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INTRODUCTION

Thin-walled shell structures such as conical shells have been in use for many years in major engineering
applications. As an example, (i) they are used as launcher vehicle system in many aeronautical applications, (ii)
they are used to connect two or more cylinders with different diameter etc. Because conical shells are subjected to
several loading application during their useful life, instability has been one of the primary design considerations for
such shell structures. Over the years, it is generally believed that the presence of imperfection can lead to loss of
instability of conical shells structures. This technical difficulty has sprawn several research investigations on the
imperfection sensitivity of conical shells subjected to several loading. References [1-3] presents compilations of
past studies on imperfection sensitivity of conical shells, where cones under the influence of several imperfection
types such as eigenmode imperfections [4 - 8], dimple imperfections [9 - 15], uneven geometry (such as shape or
length) imperfections [16 - 18], boundary condition imperfections [19 - 20] and crack imperfections [21] have been

studied.

In Refs [4 - 8], eigenmode shape obtained from linear buckling analysis is superimposed on the perfect
shape of shell. However, this form of imperfection has generated a lot of debate in recent time where it was argued
that this imperfection type is not realistic in real life situation. One of the most realist forms of imperfection is the
dimple imperfection in the form of single or multiple perturbation load imperfections as discussed in Refs [9 - 15].
While Refs [9 - 13] concentrate on the influence of the Single Perturbation Load imperfection (SPLA) on the
buckling load of the conical shells. A ref [14 - 15] on the other hand was devoted to multiple perturbation load
imperfection (MPLA). According to Refs [16 -18], the effect of manufactured induced imperfection such as uneven
length on the load carrying capacity of cone is equally significant. In the paper, uneven length in the form of

sinusoidal, triangular, and square waves was employed. The severity of effect of radial edge displacement
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constraints on the buckling load for stiffened conical shells subjected to axial compression was presented in Ref. [20].
However, for axially compressed cone with crack imperfection, only little information is available in the open literature.
Ref. [21] presents numerical investigation into the buckling behaviour of cracked aluminium conical frusta subjected to
axial compression concentrating on the influence of crack length and crack orientation. This paper aims to complement the
work of Ref. [21] by providing more experimental data on the influence of crack amplitude and crack orientation on the

load carrying capacity of relatively thick steel cones which typically fails within the elastic-plastic region.
MATERIAL AND METHOD - EXPERIMENTATION

Fifteen conical specimens (two perfect and thirteen cracked conical shells) were fabricated from 1 mm mild steel plate and
axially compressed by a horizontal and rigid plate, moving downwards (see Figure 1). Crack of different orientation, 0,
was introduced to the cone and is varied from 0° (circumferential crack), 45° (angular crack) and 90° (longitudinal crack)
for several percentages of the crack length-to-axial length of the cone (i.e. 5%, 10%, 15%, 20%, 25% and 50%). The crack

is located at the centre of the cone’s meridional surface.
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Figure 1: Geometry of Cone having Crack Imperfection Subjected to Axial Compression.

The manufacturing process of the conical shells is as followed. First, water jet cutting machine was used to cut the
specimens into desired dimensions. Next, a conventional rolling machine was used to roll the sample into a conical shape.
The joining of the neighbouring seam of rolled cones was achieved through Metal Inert Gas (MIG) welding method. The
crack introduction method is different for each crack orientation. A pair of metal scissors was used to cut the rolled conical
shells into desired crack length for conical shells having circumferential and angular crack before the welding process.
While, for axial crack, the seam of the cone was left unwelded according to intended crack length. All cones were axially

compressed through a universal testing machine.

Next, from the same mild steel plate used for specimens manufacturing, three pairs of flat tensile coupons were
cut in the horizontal and vertical direction. The tensile test was carried out to determine the material properties of the mild
steel cone specimens. All the coupons were tested to failure using an Instron universal testing machine at the loading rate
of 1 mm/min. The material properties obtained from the tensile test are as follow: (i) Young’s Modulus, E = 233.30 GPa,
(ii) yield stress based on 0.2% offset, oy, = 223.93 MPa, (iii) Poisson’s ratio, v = 0.3, taken from the material datasheet.

