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Abstract:    The effect of weld reinforcement on axial plastic buckling of welded steel cylindrical shells is investigated through 
experimental and numerical buckling analysis using six welded steel cylindrical shell specimens. The relationship between the 
amplitude of weld reinforcement and the axial plastic buckling critical load is explored. The effect of the material yield strength 
and the number of circumferential welds on the axial plastic buckling is studied. Results show that circumferential weld re-
inforcement represents a severe imperfect form of axially compressed welded steel cylindrical shells and the axial plastic 
buckling critical load decreases with the increment of the mean amplitude of circumferential weld reinforcement. The material 
yield strength and the number of circumferential welds are found to have no significant effect on buckling waveforms; however, 
the axial plastic buckling critical load can be decreased to some extent with the increase of the number of circumferential 
welds. 
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1  Introduction 

 
Axially compressed welded steel cylindrical 

shells have a wide application in engineering (Chen et 
al., 2009). Axial elastic or plastic buckling is the key 
point in their design (Simitses, 1986). Many re-
searchers have investigated the effect of different 
initial geometric imperfections on elastic or plastic 
buckling of cylindrical shells (Teng, 1996; Mandal 
and Calladine, 2000; Donnel and Wan, 1950; Koiter, 
1963; Hutchinson et al., 1971; Amazigo and Budi-
ansky, 1972; Arbocz and Williams, 1977; Gellin, 

1979; Yamaki, 1984; Elishakoff et al., 1985; Rotter 
and Teng, 1989; Krishnakumar and Foster, 1991; 
Holst et al., 1999; Lancaster et al., 2000; Teng and 
Song, 2001; Jamal et al., 2003). It was found that the 
extent to which the buckling critical load is decreased 
depends on the shape and the amplitude of the initial 
geometric imperfections, and the worst initial geo-
metric imperfection to a newly built cylindrical shell 
structure depends on the manufacturing process. 
Welded steel cylindrical shells in engineering are 
usually constructed by many curved steel panels. 
Circumferential welds rather than longitudinal welds 
between these curved panels are regarded as one of 
the worst initial geometric imperfections to axial 
elastic or plastic buckling of welded steel cylindrical 
shells (Rotter and Teng, 1989; Pircher and Bridge, 
2001; Teng and Lin, 2005; Hübner et al., 2006). 

Clarke and Rotter (1988), Ding and Rotter 
(1992), Berry et al. (2000), Hornung and Saal (2002), 
Teng and Lin (2005) carried out experiments on the 
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shape of circumferential welds of thin welded cylin-
drical shells. White and Dwight (1977), Rotter and 
Teng (1989), Fritschi (2001), Steinhardt (2001), and 
Pircher (2001) proposed various shape functions for 
circumferential weld. Although these functions are 
not the same, they are all expressed as an inward 
radial depression. Circumferential welds deform in-
ward when cylindrical shells are thin and proper 
precaution is not considered during welding. It is 
worth noting that the deformation of circumferential 
weld is not shaped as an inward radial depression if 
welded steel cylindrical shells have relatively thick 
wall and good counter-deformation measures are 
considered. Reasonable weld reinforcement should be 
used for heat-retaining and slow cooling which pre-
vents the occurrence of coarse grain and large weld-
ing residual stress. Furthermore, weld reinforcement 
on the inner surface should be polished smoothly for 
other requirements. A cylindrical shell with one 
circumferential weld is shown in Fig. 1. Fig. 1c shows 
the shape of circumferential weld reinforcement; 
Figs. 1a and 1b show two classic axisymmetric de-
pression shapes of circumferential weld proposed by 
Rotter and Teng (1989) that are named Type A and 
Type B respectively in this study. 

