
Penetration




	
Centre

	
Near the Support






	
5052-H32

	
40

	
600 × 600

	
No

	
No




	
5052-H32

	
50

	
600 × 600

	
No

	
Yes




	
5052-H32

	
65

	
600 × 600

	
Yes

	
Yes




	
5052-H32

	
60

	
300 × 300

	
No

	
Yes




	
5052-H32

	
70

	
300 × 300

	
Yes

	
Yes




	
3003-H14

	
40

	
600 × 600

	
No

	
No




	
3003-H14

	
50

	
600 × 600

	
No

	
Yes




	
5005-O

	
40

	
600 × 600

	
No

	
Yes




	
5005-O

	
40

	
300 × 300

	
No

	
Yes











 





Table 14. Models used to develop the regression equations.






Table 14. Models used to develop the regression equations.










	Parameters
	Range
	No of Models





	Unsupported length
	300, 600 mm
	2



	The thickness of the plate
	3, 6 mm
	2



	Velocity of impact
	8.5, 22.8, and 40 m/s
	3



	Angle of impact
	45°, 85°, 90°
	3



	Location of impact
	Centre, 40% and 80% away from the center (in X direction as well as Y direction)
	3



	Alloys
	5052-H32, 5005-O
	2



	Total no of models
	
	216










 





Table 15. Range of parameters used as a reference in the prediction equations.






Table 15. Range of parameters used as a reference in the prediction equations.





	Symbol
	Details
	Range





	t0
	The thickness of the most commonly used cladding panels
	3 mm



	V0
	Reference velocity recommended by 1170.2_2021 [30]
	8.5 m/s



	R
	Inclined distance of support from the center of the plate

425 mm for 600 × 600 mm plate, and 212.5 mm for 300 × 300 mm plate
	425 mm and 212.5 mm



	       F   b y     0     
	Yield strength of most commonly used alloy 5052-H32
	269 MPa



	L0
	Most commonly used unsupported length of cladding panels
	600 mm










 





Table 16. Comparison of the peak impact force predicted using the proposed equations and FEA.






Table 16. Comparison of the peak impact force predicted using the proposed equations and FEA.





	
S. No.

	
t

	
Velocity

	
Angle

	
r

	
fby

	
L

	
Impact Force (kN)

	
Diff %




	

	
(mm)

	
(m/s)

	
(Degrees)

	
(mm)

	
(MPa)

	
(mm)

	
Regression

	
FEM

	






	
1

	
6

	
40

	
90°

	
0

	
269

	
600

	
450.5

	
456.94

	
1.42




	
2

	
4

	
8.5

	
90°

	
0

	
269

	
600

	
84.16

	
85.84

	
1.99




	
3

	
3

	
40

	
90°

	
0

	
269

	
600

	
330.42

	
368.22

	
11.43




	
4

	
3

	
8.5

	
60°

	
0

	
41

	
600

	
24.74

	
23.45

	
5.21




	
5

	
6

	
40

	
85°

	
0

	
269

	
600

	
137.26

	
131.00

	
4.56




	
6

	
3

	
40

	
60°

	
212.13

	
269

	
600

	
91.95

	
92.70

	
0.81




	
7

	
6

	
40

	
60°

	
70.71

	
269

	
600

	
155.23

	
145.9

	
6.01




	
8

	
3

	
8.5

	
45°

	
70.71

	
269

	
300

	
13.17

	
12.12

	
7.97




	
9

	
6

	
40

	
45°

	
0

	
41

	
600

	
97.3

	
102.33

	
5.16




	
10

	
3

	
40

	
45°

	
0

	
269

	
600

	
60.83

	
55.87

	
8.15




	
Average

	

	
5.27











 





Table 17. Comparison of the maximum deflection predicted using the proposed equations and FEA.






Table 17. Comparison of the maximum deflection predicted using the proposed equations and FEA.





