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Abstract 

In this research the behavior of cylindrical 
shells under axial load have been studied. The 
experimental program is included two groups: the 
first consists of nine cylinders; each has a 
diameter of 150 mm, while the height varies from 
100 to 500 mm and thickness of 1.5 mm, test 
results show that the optimum height to achieve 
the maximum strength is 300 mm with L/D equal 
to 2. The second group consists of two cylinders 
with diameter of 150 mm and height of 300 and 
500 mm strengthened with stiffeners plate 
welding from inside at four quarters with 
thickness of 1.5 mm and width 20 mm fabricated 
from the same metal of the cylinders. After testing 
these two cylinders were gain an increase in the 
strength reached to 42% for 300 mm cylinder and 
26.4% for 500 mm cylinder. The failure modes 
for these two groups are: the buckling at bottom 
like “elephant’s foot” for cylinders height from 
100 to 300 mm and “inelastic buckling” for 
cylinders height from 350 to 500 mm for the first 
group, and the ” inelastic buckling” for the second 
group. 
Keywords: Cylinders, L/D, Buckling, Elephant’s 
foot, Inelastic buckling. 
 
1 Introduction 

The cylindrical shell structures are generally 
high efficient structures; they have wide 
applications in the field of mechanical, civil, 
aerospace, marine, power plants etc. In general, if 
the thickness of the wall of a shell is less than 
1/10th to 1/15th of its diameter, it is known as a 
thin shell, Khurmi, R. S., [1]. 

Modern structures are designed for the most 
part as those that are assembled with the 
combined use of thin shells and slender members 
to contradictory requirements of reduced weight 
and high strength. 

One of the important applications in civil 
engineering is the thin cylindrical shell buckling 
strength, Minjie et al., [2], under uniform load 
experimental and theoretical observations record 
which show a significant stress non-uniformity, 
hence a deviation from the buckling strength and 

explore under localized axial compression a 
typical thin cylindrical silo. So identify two 
different buckling phenomena, also a geometric 
imperfection influence is also considered on the 
buckling strength. 

There are two types of buckling take place in 
the very thin shell: primary buckling which is 
called elastic buckling and secondary buckling 
which is lead to a significant reduction in the 
number of the circumferential waves, Kobayashi 
and Mihara, [3].   

A simulation is achieved, Prabu et al., [4], 
using a finite element method to model different 
sizes of circular dent at half the height of 
cylindrical shells, the parameter of this analysis is 
“external of dent present over an area”. The 
ANSYS finite element program used in this 
simulation, the extent of dent present over an area 
is more influence than dent depth. This conclusion 
is verified by finite element models of two 
circular dents at half of cylindrical shell placed 
180° apart with different dent sizes. 

Experimental and numerical investigation are 
achieved, Kabir and Nazari, [5], of circular 
cylinders behavior under compression with certain 
size ratio and various configuration of notch. To 
evaluate the ultimate strength of these cylinders 
the researchers use ABAQUS software with 
nonlinear finite element. A compare between the 
numerical and observed experiments is happened, 
the results of these comparison is that the 
nonlinear analysis results is more accurate than 
the linear analysis, further a consideration take 
into account: repairing purposes of deformed 
shape and stress distribution of the critical region. 

The influence of section slenderness on the 
inelastic and elastic bending properties also, the 
influence of stiffeners welded in the steel tube of 
thin-walled CHS studied, Guo et al., [6], as a 
series include sixteen bending test. These tubes 
were tested to failure which have diameter to 
thickness ratio (D/t) varying from 75 to 300. From 
the experimental results it concluded that the 
specimens with small diameter to thickness ratios 
failed by extensive plastification at the center 
while, failure become local buckling with increase 
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of diameter to thickness. The local carrying 
capacity increase and the ductility improve with 
the existence of stiffeners. 

The buckling strength of thin cylindrical shells 
under uniform and non-uniform compressive 
loads analyzed, Elso, [7], the parameters of this 
work is the stability of cylinder shells with thin-
walled, and with different combinations of loads. 
The deformation of a cylindrical shell affect by 
the external loads variable. 