It can be seen from Fig. 1c that the shape of 
circumferential weld reinforcement is a type of out-
ward radial deformation, and it is quite different from 
Type A and Type B representing two types of inward 
radial deformation. Thus, the effect of circumferential 
weld reinforcement on the axial plastic buckling of 
cylindrical shells is quite different from that of Type A 
and Type B. Therefore, in this paper, the effect of  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

circumferential weld reinforcement on the axial plastic 
buckling of welded steel cylindrical shells is studied 
experimentally and numerically. Three groups of cy-
lindrical shell specimens with the same ratio of radius 
to wall thickness but different materials and different 
number of circumferential welds are manufactured. 
Their initial geometric imperfections and experimental 
axial plastic buckling critical loads are obtained 
through a self-made buckling platform. Nonlinear 
plastic buckling analysis is carried out through finite 
element analysis. The distribution characteristics of 
circumferential weld reinforcement in the axial and 
circumferential directions are analyzed. The relation-
ship between the amplitude of circumferential weld 
reinforcement and the axial plastic buckling critical 
load is explored. Furthermore, the effect of the material 
yield strength and the number of circumferential welds 
on the axial plastic buckling is also investigated. 

 
 

2  Cylindrical shell specimens and experimental 
platform 

2.1  Manufacture of the shell specimens 

Since the initial geometric imperfections depend 
on the manufacturing process, it is necessary to 
choose the same manufacturing process of welded 
cylindrical shells. The experimental method is 
adopted to study the effect of the initial geometric 
imperfections on the axial plastic buckling behavior 
of welded cylindrical shells. There are two classic 
manufacturing methods of welded cylindrical shell 
specimens as found in the existing literature. The first 
manufacturing method was proposed by Schmidt and 
Swadlo (1996) where a single large flat plate was cut 
into several small flat plates followed by the welding 
of these small flat plates together to form a new large 
flat plate with patterned welds. Finally, this new large 
flat plate was rolled into a cylindrical shell specimen. 
The second manufacturing method was invented by 
Teng (2005) where two large flat plates were rolled 
into two semi-cylindrical shells followed by two 
longitudinal welding of the two semi-cylindrical 
shells to form a whole cylindrical shell specimen. 
However, the specimens made by Schmidt and 
Swadlo (1996) and Teng (2005) have one or two 
longitudinal welds through the height of the speci-
mens, which are quite different from welded steel 

Hoop weld 

(a)          (b)       (c)

Fig. 1  Schematic diagram of three typical shapes of 
circumferential weld 
(a) Type A; (b) Type B; (c) Circumferential weld 
reinforcement 
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cylindrical shells whose longitudinal welds are sepa-
rated with each other. Typical manufacturing process 
of welded steel cylindrical shells is shown in Fig. 2. 

Manufacturing process follows a sequence 
(Fig. 2) such that: cold rolling of flat plate→welding 
the first layer of cylindrical shell→welding the 
second layer of cylindrical shell at an offset degree 
with the first layer→up to the top layer of the cy-
lindrical shell. The shell specimens used in this study 
are made step by step according to the above 
manufacturing process. In addition, both ends of the 
specimens are welded with rigid end rings with 
groove to avoid the pre-buckling deformation. To get  
relatively large amplitude of weld reinforcement, 
argon arc welding machine is used to weld the shell 
specimens under large thermal input and fast weld-
ing speed. 

2.2  Design of the shell specimens 

In order to study the effect of different material 
yield strength and different number of circumferential 
welds on plastic buckling, three groups of welded  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 

 

steel cylindrical shell specimens are made. Detail of 
the shell specimens is listed in Table 1. The specimens 
are given six digit identifiers such that R represents 
the inner radius, H represents the effective height of 
the specimens which is obtained by subtracting the 
height of the groove of the rigid end rings from the 
whole height of the shell specimens, the numbers 
after R and H represents the first two numbers of the 
inner radius and the effective height of the specimens. 
M1 and M2 represent the first material and second 
material. A and B represent two different patterns of 
welds such that A consists of two identical cylinders 
and has one circumferential weld and two longitudi-
nal welds, B consists of three identical cylinders and 
has two circumferential welds and three longitudinal 
welds, and t represents the wall thickness. Here, take 
the specimen R40H39B for example, a plate of 
R40H39B after cold rolling is shown in Fig. 3a, the 
matching rigid end ring is shown in Fig. 3b, 
R40H39B assembled with two rigid end rings is 
shown in Fig. 3c, the rectangular box in Fig. 3c is 
shown in Fig. 3d. The other shell specimens assem-
bled with rigid end rings except R40H39B are shown 
in Fig. 4. 

2.3  Material mechanical properties 

Three tensile specimens for each of material 
M1 and M2 are made. The initial portion of 
stress-strain curves are shown in Fig. 5. Typical 
experimental results of the elastic modulus E  and 
the yield strength ReL are listed in Table 2. 

