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ABSTRACT  

Material efficiency in modern tank constructions often is achieved by combining thin plates with 

light and heavy ring stiffeners. While the plates are designed to resist hydrostatic pressure, the 

stiffeners are designed against wind and external pressure. Axial buckling may occur due to high 

roof loads and wind since very thin plates are prone to a loss of stability. 

Test results in the 60s and 70s revealed that closely spaced ring-stiffeners may greatly enhance the 

axial buckling behavior, allowing for knock-down factors greater unity. However, until today, no 

design procedure is available allowing for adopting the beneficial effect of ring stiffeners under 

axial compression into practical design. 

In this paper a design procedure is proposed that closes this gap in current design codes. One 

outcome of the conducted literature study revealed that test results of unstiffened shells may be 

more closely approximated and is shortly presented. The design procedure for ring-stiffened shells 

was then developed from lower bound curves deduced from categorized buckling tests.  

The results of a parametrical study, that was conducted over a wide range of r/t-values, is presented. 

Imperfection depths up to 10t were examined using a stiffener spacing of one buckling half-wave. 

Especially highly slender stiffened cylinders benefit from ring-stiffening, showing up to 380% 

strength gains.  

Imperfection depths proposed by the current design code were found to be too conservative. 
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1 INTRODUCTION 

Ring-stiffened tanks are built in a huge variety, e.g. in the biogas or the oil industry. Material 

efficiency is achieved by combining thin plates to resist the hydrostatic pressure with ring stiffeners 

to provide a satisfying resistance against buckling due to wind and/or inner pressure. Tanks, 

subjected to wind load, develop meridional forces at approximately 90° to the wind stagnation zone. 

“Classical” tanks without stiffeners have plates thick enough to not let “Elephant’s foot” buckling 

effect the design. However, light-weight tanks, often built with r/t-ratios larger than 5000, consist of 

very thin plates that are prone to failure by axial buckling in the lowest strake. Ring stiffeners 

provide restraint for the plates against wind and external pressure. However, their contribution to an 

enhanced axial buckling behaviour has not been fully recognized up to date.  

In this paper, construction principles of ring-stiffened tanks are presented. Results of experimental 

studies found in literature show the beneficial effect on the buckling resistance. They are 

transformed into a design procedure, applicable to closely stiffened shells. Parametric studies 

extend the applicability of the design procedure up to r/t-ratios of 10000. 

2 CONSTRUCTION OF RING-STIFFENED TANKS 

Ring-stiffened tanks are built by many different companies for many different purposes. Typical 

industry branches in which light-weight, ring-stiffened steel shells are employed are e.g. the 

agricultural or oil industry. This cost-effective type of shell has found its use in the biogas industry 

over the past few years as well. 



 

 © Ernst & Sohn Verlag für Architektur und technische Wissenschaften GmbH & Co. KG, Berlin ∙ CE/papers (2017) 

Well-known manufacturers are, e.g. the German companies Lipp, Stallkamp and Grohnemeyer & 

Banck. Furthermore, the Austrian company Kremsmüller is well known in Western Europe. All of 

those companies use different procedures to erect the tanks.  

Grohnemeyer & Bank and Kremsmüller build typical welded tanks (fig. 1 and 2l.). Strakes are 

rounded to the appropriate diameter and connected on site by butt welds. The ring stiffeners are 

attached to the wall using light fillet welds. A typical tank and its construction is presented in fig. 1. 

Since the strakes and ring stiffeners can be varied to a great extend to fit the structural needs, this 

erection procedure may be used up to very large capacities. Economically, other techniques promise 

to be more cost-effective, especially in the small capacity range. If welding parameters are not 

carefully chosen, residual stresses will likely lead to welding distortions that result in unfavourable 

imperfection patterns reducing the bearing capacity against axial compression, wind and external 

pressure. 

