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Abstract: This paper treats the dynamic response and energy absorption of aluminum semi-spherical 
shells under axial loading using non-linear finite element techniques. Aluminum and steel spherical 
shells of various radii and thicknesses were made by spinning. The influence of geometrical, material 
and loading parameters on the impact and quasi-static response is investigated using validated 
numerical models. Also the axial inward inversions of semi-spherical shells are investigated. The 
research information generated will be useful in developing guidance towards the design of these 
devices in impact applications. 
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INTRODUCTION 
 
 Thin-walled shells are often used in structures due to their energy-absorbing capacity. The buckling 
behavior of these shells gives rise to their critical design applications, including the automobile bodies, aircraft 
fuselages, and ship hulls (Alghamdi, A.A.A., 1991; Aljawi, A.A.N. and A.A.A., Alghamdi, 2000; De’Oliveria, 
JG. and T. Wierzbicki, 1982). The large deformation of a thin-walled sphere or a spherical shell, known as a 
typical post-buckling problem, has received attention sincethe1960s. Lekie and Penny (Gupta, N.K., et al., 
1993) performed a series of tests on carefully manufactured hemispherical shells that were loaded centrally by a 
rigid bar. These experiments were followed by a theoretical study of Morris and Calladine (Gupta, N.K. and G. 
Venkatesh, 2004). The authors reached a new milestone in understanding the crushing behavior of revolving 
shells. Their studies show that plastic deformation is indeed confined to a relatively narrow ring or section of a 
toroidal surface, and that the ring is moving outward as the deformation processes. Updike (Gupta, N.K., et al., 
2007) first studied the major deformation of rigid plastic semi-spherical shells compressed between two rigid 
plates. From his research, he proposed an analytical model. The computation was restricted to compressions that 
were less than or equal to approximately 1 10th of the shells radius. Kitchingetal. (Gupta, P.K. and N.K. Gupta, 
2009) studied deformation patterns on semi-spherical shells with R/t ratios between 36 and 420 experimentally 
and analytically. De’Oliveria and Wierzbicki (Gupta, N.K., et al., 2008) conducted the same study. They 
completed a crushing analysis of rotationally symmetric plastic shells. (Kinkead, A.N., et al., 1994) completed a 
quasi-static study on semi-spherical shells with R/t ratios between 36 and 420.This study produced similar 
results as previous studies. Gupta et al. (Kitching, R., et al., 1975) performed experiments on metallic semi-
spherical shells with R/t ratios ranging between 15 and 240. (Kitching, R., et al., 1975)1 examined three levels 
of deformation: local flattening, inward dimpling, and multiple lobes. Gupta and Venkatesh (Lekie, F.A. and 
P.K. Penny, 1968) presented a two-dimensional numerical analysis for semi-spherical shells under axial impact. 
In this study, a strong correlation was observed between the numerical simulation and the experimental results 
in buckling behavior that are related to the first mode jumping from local flattening to inward dimpling. In 
another study presented by Gupta (Morris, A. and C.R. Calladine, 1969), the semi-spherical shells of R/t ratios 
between 26 and 45 had similar results when they were analyzed experimentally and computationally. In these 
experiments, all of the spherical shells were found to collapse in an axi-symmetric mode. The above studies on 
spherical deal with axial crushing of semi-spherical between two parallel plates. A new mode of axial 
deformation was reported by Alghamdi (Nagel, G.M. and D.P., et al.) and Aljawi and Alghamdi (Shariati, M., 
and H.R. Allahbakhsh, 2010). This mode comprises of inward (outside-in, free or direct) inversion. They 
investigated inversion mode in frusta. The inversion mode of semi-spherical has not been investigated, yet. So 
this paper the inversion mode of semi-spherical investigates. The present study treats the dynamic response and 
energy absorption of aluminium and steel semi-spherical shells under axial impact and static loading using two 
rigid plates. To fully understand and quantify the energy absorption behaviour, a parametric study has been 
undertaken with reference to the geometry parameters (i.e. wall thickness, semi-spherical diameter and …) and 
loading parameters (i.e. impact mass, impact velocity). A finite element computer model, validated using 
existing experimental was used to perform the parametric study to investigate the relative effect of each 
parameter on shell response. The primary outcome of this study is new design information on the energy 
absorption performance of shells which will facilitate the development of design guidance. 
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Numerical Analysis Using the Finite Element Method: 
 The numerical simulations were carried out using the finite element software ABAQUS 6.7-1. In this paper 
has been use static step and dynamic explicit step for simulations of static and impact loading, respectively. In 
this study, thin-walled semi-spherical shells with three different diameters (D=100, 150 ,200 mm) ,three 
different thicknesses (t=0.8, ,1.0,1.2mm), three different impact velocity (V=5,7.5 and 10 m/s) and three 
different impact mass (15,20 and 25 kg)  were analyzed. Specimens were nominated as follows: D100-t1.2-v5-
M15. The numbers following D, t, v, M show the shell diameter, shell thickness, impact velocity and mass of 
impactor, respectively. The semi-spherical shells used for this study were made of aluminium and steel. The 
material nonlinearity is included using the actual stress–strain curve obtained from experiment, which is shown 
in a literature (Shariati, M., et al.,, 2010; Shariati, M., et al., 2010). The yield stress aluminium value for the 
multi-linear plastic curve is 55 MPa and Young’s modulus is 70 GN/m2. For the analysis, the aluminium density 
is 2700 kg/m3 and the value of Poisson’s ratio was assumed to be ν=0.33. Also the yield stress value, density 
and Young’s modulus is 404 MPa, 7800 kg/m3 and 145 GPa, respectively. For this analysis, the linear element, 
S4R, was a four-node element. Both linear and nonlinear elements were used for the analysis of the shells. The 
size of elements is approximately 2.5 mm. These results were compared with each other. For the rigid plate the 
element R3D4 was used. A friction coefficient of 0.1 was recorded. The effect of the friction coefficient ranged 
from 0.08 to 0.12 and affected results by less than 1% (Shariati, M., et al., 2010). 
 To apply boundary conditions to the bottom edges of the semi- spherical shells, a rigid plate was attached to 
the bottom edges of the semi-spherical shells and another rigid plate will compress the semi-spherical shells. To 
analyze their crushing numerically, these specimens were subjected to impact loading between rigid flat platens 
in a drop mass. 
 