Fig. 5 shows that the mechanical properties of 
M1 and M2 are different in terms of the magnitude 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 

Table 1  Description of the shell specimens 

Specimen 
No. 

Weld 
pattern 

Material t 
(mm) 

R/t H 
(mm)

R40H39A A 

R40H39B B 

M1 1.46 274.0 390.0

R40H33A A 

R40H33B B 

M1 1.46 274.0 390.0

R35H34A A 

R35H34B B 

M2 1.28 273.4 341.3

(a) (b) (c) (d)

Fig. 3  Relative photos of the specimen R40H39B 
(a) A plate after cold rolling; (b) Matching rigid end ring; (c) Specimen assembled with two rigid end rings; (d) Rec-
tangular box shown in (c) 

Fig. 2  Typical manufacturing process of welded steel cylindrical shells 

Cold rolling Welding 
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of yield strength. Table 2 shows that the difference of 
the three tensile specimens of the same material is 
very small. In particular, the data of the tensile 
specimen M1-1 are a little lower than those of the 
other two (M1-2 and M1-3), and the data of the 
tensile specimen M2-2 are a little lower than those of 
the other two (M2-1 and M2-3). To be conservative, 
the mechanical properties of the tensile specimens 
M1-1 and M2-2 are used in numerical simulation. 

2.4  Experimental platform set-up 

In order to establish a quantitative relationship 
between the initial geometric imperfections and the 
experimental axial buckling critical load, and to con-
struct a finite element (FE) model that incorporates 
the real initial geometric imperfections of the shell 
specimens, Arbocz and Williams (1977), Singer and 
Abramovich (1995), Berry et al. (2000), Pircher and 
Wheeler (2003), Teng and Lin (2005), and Stoffel 
(2006), etc., made different forms of equipment with 
automatic acquiring function of initial geometric 
imperfections of cylindrical shells. For the same 
purpose, an axial buckling experimental platform 
with automatic acquiring function of initial geometric 
imperfections and axial loading function by dis-
placement control is also made. The photo of the 
experimental platform is shown in Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The principle of constructing the FE model of 

the shell specimen is as follows. The FE model con-
sists of many quadrilateral elements where each 
element has four edges. Though these edges are 
straight, the details of the initial geometric imperfec-
tions of the shell specimens can be reflected precisely 

(a) (b) 

(c) (d) 

(e) 

Fig. 4  Specimens assembled with rigid end rings 
(a) R40H39A; (b) R40H33A; (c) R40H33B; (d) R35H34A;  
(e) R35H34B 
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Fig. 5  Initial portion of stress-strain curves of the tensile 
specimens 

Table 2  Typical results of the tensile specimens 

Tensile specimen No. E (MPa) ReL (MPa) 

M1-1 200 779 335 

M1-2 222 449 340 

M1-3 224 808 340 

M2-1 220 961 250 

M2-2 204 875 250 

M2-3 239 350 255 

Fig. 6  Experimental platform 
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as long as the imperfect surface of the shell specimens 
is meshed with enough elements. Furthermore, as 
elements consist of many nodes, these nodes can be 
seen as the test points of the shell specimen. If the real 
coordinates of these test points can be obtained, the 
real initial geometric imperfections of the shell 
specimens can be reflected by the FE model. There-
fore, in this study, a high accuracy level (3 µm) laser 
displacement sensor (LK081, Keyence Company, 
Japan) is used to measure the radial coordinates of the 
test points. The laser displacement sensor is fixed on a 
screw which can change its motion from rotary to 
linear. The screw is fixed on a rotating frame which 
can rotate around the axis of the shell specimen. Thus, 
the laser displacement sensor can move along the 
axial direction of the shell specimen as well as can 
rotate around the axis of the shell specimen. The real 
coordinates of all test points can be determined. After 
the coordinates of the test points are got, Matlab 
software is used to assign the measured data to the 
nodes of the FE model. 

To get the precise details of the initial geometric 
imperfections of the shell specimens and to satisfy the 
convergence requirement of FE analysis, enough test 
points should be set up in the circumferential and 
axial directions during the process of scanning initial 
geometric imperfection. Therefore, 254 and 109 test 
points are set up in the circumferential and axial di-
rection respectively for the specimens with one 
circumferential weld, and 261 and 105 test points are 
set up in the circumferential and axial direction re-
spectively for the specimens with two circumferential 
welds. 