Bolted tanks and their construction principle are depicted in fig. 1 r.b. and fig. 2m. Thin-walled 

strakes, in the biogas industry usually in stainless steel or enamelled steel, are laser cut and rounded 

to diameter in the workshop. On site, the single plates are connected by bolts. Once one ring is 

completed, it is lifted up as whole. Usually, ring stiffeners are used to connect two rings vertically. 

Hence, they are necessarily a part of the construction. Since the plates are pre-fabricated in a 

workshop and only little residual stresses are induced while the erection procedure, only very small 

imperfections are measurable and tolerance class A is proclaimed by the construction companies. 

Despite the time-consuming erection process, this kind of tank can be economically built because 

very thin plates, ranging from 1.5 mm up to 4.0 mm, are combined with ring stiffeners that provide 

appropriate stiffening against wind and external pressure. Tanks up to 32 m at 6.25 m height have 

been built until now reaching a maximum storage capacity of about 4450 m³.  

Endlessly spiral-folded tanks are produced by Lipp. An example is shown in fig. 1 r.t. and the 

double fold is depicted in fig. 2 r. A coil of plated steel or carbon steel is cold formed at its 

longitudinal edges while the machine rolls it off. When two longitudinal edges meet, they are 

formed into a double fold. This seam provides a suitable shear connection between two rings and 

causes the thin plates (max t = 4 mm) to behave orthotropically. Wind loads and external pressure 

are beared by the stiffeners while axial compression can be beared only by the plates alone. Since 

the double folds are, due to construction process necessarily, closely spaced (distance about 370 

mm), the ring stiffeners greatly contribute to the axial buckling resistance. The upper storage 

capacity limit is about 7500 m³ due to the limitation of using cold-formable steels only. 

 

 

 

Figure 1: Tanks for: Lye (Kremsmüller [1] l.), storage (Lipp [2] r.t.), biogas (Stallkamp [3] r.b.) 
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Figure 2: Section of: Lye tank l. [1], biogas tank Stallkamp m. [4], double-fold Lipp r. [5] 

3 LITERATURE REVIEW 

3.1 Historic overview 

In the early 1930s, Flügge [6], amongst others, conducted first studies regarding the buckling 

behavior of stiffened shells. Driven by the demand of the aerospace and ship industry to produce 

light weight, efficient structures the research on stiffened shells was intensified to a great extent and 

a large series of experiments was conducted in the 1960s and 1970s to systematically review the 

behavior of ring-stiffened and stringer-stiffened shells. One of most active researchers of that time 

was Singer [7], [8]. He developed the “Smeared Stiffener Theory” [9] that, until today, is used for 

simplified analysis of stiffened shells and has been improved by many authors, e.g. Wang [10]. 

Since a combination of stringers and ring stiffeners allows higher bearing capacities, research on 

ring-stiffened shells was continued less intensively and few articles were published since 1975.  

The axial buckling behavior of ring-stiffened shells has not received much attention of the 

researchers active in the field of civil engineering until Barlag [11] in 2003 reviewed test results 

from literature and compared those with present design procedures. In 2008 Wirth [12] used 

experimental results of small scale Lipp silos to review the applicability of EN 1993-1-6 [13] on 

shell buckling. He concluded that it is quite difficult to numerically derive resistances that are close 

to the experimental results following the provision of EN 1993-1-6 and that generally the simplified 

procedures, such as the hand calculation procedure, as well as the MNA (material nonlinear 

analysis) and LBA (Linear Buckling Analysis) procedure, yield quite conservative results. 

3.2 Experimental results 

In figs. 3-5 the results of experiments taken from [11] and [14] are depicted. It is evident that the 

ring-stiffened cylinders (indicated as “rst”) have a larger resistance against axial compression than 

unstiffened ones (indicated as “nst”). Especially in the slenderness range of 1.50 ≤ λ̅ ≤ 2.50, the 

ring-stiffened shells show multiple times higher bearing capacities than unstiffened shells with only 

few data points below a lower bound curve (at λ̅ ≈ 1.7 and λ̅ ≈ 2.2).  

