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Abstract—A numerical study is presented on buckling and post Asymmetric meshing technique (AMT) is considerecdb&

buckling behaviour of laminated carbon fiber rencfm plastic
(CFRP) thin-walled cylindrical shells under axiangpression using
asymmetric meshing technique (AMT). Asymmetric niegh
technique is a perturbation technique to introdlisturbance without
changing geometry, boundary conditions or loadiranditions.
Asymmetric meshing affects predicted buckling Idagckling mode
shape and post-buckling behaviour. Linear (eigar@)aland non-
linear (Riks) analyses have been performed to stheyeffect of
asymmetric meshing in the form of a patch on bucklbehaviour.
The reduction in the buckling load using Asymmetneshing
technique was observed to be about 15%. An isolditegle formed
near the bifurcation point and the size of whictréased to reach a
stable state in the post-buckling region. The Idelacement curve
behaviour applying asymmetric meshing is quite Isinto the curve
obtained using initial geometric imperfection i tshell model.

a perturbation method to introduce disturbance wuth
changing geometry, boundary conditions or loadiogditions
along with traditional perturbation methods to duluce
external disturbance such as initial geometric irfgotions,
loading conditions or initial material imperfectgnn case of
asymmetric meshing technique the effect is simitarthat
caused by the initial geometric imperfection, butdes not
cause any asymmetry in loading. Asymmetric meshiifects
only the stiffness matriXX and does not affect the loading
vectorF in F =Kx relationship.

Asymmetric meshing had been employed in the nurakeric
shell model without knowing its effect on bucklibghaviour
of shell structures by many researchers [1-7]. Kamd
Kedward [1] used finer mesh in the central circular
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|. INTRODUCTION

HE composite thin-walled cylindrical shells are geaily

used as load carrying components in various strestu
due to their significant strength-to-weight ratibhese thin
walled structures are usually subjected to comjpredsads
and buckling behaviour is the key design critefiae thin
cylindrical shells have a large number of impeifetw due to
fabrication process and loading arrangements ystelned
as geometrical, material, loading and other immtidas. The
geometric imperfections include non-uniform thickselocal
indentations, dents, cracks, non-circularity and n-no
cylindricity in the shell structures. The materi@perfections
include non-homogeneity, impurities and vacancleaging
imperfections include eccentricity in loading, wlheas other
imperfections include residual stresses and stiathsced due
to manufacturing processes. All these imperfectiaiffisct the
load carrying capacity of shell structures but getival
imperfections in particular.
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of plate, while studying the local and global bimgl of
delaminated composite plates. Cai, Holst and R¢&eused
convergent mesh to study the buckling behaviourthirf
cylindrical shells under localized axial compressidafreshi
[3] and Han, Cheng, Taheri and Pegg [4] used asynone
meshing to study the effect of rectangular cut{@atitthe mid
length of shell) on the buckling behaviour of comip®
cylindrical shells and aluminum cylinders respesijv
Estekanchi and Vafai [5] and Vaziri [6] used asyrinne
meshing to model crack in the mid height of comigoshell
to study its effect on buckling behaviour under ahxi
compression, a fine mesh was used to in cracketbrreg
Prabu, Raviprakash and Venkatraman [7] used asyriumet
meshing to model short carbon steel cylindricallshigh dent
to study the effect of dent on buckling behaviaufine mesh
was used in dent region compared with the reshelf.s
Asymmetric meshing technique (AMT) was introduced b
Wardle to solve a type of shell buckling benchmaréblem
[8]. The numerical solution proposed by Sabir arth [9]
was supposed to be the benchmark solution for laircu
cylindrical shell section (panel) but Wardle showidas
incorrect by giving a new numerical solution usiB8§AGS
(STructural Analysis of _Gneral _$ells). While solving the
incorrect benchmark problem, the main concern was t
traverse the bifurcation point and to calculate &lssociated
correct post-bifurcation response by triggeringutzition
using various techniques. Wardle [10] used tradilio
techniques (geometric or loading imperfection) and
asymmetric meshing technique for triggering biftiaa
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The asymmetric meshing technique was considereoeto  The ratio between experimental and analytical bogkl
efficient method as complete solution for a givetindrical load was in range from 0.63 to 0.72. This experialetiata is
shell problem was solved in a single finite elemanalysis used for numerical analysis in this paper.