By using the finite element program ABAQUS 
using dynamic, steel tubular wind turbine towers 
analyzed, Hu Y. et al., [8], these towers with 
height varies from 50 to 250 m are considered and 
investigated. Three different design options are 
taken into account in the analysis: 1-thick wall 
with stiffening rings, 2- thick wall without 
stiffening rings, and 3- thin wall with stiffening. 
The parameters of this analysis are: weight 
reduction ratios in reduction to the horizontal 
sway and the ratio of Von Misses stress increase 
to identify the design approach effect. 
     
2 Mechanical properties of test 

cylinder 
The cylinders were fabricated from Cobalt Iron 
alloy Co3Fe7. The material properties for this 
alloy were determined by worked tensile coupon 
test which was paint with white color as shown in 
Fig. 1-a. This tensile coupon was carried out and 
tested according to the Annual Book of ASTM 
(ASTM 2009) [9] by using Universal Test 
Machine with friction grips in the Production and 
Metallurgy Engineering Department laboratory at 
the University of Technology as shown in Fig. 1-
b. The material properties are shown in Fig. 2 and 
Table 1.   
  

 
(a) Test specimen before and after testing. 

 
(b) Material testing machine. 

Figure 1: Test specimen and testing machine used 
in this research. 

 

 

Figure 2:  Tensile test curve for cylinder. 
 

Table 1: Material properties for cylinder. 

 
3  Experimental work 

The experimental program of this research is 
consisting of two groups: 
• Group A:  consists of nine cylinders denoted 

by C1 to C9 as shown in Fig. 3 and listed in 
Table 2.  
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• Group B: this group consists of two cylinders 

denoted by CS4 and CS9 stiffened by plate 
stiffeners welded from inside at four quarters 
with 1.5 mm thickness and 20 mm width, this 
stiffeners made from the same material plate 
of the cylinders as listed in Table 2 and shown 
in Fig. 4. 
These cylinders were set up from alloy metal 
sheet cut to the proper size by using a metal 
cutting machine and then rolled by rolling 
machine to take the cylindrical shape and 
welded by using the type E6013 electrodes 
through the height of the cylinder and paint 
with white color and meshed with blue lines as 
shown in Figs. 3 and 4. 
 

 
Figure 3:  Cylinder specimens C1 to C9.  

 

 
Figure 4:  Cylinder specimens CS4 and CS9. 

 
Table 2: Description of test specimens. 
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C1 100 150 1.5 0.67 
C2 150 150 1.5 1.00 
C3 200 150 1.5 1.33 
C4 250 150 1.5 1.66 
C5 300 150 1.5 2.00 

C6 350 150 1.5 2.33 
C7 400 150 1.5 2.66 
C8 450 150 1.5 3.00 
C9 500 150 1.5 3.33 

CS4 300 150 1.5 2.00 
CS9 500 150 1.5 3.33 

 
4 Test results 

All the cylinders were tested under 
compression load applied by Universal Testing 
Machine, as shown in Fig. 5 below. For 
supporting these cylinders were located between 
two thick steel plates, while the applied load was 
entered into the cylinders through the top plate. 
These two thick circular steel plates were 
arranged to support the cylinder specimens under 
the applied load during the test, one of them was 
placed at the bottom which works as a base to the 
cylinders, the other one was placed at the top of 
the specimens to transform the load from the 
testing machine and distribute it on the circular 
edges of the specimens as shown in Fig. 5. 

The strength of the cylinders from C1 to C5 is 
increase as shown in Figs. 6 to 10 while the 
strength of the cylinders from C6 to C9 decrease 
as shown in Figs. 11 to 14  and summarized in 
Table 3. 