A closer approximation of  test results of unstiffened shells is presented by the curves “χprop,TC A”, 

“χprop,TC B” and “χprop,TC C”. The equivalent parameters for tolerance classes (TC) A-C are given with 

eq. 1. The approximation in the elastic buckling regime was adjusted using a modified knock-down 

parameter, determined with eq. 2. Further information about unstiffened shells can be found in [15]. 
 

 λ̅x,0 = 0.25, β = 0.80, η = 0.60, Q = 16/25/40 (TC: C/B/A) (1) 

 αx,prop = 0.35
𝑄

16
(
𝑟

𝑡
)
−0.11

 (2) 

 𝑘st =
A𝑠𝑡

a𝑠𝑡 t𝑤𝑎𝑙𝑙  
 (3) 

where: Ast = cross-section of stiffener, ast = distance of stiffeners, tWall = shell plate thickness 
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Figure 3: Buckling reduction factor χx for axial compression, test results from [11] and [14] 

 

Figure 4: Knock-down factor αx in dependence of the geometry parameter r/t 

In fig. 4 test results of knock-down parameters of stiffened and unstiffened shells are depicted 

together with the proposed curves for unstiffened shells (eq. 2) and Eurocode proposals. The curves 

are presented up to a high r/t-ratio of 5000 to emphasize the close approximation of test results 

achieved for high r/t-ratios when eq. 2 is used to determine α. The lower bound is in good 

agreement with the numerical studies presented in fig. 10 (αx,min ≈ 0.12 for wk/t = 3.0 and kst = 0) . 

Test results of ring-stiffened shells exceed the α-values of unstiffened shells by far while the typical 

large scatter of shells under axial compression is existent for both type of shells. Most experimental 

studies of stiffened shells have been conducted in the range up to r/t = 750. Although a rather small 

maximum value of r/t in the tests may lead to the conclusion that the knock-down factors are not 

representative for highly slender cylindrical shells, fig. 3 indicates the opposite. Even with small r/t-

ratios a high slenderness is achieved. This indicates that the α values may be carefully adopted into 

a design procedure. However, the buckling capacity of ring-stiffened shells should not be calculated 

using only α. Material behaviour should be taken into account even for slender shells as it is 

proposed in section 3.4. 

The increase of the knock-down factor with greater ring parameters kst is shown in fig. 5. Most 

experimental results are available in a range between 0 ≤ kst ≤ 1. Elastic buckling of the specimen is 

indicated by “χexp,rst,el”. A lower boundary is given in a linear form, as well as in a ln-based form 

with equations provided in fig. 5. Due to its simplicity, the linear form is favoured.  

Since α represents the elastic buckling behaviour, that is greatly dependent only on the critical 

buckling stress, the test results below αx,rst = 0.60 can be neglected for the design procedure.  
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Figure 5: Knock-down factor αx in dependence of the ring parameter kst  

3.3 Contribution of the ring stiffeners to the enhanced bearing capacity 

Ring stiffeners greatly reduce the imperfection sensitivity by forcing the shell to buckle in an 

axisymmetric mode. Chequerboard buckling patterns close to the critical stress value are suppressed 

and the phenomenon of clustered eigenvalues vanishes if stiffeners are strong enough and closely 

spaced. The number of possible failure modes decreases largely, forcing the cylinder to fail in one 

clearly determined failure mode. On the contrary, non-stiffened shells have a lot of possible failure 

modes at the same critical stress value and, hence, a huge imperfection sensitivity.  

Ring stiffeners subdivide the shell into sub-shells that buckle independently with local buckling 

modes between the stiffeners if the ring parameter kst (eq. 3) is chosen large enough and the distance 

of two rings does not exceed a certain value, that, for this paper, is assumed as one buckling 

halfwave length (1.73 (rt)0.5). Contrary, a small ring parameter may allow global buckling with 

bulges extending over the ring stiffeners. The pre-buckling state is, in any case, axisymmetric.  