	
S. No.

	
t

	
Velocity

	
Angle

	
r

	
fby

	
L

	
Maximum Deflection (mm)

	
Diff %




	

	
(mm)

	
(m/s)

	
(Degrees)

	
(mm)

	
(MPa)

	
(mm)

	
Regression

	
FEM

	






	
34

	
3

	
8.5

	
90°

	
0

	
269

	
600

	
−12.70

	
−11.72

	
8.36




	
35

	
6

	
8.5

	
90°

	
0

	
269

	
600

	
−7.70

	
−6.91

	
11.43




	
36

	
3

	
22.8

	
85°

	
0

	
269

	
600

	
−26.00

	
−28.70

	
9.40




	
37

	
6

	
22.8

	
85°

	
0

	
269

	
600

	
−22.24

	
−24.91

	
10.71




	
38

	
4

	
22.8

	
85°

	
0

	
269

	
600

	
−16.41

	
−18.13

	
9.48




	
39

	
4

	
22.8

	
90°

	
169.7

	
269

	
600

	
−15.60

	
−16.5

	
5.45




	
40

	
6

	
40

	
90°

	
346.48

	
41

	
600

	
−36.60

	
−33.2

	
10.24




	
41

	
3

	
8.5

	
45°

	
0

	
269

	
600

	
−12.43

	
−12.47

	
0.32




	
42

	
4

	
22.8

	
45°

	
0

	
269

	
600

	
−15.42

	
−17.25

	
10.6




	
43

	
6

	
40

	
45°

	
134.35

	
269

	
600

	
−24.49

	
−22.56

	
8.55




	
Average

	

	
8.45











 





Table 18. Comparison of the residual deflection predicted using the proposed equations and FEA.






Table 18. Comparison of the residual deflection predicted using the proposed equations and FEA.





	
S. No

	
t

	
Velocity

	
Angle

	
R

	
fby

	
L

	
Residual Deflection (mm)

	
Diff %




	

	
(mm)

	
(m/s)

	
(Degrees)

	
(mm)

	
(MPa)

	
(mm)

	
Regression

	
FEM

	






	
44

	
3

	
8.5

	
90°

	
0

	
269

	
600

	
−8.2

	
−7.34

	
11.72




	
45

	
3

	
8.5

	
90°

	
0

	
269

	
300

	
−7.8

	
−8.33

	
6.36




	
46

	
4

	
8.5

	
90°

	
346.48

	
269

	
600

	
−3.8

	
−4.01

	
5.24




	
47

	
4

	
8.5

	
90°

	
0

	
269

	
600

	
−6.8

	
−6.2

	
9.68




	
48

	
3

	
22.8

	
85°

	
0

	
269

	
600

	
−21.46

	
−24.60

	
12.76




	
49

	
4

	
22.8

	
85°

	
0

	
269

	
600

	
−19.29

	
−21.46

	
10.11




	
50

	
6

	
40

	
85°

	
0

	
269

	
600

	
−32.99

	
−34.34

	
3.93




	
51

	
6

	
22.8

	
45°

	
0

	
269

	
600

	
−7.60

	
−8.52

	
10.80




	
52

	
6

	
40

	
45°

	
0

	
269

	
600

	
−18.52

	
−19.91

	
6.98




	
53

	
3

	
8.5

	
90°

	
77.78

	
41

	
300

	
−13.3

	
Penetration




	
Average

	

	
8.62

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
‘Top- Hats

Head Tek Screws

Aluminium Panels
Z-section fully bonded and

fixed to perimeter of the panel






media/file4.png
Ui=U=Us=UR1=UR2=UR3=0 Ui=U2=0,Us=1, URi=UR2=UR3=0

\
1
]ll
-
\

4-node shell elements (54R) Solid deformable body (C3D8R)
Ui=U2=0,Us=1, URi=UR2=URs =0 U;=U2=Us=URi=UR2=UR3=0





media/file39.jpg
5.5 m/sec 3 mum thick
—— 22.8 misec. 3mm thick

S5 misec, dmm thick  — — — 8.5 mysec . Gmm thick

w/sec, d mm thick =40 misee, 3 mm thick
40 msec. 40 mm thick = = = 40 m/sec . 6 thick

Decrease in impact force due to dent






media/file18.png
il

"FJ\‘WWW\N\I\IUIHN /
i ‘

(]

g
ity
il






media/file21.jpg
Deflection (mm)

-

7.45 mm

005

Time (Sec)

