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Abstract 

Empty and water filled cylindrical Tin (Sn) coated steel cans were loaded under 

axial compression at varying loading rates to study their resistance to withstand 

accidental loads. Compared to empty cans the water filled cans exhibit greater 

resistance to axially applied compression loads before a complete collapse. The 

time and load or stroke and load plots showed three significant load peaks 

related to three stages during loading until the cylinder collapse. First peak 

corresponds to the initial structural buckling of can. Second peak occurs when 

cylindrical can walls gradually come into full contact with water. The third peak 

shows the maximum load carrying capability of the structure where pressurized 

water deforms the can walls into curved shape until can walls fail under peak 

pressure. The collapse process of water filled cylindrical shell was further 

studied using Smooth Particle Hydrodynamics (SPH) technique in LSDYNA. 

Load peaks observed in the experimental work were successfully simulated 

which substantiated the experimental work. 

Keywords: Water filled cans, Axial compression, Load carrying capability, 

                    Buckling, SPH. 

 

 

1.  Introduction 

Shell buckling is considered to be one of the important design criteria in silo design. 

Analytical equations exist to design the silos that have to support the load of 
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contents within the silos and the external load that maybe experienced from many 

sources like external structures to be supported or the wind loads. An introduction to 

the design of real structures is elaborated [1] where the need to utilize the finite 

element technique along with analytical method is mentioned. Possible deformation 

modes were studied and comparison between FEA and analytical techniques were 

made. Due to complexities faced in implementing the FEA for nonlinear buckling, 

analytical technique was favored. Instead of increasing the shell thickness the Shell 

stiffening was found to result in lighter design. 

The buckling of thin cylindrical shells has been investigated for the modes of 

buckling and localized buckling for a cylindrical silo of R/t=500 and H/R=6 [2]. 

The difficulty in reliable quantification of buckling has been realized due to non-

uniform stress between theoretical and experimental observations. Finite element 

technique was adopted to study the buckling modes and stress patterns were 

calculated. The results of this study were not very conclusive in predicting the 

buckling strength. 

The sophistication required to design the actual cylindrical shell structures 

with complicated shapes and structural imperfections makes it a difficult problem 

for the researchers and designers. Theoretical solutions exist for only some simple 

shapes and loading conditions which are hardly applicable to most of the practical 

situations. Analytical equations and computer codes for simple structures are used 

to predict their behavior under axial compression loads. A thorough survey of the 

present conditions has been offered by Chang-Yong [3] with 100 reference 

papers. To solve the problems at hand, analytical, numerical, and experimental 

work is needed to carried out partially or combined depending on the problem. 

Based on Donnell’s shallow shell equations, an accurate low dimensional 

model is derived and applied [4] to the study of the nonlinear vibrations of an 

axially loaded fluid-filled circular cylindrical shell in transient and permanent 

states. The results show the influence of the modal coupling on the post-buckling 

response and on the nonlinear dynamic behavior of fluid-filled circular cylindrical 

shells. Also the influence of a static compressive loading on the dynamic 

characteristics is investigated with emphasis on the parametric instability and 

escape from the pre-buckling configuration. The most dangerous region in 

parameter space is obtained and the triggering mechanisms associated with the 

stability boundaries are identified. Also the evolution of transient and permanent 

basin boundaries is analyzed in detail and their importance in evaluating the 

degree of safety of a structural system is discussed. It is shown that critical 

bifurcation loads and permanent basins do not offer enough information for 

design. Only a detailed analysis of the transient response can lead to safe lower 

bounds of escape (dynamic buckling) loads in the design of fluid filled cylindrical 

shells under axial time- dependent loads. 