whereas traditional techniques (introducing geoimetr | the present study the effect of asymmetric megtun
imperfection) require 5-10 runs after interpretitige prior he pyckling and post buckling behaviour of comfeosi
run's results; that is, the user must adjust améit of yjingrical shell subjected to axial compressiveadoare
geometric imperfection so that it is large enoughcause studied with emphasis on the following points:
bifurcation but not so large as to change the gmb[11].
Wardle [12] calculated the large-deflection bucglin «
behaviour of composite shell structures by the ofséinite
element method with asymmetric meshing techniquettfe .
induction of bifurcation point. asymmetric meshiteghnique
does not impose bifurcation but allows evaluatirfte t
bifurcation point and post-buckling accurately afticiently
if it exists in the structural response.

Zhang and Gu [13] used asymmetric meshing technigue
study the effect of asymmetric meshing on the ptedi
primary and secondary buckling behaviour of comtgosi

Two types of finite element analysis are utilizdidear
analysis (Eigenvalue) and non-linear analysis (Riks

AMT in the form of a patch is studied for threefeitnt
cases by varying the size of patch and each patthen
studied for four different degrees of asymmetry.

The buckling loads from linear and non-linear asely
using asymmetric meshing techniques are compartd wi
the buckling load using symmetric meshing and are
presented in form of load factdy.

cylindrical shell under axial compression. Theydaded that
different type of asymmetric meshing have a litiituence on
the predicted secondary buckling load and haveffexteon
the linear buckling behaviour of composite shelgasmetry,
boundary conditions or load has not been changelir Bind
Mandal [14] used asymmetric meshing technique udysthe
effect of asymmetric meshing on the predicted bngkload
and buckling behaviour of composite laminated djiicel
shells under axial compression. They concluded
asymmetric meshing affects buckling loads, bucklmgde
shapes and load-deflection curve behaviour in paskling
region; by applying small asymmetry in meshing ¢hex a
variation of 7% in buckling load which increasethar by
increasing asymmetry in meshing; the different rodshof
AMT have some influence on predicted buckling lcatd
significant influence on load displacement curve paost-
buckling; AMT in axial direction and AMT in circurafential
direction have different influence on buckling loadd load
displacement curve in post-buckling; the effect AT is
different for shells having sanf®t andL/R ratios but different
lay-up orientations.

The formation of isolated dimple had been obsecdtihg
experimental studies by Hambly and Calladine [M§ndal
and Calladine [16]; Lancaster, Calladine and Palfi&i.

Il. NUMERICAL MODEL

The numerical model of composite cylindrical shell
considered in this study was a four-ply laminateellsused in
the buckling experiments performed by Bisagni [T8]e four
specimens of composite cylindrical shell were feded from
carbon fiber reinforced plastic (CFRP) laminatesimg both
internal diameter and overall length equal to 70, mvith

thawo tabs at bottom and top surfaces provided ftaching

them to loading arrangements. The actual lengththef
specimens was 520 mm and the nominal thicknesshelf s
wall was 1.32 mm. The radius to thickness raiit)(was
equal to 265 and length to radius ratidR) was equal to 1.5.
The cylindrical shell has lay-up orientations a¥%48°/-45%/0°]
and mechanical properties of CFRP are present&dhte 1.
The finite element analysis [19] was used to aralye
buckling and post-buckling behaviour of cylindricahell
under axial compression. The computer program ABSQU
[20] was used for finite element analysis. The Ishiment
S4R was selected, which is a four node reducediiaten
shell element having six degrees of freedom at esmte,
three translational displacements in the nodalctivas and
three rotational displacements about the nodal .aXé®
boundary conditions were taken as: all three teditsial

Hambly and Calladine [15] performed experiments odisplacements and three rotational displacements fiseed at

damaged cylindrical shells under axial compressard
observed that during buckling process a small sirzeple
grew near the damaged zone and then turned intanaodd
shape. Mandal and Calladine [16] during the expeniis on
open topped cylindrical shells under self weighttkiing
observed formation of isolated dimple during buocgliand
from numerical study using non-linear analysis tbégerved
that during buckling a dimple started to developrmbe base
of shell as the buckling load reaches the maximainesand
then grew in size with decrease in load to reastable state.
Bisagni [18] performed experiments on
laminated cylindrical shells subjected to axial poessive

load. Four shells made of carbon fabric with lay-up The puckling phenomenon had been investigated by

orientations of [0+457/-45°/0°] with R/t equal to 265 were
tested.

composite Thickness

bottom of shell while only axial translational dispement is
free at top of shell. The axial compressive load wansferred
to uniform nodal forces along the circumferencehefshell.