Validation of FE Model for Dynamic Axial Loading: 
 To ascertain whether the FE model was sufficiently accurate, it was validated using results from existing 
experimental, numerical and theoretical results. In this paper, for validation of FEA, deformation mode and 
load-deformation curve are investigated. Figs. 1-2 show the comparison of results for the present simulations 
with experimental results (Shariati, M., et al., 2010; Shariati, M., et al., 2010).  
 For comparison, the energy absorption capacity of specimens is a criterion that defines the mean collapse 
load. Mean collapse load is calculated by dividing the area under the load–displacement curve by the 
displacement of the upper rigid plate. According to Figs .1-2 it can be seen that the slope of load-deformation 
curves is higher in numerical results than in experimental results before. This discrepancy is due to the presence 
of internal defects in the material which reduces the stiffness of the specimens in the experimental method, 
while the materials are assumed to be ideal in the numerical analyses. The error between experimental and 
numerical results has been shown in Figs. 1 and 2. 
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Fig. 1: Comparison of the experimental (Shariati, M., et al., 2010) and numerical result for aluminium semi 
spherical under impact loading (D204-t0.71-v4-M27), error=9%. 
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Fig. 2: Comparison of the experimental (Shariati, M., et al., 2010) and numerical result for steel spherical under 
static loading (D53-t0.8), error=7.6%. 

 
Parametric Study: 
Static loading: 
 The effect of geometrical and loading parameters on the load-deformation curve and energy absorption of 
the spherical shells was examined using the validated FE model with variations in geometry and loading 
parameters. The effects of these parameters on the following response of the spherical shells were evaluated for 
impact loading conditions. 
 Figs. 3a-b show load-deformation and energy-deformation curves obtained in impact and static loading for 
an aluminium spherical shell D100-t1.2-v5-M15. Figs. 3a-b show that absorbed energies follow a quadratic 
function. The difference between the absorbed energy for impact and static loading with height compressions of 
15, 20 and 25 are 16.4%, 16%, and 16.7%, respectively. This result shows that the rate of increase remains 
approximately constant. 
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Fig. 3: Comparison of load–deformation and energy-deformation curves in static and impact tests (aluminium 