Benchmark studies of shell buckling under axial impact loads were carried out 

by performing a series of experiments to prove that to depend on the single 

experimental evidence could be misleading and that one problem could have 

multiple answers [5]. Finite element analysis applicable to radioactive material 

transport packages was conducted using two different computer codes PRONTO 

and ABAQUS-Explicit with shell and solid elements. It was found that in case of 

solid elements, through the thickness number of elements required by two codes 

to converge to correct solution were different. 
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An experimental investigation [6] was made to determine the axial buckling 

load of cylinders formed by a process of plastic expansion due to internal 

pressure. Test cylinders of 21.6 cm in diameter, 0.330 mm thickness, were formed 

by plastic expansion from 15.23 cm diameter commercial, welded, type 304 

stainless steel tubing. Buckling loads from 50 to 71 percent of the classical values 

showed a definite relationship with the local decrease in curvature due to the 

worst imperfections. Buckling loads were substantially higher than expected in 

relation to the amplitude of their geometric imperfections. The results indicate 

that the process of plastic expansion may provide a means of producing certain 

types of cylinders of unusually high buckling load at low cost. 

A research presents an experimental study of the buckling load capacity of      

a form of cellular-walled circular cylindrical shell suggested by fossil shell 

remains [7]. Five epoxy model shells were tested in axial compression, external 

pressure and pressure within the cells. The results confirmed predictions of 

buckling loads: that is, the shell stability can be significantly improved by 

pressurizing the cells. Thus this form of shell has considerable potential as an 

engineering structure, particularly in marine situations. 

Shell structures are usually formed from concrete, steel and nowadays also 

from many other materials. Steel is typically used in the structures of chimneys, 

reservoirs, silos, pipelines, etc. Unlike concrete shells, steel shells are regularly 

stiffened with the help of longitudinal and/or ring stiffeners. Investigations were 

made on steel cylindrical [8] shells and their stiffening with the use of ring 

stiffeners. The more complete the stiffening, the more closely the shell will act 

according to beam theory, and the calculations will be much easier. However, this 

would make realization of the structure to be more expensive and more laborious. 

The target of the study was to find the limits of ring stiffeners for cylindrical 

shells. Adequate stiffeners will eliminate semi-ending action of the shells in such 

a way that the shell structures can be analyzed with the use of numerical models 

of the struts (e.g., by beam theory) without significant divergences from reality. 

Recommendations are made for the design of ring stiffeners, especially for the 

distances between stiffeners and for their improved bending stiffness. 

The compound strip method [9] is applied to the buckling analysis of ring-

stiffened cylindrical shells under hydrostatic pressure. The eccentricity of 

stiffeners is taken into account. Numerical comparisons are made between 

buckling loads of shells stiffened by traditional T-Shaped stiffeners and the hat 

shaped stiffeners. Buckling loads for hat stiffeners were found to be higher. 

The deformed features of the paper cup were measured [10] where an 

inverted paper cup of 0.26 mm thickness was subjected to deformation under a 

freely falling steel ball at a velocity of 2.77 m/s. The dynamic loading event 

was simulated using piecewise linear plasticity material model in LSDYNA. 

Deformed shape of the paper cup in finite element model matched closely with 

experimental results with ignorable small discrepancies. The paper cup was able 

to absorb all the kinetic energy of the falling steel ball for the above mentioned 

falling speed and the ball did not bounce out of the cavity generated by the 

impact. In LSDYNA a similar size steel cup was also subjected to a freely 

falling ball with same speed and the energy absorbed was compared to the 

energy absorbed by the paper cup. It was found that under similar conditions a 
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paper cup would undergo a significant progressive failure and absorb all the 

energy of the falling object. 

Empty cylindrical shell under axial compression was investigated using 

analytical and numerical approaches [11]. The computed buckling modes were 

found to match well with those listed in the available experimental data. A 

thermo-viscoplastic constitutive relation was used to delineate the influence of 

material parameters on the buckling behavior. Buckling behavior of a circular 

cylindrical shell under relatively low impact speed and containing initial 

imperfections was studied using the finite element method. Two mechanisms of 

buckling initiation were observed for the shell geometry dynamic plastic 

buckling, one where the entire length of the shell wrinkles before the development 

of large radial displacements, and the second where the dynamic progressive 

buckling occurs when the shell folds develop sequentially. 