These material properties will be used for the accompanying numerical prediction of the experimental data.
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Before axial compressive testing, a series of measurement (i.e., diameter, wall thickness, axial length, slant length,
crack dimensions) were carried out on all manufactured conical shells to examine the manufacture-induced imperfection.
First, Vernier calliper was used to measure the inner and outer diameter of the cones at five equally spaced diameters of the
top and bottom ends of cones. The average measured mid-surface diameters, 2r; and 2r,, can be found in Table 1. Next,
both axial length, L and slant length, Ly, of all the manufactured cones were measured using a Vernier calliper and their

average measurement can be found in columns 6 and 7 of Table 1.

Afterwards, a micrometer screw gauge was used to measure wall thickness at eleven equidistant points along the
cone’s longitudinal surface. A similar measurement was carried out along the cone’s circumference at 36° apart, resulting
in 11 x 9 = 99 measuring points. Table 2 provides the thickness measured data for all the specimens. Lastly, the crack
length and width on each specimen were measured through an inverted microscope. Table 3 shows the average
measurement of each crack dimensions. The crack length-to-axial length ratio was denoted as crack percentage. The axial
collapse test was carried out on all fifteen specimens using Instron testing machine at the loading rate of 1 mm/min, which
is like the previous tensile testing’s rate. The specimens top and bottom ends were respectively covered with rigid plates to
restrict the movement of the cone top and bottom ends during the experiment, hence providing necessary boundary
condition. The machine controller records the load-carrying capacity and the corresponding compression displacement of

each specimen. Figure 2 presents typical experimental set up for this study as exemplified for specimen 1.

Table 1: Measurement of Cone Angle, Diameters, Axial Length, Slant Length, and Wall Thickness for all

Tested Cones
Specimen Crack Angle (°) B (°) o | o (11|1m) L [ L
1 - 11.63 50.37 99.18 112.52 114.88
2 - 10.95 50.64 100.16 112.66 114.75
3 90 11.10 50.32 99.92 112.71 114.86
4 90 11.23 50.04 99.87 112.66 114.86
5 90 11.03 49.60 99.56 112.58 114.70
6 90 10.62 50.21 99.81 112.47 114.43
7 90 10.65 50.31 99.53 112.37 114.34
8 0 10.78 49.89 99.62 112.37 114.39
9 0 10.75 49.84 99.21 112.46 114.47
10 0 10.43 49.80 99.60 112.48 114.37
11 0 10.75 50.14 99.49 112.47 114.48
12 45 10.86 50.55 99.52 112.39 114.44
13 45 10.78 50.20 99.88 112.36 114.38
14 45 11.07 50.35 99.32 112.30 114.43
15 45 10.49 50.60 99.35 112.44 114.35
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Table 2: Wall Thickness Measurement of all Specimens

tmax | tmin | tave
Model | Crack Angle i) tsia
1 - 0.97 | 0.96 | 0.967 | 0.00262
2 - 0.97 | 0.97 | 0.968 | 0.00112
3 Axial 0.98 | 0.96 | 0.968 | 0.00228
4 Axial 0.98 | 0.97 | 0.969 | 0.00313
5 Axial 0.97 | 0.96 | 0.967 | 0.00192
6 Axial 0.97 | 0.96 | 0.967 | 0.00157
7 Axial 0.97 | 0.96 | 0.967 | 0.00168
8 Circumferential | 0.97 | 0.96 | 0.967 | 0.00186
9 Circumferential | 0.97 | 0.96 | 0.968 | 0.00148
10 Circumferential | 0.97 | 0.97 | 0.968 | 0.00118
11 Circumferential | 0.97 | 0.97 | 0.968 | 0.00095
12 Angular 0.97 1 0.97 | 0.967 | 0.00118
13 Angular 0.97 | 0.96 | 0.968 | 0.00126
14 Angular 0.97 1 0.96 | 0.968 | 0.00118
15 Angular 0.97 | 0.97 | 0.968 | 0.00103

Figure 2: Experimental Setup for Axial Testing for Specimen 1.