Although every effort is taken to make sure the 
precision of the measured geometric imperfections, it 
is worth noting that there still may be some mis-
alignment error between the central axis of the shell 
specimen and the central axis of the rotating frame of 
the experimental platform. However, FEM results 
will not be affected significantly, as this error can be 
converted to a rigid displacement of the finite element 
model (Zhao, 2001). 

 
 

3  Experimental results 
 
In order to illustrate the initial distribution char-

acteristics of circumferential weld reinforcement in 

the axial direction, a 100-mm long path across 
circumferential weld (located at 30° from the upper 
longitudinal weld (see the ellipse in Figs. 3c and 4 in 
counterclockwise direction) is adopted for every  
specimen. The schematic diagram of the six paths is 
shown in Figs. 3c and 4, and the two circumferential 
welds of the specimens with weld pattern B are given 
the name 1 and 2 respectively. The measured results 
are shown in Fig. 7. δ stands for the amplitude of 
circumferential weld reinforcement, Z represents the 
axial coordinate of test points on the path, and Zw 
represents the axial coordinate of circumferential 
weld. Furthermore, for the purpose of illustrating the 
initial distribution characteristics of circumferential 
weld reinforcement in the circumferential direction, 
considering the specimen R40H39A for example, 
frequency histogram of the amplitude of circumfer-
ential weld reinforcement is shown in Fig. 8. The 
curve in Fig. 8 represents the probability density 
function of the normal distribution with mean value 
1.033 and standard deviation 0.315. Experimental  
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Fig. 7  Measured initial geometric imperfections of test 
points on paths 1–6 
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buckling deformation of the specimens is shown in 
Fig. 9. The experimental relationship between axial 
load and axial displacement of all specimens is shown 
in Fig. 10. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

4  FEM procedures and results 

4.1  FEM procedures 

The large commercial FEM software ABAQUS 
is used for FE analysis. The element type S4R with 

seven integration points along the wall thickness 
direction is chosen. There are 27 432 and 27 144 
elements for the specimens with weld patterns A and 
B respectively according to the test points set-up 
mentioned in Section 2.4. Both geometric and mate-
rial nonlinearity are included. Material constitutive 
law is true stress-strain relationship based on the ten-
sile test data. Mises yield criteria is used. The 
arc-length method is adopted to calculate the buckling 
critical load. 

The buckling analysis is carried out assuming 
full clamping for both ends except that the top edge is 
allowed to have axial displacement. A rigid plate is 
defined to simulate the loading head of the experi-
mental platform. Contact pairs are established to 
simulate the interaction between the pressure head 
and the upper edge of the cylindrical shell specimens. 
The axial load control in numerical simulation is 
displacement control, which means that the dis-
placement is applied as load to the rigid plate directly. 
Then, the axial load can be obtained by the relation-
ship of force and reaction force between the rigid 
plate and the shell specimen. 

4.2  FEM results 

Contours plots of buckling deformation of all 
specimens obtained by FE analysis are shown in 
Fig. 11 (magnified 10 times). Fig. 12 shows results of 
axial loads corresponding to axial displacement. 

 
 

5  Results analysis and discussion 

5.1  Distribution characteristics of circumferential 
weld reinforcement in the axial and circumferen-
tial directions 

The initial distribution characteristics of the 
amplitude of circumferential weld reinforcement in 
the axial and circumferential directions are explored 
in this section. Fig. 7 shows that, there is an obvious 
outward bulge around the circumferential weld for all 
specimens in the axial direction. The maximum am-
plitude of circumferential reinforcement is about 
1.47 mm. The width of circumferential weld rein-
forcement in the axial direction is very small such as 
10 mm up and down from the centerline of circum-
ferential weld. Moreover, the shape of circumferential 
weld reinforcement in the axial direction is almost 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 9  Buckling deformation of the shell specimens 
(a) R40H39A; (b) R40H39B; (c) R40H33A; (d) R40H33B; (e) 
R35H34A; (f) R35H34B 
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Fig. 10  Experimental relationship between axial load and 
axial displacement of all specimens 
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symmetrically distributed with respect to the center-
line of circumferential weld. On the other hand, Fig. 8 
shows that the distribution characteristics of circum-
ferential weld reinforcement of R40H39A in the 
circumferential direction follow a normal distribution, 
which agrees well with the distribution characteristics 
of field measurements of circumferential weld de-
pressions found in (Pircher et al., 2001). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