 Cylindrical shells of a particular configuration especially made for liquid 

metal fast breeder reactor (LMFBR) were tested for buckling failure in axial 

compression and transverse shear loads [12]. Geometric imperfections were the 

main focus of the investigations. Comparisons between experimental buckling 

loads under axial compression reveal that the extent of imperfection, rather than 

its maximum value, in a specimen influences the failure load. With varying 

loading and constraint conditions a number of conclusions were made. Finite 

element analysis results did not agree with experimental results because of 

complex boundary conditions were difficult to be implemented in FEA. For shear 

loading the structural collapse was delayed compared to axial loading where the 

final collapse occurs immediately after buckling starts. 

The combined effect of internal pressure and axial compression on cylindrical 

thin shells in the presence of cracks was studied [13]. Depending on the crack 

type, length, orientation and the internal pressure, local buckling may precede the 

global buckling of the cylindrical shell. The internal pressure, in general, 

increases the buckling load associated with the global buckling mode of the 

cylindrical shells. In contrast, the effect of internal pressure on buckling loads 

associated with the local buckling modes of the cylindrical shell depends mainly 

on the crack orientation. For cylindrical shells with relatively long axial crack, 

buckling loads associated with local buckling modes of the cylindrical shell 

reduce drastically on increasing the shell internal pressure. In contrast, the internal 

pressure has the stabilizing effect against the local buckling for circumferentially 

cracked cylindrical shells. A critical crack length for each crack orientation and 

loading condition is defined as the shortest crack causing the local buckling to 

precede the global buckling of the cylindrical shell. A very coarse finite element 

mesh was used for analysis which might have been unable to provide precise 

numerical results. 

Elliptical tubes may buckle in an elastic local buckling failure mode under 

uniform compression [14]. Previous analyses of the local buckling of these 

members have assumed that the cross-section is hollow, but it is well-known that 

the local buckling capacity of thin-walled closed sections may be enhanced by 

filling them with a rigid medium such as concrete. In many applications, the 

medium many not necessarily be rigid, and the infill can be considered to be an 

elastic material which interacts with the buckling of the elliptical tube that 

surrounds it. The development of an energy-based technique has been described 
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for determining the local buckling stress for a thin-walled elastic elliptical tube 

subjected to uniform axial compression which contains an elastic infill that 

inhibits the formation of a local buckle in the wall of the thin elliptical tube. The 

formulation is founded on a statement of the change of total potential from the 

pre-buckled to the buckled configuration.  

Buckling effects due to the seismic sloshing phenomena were investigated 

for a next generation heavy liquid metal cooled reactor as for example the 

eXperimental Accelerator Driven System (XADS) [15]. In this study the 

structural buckling behavior of a reactor pressure vessel, retaining a rather large 

amount of liquid and many internal structures, is coupled to the fluid-structure 

interaction because during a postulated earthquake (e.g., Design Basis 

Earthquake) the primary coolant surrounding the internals may be accelerated 

with a resulting significant fluid-structure hydrodynamic interaction (known as 

“sloshing”). Finite element numerical approach is applied because neither linear 

nor second-order potential theory is directly applicable when steep waves are 

present and local bulge appear with a marked decrease in strength of the 

structure. The numerical results were presented and discussed highlighting the 

importance of the fluid-structure interaction effects in terms of stress intensity 

and impulsive pressure on the structural dynamic capability. These results 

allowed the identification of components that were affected the most by the 

loading conditions, in order to upgrade the geometrical design, if any, for the 

considered nuclear power plant (NPP). The preliminary analyses performed 

highlighted the importance of the interaction between the fluid and the reactor 

vessel and internals both in terms of the stress level as well as impulsive 

pressure distribution. 