Due to the Poisson effect the shell develops meridional bending moments with a minimum at the 

connection lines of the ring stiffeners to the shell. Larger ring areas lead to larger bending moments 

if the ring stiffener spacing is kept constant. They can be interpreted as clamping moments of a 

short cylindrical shell with a boundary condition “BC1r” and “BC2r” according to EN 1993-1-6 

[13]. It may be concluded that the critical stress (later on referred as “ideal critical stress”) is highly 

affected in the analysis. Singer [16] proposes an equation that covers a slight magnification of the 

critical stress. However, by numerical eigenvalue extraction of the whole structure, as soon as the 

stiffeners reach a distance of one buckling halfwave length, almost no effect can be derived. 

Axisymmetric modes develop with a turning point between two stiffeners. The stiffeners are simply 

rotating in the Eigenform. Even with a huge torsional rigidity this effect is present, since the shell 

wall is the only boundary condition of the stiffener. When the boundary rotates around its axis 

entirely, the stiffer is forced to follow this movement since there is no restraint available. 

Employing a GMNA (Geometrically and materially nonlinear analysis), it can be shown that the 

rings remain horizontally orientated and the boundary effect of the ring stiffener becomes clearly 

visible. A GMNA is suggested rather than a GNA (geometrical nonlinear analysis), since the 

clamping moments in the shell wall at the height of the stiffeners may lead to local yielding of the 

wall. Due to decreased stiffness, the boundary condition in this case changes from “BC1r” to 

“BC1f” and the ideal critical stress decreases (according to the level of plastification). 

Most of the experiments have been conducted employing very closely stiffened shells with a 

stiffener spacing below the buckling wave length of (3.46 (r/t)0.5). Care has to be taken when results 

of wider spaced stiffeners have to be concluded from what is presented in this paper. Further 

investigations dealing with larger stiffener distances are currently under preparation. By the date of 

the publication of this paper, a proposal of modifications on the design procedure will be available. 
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Figure 6: Parameters for interpolation of kst  

3.4 Design procedure deduced from experiments 

As has been concluded in section 3.2, only taking into account αx according to the ring parameter 

may lead to an unconservative prediction of the buckling resistance, since a high slenderness can be 

reached even by small r/t-ratios. Therefore, the slenderness parameter shall be taken into account 

properly. To do so, the results have been categorized into different kst categories and best fit lower 

bound curves for χx,rst as power functions have been determined with a focus on development with 

increasing slenderness. The resulting interpolation parameters for the power functions are 

summarized in fig. 6. 

Modified equations, ultimately leading to the reduction parameter χx,rst, are proposed with eqs. 5-7. 

The critical stress σcr should be computed for a medium length, simply supported cylinder (BC2f). 

A good approximation of the plastic reference slenderness of the experiments is found with      

λ̅x,pl,ref = 0.90. Hence, this value is adopted into the design proposal. The buckling curve parameters 

given with eq. 4 have been determined as lower bound values. Therefore, a quality of construction 

parameter Q has not been included into the procedure yet. TC C would be appropriate. 

 

Figure 7: Design results of proposed design procedure of ring-stiffened shells 

χx,rst = 𝑎 λ̅x,rst
−b  
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Figure 8: Experimental results compared to proposed design procedure 

 λ̅x,pl,ref = 0.90, λ̅x,0,rst = 0.25, βrst = 0.80, ηrst = 0.60 (4) 

 αx,rst = 0.277 kst + 0.5779 (5) 

 λ̅x,pl,rst = √
αx,rst
1 − βrst

 (6) 

 χx,rst =

{
 
 
 

 
 
 

1 for:   λ̅x,rst ≤ λ̅x,0,rst

1 − βrst (
λ̅x,rst − λ̅x,0,rst

λ̅x,pl,rst − λ̅x,0,rst
)