TABLE |

MECHANICAL PROPERTIES OF THECFRP
Elastic Modulus 52000N/mrh
Elastic Modulus & 52000N/mrh
Shear Modulus G 2350 N/mrA
Poisson’s Ratio vi» 0.302
Density 1320 kg/m

0.33 mm

eigenvalue analysis. The eigenvalue analysis etsna
theoretical buckling load (bifurcation load) of femt linear
elastic structure.
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The mesh sensitivity of finite element model haderbe The critical load for symmetric meshing was detewui
initially studied for the model using linear (eigatue) by increasing the applied load gradually to find timit point
analysis. The results were verified by comparinghwthe at which the load end-shortening curve reaches xinnuan
analytical results given in [21]. The critical blicy load Vvalue of load. The results presented in the Tablere? the
converges well when 52x220 elements (52 elementhén results for buckling load obtained from load endising
axial direction and 220 in the circumferential diien) were Curve when load reaches its maximum value. The Riks
used and the difference with the analytical reisulibout 4%, @analysis was performed for symmetric meshing witfecent
The fundamental buckling mode shape of the modéeh wiload increments and the behaviour of load displacgrourve

52x220 elements exhibits a doubly periodic (dianm)asttape was almost same.

with 7 axial half waves and 14 circumferential wavé@he TABLE Il

numerical model Of sheII Wlth 28%120 elements (mnts COMPARISON AMONGBUCKLING LOADS USINGSYMMETRIC MESHING
. . . . . . . Solution Type Buckling Load (kN)

|q ax.lal direction and 120. elements in circumfeia@nt Analytical Solution 240.00

direction) was analysed as it gave a reasonableea®nt ~Eigenvalue Analysis (52x220) 24842

between CPU time and precise results. The fundahent Eigenvalue Analysis (28x120) 274.28

buckling mode shape of the model with 28x120 el@men_Riks Analysis (52x220) 251.37

exhibits a doubly periodic (diamond) shape withxgabhalf ~_Riks Analysis (28x120) 278.81

waves and 14 circumferential waves and shown in Eighe
results from eigenvalue analysis using symmetricshimgy
with 28x120 elements are taken as reference loachérical The numerical model of shell with 28x120 elemeri8 (
buckling load using symmetric meshing technique)ftother elements in axial direction and 120 elements in
study and are presented in Table Il along with wital circumferential direction) with symmetric meshingasv
buckling loads. analysed using linear (Eigenvalue) analysis and-limaar
(Riks) analysis and the results are presented enTtible 2.
The shell element in the shell model for symmetnieshing
was almost square with width of 18.33 mm in circeraftial
direction and length of 18.57 mm in axial directidme shell
model using different asymmetric meshing techniques
analysed by using linear analysis and non-linealyais to
study the effect of asymmetric meshing on the lirea non-
linear behaviour of shell buckling.

The shell model with asymmetric meshing technigoebe
form of a patch is designated as ‘A’ followed bietter (T, F
or S representing patch size) then followed by mlmer (1, 2,
3 or 4 representing degree of asymmetry in meshing)
Asymmetric meshing technique in the form of squeatch
was employed using three patches of different siz#s four
degrees of asymmetry in meshing in each patch iexqulan
Table 3. Three patches were used to produce asymirmet
meshing of the shell model with patch sizes as:(ZX2) two
elements in circumferential direction and two elataein
Fig. 1 Fundamental buckling mode shape using synmmaeshing  axial direction with patch size of four elementsonfr
symmetric meshing; ‘F’ (4x4) four elements in cintferential
non-linear analysis using Riks method [22] or aength dire_ction and four elements in c"_:lxial directio_n vvphtch si_ze
method. In this analysis using ABAQUS, numericaPf sixteen elements; ‘S’ (6x6) six elements in emterential
experiments were performed with different load ément direction and six elements in axial direction wjtatch size of
(initial arc length increments) from 1% to 0.1% mmickling thirty six elements. The numerical model with thekeee
load with five intervals. During analysis the estied total arc Patch sizes are designated as ‘AT’, ‘AF’ and ‘A8lléwed by
length is taken as 1 with suitable number of ineeta to get a number which represents the magnitude of asyryritethe
desire results. Fine load increments were used nglurimeshing.
numerical simulations as the load becomes equath&
expected critical load estimated by eigenvalue ya@mal The
approach used in this analysis was to constantlyae the
load increments until the solution starts to cogeeiThe load-
displacement curve behaviour changes slightly heakling
in some cases by varying load increments. The &iladysis is
performed for symmetric meshing with 52x220 eleraearid
28x120 elements and the results are presentecbie Tla