In many engineering disciplines the thin wall liquid filled containers find 

numerous applications but in most of the above mentioned investigations only a 

small number of researchers have attempted to analyze the damage or failure of 

liquid filled cylindrical shells. Therefore it is necessary to address the load 

carrying capability of the liquid filled thin wall shells. Present study was carried 

out to enhance the understanding of load carrying capability of liquid filled 

cylindrical shells before the occurrence of any significant damage or failure.  

 

 

2.  Experimental Procedure 

A closed ends Tin (Sn) coated steel cylindrical shell structure (can) of 0.18 mm 

wall thickness as shown in Fig. 1 was subjected to uniform axial compression 

using a universal testing machine compression platens at loading velocities of 10, 

50, 100, 200, 300, 400, and 500 mm/min to a displacement range of 20~ 60mm. 

Experiments were conducted on empty and water filled containers. Water filled 

containers were further classified in half filled and fully filled shell structures. A 

set of 3 experiments were conducted at each loading speed. 

The true stress-strain curve of the shell material along with the micrograph of 

tin coated surface is shown in Fig. 2. The material properties of the specimen are 

shown in Table 1. None standard specimens were used to conduct tensile tests on 

the can material. It was found that when thin sheet material has to be investigated 
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the specimen width to thickness ratio should not exceed a certain limit to obtain 

reasonable results during the tensile test. 

 

 

Fig. 1. Axial Compression Loading of Empty,                                                

Half Filled, and Fully Filled Thin Wall Cylindrical Can. 

 

 

Fig. 2. The True Stress-Strain Curve of Tin (Sn) Coated Steel Cylindrical 

Shell obtained from Tensile Test on a Coupon taken from the Shell Wall. 

 

Table 1. Material Properties of the Cylindrical Shell (Can). 

Density 

(kg/m
3
) 

Elastic 

Modulus 

(GPa) 

Tangent 

Modulus 

(Gpa) 

Yield 

Strength 

(Gpa) 

Poisson’s 

Ratio 

8107 112.43 1.165 0.530 0.33 



512     Q. H. Shah et al.                        

 

 
 
Journal of Engineering Science and Technology             August 2011, Vol. 6(4) 

 

 

In Fig. 3 the load-displacement obtained from loading the empty, half filled, 

and fully filled can is shown. Empty can loading history shows a single load peak 

which is the buckling load for the can.  

 

 

 

Fig. 3.  Load Displacement Curves for (a) Empty,                                                    

(b) Half filled, and (c) Fully Filled Cylindrical Shells. 
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For half filled can there are two load peaks, i.e., the first is the buckling load 

for initial deformation and the second peak occurs when the shell walls gradually 

establish increased contact area with the water. For the fully filled cans three load 

peaks were observed. The first peak being the same as in two other earlier cases 

of empty and half filled cans and the third peak occurs just at the time the can is 

collapsed. For 10 mm/min loading rate of fully filled shell a horizontal shift of 

upper half of the can resulted in a sudden load drop to a second equilibrium 

position. This drop in load is attributed to the shear loading of the can that 

introduced instability. 

When the peak loads for empty, half filled, and fully filled cans at in-

creasing loading speeds are compared, it is seen that there is a lot of data scatter 

in case of empty cans buckling loads which is similar to the half filled cans. The 

buckling load values for the first peak in all three cases are shown in Fig. 4. The 

effect of fully filled cans on the first peak load shows stable trend and average 

loads are slightly higher than two earlier mentioned cases of empty and half 

filled cans.  

 

 

Fig. 4. Buckling Loads Comparison (1st peak) for Empty,                                 

Half filled, and Fully Filled Cans. 