ηrst

for:  λ̅x,0,rst < λ̅x ≤ λ̅x,pl,ref

min{

(0.644 𝑘st + 0.287)λ̅x,rst
−(0.431𝑘st+1.579)

αx,rst/λ̅x,rst
2

χx,rst(λ̅x,pl,ref)

for:  λ̅x,pl,ref < λ̅x,rst

}
 
 
 

 
 
 

 (7) 

Proposed design curves are compared to categorized test results in fig. 7. To prevent over-

conservatism in the slenderness range between 0.9 ≤ λ̅x,rst ≤ 1.3, a horizontal line is necessary to 

connect results determined in the elastic-plastic regime with the results in the elastic range. This is 

due to the only moderate adjustment of the buckling curve in the elastic-plastic regime while 

buckling reduction factors in the elastic range have been considerably modified.  

The reduction factors of unstiffened shells, χx,rst have been determined using the buckling curve 

parameters proposed in eq. 1 and eq. 2.  

4 PARAMETRIC STUDIES 

Parametric studies have been conducted over a wide range of geometries, from r/t = 125 up to        

r/t = 10000. The shell length l was chosen as equal to the radius to prevent length effects (that 

usually vanish at l/r ≥ 0.75 [17]). Since the pre-buckling state is always axisymmetric, only a fourth 

of the whole shell was generated, employing appropriate symmetry conditions at the vertical edges. 

The upper boundary was modelled as ideal “BC2f” (designation according to EN 1993-1-6 [13]) 

while the lower boundary was assumed as “BC1f”. Both horizontal edges have been coupled to a 

reference node to allow an easy extraction of forces and axial shortening. Rectangular ring 

stiffeners (b/t = 2/1) are modelled with a spacing of one buckling halfwave length lHW = 1.73 (rt)0.5. 

A full set of MNA (Material Nonlinear Analysis), LBA (Linear Bifurcation Analysis), GMNA and 

GMNIA (GMNA with imperfections taken as the first axis-symmetric shape of the LBA – a weld 

depression as proposed by Rotter [18] did not yield lower results) has been calculated with, in 

practical design widely used software, Sofistik [19]. A load controlled Newton-Raphson procedure 

was employed. Automatic checks of negative determinants of the tangential stiffness matrix are  
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Figure 9: Buckling resistance at imperfection amplitudes wk/t for r/t = 5000, 0.0 ≤ kst ≤ 1.0 

carried out while the load is increased in small steps. Bisection is used to find the limit load. For 

this analysis only the pre-buckling resistance was of interest. When one possible post-buckling path 

is entered, the bearing capacity drops dramatically. This is accompanied with a sudden increase of 

axial shortening. The buckling mode switches from axis-symmetric to a chequer-board mode. The 

behaviour is almost identical to unstiffened shells, with the difference that local buckling between 

the stiffeners occurs rather than global buckling including the stiffeners. 

Due to the limitation in space, only few results can be presented here in detail. 

With fig. 9 the decreasing buckling resistance while imperfection depths increase is shown. No 

distinct limit can be concluded for stiffened shells, while the unstiffened shell has almost reached its 

bearing capacity at around wk/t = 2. Almost no more loss in strength can be achieved by increasing 

the imperfection amplitude in that case. The huge boxes show the results, calculated with the hand 

calculation procedure of EN 1993-1-6. Using an eigenform affine imperfection shape, it is 

impossible to verify those conservative buckling resistances computed by hand calculation via 

GMNIA. Adopting the calibration factor into design as demanded by [13], the designer would have 

to draw the conclusion that his calculation is quite unsafe, although the reason for the “unsafe” 

design can easily be found in the conservative reduction of buckling resistance in the high 

slenderness range. 

