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INTRODUCTION

Thin-walled conical shells are commonly used fdslobre and pipeline applications. Typical applicas
include: (i) transition element between two cylirslef different diameter, (ii) piles for holdingcieets when
driven into the seabed, and (iii) legs of offshaidling rigs. When used for such applications, ttentact
interaction between two neighboring shell strucdurecomes very important — since the safe perfacemahsuch
structures are generally believed to be sensitvimnperfection such as initial geometric imperfentiimperfect
length, imperfect boundary condition, crack/matediacontinuity etc. [1]. However, the degree ohgiéivity of
conical shell structures to imperfection is saidéostrongly dependent on its geometric paramé&ieiReview of
past literatures on the imperfection sensitivitycohical shells can be found in [3, 4].

Several investigations have been conducted onniperifection sensitivity of conical shell structure
Although, the most widely considered a form of imfpetion are the initial geometric imperfection.f&ences
into the influence of initial geometric imperfeatidi.e., eigenmode shape imperfection, axisymmaettitwvard
bulge, localized smooth dimple and simple pertudnaibad) on the load carrying capacity of coniglatlls can be

found in [5 - 12]. Moreover, few studies have belmvoted to other forms of imperfections such aseirfget

boundary condition [13 — 17], crack/material disomity [18 - 20]. Surprisingly, it is evident froditerature
survey, that there has been no information of thpeirfection sensitivity of conical shells havingeuan axial
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length. The only available information is on impeatf cylinder having uneven axial length, [21, 22¢nce, a question on

the role of imperfect length on the buckling belawf conical shells is a valid one.

The current paper examines the imperfection seitgitbf truncated mild steel cone having unevengtan
subjected to axial compression. The effect of(gréasing the number of waves, and (ii) contaeraution problem by
increasing the axial imperfection amplitude to kiniess ratio, A/t, on the buckling load of axiallgnepressed conical shell
is presented. This is both experimental and nurakapproaches. Numerical analysis is based on B®RQUS FE code,
Ref. [23].

MATERIAL AND METHODS
Specimens Manufacturing and Material

Ten laboratory scale imperfect conical shells waanufactured from 1 mm mild steel plate and testeder
axial compression. The geometric parameters ofpleeimens were assumed to be: big radius-to-sadills ratio, r2/rl1 =
2.0; small radius-to-thickness ratio, r1/t = 25iadkength-to-big radius ratio, L/r2 = 2.24; nomingall thickness, t = 1

mm and cone anglg,= 12.6°. The cones have imperfection amplitudéiokness ratio, A/t = 0.28.

To manufacture the specimens, several steps whosvéal. First of all, the samples were cut outhe tlesired
dimension of the flat plate using a laser cuttingchine. Then, the cut out samples are rolled taicabshape using the
conventional rolling machine. After the rolling pess, the seam between the two neighbouring mesetfeee edges of
the cone are welded together using Metal Inert (B4§&) welding process. During the manufacturing gass, initial
geometric imperfection having sinusoidal wave aldhg compressed edge of the imperfect cones wéredirced as
depicted in Figure 1. The choice of introducing werelength at the small radius end of the conebeaattributed to the
fact that for conical shells the spread of plastiain is concentrated within the small radius efithe cone [24, 25]. The

number of waves, (N =0, 4, 6, 8, 10 and 12). Alhes were manufactured in pairs except for N =d514h
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Figure 1. Geometry of the Analyzed Cone Having Sineoidal
Non-Uniform Length with Number of Waves, N =4

Next, six flat tensile coupons (three in the aximéction - V1, V2, V3 and another three in thestat direction -
H1, H2, H3) were cut from the same material fromalitthe conical model are made. The design ofehsile coupon is
according to British standards, [26]. All tensifgesimens were tested until they fail using an orstnachine at the rate of
1 mm/min. Table 1 presents the material data obthirom the uni-axial tensile test. The Poisontoraf the material

was assumed to be 0.3 (data taken from materialsteget).
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Table 1: Set of Material Data Obtained From Uni-Axial Tensile Test