. ASYMMETRIC MESHING TECHNIQUE

The buckling phenomenon had also been investigayed
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Fig. 2Asymmetric meshing of numerical mocshowing patch:
(a) AT1; (b) AF2 (c) AS3

For each patch, asymmetry in meshing was produge
reducing the element size in the patch comparel rkeist of
shell model.

The degree of asymmetry in meshing was chancy
reducing the element size in patch by four way&las ‘2’ ,
‘3" and ‘4’. ‘1’ the element length in the patch sveeduced b
2.5 times from the rest of shell model having symi
meshing (for asymmetric meshing the element length/5
times of elerent length in symmetric meshing

Using degree of asymmetry ‘1’; in ‘AT1’ 4 elememere
converted to 25 elements; in ‘AF1’ 16 elements v
converted to 100 elements; and in ‘AS1’ 36 elememse
converted to 225 elements. Similarly for ‘2’ theerekent
length is reduced by 5.0 times (the element lengt2/10
times of symmetric meshing); ‘3’ the element lenwas
reduced by 7.5 times (the element length is 2/h%esi of
symmetric meshing); and ‘4’ the element lenwas reduced
by 10.0 times (the elemelength is 2/20 times of symmet
meshing). The asymmetric meshing in the numericaehin
the form of patch for different AMTs is shown ingk2.

TABLE lll
EXPLANATION OF THE REPRESENTATION OF NUMIRICAL MODELS USING
ASYMMETRIC MESHING TECHNIQUE

A T 1

l Reduction in element size from symme
meshing to generate asymmetric mest

1:x2/5 2:x2/10  3:x2/15 4: x2/20

Number of elements used for AMT frc
symmetric meshir

T:2x2; F:4x4; S: 6x6

——» Asymmetric meshintechnique

IV. LINEAR (EIGENVALUE) ANALYSIS

The linear (eigenvalue) analysis had been carrigdto
study the effect of asymmetric meshing on buck
behaviour. The linear analysis gives the bucklirapenshape
and the buckling load for different modes buckling and in
this study the fundamental mode (first mode) wady
considered. The results of linear analysis werdistlin the
form of fundamental buckling mode shape and bugkaad.
The buckling load from linear or n-linear analysis was
normalzed with reference load (the buckling predicted
linear analysis using symmetric meshing in thelshedel) to
give load factorAy. The load factor is the ratio of t
numerical buckling load using asymmetric meshingthe
numerical buckling loadsing symmetric meshir

A. AMT as Patch ‘AT’

AMT ‘AT’ was employed to generate asymmetry
meshing in the patch of size 2x2 (two elements ach
direction) and in the patch the element size wasiaged tc
produce four different magnitudes of asymmetrymeshing
as ‘AT1’, ‘AT2’, ‘AT3 and ‘AT4’. The buckling modeshape
for all AMTs was almost same which was differeminfrmode
shape using symmetric mest (shown in Fig. 1). The axial
half-wave length of buckling mode was smaller at midhaf
shell near lte patch and then increased in both direc
towards top and bottom of the shell, the trend sawme foi
half-wave length of buckling mode in circumferen
direction as well. The fundamental buckling modeapst
using asymmetric meshing techniques ‘A" and ‘AT4’ are
shown in Fig. 3The load factor for ‘AT1" is 0.993 and f
‘AT4’ is 0.989 which shows that using AMT bucklingad
slightly decreases as compared with symmetric mgs
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The buckling load decreases as the magnitude ofirasyry
increases bm ‘AT1’ to ‘AT4’ and is presented as load fac
in Fig. 11a.