When the results determined with eq. 7 (depicted in fig. 9 at wk/t = 7) are projected leftward, until 

the adequate numerically derived curve is met, it shows, that the imperfection amplitude proposed 

by EN 1993-1-6 for very slender cylinders are generally too high. According to fig. 9, adopting an 

imperfection amplitude less than wk/t ≈ 0.5 would result in a close approximation of the buckling 

resistance predicted by eq. 7. Considering all numerical calculations, the largest imperfection 

amplitude necessary to predict the same buckling resistance as with eq. 7 was wk/t ≈ 0.9. 

For TC C, the imperfection depth Δw0,eq of an unstiffened tank with  r/t = 5000 shall be chosen as 

7.07 wk/t, while it is clear that exceeding  wk/t = 2, only a minor reduction in buckling strength can 

be achieved. This discrepancy could have been expected, since the amplitudes given in the current 

shell Eurocode are related to the tolerance measurements of a structure. A commentary on the 

imperfection depth in [20] explains that no extensive testing or verifying has yet been conducted 

until today. However, since a larger amplitude results in the approximately same buckling 

resistance as a smaller imperfection depth, the discussion of the “correct” imperfection amplitude is 

more likely an academic issue and does not greatly effect designers in practice. 

Finally, fig. 10 shows the decrease of the knockdown-factor with increasing imperfection 

amplitudes for different ring parameters kst. As expected, the bearing capacity decreases with 

increasing imperfection depth. The loss in capacity is more emphasized as the ring parameter 

increases. Closely spaced, strong ring stiffeners greatly increase the buckling resistance of 

cylindrical shells under axial compression by decreasing the imperfection sensitivity, hence, 

yielding large values αx.   
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Figure 10: Knock-down factor αx as a function of wk/t, r/t and kst 

Exceeding r/t = 2500 almost no difference of the knock-down factor αx can be detected as the      

r/t-ratio grows. Just a minor increase is visible compared to r/t = 10000. This increase becomes 

more pronounced when deeper imperfection amplitudes are chosen. With higher ring parameters, 

larger values of the knock-down factor can be derived. While at kst = 0.10 and wk/t = 3.0 only small 

gains up to r/t ≈ 500 are achieved, for kst = 1.00 and wk/t = 3.0 a steady increase is evident up to     

r/t = 5000. At smaller imperfection amplitudes, e.g. for kst = 1.00 and wk/t = 0.5, an increase until  

r/t = 2500 can be detected for stronger stiffening. For kst = 0.10 and wk/t = 0.5 the gain in capacity is 

only pronounced up to r/t = 500 (as it is for wk/t = 3.0).  

Contrary to the deduced results, the αx values given by [13] decrease with increasing r/t-ratios. This 

trend is explainable neither by experiments presented in fig. 4 nor the results of the calculations of 

the study presented in this section. More details of unstiffened shells can be found in [15]. 

5 CONCLUSIONS 

The demand of design rules for tanks with r/t-ratios larger than 5000 has been pointed out. It has 

been shown how very slender and modern squat tanks are constructed and that they easily may 

exceed the current limit of the design code EN 1993-1-6 that is r/t = 5000.  

Ring-stiffeners are required for general stability. As a side-effect, they may greatly enhance the 

buckling behavior in axial compression. Reviewing experiments published in literature, it has been 

concluded that the imperfection sensitivity is significantly reduced by closely spaced ring-stiffeners. 

Modified knock-down factors of unstiffened and ring-stiffened cylindrical shells were deduced 

from test results and a design procedure has been proposed that allows for an inclusion of the 

stiffening effect of the rings in axial compression. A parametric study was conducted to virtually 

extend the test data available. It could be shown that with increasing ring parameters a considerable 

gain in buckling strength is achieved. Appropriate equivalent imperfection depths of an axis-

symmetric ring-buckle derived by LBA are lower than predicted by current code provisions.  

Much more research is needed for both, unstiffened shells and ring-stiffened shells, under axial 

compression. Currently, an extension of the results including wider spaced ring-stiffeners is 

conducted by the authors. 
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