5.2  Buckling deformation of welded cylindrical 
shells with weld reinforcement 

The number of waveforms of circumferential 
weld at buckling obtained by experimental and FE 
analysis is listed in Table 3. nexp and nFEM represent 
the numbers of waveforms of circumferential weld 
obtained by experiment and FE analysis respectively, 
the symbol ‘/’ is used to separate the number of 
waveforms of the specimens R40H39B, R40H33B 
and R35H34B with two circumferential welds, the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 

 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 11  Buckling deformation contours of the specimens obtained by FE analysis 
(a) R40H39A; (b) R40H39B; (c) R40H33A; (d) R40H33B; (e) R35H34A; (f) R35H34B (magnified 10 times) 
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Fig. 12  Numerical results of axial load with respect to axial 
displacement of the specimens 

Table 3  Comparison of circumferential waveforms at 
buckling obtained by using experimental and nu-
merical methods 

Specimen No. R/t ReL (MPa) nexp nFEM

R40H39A 10 10 

R40H39B 

274.0 335 

10/10 10/10

R40H33A 10 10 

R40H33B 

274.0 335 

10/10 11/11

R35H34A 10 8 

R35H34B 

273.4 250 

10/10 10/10
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number before and after ‘/’ represents the number of 
waveforms of the first and the second circumferential 
weld, respectively. 

Figs. 9 and 11 show several concave waveforms 
around the circumferential weld for R40H39A, 
R40H33A and R35H34A. They also show many 
concave waveforms around the two circumferential 
welds where the waveforms of each circumferential 
weld separated from each other can be observed for 
R40H39B, R40H33B and R35H34B. The above re-
sults imply that circumferential weld reinforcement is 
the vital factor to the axial plastic buckling deforma-
tion. It is worth noting that the number of waveforms 
of circumferential weld obtained by experiment is the 
same for specimens of different yield strengths and 
different number of circumferential welds having 
similar ratio of radius to wall thickness. This illus-
trates that the number of waveforms of circumferen-
tial weld mainly depends on the ratio of radius to wall 
thickness rather than the material yield strength or the 
number of circumferential welds.  

It can be seen from Table 3 that there is a good 
agreement between experimental and numerical re-
sults for all the specimens except R35H34A. Fur-
thermore, Figs. 9 and 11 show that there is a differ-
ence between experimental and numerical buckling 
deformation in terms of the uniformity of waveforms 
in the circumferential direction. This phenomenon 
may be attributed to the neglecting of residual stress 
such as cold rolling and welding residual stress in 
numerical analysis. 

5.3  Effect of the amplitude of circumferential 
weld reinforcement on the axial plastic buckling 

It has been found in some previous researches 
that the effect of the amplitude on plastic buckling is 
much larger than the wavelength for an axisymmetric 
geometric imperfection defined by the amplitude and 
the wavelength (Hutchinson et al., 1971; Rotter and 
Teng, 1989). Therefore, in this section, we will ex-
plore the effect of the amplitude of circumferential 
weld reinforcement on the axial plastic buckling 
critical load of welded steel cylindrical shells. It can 
be seen from Fig. 8 that the amplitude of circumfer-
ential weld reinforcement is randomly distributed in 
the circumferential direction. Thus, the mean ampli-

tude of circumferential weld reinforcement   is used 

as the gauge to reflect the relationship between the 
amplitude of circumferential weld reinforcement 
and the axial plastic buckling critical load. Dimen-
sionless ratio of the mean amplitude of circumfer-

ential weld reinforcement to wall thickness / ,t  

dimensionless ratio of the axial plastic buckling 
critical load to the classical buckling load σexp/σcl, 
and dimensionless ratio of the experimental buckling 
critical load to the numerical buckling critical load 
σexp/σFEM are listed in Table 4. In Table 4, for the 
specimens R40H39B, R40H33B, and R35H34B 
with two circumferential welds, data from the first 

and second rows represent / t  of the first and the 
second circumferential welds, respectively. The 
classical elastic buckling critical load is calculated 
as follows: 