RESULTS AND DISCUSSIONS

0. Ifayefunmi

Experimental results for fifteen axially compressed perfect and cracked conical shells can be found in Table 3. It was clear

that crack introduction can reduce the load-carrying capacity of the perfect conical shell. Figure 3 depicted the plot of

experimental collapse load for all tested cones. It can be observed that the buckling load of axially compressed conical

shell with crack imperfection is strongly dependent on the crack length. Similar to those reported in the past literature [21]

for cones. A gradual drop is perceived as the crack percentage increases from 5% to 50%. However, a minimal difference

between each crack orientation is also noticed.
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Figure 3: Experimental Axial Load Against the Crack Percentage of all Tested Cones.
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The most substantial reduction of load-carrying capacity from the perfect cone (specimen 1) is 27% for specimen

15 having an angular crack. The corresponding value of buckling load is provided in Table 3. Figure 4 presents the plot of

collapse load against axial shortening for cracked cones with 25% crack (specimen 6, specimen 11 and specimen 14) for

each crack orientation. The load-deflection curve is linear up till collapse loads and in the post-collapse region, a smooth

fall of the load-deflection curve is observed. From Figure 4, conical shells having circumferential crack records the most

detrimental effect on the collapse load. A local buckling preceding global buckling can be seen in the plot for conical shell

having an angular crack.
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Table 3: Buckling Load of the Cracked Conical Shell (Exptl = Experimental)

Crack Crack Crack Crack Exptl

Specimen length width | percentage | orientation | Collapse

(mm) (%) ©) load (kN)
1 - - 0 - 42.865
2 - - 0 - 38.260
3 5.73 0.183 5 90 41.774
4 11.47 0.049 10 90 41.495
5 17.21 0.204 15 90 39.766
6 28.69 0.228 25 90 39.249
7 57.38 0.238 50 90 35.370
8 11.78 0.015 5 0 42.517
9 35.35 0.066 15 0 40.758
10 47.13 0.056 20 0 37.166
11 58.91 0.210 25 0 36.518
12 11.47 0.121 10 45 40.537
13 17.21 0.113 15 45 40.032
14 28.69 0.044 25 45 40.196
15 57.38 0.073 50 45 31.376
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Figure 4: Experimental Axial Load Versus Axial Shortening for Cracked Cones

with Different Crack Orientation Subjected to Axial Compression.

Figure 5 presents the plot of experimental collapse load versus their corresponding axial shortening for conical
shells with axial crack imperfection. Similar plots for imperfect cones with circumferential crack and angular crack are
presented in Figure 6 and Figure 7, respectively. It is apparent that increasing the crack length on the cone results in an
increase of cone sensitivity towards imperfection regardless of the crack orientation. As an example, cones with
circumferential crack imperfection, as the crack percentage gradually rise from 0% to 25%, the buckling strength of the
cracked cones reduced to 10.5% from the average buckling strength of the perfect cones. Similarly, for cones with axial
and angular crack imperfection, as the crack percentage increases from 0% to 50%, the buckling strength of the cone is
decreased to 14% and 25.5% respectively. From Table 3, a considerably small crack percentage has little to none effect on

the decline of the buckling strength of the conical shell. This is true for the case of conical shells as reported in Ref. [21].
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Figure 5: Experimental Axial Load against Axial Shortening for Conical
Shells having Axial Crack.
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Figure 6: Experimental Axial Load against Axial Shortening for Conical Shells
having Circumferential Crack.
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Figure 7: Experimental Axial Load against Axial Shortening for Conical Shells
having Angular Crack.

CONCLUSIONS

This paper presents experimental investigation into the buckling behaviour of relatively thick steel conical shells having
crack imperfection with different crack amplitude subjected to axial compression. Three different crack orientations were
discussed in the paper i.e., circumferential crack (0°), angular crack (45°), and longitudinal (90°). The experimental results
confirm that conical shell having circumferential crack orientation recorded the lowest buckling load, like what was
reported in Ref. [21]. Furthermore, for any given crack orientation, it can be concluded that as the crack amplitude

increases, the load carrying capacity of the cone decreases.
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