The cylinders from C1 to C4 that have height 
equal and less than 300 mm were failed by mode 
of buckling at bottom end which is called an 
“elephant’s foot buckling: a high level of internal 
pressurization occurs in the cylinder, even very 
thin cylinders yields before buckling, where the 
circumferential membrane and the bending 
stresses are amplified by the axial compression” 
[10], as shown in Figs 6 to 9. The cylinders from 
C5 to C9 were failed by buckling at top end which 
have height from 350 to 500 mm as shown in 
Figs. 10 to 14. The values of cylinders’ failure 
load for C1 to C9 are summarized in table 3, 
while the load vs. deflection curves for these 
cylinders are shown in Figs. 6 to 14.  

The cylinders C4 and C9 were strengthened 
from inside by stiffener plates and designated by 
CS4 and CS9 as shown in Fig. 4 above. The 
strength of these two cylinders is increase as 
shown in Figs. 15 and 16 and summarized in 
Table 3. 

The buckling mode failure of CS4 cylinder 
was at the bottom with two waves “it is a 
cylindrical buckle extended over the entire 
surface" [11], as shown in Fig. 15, while cylinder 
CS9 failed by “Inelastic buckling: a portion of the 
cross-section has yielded and the failure occurs by 
buckling [12], when some of the fibers will reach 
the yield stress and some will not. The member 
will fail by both yielding and buckling, and their 
behavior is said to be inelastic this column is 
called intermediate column [13]” at the upper 

Steel plate (stiffeners) 

20 mm 

D 

L 
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middle with one wave as shown in Fig. 16. The 
values of cylinders failure load for CS4 and CS9 
are summarized in table 3, while the load vs. 
deflection curves for these two cylinders are 
shown in Figs. 15 and 16. Figure 17 shows the 
load vs. deflection curves for the whole tested 
cylinders. 
 
5 Discussion of test results  
1. The strength of the cylinders C1 to C5 were 

increase with cylinders height increase from 
100 to 300 mm with L/D ratio reach to 2 as 
summarized in table 2 above, because the 
cylinder shape geometry that resist buckling 
has n=2 “sine curve shape”, in other word “a 
column whose length is less than Ly (Limit 
Yield Load) would fail by yielding and could 
be called a short column, whereas a column 
with a length greater than Ly would fail by 
buckling and be called a long column” [14], 
and ”the stress at which a column buckles 
decrease as the column becomes longer. After 
it reaches a certain length, that stress will 
have fallen to the proportional limit of the 
steel. For that length and greater lengths, the 
buckling stress will be elastic” [13]. 

2. Increasing cylinders height from C1 to C5 lead 
to increase in the strength by about 20.3% 
because the increase in the metal intensity 
because the height, while when the height of 
cylinders increase from C6 to C9 there is 
decrease in the strength by about 11.8% 
because the inelastic buckling. 

3. It can be notice that the cylinders from C1 to 
C4 as shown in Figs. 6 to 9 were buckling at 
the bottom as an (elephant’s foot) mode, while 
the cylinders from C5 to C9 as shown in Figs. 
10 to 14 their buckling occurred at the top 
with two modes like: (Inelastic Buckling) For 
cylinders C5, C6 and C7 and an (elephant’s 
foot buckling) for C8 and C9 cylinders. 
The reason for this behavior is that: the 
cylinders from C1 to C4 their stresses can 
transmission from top where the load is 
applied along the cylinders to the base because 
these cylinders have L/D less than 2, while the 
cylinders from C5 to C9 which have L/D ratio 
equal to 2 and more their stresses are still 
cumulative at the top without moving down to 
the base because the long transmission path of 
these stresses “To every action there is an 
equal and opposite reaction” [Newton’s third 
law]. 

4. Because of the applied external forces which 
distributed uniformly at the edge of cylinders 
with maximum radial stresses, and since these 
edges free to move in the tangential direction; 
the phenomenon which is called bifurcation 
take place and lead to yield these edges then 
the cylinders were fail. In this study this 

phenomenon occurred at distance 30 mm from 
the edges.  

5. The buckling happened as a circumferential 
wave to the outside and around the cylinder, 
either at the bottom end such as the Cylinders 
C1, C2, C3 and C4 or at the top end such as 
the cylinders C5, C6, C7, C8, and C9. When 
the buckling is more aggressive in the cylinder 
the curve of load vs. deflection change from 
smooth top to sharp top and can be notice 
sudden drop in this curve because the inelastic 
buckling as shown in Figs. 10 to 12. 