 
σcl=0.605Et/R.                          (1) 

 
Table 4 shows that the dimensionless mean 

amplitude of circumferential weld reinforcement 

/ t  is in between 0.70 and 0.78 (the maximum 
value is adopted for the specimens with two 
circumferential welds), and the dimensionless ex-
perimental axial plastic buckling critical load σexp/σcl 
is in between 24.8% and 33.8% making circumfer-
ential weld reinforcement very severe compared to 
many other imperfection forms (Yamaki, 1984). This 
illustrates that the circumferential weld reinforce-
ment is one of the worst initial geometric imperfec-
tions for welded steel cylindrical shells. Fig. 13  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4  Experimental and numerical results of the 
specimens 

Specimen 
No. 

R/t ReL
(MPa) 

/ t  σexp/σcl 

(%) 
σexp/σFEM

(%) 
R40H39A 274.0 335 0.71 27.8 75.8 

0.75 24.8 78.7 R40H39B 274.0 335

0.73   

R40H33A 274.0 335 0.70 33.8 96.2 

0.72 30.4 85.5 R40H33B 274.0 335

0.64   

R35H34A 273.4 250 0.72 30.9 94.3 

0.78 25.8 98.0 R35H34B 273.4 250

0.73   
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shows the effect of the mean amplitude of circum-

ferential weld reinforcement / t . 
Fig. 13 shows that when the ratio of radius to 

wall thickness is fixed, although the material yield 
strength and the number of circumferential welds are 
different, the overall trend is that the axial plastic 
buckling critical load decreases with the increment 

of / .t  Especially, as shown Fig. 13, although the 
material yield strength and the number of circum-

ferential welds are different, / t  of R40H33B and 
R35H34A and the axial plastic buckling critical 

loads are almost the same. Moreover, / t  of 
R40H39A is smaller than those of R40H33B and 
R35H34A, while the axial plastic buckling critical 
loads of R40H33B and R35H34A are larger than that 

of R40H39A. Similarly, / t  of R40H39B is smaller 
than that of R35H34B, while the axial plastic buck-
ling critical load of R35H34B is larger than that of 
R40H39B. The above phenomenon illustrate that, 
when the ratio of radius to wall thickness is fixed, the 
mean amplitude of circumferential weld reinforce-
ment is the vital factor for the axial plastic buckling 
critical load. Nevertheless, the axial plastic buckling 

critical load depends not only on / t  but also on 
other factors such as the detail distribution of initial 
geometric imperfections, and so on. Implication of 
these findings is that, the amplitude of circumferen-
tial weld reinforcement should be reduced to raise 
the axial plastic buckling critical load of welded 
steel cylindrical shells. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Table 4 shows that the values of σexp/σFEM are 
smaller than 1, which implies that the numerical axial 

plastic buckling critical loads are a little higher than 
the experimental loads. This phenomenon may at-
tribute to the fact that several factors, such as load 
eccentricity, residual stress (cold rolling and welding 
residual stress), etc. are not included in the numerical 
analysis. 

It is worth noting that the shapes of the curves in 
Fig. 10 are different from those of the curves in 
Fig. 12. Especially, we can find that the slopes of the 
curves obtained by experiment are different from 
those of curves obtained by FE analysis at the initial 
loading and the post buckling stage. This is due to the 
fact that backlash in the bearing can cause nonlinear 
response at low loads in the initial loading and 
unloading. Though the testing frame is stiff, some 
components in load path (such as the universal joints) 
are not leading to an overall stiffness that is insuffi-
cient to capture the early part of the unloading curves 
(Berry et al., 2000). 