006

007 008 009

— Numerical
—Experimental

o1





media/file44.png
N (o)) -l

dr/dro
e

--------- 8.5 m /sec. 3mm thick - = = 8 5 m/sec. 4 mm thick 8.5 m/sec. 6 mm thick
--------- 22.8 m/sec. 3mm thick - = =22 8 m/sec. 4 mm thick 22.8 m/sec. 6 mm thick
seeseeses 40m/sec . 3mm thick - e =40 m/sec. 4 mm thick 40 m/sec. 6 mm thick

Perforation of the plate

0 005 01 015 02 025 03 03504 045 05 055 06 065 0.7 075 08 0.8 09
/'R





media/file26.png
%

=






media/file7.jpg
Damage
initiation point

&P &Pl Strain





media/file28.png
D1

s adiid

/

Global deflection

—

»l ocal indentation






media/file10.png





media/file11.jpg
100 % 50 mm, Wooden Projectile
1=U:=0,Up=1 URi=UR:=URs=0

550 % 550 mum, 5052-H32-Target Plate
(Ur=U2=Us=URi= UR: = URs =0






media/file6.png
Peak impact force (kIN)
b - Laa L Fa
= LA = LA =
=) = = = =

e
L4
—

1.00

L BN BN BN BN BN

= Fxperimental

FEA Mesh (1x1)
FEA Mesh (2x2)
FEA Mesh (5%3)
FEA Mesh (7%7)
FEA Mesh (10%10)
FEA Mesh (12x12)

®

Mesh size (mm)

10

15





media/file36.png





media/file15.jpg





nav.xhtml


  buildings-14-00135


  
    		
      buildings-14-00135
    


  




  





media/file2.png





media/file23.jpg
U, Magnitude
Ve 955as00
18378108
187388100
133168100
13837100
13687100
15558108
138802100

B 12576100
17550000
111358100
15ador
135808845






media/file24.png
U, Magnitude

+6.955e+00
+6.376e+00
- +5.796e+00
+5.216e+00
+4.637e+00
+4.057e+00
- +3.478e+00
+2.898e+00
+2.318e+00
+1.739e+00
+1.159e+00
+5.796e-01
- +0.000e+00






media/file29.jpg
Impact Force (%)

3

~Unsupported Length

- Thickness of the Plate

- Velocity of Impact

- Yield strength of the Target Plate

- Location of Impact in transverse direction (10050 Projectile)
- Location of Impact in Inclined direction (100x50 Projectile)

- Angle of Impact

100
80

!
- L-m--80"

-100
Various Parameters(%)

150





media/file1.jpg





media/file12.png
100 x 50 mm, Wooden Projectile
Ui=U2=0,Us=1 URi=UR:=UR:=0

550 x 550 mum, 5052-H32-Target Plate
(U=U2=Us=URi=UR:2=URs=0






media/file9.jpg





media/file42.png
--------- 8.5 m /sec. 3mm thick - = =8 5 m/sec. 4 mm thick 8.5 m/sec. 6 mm thick
--------- 22 .8 m/sec. 3mum thick - = =22 8 m/sec. 4 mm thick 22.8 m/sec. 6 mm thick
--------- 40m/sec . 3mm thick - = =40 m/sec. 4 mm thick 40 m/sec. 6 mm thick

dm/dmo

0 0.05 01 01502 025 03 03504 045 05 055 06 0.65 0.7 0.75 0.8 0.85 09
/R





media/file38.png
—— 8 5 m/sec. 3mm thick — seeeeeee 8.5 m/sec. 4mm thick = = = 8.5 m/sec. 6mm thick

22 8 m/sec, 3mm thick =seeeeeee 22.8 m/sec. 4mm thick = = =22.8 m/sec. 6mm
40 m/sec , 3mm thick  <-eeeee- 40 m/sec. 4mm thick = = =40 m/sec. 6mm thick

2
1-8 --------- J I — e ——— . R A e e
1.6
1.4
1-2l ............................................................................................