Tensile | Young’'s Modulus, E | 0.2% Offset Yield Ultimate Tensile
Coupons (GPa) Stress,s,, (MPa) Stress (MPa)
H1 164.050 226.373 319.69
H2 148.864 233.460 326.33
H3 179.815 230.185 325.35
V1 194.938 227.276 324.99
V2 158.520 230.003 328.99
V3 166.559 231.347 330.20
Average 168.791 229.774 325.925

Lastly, to benchmark the contact interaction probleetween the rigid plate and the deformable ingo¢r€one
against experimental data. Additional five conisgkcimen having the same geometry as previousbusted were
manufactured from 1mm mild steel plate and testatbuaxial compression. The cones have imperfeetioplitude-to-
thickness ratio, A/t = 5.6. Again, the manufactgriachnique employed were the same as discusereaxtiept for the fact
that in this case, the cutting process was cagigdising abrasive waterjet machine. And the nurbsinusoidal waves,
(N =0, 4, 6, 8 and 10). In a similar fashion, flamsile coupons were cut from the same mateigah fivhich the conical
model are made and tested until they fail usingrégmsmachine at the rate of 1 mm/min. The averagtenal properties
obtained were as follows: Young’'s Modulus E = 2G4, Poisson ratie,= 0.3 and the yield stress based on 0.2% offset,
oyp = 218 MPa. Two different contact interactionvbetn the rigid plate and the compressed edge otdhe were
analyzed, viz: (i) contact interaction with settop edge nodes and (ii) contact interaction witha§eN-point nodes — as
sketched for the case of cylinder in [21] (see FadLe of [21]).

Specimen Measurement and Testing

Before testing, manufacture-induced imperfectioresesmaken into consideration. A number of measuntsne
(i.e., wall thickness, diameter, axial length alahslength) of all the conical models were taleinstly, the wall thickness
of the cones was measured at eleven (11) equalspaliong the axial meridian using micrometer scgage. This was
then repeated along the circumference of the coBéaapart, resulting in 11 x 10 = 110 measuriog{s. The minimum
thickness tmin, maximum thickness tmax, averagektigss tave and the standard deviation tstd fahalinanufactured
cones are provided in Table 2. Secondly, the iram&t outer diameters of the specimens were measigiad digital
Vernier caliper. Measurements were taken at fivgalty spaced diameters at the top and bottom esslsectively. The
average measured mid-surface diameter for all spas are given in Table 2. Thirdly, digital Verngadiper was used to
measure the axial length and slant length of tmesat eleven equal point. The measured averagélemgth and slant
length are also presented in Table 2. These shapsurements were assumed to represent the mosustoharacteristic
of the specimens. All fifteen conical shells werthjected to axial compressive load using instrorchire. Prior to
loading, the specimen was covered with top andoboflate. An incremental load is applied to theecahthe rate of 1
mm/min (the same loading rate employed for the nateéesting). During the experiment, the axial doand its
corresponding compression extension of the cones weeorded using the machine controller. To vadidae readings of
the compression extension from the machine coetroflial gauge were placed on the moveable platéheoinstron as

shown in Figure 2.

www.tjprc.org SCOPUS Indexed Journal editor@tjprc.org



222 O. Ifayefunnk. M. Mahidan & S. H. Wang

Table 2 : Measured Wall Thickness, Mid-Surface Diaraters at the Top and Bottom Ends
(2r, And 7r),Average Axial Length (L ) and Average Slant Length (., ) of Tested Cones

Model | N | A | tmn Lmax tave 2 2r, L Lgjant tg
(mm)