B. AMT as Patch ‘AF’

AMT ‘AF’ was employed to generate asymmetry
meshing in the patch of size 4x4 (four elementseath
direction) and in the patch the element size wakiaed tc
produce far different magnitudes of asymmetry in mest
as ‘AFl’, ‘AF2’, ‘AF3’ and ‘AF4’.

The buckling mode shape for all AMTs was almost &
which was different from mode shape using symm:
meshing (shown in Fig. 1)The axial hatwave length of
buckling mo@ was smaller at mid of the shell near the p
and then increased in both direction towards tapkaitom of
the shell, the trend was same for hatfve length of bucklin
mode in circumferential direction as we

The fundamental buckling mode shajusing asymmetric
meshing techniques ‘AF1’ and ‘AF4’ are shown in.F3. The
load factor for ‘AF1’ is 0.978, for ‘AF2’ is 0.972or ‘AF3’ is
0.972 and for ‘AT4’ is 0.968 which shows that usiAiyIT
buckling load decreases about 3% as compared
symmetric meshing. The buckling load decreases as
magnitude of asymmetry increases from ‘AF1’ to ‘AB#Ad is
presented as load factor in Fig. 11a.

(a) (b)

(c) (d)
Fig. 3Fundamental buckling mode sh. using AMT:
(a) AT1; (b) AT4; (c) AF1;d) AF4

C. AMT as Patch ‘AS’

AMT ‘AS’ was employed to generate asymmetry
meshing in the patch of size 6x6 (six elements ath
direction) and in the patch the element size wakiged tc
produce four different magnitudes of asymmetry ieshing
as ‘AS1’, ‘AS2’, ‘AS3’ and ‘AS4’. The bckling mode shape
for all AMTs was almost different and also differeinom
mode shape using symmetric mesh(sigown in Fig. 1.

The fundamental buckling mode shajusing asymmetric
meshing techniques ‘AS1’ to ‘AF4’ are shown in F4. The
load factor br ‘AS1’ is 0.958, for ‘AS2’ is 0.952, for ‘AS3’ i
0.949 and for ‘AS4’ is 0.948 which shows that usidIT
buckling load decreases about 5% as compared
symmetric meshing. The buckling load decreases ha
magnitude of asymmetry increases from ‘Ato ‘AF4’ and is
presented as load factor in Fi(la.

(@) (b)

(¢) (d)
Fig. 4Fundamental buckling mode sh. using AMT:
(a) AS1; (b) A8Z (c) AS3; (d) AS4

V. NON-LINEAR ANALYSIS (RIKS)

The nonlinear (Riks) analysis had been carried out toys
the effect of asymmetric eshing on buckling and post-
buckling behaviour. The n«linear analysis gives the
buckling load, buckling mode shape and -displacement
behaviour of the curve in buckling and [-buckling regions.
The results of noffinear analysis were studied in tform of
buckling mode shape from buckling to f-buckling region,
buckling load in terms of load factor and I-displacement
curve behaviour. The axial displacemerz), downward
displacement from top of shell to bottowas measured for
the node seleatkat the top edge of the shell above the ce
of the dimple. The radial displacement), inward
displacement, wameasured for the node selected at cent
the dimple. The axial displacement and radial dispinen
are normalized with shell wall thiness {) to give @t) and
(r/t) respectively and anglotted against load factor to expl:
load-displacement behaviour in post buckling rec

A. AMT as Patch ‘AT’

The buckling load using asymmetric meshing in frofr
patch ‘AT’ is much reduced as compared with bueklioad
using symmetric meshing.
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The load factor for both ‘AT1’ and ‘AT2’ is 0.85%pr
‘AT3’ is 0.850 and for ‘AT4’ is 0.848 and is preged in Fig.
11b. The reduction in buckling load for all AMTs ibaut
15% and buckling load slightly decreases as thenihadge of
asymmetry increases from ‘AT1’ to ‘AT4". From thessults
it is observed that reduction in buckling load mdepends o
patch size antkss depends on the magnitude of asymmet
meshing in the patch.