semi-spherical), a) load–deformation curves, b) energy-deformation curves. 
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 Fig. 4 shows the cut view form schematic of loading in inversion state. In inversion state the semi-spherical 
shells compress more than half of the radius of the semi-spherical shells.  
 Fig. 5 shows that the slope of the load–deformation curve increases appreciably. According to Fig. 5 and 
the slopes of the curve, it can be seen that three modes of deformation establish. In inversion, it is seen that the 
collapse is initiated with formation of an axisymmetric ring at the apex of the semi-spherical. It shows with A in 
Fig.5. With further compression, the mechanism of collapse changes, and its propagation is due to the formation 
of stationery plastic hinge at the contact with the top platen. It shows in fig. 4 with B. In addition, the slope of 
the load-deformation curve increases in inversion mode. It shows with C. 
 
 

 
 
Fig. 4: Inversion of semi-spherical with rigid plate. 
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Fig. 5: Load-deformation curves of specimen D100-t0.8. 
 
 Fig. 6: shows in different aluminum cap with same diameter, thickness (D=100 and t=1.2 mm) and different 
height, the load-deformation curve has no noticeable change. 
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Fig. 6: Load- deformation curves for different cap. 
 
Impact Loading: 
 In this section the mean collapse load of the aluminium semi-spherical shells are investigated under impact 
loadings.  
 Fig. 7 shows the mean collapse load as a function of wall thickness at a constant impact mass, velocity and 
diameter. From this figure, the mean collapse load can be quantified to compare spherical responses. In general, 
wall thickness has significant effect on the absorbed energy for a spherical. The absorbed energy of aluminium 
semi-spherical notably increases as the wall thickness increase.  
 According to Fig. 7 the maximum crash decreases with wall thickness increase and also the mean collapse 
load increases with wall thickness increase. Fig. 7 also shows the deformation mode for semi-spherical shells. It 
deduced that with increasing wall thickness the number of lobe is increased.  
 Fig. shows the mean collapse load for semi-spherical shells with different diameter. It is observed that the 
lesser diameter semi-spherical shells absorbed more load than the one of higher radius and the maximum crash 
distance is lesser than higher radius. Under dynamic loading, effects of impact mass and impact velocity were 
considered to examine the dynamic effect for semi-spherical shells.  
 Figs. 9-10 depict the effect of impact mass and impact velocity on the dynamic response of semi-spherical 
shells. A mass range of 15-25 kg was chosen since this provided sufficient kinetic energy to crush the semi-
spherical shells and each shell will be brought to rest. It is evident from  Figs. 9-10 that there is no significant 
change in the load-deformation response when the mass or velocity is increased leading to prove that crush and 
energy absorption responses of semi-spherical shells are independent on the impact mass and velocity at 
constant deformation. A similar result was also observed for axially impacted straight and tapered rectangular 
tubes for the same impact velocity within an impact mass (Updike, DP., 1972).  
 Overall, these results are desirable as both impact velocity and impact mass are parameters external to the 
shell properties which may not influence its design. 
 
Conclusions: 
 The purpose of this study was to investigate the effect of geometrical, material and loading parameters on 
the dynamic and static response and energy absorption characteristics of thin-walled semi-spherical shells using 
finite element simulations and generate design information. Energy absorption response was quantified with 
respect to variations in the parameter of wall thickness, shell diameter, impact mass and impact velocity. The 
main conclusions and design information from the study are summarized below: 
1-At impact loading, the mean collapse load is higher than the static loading. 
2-With increase of height of deformation, three modes of deformation are observed, namely axisymmetric ring, 
stationary plastic hinges and inversion modes and the slope of the load deformation curve is increased 
3. With increasing of the wall thickness, the number of lobe is increased. 
4. In different cap with same diameter and different height, the load-deformation curve has no noticeable 
change. 
5. There is no significant change in the load-deformation response when the impact mass or velocity is 
increased. 
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Fig. 7: Effect of wall thickness on mean collapse load. a) t=1.2 mm , b) t=1 mm, c) t=0.8 mm. 
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Fig. 8: Effect of spherical diameter on mean collapse load. 
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Fig. 9: Effect of impact mass on mean collapse load. 
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Fig. 10: Effect of impact velocity on mean collapse load. 
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