The comparison between three load peaks for fully filled cans is shown in 

Fig. 5. First peak load for increasing loading rate shows some data scatter but 

the second peak shows better stability. There is no significant difference in the 

first and second peak loads but there is a marked increase of 42.30 % in the 3rd 

peak which can be attributed to the increase in load carrying capability of the 

fully filled cylindrical shells. Loading rate effect in the experimental range does 

not show any drastic change in the load carrying capability of the water filled 

cans though a slight upward trend is visible. 

50% filled cans show similar initial trend as empty cans therefore they would 

not be considered for further investigation. Empty cans show a buckling process 

that can be compared with the buckling process of fully filled cans. 
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Fig. 5. Comparison between Three Peak Loads for Fully Filled Cans             

at Loading Rates Ranging from 10 mm/min to 500 mm/min. 

 

3. Numerical Investigation  

The above mentioned cylindrical can was meshed using shell elements in 

LSDYNA. The can was constructed in three parts. Part 1 is the main body of the 

can comprising of only the closed end shell structure. Part 2 and 3 are the top and 

bottom rings of the can sharing the common nodes with Part 1 as shown in Fig. 6. 

Part 5 and 6 (not shown) are the top and bottom platens used to apply the axial 

compression. Water body inside the can was modeled using Smooth Particle 

Hydrodynamics (SPH). Can structure was modeled with *MAT_PLASTIC_ 

KINEMATIC with material properties shown in Table 1. Water was modeled 

using *MAT_NULL with Gruneisen EOS. The top and bottom platens were 

modeled with *MAT_RIGID. 

 

 

Fig. 6 FE Model of Water Filled Cylindrical Can                                            

showing the Can Parts and the Water Body. 
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Only 500 mm/min axial compression of fully filled cylindrical shell was 

simulated using 720 times higher loading speed because explicit finite element 

would consume an enormously prohibitive amount of time if the actual loading 

speed is used. To accelerate the solution, mass scaling was also introduced. Figure 7 

shows the compressed cylindrical can between top and bottom platens while the 

water starts leaking near the maximum loading peak under pressure. Load history of 

the cylindrical shell parts is shown in Fig. 8. The solid line shows the load history of 

the main cylinder while dotted line represents the load history of the top ring of 

cylinder. The simulation was run for a total of 10 milli-seconds during which the 

top platen was moved to compress the water filled cylinder to simulate the axial 

compression carried out in experiments. Top ring loading history shows a delay of 

peak load because the peak load on the top ring occurs after it has been forced into 

the main cylinder. The total of these initial two peak loads when added give a value 

of 12.8 kN which is nearly same as obtained in experimental work for the first peak 

load. Second load peak on solid line fluctuates between 15 and 18 kN but the 

average may be considered as 15 kN. Third peak occurs at almost 20 kN and it also 

agrees closely with the experimental evidence. This has to be noted here that even 

though the loading speed of the water cylinder has been increased significantly in 

the simulation the load peaks occur at the same level as in experiments. Therefore 

the effect of loading speed has remained minimal. 

 

Fig. 7. Cylindrical Can deformed to 60 mm under Axial Compression. 

It is assumed that after the first load peak which stands for initial 

structural buckling, the increase in loading that leads to second peak on the 

solid curve in Fig. 8 is to establish full contact between compressed cylinder 

internal walls and water until second load peak is reached. The gradual load 

increase between second and third peak is due to the cylinder walls bulging 

under compressed water pressure. This continues until load bearing capacity 

of the cylinder is exhausted and the cylinder collapses either by water leakage 

through small cracks formed in the process of structural deformation or a 

sudden wall burst. A structural imperfection if absent as in FE modeling leads 

to a stable buckling process while any structural imperfection if introduced in 

the structure during loading may cause the horizontal shift in the top half of 

the cylinder making it a case where damage and failure is contributed by axial 

and shearing process. 
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Fig. 8 Loading History for the Top Ring and                                              

the Main Cylindrical Shell Structure. 