1 ------------- — W — — W R t_l-f
0-8 --------------------------------
0.6 S

- -
0'4--—-——- ——————————— -l'_-.-—.-- -----------
R S ST T ST QT PP PPPPPPPY PP L T2
0





media/file17.jpg





media/file30.png
Impact Force (%o)

----- Unzupported Length

----- Thickness of the Plate

----- Velocity of Impact

----- Yield strength of the Target Plate

----- Location of Impact m transverse direction (100=30 Projectile)
----- Locaton of Impact m Inclined direction (10030 Projectle)

100
a0 -
&l "

-
'm—"
r T — -

i
'
f
J
i
I
!

2 I
. R T

-100
Various Parameters(%o)

130





media/file35.jpg





media/file27.jpg





media/file3.jpg
4-node shell elements (S4R) Solid deformable body (C3DSR)
U2=0,Us=1, URi=UR:=URs =0 U= U JRi= UR2 = URs= 0






media/file22.png
”g oy
8
4
[ ¥}
]
-6
6.95 mm
7.45 mm
-8

Time (Sec)

Numerncal

Expernimental






media/file19.jpg
npact Force

3 o | itial Peak Phase

fe [\ 2013w merical
i 19.51kN | — Experimental
i

3

H

H

H

[

o oom  oon
Vibrational Phase Plateau Phase
Unloading Phase

0005

e

001 0015 002
Time (Sec)





media/file40.png
— 8 5 m/sec . 3 mm thick  +++++++++ 8.5 m/sec. 4mm thick - = = 8 5 m/sec . 6mm thick
— 0D 8 m/sec. 3min thick  seeereee 22.8 m/sec. 4 mm thick 40 m/sec. 3 mm thick
- = =22 8 m/sec. 6mm thick +eeeeeess 40 m/sec. 40 mum thick = = =40 m/sec . 6mm thick
’ S i i
2. Decrease in impact force due to dent

1.5
<
[I,  tessssssssasansnanss srssststedassrsasasnnennan sressenia LR T T
F e eeoeee---ooe- S

1 \\
0 S S — g E e P R ——

0

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9





media/file33.jpg
Unsupported Length
Thickness of the Plate

Velocity of Impact

Yield strength of Tasget Plate

Location of Impact in transverse direction (100x50 Projectile)
-~ Location of Impact in inclined direction (100%50 Projectile)

== Angle of Impact

100
80 .

100

Residual deflection (%)
3

-100
Usnsupported Length (%)

150





media/file32.png
Maximum deflection (%)

Unsupported Length of the Plate

Thickness of the Plate

Velocity of Impact

Yield strength of target Plate

Location of Impact i transverse direction ( 100=50 Projectile)
Locaton of Impact m mnchned direction ( 100=50 Projectile)
Angle of Impact

-150

100

%
.f‘.—--—} - EE:#-"
100 . 00— —==30 100

Various Parameters( %o

130





media/file14.png
.
[ 8 +
£1 1
' |
ey |
= —— 2 - T ey
s - s (e

L= l—.? s
o e} -
e — e [
P 1 [ CiSt

b
I b L
’ : Top- Hats

Head Tek Screws

|
Z-section fully bonded and
fixed to perimeter of the panel

Aluminium Panels






media/file41.jpg
8.5 msec. Smm thick = — 8.5 misec. 4 mm thick  ——— 8.5 wvsec. 6 mum thick

eveees 228 misec, Smm thick = = =228 misec. 4 man thick e 22.8 /e, 6 mun thick

A0msee . 3mm thick = = =40 misec. 4 mm thick

40 mysec. 6 man thick

0005 0.1 015 02 0.25 0.3 035 0.4 045 0.5 0.5 0.6 0.65 0.7 0.75 0.8 0.85 0.9
R





media/file37.jpg
hick
s thick
um thick

8.5 wisec, dmm thick = — 8.5 nysec. mun thick
228 misec. 4mm thick = = =22.8 w/sec. Gmm
+ 40 wsec. 4mm thick = = = 40 nysec. 6mm thick

—0msec

18
16

0 005 01 013 02 025 03 035 04 045 05 055 06 065
g





media/file46.png
This component is reduced, hence impact force is reduced






media/file45.jpg
This component is reduced, hence impact force is reduced

o






media/file16.png
oF AF
— — —=-ﬂ —
- g
ST A s s