During buckling an isolated dimple starts to grdveee the
patch at the % of the length of the shell correggoto the
bifurcation point and then increases to reach laeststate. Th
dimple formation (from start to reaching stabletestafor
‘AT1’ in the form of radial displacement (mm) is showr
Fig. 4. The shell was modelled using rectangulardioates
system but the results are transformed into cyidad
coordinates system. The corresponding buckling foagacl
increment shown in the Fig.iS taken as percentage of pe
load. The peak load is the maximum load obtainethfthe
load displacement curve corresponding to the hifiwa
point. Fig. & represents the bifurcation point, at this pdiet
maximum radial displacement is at the p. in outward
direction and dimple starts at % of the shell heigtiter the
bifurcation point the dimple starts to grow withcdease ir
buckling load equal to 92% of peak load shown i 5b, Fig
5c¢ represents the growing of dimple with furtheruetibn in
buckling load equal to 8% of the peak load. The buckli
load further reduces to a minimum value 36% offibak loac
with maximum inward radial displacement shown ig.I5d.
The size of dimple slightly reducés reach a stable state w
a slightincrease in buckling load equal to 37% of peak |
the shape of dimple is very similar to that showrFig. 5d.
The corresponding buckling loads for these buckiitages ar
shown on loaddisplacement curves in Fi7a and Fig. 7b.

8

A
' EEE
|
1

(c) ()
Fig. 5Buckling mode shape corresponding to peak:
(a) 100%; (b) 92%; (c) 3B; (d) 36%

To study the load versus axial displacement c
behaviour during buckling and pdstickling, eleven node
were selected on top circumference of the cyliratethe tog
of dimple and asymmetric patch and these nodediustated
in Fig. 6.

The downward axial displacement at these nodes
chosen to plot loadisplacement curves which are showr
Fig. 7a. The maximum axial displacement during din
formation was 1.32nm (equal to the shell wall thickness)
Node 6 (which is above the centre of the dimple
asymmetric patch) which slightly decreased to 1/h to
reach stable state. The axial displacement ded away
from the centre of dimple in both directionith lower values
at the edges of dimple. The nodes at the samendestia the
opposite direction to the centre of dimpled exactly same
loaddisplacement curve behaviour, and these curves
shown overlapping in Figra. The load-displacement curve
behaviour is quite similar to the curve obtained usinial
geometric imperfection in the model and it is obedrthal
applying asymmetric meshing in the model is simttarthe
introducing geometric imperfection in the mo

4 5 6 7 8 9 1011

Fig. 6 Close view of dimpl showing node numbers on the dirr
along circumferential direction and top circumfererof mode

To study the load versusadial displacement curve
behaviour during buckling and p-buckling eleven nodes
were selected at the centre of dimple in circerential
direction and are illustrated in Fi6. The inward radial
displacement at these nodes was chosen to plot-
displacement curves which are shown in F7b. The
maximum radial displacement during dimple formatiwas
12 mm (equal to nine timehe shell wall thickness) for Node
6 (which was at the centre of the dimple) which dligl
decreased to 11 mm to reach stable state. Thel
displacement decreasedvay from the centre of dimple
both directions with lower values at the edgesiofple. The
nodes at the same distance in the opposite direttiothe
centre of dimple have exactly same I-displacement curve
behaviour, and these curves are shown overlappifigi 7b.

The phenomenon of dimple formation and growing
slightly different for AMTs from ‘AT2’, ‘AT3’ and ‘AT4’, the
dimple start to grow above the patch at the ¥ eflémgth o
the shell, the size of dimple increases at the saoséion tao
reach stable state with inward displacement of téngboul
13 mm. The axiaflisplacementz) and the radial displacement
(r) both normalized with shell wall thicknest) versus load
factor for four AMTs are shown in Fic8a and Fig. 8b
respectively.
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Fig. 7a Peak load versus axial displacement fareel@odes
illustrated in Fig. 6

Fig. 8b Load factor versus radial displacement radized with shell

wall thickness for AMT ‘AT’
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Fig. 7b Peak load versus axial displacement foreglenodes
illustrated in Fig. 6
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Fig. 9a Load factor versus axial displacement ntz@a with shell
wall thickness for AMT ‘AF’
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Fig. 8a Load factor versus axial displacement ntizec with shell
wall thickness for AMT ‘AT’