CN1 0 0.28 0.950 0.96( 0.95p 49.709 99.022 112.99P14.766 | 0.00497
CN2 0 0.28 0.950 0.96( 0.95b 49.526 98.776 112.71”14.734 | 0.00500
CN3 4 0.28 0.950 0.99(¢ 0.96[L 49.053 97.667 112.40614.454 | 0.00813
CN4 4 0.28 0.950 0.97¢ 0.959 49.681 99.210 112.50414.645 | 0.00852
CN5 6 0.28 0.950 0.97¢ 0.95b 49.616 98.689 112.69014.761 | 0.00565
CN6 8 0.28 0.950 0.97¢ 0.959 49.717 99.047 112.47P714.579 | 0.00886
CN7 8 0.28 0.950 0.99(¢ 0.96p 49.520 98.825 112.6817114.591 | 0.00946
CN8 10| 0.28| 0.950 0.970 0.956 49.686 98.863 112.68614.756 | 0.00598
CN9 12| 0.28| 0.950 1.010 0.955 50.008 98.876 112.818B14.737 | 0.00818
CN10 12| 0.28| 0.950 1.080 0.957 49.392 98.7H8 182[79114.755| 0.01434
CN11 0 5.6 0.980 1.00( 0.988 50.550 99.728 11316 15.40 0.00406
CN12 4 5.6 0.985 0.995 0.9911 50.084 99.886 11325 15.38 0.00394
CN13 6 5.6 0.980 1.00( 0.990 50.499 99.615 113|22 15.3b 0.00446
CN14 8 5.6 0.980 1.00( 0.990 51.107 100.062 113({28115.32 0.00493
CN15 10 5.6 0.980 1.00% 0.988 51.581 99.9p2 113{27115.28 0.00443

Top Plate

Dial Gauge ;oﬁbm Plate
Figure 2: Photograph of the Test Arrangement for
Cone (CN1) Subjected to Axial Compression.

RESULTS AND DISCUSSIONS

Experimental results for fifteen axially compresgsetfect and imperfect conical models subjectedatial
compression are given in Table 3. It can be semn ffable 3, that the collapse load of the perfeces reduces with the
introduction of non-uniform length. In addition,uiopairs of nominally identical cones failed witimgar collapse load.
The errors in collapse load within each pair we¥ (CN1 vs CN2), 4% (CN3 Vs CN4), 2% (CN6 vs CNand 3%
((CN9 vs CN10). Hence, confirming repeatability efperimental data. Again, it is obvious that insieg the wave
number on the cone, results in minimal influencetmncollapse load of the cone. Therefore, it carsdid that increasing
the waves number has a secondary effect on thapsellload of the cone. This is true for the caseylfdrical shells
reported in [22].
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Table 3: Comparison of Experimental and Numerical Bickling Load of Imperfect Cones with
Different Wave Number and Different Imperfection Amplitude. Note: Contact Interaction
(CN1 - CN10 = Set of Top Edge Nodes; CN11 — CN15et of N-Point Nodes)

Buckling Load of Cone (kN) | % Difference

ioalel | IV A Exptl ABAQUS

CN1 0 0.28 38.99 38.24 1.9
CN2 0 0.28 39.91 38.21 4.3
CN3 4 | 0.28 37.41 36.41 2.7
CN4 4 | 0.28 39.06 36.33 7.0
CN5 6 0.28 38.86 34.53 11.1
CN6 8 0.28 34.71 34.39 0.9
CN7 8 0.28 33.96 34.51 1.6
CN8 10| 0.28 35.79 34.71 3.0
CN9 12| 0.28 37.47 34.48 8.0
CN10 | 12| 0.28 36.40 34.55 5.1
CN11 0 5.6 32.20 33.46 3.9
CN12 4 5.6 9.51 8.03 15.6
CN13 6 5.6 8.54 8.35 2.2
CN14 8 5.6 9.50 8.79 7.5
CN15 | 10| 5.6 9.85 9.40 4.6

Plot of experimental collapse load against compoassxtension for two nominally identical perfecine (CNI
and CN2) follow the same collapse paths at thecphapse and the post-collapse region — as careée i Figure 3.
Again, there is very good agreement for both camésrms of collapse load and the compression sidanA similar plot

for imperfect cones with N = 8 is presented in IFéggd. Again the failure paths of both cones wasstrae.