6. The strength of stiffened cylinders CS4 and 
CS9 increase by about 42% and 26.4% 
respectively as shown in Figs. 15 and 16 of 
load vs. deflection curve and summarized in 
table 3. The cylinder CS4 failed by buckling at 
the bottom with two waves n=2 while the 
cylinder CS9 failed by inelastic buckling at the 
upper middle part of the cylinder as shown in 
Figs. 15 and 16. 

7. The percentage of difference between the yield 
compression strength to the ultimate 
compression strength of steel cylinders as 
listed in (table 4 - column 3), increase from 
12.3% for cylinder C1 to 28.6% for cylinder 
C5 because the failure by (elephant’s foot 
buckling), while for cylinders C6 to C9 this 
percentage decrease from 22.3% to 20.5% 
respectively because the failure by (Inelastic 
buckling). 

8. For cylinders CS4 and CS9 which 
strengthened with plate stiffeners this 
deference become zero as listed in (table 4 – 
column 3), which means the compatibility 
between yield and ultimate point, because of 
sudden buckling without passing through the 
yield stage.   

9. For tensile to compression yield ratio the 
percentage increase from 41.3% for cylinder 
C1 to 59.4% for cylinder C8 as listed in (table 
4 -column 4), because the cylindrical shape of 
these shell metal, for CS4 and CS9 cylinders 
these ratio increase obviously to reach about 
148.8% and 116.1% respectively. 

10.  while for tensile to compression ultimate ratio 
this percentage decrease from 55.1% for 
cylinder C1 to 46.0% for cylinder C5 and then 
increase from 47.6% for cylinder C6 to 51.6% 
for cylinder C9, while this percentage decrease 
to 29.6% for cylinder CS4 and 38.6% for 
cylinder CS9 as listed in (table 4 - column 4), 
because the steel is much stronger in tension 
than compression. 
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Figure 5:  Electronic Universal Testing Machine 
 

 
Figure. 6: Load-Deflection curve for cylinder 

(C1) 

 

Figure 7: Load-Deflection curve for cylinder (C2) 

 

Figure 8: Load-Deflection curve for cylinder (C3) 

Figure 9: Load-Deflection curve for cylinder (C4) 

 

Figure 10: Load-Deflection curve for cylinder (C5) 
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Figure 11:  Load-Deflection curve for cylinder (C6) 

 

Figure 12: Load-Deflection curve for cylinder (C7) 

 

Figure 13: Load-Deflection curve for cylinder (C8) 

 

 

Figure 14: Load-Deflection curve for cylinder (C9) 

 

 

Figure 15: Load-Deflection curve for cylinder (CS4) 

 

Figure 16: Load-Deflection curve for cylinder (CS9) 
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Figure 17:  Load-Deflection curves for cylinders 

Table 3: Test results and type failure of cylinders. 
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C1 109.56 2.0162 Buckling at bottom end 
C2 116.00 2.0037 Buckling at bottom end 
C3 118.98 2.3325 Buckling at bottom end 
C4 120.80 2.7575 Buckling at bottom end 
C5 131.84 3.8212 Buckling at top end 
C6 128.38 3.285 Buckling at top end 
C7 126.32 2.4 Buckling at top end 
C8 123.40 2.6163 Buckling at top end 
C9 117.92 3.07 Buckling at top end 

CS4 171.64 6.5075 Buckling at bottom end 

CS9 149.08 6.3337 Inelastic buckling at 
upper middle 

 
Table 4: Comparison between tensile test and 
compression applied load of steel cylinders. 
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C1 138.0 155.0 12.3 41.3 55.1 0.015 0.020 