The stress pattern in the cylindrical wall has been shown in Fig. 9 for 5 shell 

elements selected randomly from the middle of the cylinder wall spanning a 

vertical distance of about 20 mm. The Von-Mises stress shows an unstable 

behavior after the first stress peak but after a short time as the contact between the 

cylinder wall and the water is increased the stresses rise to the second peak. The 

instability in stress values displayed between first and second peak actually 

represents the initial structural damage during which the elements undergo stress 

waves perturbation. All elements at different locations show same stress values 

before and after the second stress peak. This also explains what happens in the 

cylindrical shell wall during different loading phases. 

 

Fig. 9. Von-Mises Stress History for 5 randomly Selected Elements     

from the Middle of Cylindrical Shell (PART 1). 
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4.  Results and Discussion 

From the experimental and numerical investigation of a thin wall water filled 

container subjected to axial compressive loads it has been found that the load 

carrying capability of fully filled containers can be sustained for an appreciable 

amount of time before final collapse provided that no structural imperfection is 

present in the structure that may shift a portion of the cylinder horizontally 

causing shear loading. It should however be noted that at times the structural 

imperfections are introduced because of the complexity present in the shape of 

the existing structure. In the present work some of the cylindrical cans 

underwent shear loading mode showing a sudden fall in load values and 

sustained at a lower equilibrium value until final collapse as shown in Fig. 3(c) 

for the slow loading rate of 10 mm/min. It is assumed that extremely slow 

loading may negatively influence any structural imperfection present in the 

structure. Load displacement curve obtained from the fully filled containers 

during experimental work has been substantiated by finite element analysis 

closely even though the loading rate was extremely high in LSDYNA modeling. 

This means that loading rate has little effect on damage and collapse mechanism 

of liquid filled containers under axial compression. 

The energy absorbed by top and bottom rings of the cylinder obtained from 

numerical analysis is compared in Fig. 10. The top ring has an early fluctuation in 

energy value due to the fact that the top ring starts deforming earlier while the 

bottom ring absorbs energy steeply and then levels for a while and at 3~4 milli-

sec the energy absorption for both rings is synchronized until 10J level. Both 

curves level off after this point because most of the load is taken over by the main 

cylinder at this point.  

 

Fig. 10 Energy Absorbed by Top and Bottom Ring of Cylinder. 

The energy absorbed by main cylinder is slow at first as shown in Fig. 11 but 

it picks up the pace steeply after the initial buckling of top and bottom rings is 

complete. After 4 milli-sec an enormous amount of energy (up to 600J) is 

absorbed by the main cylinder compared to the top and bottom cylinderical rings. 

The vertical displacement is stopped at 10 milli-sec therefore the energy absorbed 

remains constant after this point. 
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From the successful modeling of the water filled thin wall cylinder collapse 

it is encouraging to note that the usage of smooth particle hydrodynamics 

technique provides a cheap, easy, and reliable method for the investigation of 

similar situations. 

 

 

Fig. 11 Energy Absorbed by Main Cylinder. 

 

5.  Conclusions 

Empty and water filled thin metal cylindrical cans were loaded under axial 

compression at various speeds until the cylinder collapse. The effect of loading 

rate was found to be insignificant within the range of experimental work carried 

out. Numerical investigation was able to explain the damage process of the water 

filled cans successfully. The following conclusions were made. 

Empty cylindrical shells can sustain the axial compressive loads for a very 

limited time and the final cylinder collapse may be instantaneous. Compared to 

empty cylinders the water filled cylinders exhibit great stability and decelerate the 

arrival of final collapse which may provide enough time to evacuate personnel in 

the vicinity of large liquid carrying vessels. A 42% increase in the external load 

carrying capacity was found that could be attributed to the fully filled cylinders. 

Finite element simulations of liquid filled vessels using smooth particle 

hydrodynamics (SPH) in a hydro-code like LSDYNA could be an easy, reliable, 

and fast approach to predict the structural failure and load carrying capability of 

liquid filled containers subjected to dynamic loading.  
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