5.4  Effect of the number of circumferential welds 
on the axial plastic buckling critical load 

Comparing the experimental axial buckling 
critical loads of R40H39A, R40H33A and R35H34A 
to those of R40H39B, R40H33B and R35H34B (the 
detail data are listed in Table 4), it can be realized 
that, the mean amplitude of circumferential weld 
reinforcement of the specimens with one circum-
ferential weld is smaller than that of circumferential 
weld reinforcement of the specimens with two 
circumferential welds. This implies that welding 
deformation may increase with the increment of the 
number of circumferential welds. Moreover, the 
axial plastic buckling critical loads of the specimens 
with two circumferential welds are smaller than 
those of the specimens with one circumferential 
weld. The maximum difference is about 5.1%, which 
illustrates that the axial plastic buckling critical load 
will be decreased to some extent with the increase of 
the number of circumferential welds. It must be 
noted that the distance between the two circumfer-
ential welds may be much distant for the specimens 
with two circumferential welds. Therefore, the effect 
of the number of circumferential welds on axial 
plastic buckling should be checked further when one 
circumferential weld is close enough to the other.  

It can be seen from Fig. 12 that the axial plastic 

Fig. 13  Experimental axial buckling critical loads for 
dimensionless mean amplitude of circumferential weld 
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buckling load of R40H39A obtained by FE analysis 
is smaller than that of R40H39B, and numerical 
buckling load of R35H34A is larger than that of 
R35H34B. However, Fig. 10 shows that the ex-
perimental axial buckling plastic loads of the shell 
specimens with weld pattern A are larger than those 
of the shell specimens with weld pattern B. This 
phenomenon may be attributed to the fact that, sev-
eral factors besides the initial geometric imperfec-
tions such as load eccentricity, residual stress (cold 
forming and welding residual stress), non-uniform 
material yield strength and wall thickness, etc., can 
affect the axial plastic buckling critical load. How-
ever, in results from FE analysis, these factors are 
not included. Moreover, although much effort is 
taken to assure the accuracy of acquired FE model, 
some error may still existed between actual physical 
model and FE model for which the experimental and 
numerical axial plastic buckling loads may have a 
difference. 

 

 
6  Conclusions 

 
The effect of weld reinforcement on axial plastic 

buckling of welded steel cylindrical shells is investi-
gated through experiment and FE analysis in this 
study. Six shell specimens with the same ratio of 
radius to wall thickness but of different material yield 
strength and different number of circumferential 
welds are produced by the same manufacturing 
process of welded steel cylindrical shells in engi-
neering. Some conclusions can be drawn: 

1. The initial axial shape of circumferential weld 
reinforcement of the shell specimens is almost sym-
metrically distributed with respect to the centerline of 
circumferential weld. The amplitude of circumfer-
ential weld reinforcement decreases rapidly in the 
axial direction, while its distribution characteristic in 
the circumferential direction follows a normal  
distribution. 

2. Circumferential weld reinforcement repre-
sents a severe imperfect form for axially compressed 
welded steel cylindrical shells. For laboratory shell 
specimens, the axial plastic buckling deformation of 
these specimens is characterized by many concave 
waveforms around the circumferential weld. The 

mean amplitude of circumferential weld reinforce-
ment is about 0.70–0.78 times of wall thickness and 
the experimental buckling critical loads are in the 
range of 24.8%–33.8% of classical elastic buckling 
critical load. The mean amplitude of circumferential 
weld reinforcement is a decisive factor to the axial 
plastic buckling critical load, which implies that it is 
important to control the mean amplitude of circum-
ferential weld reinforcement in order to raise the axial 
buckling critical load. 

3. The experimental buckling waveforms of 
circumferential weld are the same for the six shell 
specimens with the same ratio of radius to thickness 
but different material yield strength. This indicates 
that the material yield strength does not have a sig-
nificant effect on the buckling waveforms of 
circumferential weld for welded steel cylindrical 
shells with weld reinforcement. 

4. The number of circumferential welds has a 
large effect on buckling deformation, while it has 
little effect on the number of buckling waveforms of 
circumferential weld. Furthermore, the axial plastic 
buckling critical load could be decreased to some 
extent with the increase of the number of circumfer-
ential welds. 

5. FE analysis of the nonlinear plastic buckling 
gives good predictions of experimental results for 
most shell specimens. However, for some specimens, 
there are still some discrepancies between the ex-
perimental and the numerical results in terms of the 
uniformity of waveforms of circumferential weld at 
buckling and the axial plastic buckling critical load. 
This phenomenon may be attributed to the facts that 
load eccentricity, residual stress (cold rolling and 
welding residual stress), non-uniform material yield 
strength and wall thickness are not included in nu-
merical analysis. 
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