C2 140.7 164.1 16.6 44.2 52.4 0.009 0.013 

C3 141.5 168.3 18.9 45.1 51.2 0.008 0.011 

C4 142.8 170.8 19.6 46.4 50.5 0.006 0.011 

C5 145.0 186.5 28.6 48.6 46.0 0.009 0.012 
C6 148.5 181.6 22.3 52.2 47.4 0.008 0.009 
C7 150.0 178.7 19.1 53.7 48.2 0.004 0.006 
C8 155.6 174.5 12.2 59.4 49.4 0.003 0.006 

C9 138.3 166.8 20.5 41.8 51.6 0.004 0.006 
CS4 242.8 242.8 00 148.8 29.6 0.021 0.021 

CS9 210.9 210.9 00 116.1 38.9 0.013 0.013 
 
* Yield stress of tensile test 97.6 MPa; 
 **Ultimate strength tensile test 345MPa. 
 
6 Conclusions 
From the test results of the experimental can be 
concluded that:  
1. The increase in the ratio of L/D to a certain 

value equal to 2 increase the strength by about 
20.3% and the mode of failure cylinders were 
buckling as an “elephant’s foot” at the bottom.  

2. When the L/D ratio is increase more than 2 the 
strength of the cylinders decrease by about 
11.8% because the inelastic buckling of these 
cylinders.  

3. The strength of the other two stiffened 
cylinders is increase by about 42% and 26.4% 
which have L/D 2 and 3.33 respectively. The 
failure types of these two cylinders are 
buckling at the bottom for the first one and 
inelastic buckling at the upper middle part for 
the second. 

4. The percentage of yield to ultimate 
compression strength of the cylinders increase 
from 12.3% to 28.6% because the elephant’s 
foot buckling failure while this percentage 
decrease to 20.5% because the inelastic 
buckling failure and this percentage is zero 
when the cylinders failed by sudden buckling . 

5. The tensile to compression yield ratio increase 
from 41.3% to 59.4% and for stiffened 
cylinders these ratio increase to 148.8%, while 
for tensile to compression ultimate ration 
decrease from 55.1% to 46.0% and for 
stiffened cylinders 29.6% because the steel is 
much stronger in tension than compression 
respectively at the ultimate than yield.   
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الطول الى القطر على تصرف الأنبعاج للأسطوانات تحت تأثیر الحمل تأثیر نسبة 
 المحوري

 أحمد فرحان كاظم
 قسم ھندسة البناء و الأنشاءات

 العراق -بغداد    الجامعة التكنولوجیة
 

: في ھذا البحث تم دراسة تصرف الأسطوانات القشریة تحت تأثیر الحمل المحوري. البرنامج العملي یتضمن الخلاصة
, بینما أرتفاع الأسطوانة mm 150)أسطوانات، كل أسطوانة لھا قطر ( 9مجموعتین: المجموعة الأولى تتكون من 

), بعد فحص ھذه العینات وجد بأن الأرتفاع المثالي الذي یحقق mm 1.5) و بسمك (mm 100 – 500یتراوح بین (
المجموعة الثانیة فھي تتكون من أسطوانتین  . أمل)2() یساوي L/D) مع ( mm 300المقاومة القصوى للتحمل ھو (

و مقواة بمصلدات من صفائح معدنیة ملحومة من الداخل  ) (mm 500و  mm 300)) و أرتفاع (mm 150بقطر (
) و من نفس معدن الأسطوانة. بعد فحص تلك الأسطوانیتن, تم الحصول mm 1.5على طول الأسطوانة و بسمك (

) %26.4) و مقاومة مقدارھا (mm 300للأسطوانة ذات الأرنفاع ( ) 42%مقدارھا (على زیادة في المقاومة 
) . أما شكل الفشل لتلك المجموعتین فكان: الأنبعاج من الأسفل أخذا شكل "قدم mm 500للأسطوانة ذات الأرتفاع (

 – 500الأرتفاع ( ) و "الأنبعاج اللامرن" للأسطوانات ذاتmm 100 – 300الفیل" للأسطوانات ذات الأرتفاع (
350 mm.للمجموعة الأولى, و "الأنبعاج اللامرن " للمجموعة الثانیة (   
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