Validation of experimental data were carried outottyh numerical simulation using ABAQUS FE code.
The numerical predictions employed the use of nmeglsapecimen data i.e., average thickness and ge/enéd-surface
diameter (see Table 2). Material data obtained fonivaxial test were used in the numerical caléoraéind the material is
modelled as elastic-perfectly plastic. As showkigure 1, the cone is assumed to be fixed at theddius ends, while the
same condition was employed at the top ends exaepeément in the axial direction. Conical specimerse modelled as
deformable body using four noded shell elementk wix degree of freedom (S4R). Axial load was aplio the small
radius end of the cone through a horizontal anidl fidate moving downward (see Figure 1). To apply axial load, a
reference node was defined at the center of thé pigte. During the computation, surface-to-sugfaontact interaction
between the rigid plate and the cone using masdeesalgorithm was employed. In the master-slagerithm, the rigid
plate is referred to as the master, while the sall modes at the top edge of the cone is refetweak the slave. Then, non-
linear static RIKS analysis was carried out ondbwical model.
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Figure 3: Plot of Axial Force Versus Compression Bension
During Testing of Perfect Cones (CN1 and CN2)
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Figure 4: Plot of Axial Force Versus Compression Bension
during Testing of Imperfect Cones (CN6 and CN7)

The ensuing results from the computation are gimecolumn 5 of Table 3. From Table 3, it can benstet
there is a good agreement in the prediction ofapsk load from both experiment and numerical sitimlaThe ratio of
experimental load to numerical collapse load rarfge® -4% to 9%, except for cones, CN5 and CN12hwi3% and
19%, respectively. All cones fail through bulgingthe region where the compressed load is appbeeixamplified for
perfect and imperfect cones in Figure 5 (for coméh A/t = 0.28) and Figure 6 (for cones with A/t556). In addition,
there is good visual agreement of both experimeantdl numerical deformed shape for the cones. Hawéwe goodness
of the comparison is seen to be strongly dependerihe contact interaction employed between thiel igate and the
deformed cone during the analysis. Results of bmack of the contact interaction problem betweerdrigate and the
deformable cones through experimental test for €avith A/t = 0.28 and A/t = 5.6 reveals that theking load of the
cone is strongly dependent on the imperfection @ugd. For cone with A/t = 0.28, the failure loaddontrolled by the
contact interaction with set of top edge nodes ksgere 5), while for cone with A/t = 5.6, the faié load is controlled by
the contact interaction with set of N-point nodese( Figure 6). However, it is not clear at whatenfigction amplitude-to-
thickness ratio does this change in contact intena@ccurs. Hence, a need for more experimentalias in this area to
establish the exact magnitude of A/t at which thanges occur.
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Figure 5: View of Deformed Perfect and Imperfect Coes
with A/T = 0.28 (A) Experimental and (B) Numerical

Figure 6: View of Deformed Perfect and Imperfect Caes
With A/T = 5.6 (A) Experimental and (B) Numerical

CONCLUSIONS

Results of axial compressive test on fifteen cdnmadel with non-uniform axial length was presenbedhis
paper. Repeatability of experimental data was gdde. results confirm the strong influence of nofifanm axial length
on the load carrying capacity of the conical geaynebnsidered. From the foregoing results, theofeihg conclusions
can be drawn: (i) the load carrying capacity oficahshell is strongly affected by the introductimiimperfect length. For
instance, for cones having four sinusoidal wavé@&®nompressed edge with imperfection amplitudéitokness ratio, A/t
= 1.12, will lead to a large drop of about 28% o foad carrying capacity of the perfect cone, @ipdhe influence of
contact problem on the load carrying capacity éalakcompressed cone with non-uniform axial lenigthvery significant

and strongly dependent on the magnitude of impgofe@amplitude-to-thickness ratio, A/t.
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