Fig. 9b Load factor versus radial displacement radized with shell
wall thickness for AMT ‘AF’
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B. AMT as Patch ‘AF’

The reduction in buckling load using asymmetric hieg
in from of patch ‘AF’ is much similar to ‘AT’. Théoad factor
for both ‘AF1’ and ‘AF2’ is 0.850, for ‘AF3’ is 049 and for
‘AF4’ is 0.847 and is presented in Fig. 11b. Thduetion in
buckling load for all AMTs is about 15% and bucklifopad
slightly decreases as the magnitude of asymmeuseases
from ‘AF1’ to ‘AF4’. From these results it is obsed that
reduction in buckling load more depends on patce sind
less depends on the magnitude of asymmetry in mgshithe
patch.

The phenomenon of dimple formation and growingugey
similar for ‘AF1’, ‘AF2" and ‘AF4’, the dimple stds to grow
above the patch at the ¥ of the length of the stiedl size of
dimple increases and moves towards the edge oth pat
reach stable state with the maximum inward disptere of
dimple about 15 mm. For ‘AF3’ the dimple starts goow
away from the patch at the 3 of the shell height, size of
dimple increases at the same position with maxinmsward
displacement of displacement about 9 mm and theredses
to 8 mm to reach stable state. The axial displacerzg and
the radial displacement)(both normalized with shell wall

thickness t) versus load factor for four AMTs are shown in

Fig. 9a and Fig. 9b respectively.

C. AMT as Patch ‘AS’

The reduction in buckling load using asymmetric hieg
in from of patch ‘AS’ is slightly different from ‘A&’ and ‘AF".
The load factor for ‘AS1’ is 0.848, for ‘AS2’ is 845, for
‘AS3’ is 0.841 and for ‘AS4’ is 0.831 and is pretshin Fig.
11b. The reduction in buckling load for all AMTsfiem 15%
to 17% and buckling load decreases by 2% as thenitoag
of asymmetry increases from ‘AF1’ to ‘AF4’. Fromese
results it is observed that reduction in bucklimad more
depends on patch size and slightly depends on dgnitude
of asymmetry in meshing in the patch.

The phenomenon of dimple formation and growingugeq
similar for ‘AS1’ and ‘AS2’, the dimple starts taday away
from the patch at the % of the shell height, tlze sif dimple
increases and moves further away from patch tohrstable
state with inward displacement of dimple. The maxim
inward displacement for ‘AS1’ is 10 mm which slight
reduces to 9 mm to reach stable state of dimplmdton;
similarly the maximum displacement for ‘AS2’ is 9mwhich
slightly reduces to 8 mm to reach stable state.’&A88’ and
‘AS4’ the dimple formation is quite similar, thenaple start to
grow above the patch at the % of the shell heitytet,size of
dimple increases and moves towards the edge oth pat
reach stable state with maximum inward displacemant
dimple about 21 mm.

The axial displacement)(and the radial displacemem (
both normalized with shell wall thickned3$ yersus load factor
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Fig. 10a Load factor versus axial displacement rmdized with shell
wall thickness for AMT ‘AS’
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Fig. 10b Load factor versus radial displacemeninadized with shell

wall thickness for AMT ‘AS’

VL.

The results of asymmetric meshing techniques ulairegr
(eigenvalue) analysis in the form of load factog ahown in
Fig. 11a. All AMTs shows same trend in reductiorbo€kling
load as the magnitude of asymmetry increases. &thection
of element size in the patch of particular areaddedo
reduction in the buckling load. The load factors f&MTs
‘AT’, ‘AF’ and ‘AS’ are 0.99, 0.97 and 0.95 respaely
which shows that buckling load decreases as arepatuh
increases. The trend in the change of buckling neitspes
using AMT is quite similar for all cases; the axmlf-wave
length and circumferential half-wave length arehleig near
the patch and decreases as the distance from tteh pa
increases in both directions.

The results of asymmetric meshing techniques usny
linear (Riks) analysis in the form of load factoe ahown in

DISCUSSION ANDRESULTS

for four AMTs are shown in Fig. 10a and Fig. 10brig 11p. The trend in reduction of the bucklingdois same

respectively.

as discussed above for linear analysis.
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The reduction in the buckling load for non-lineaalsis is
much higher than compared with linear analysis. &tfect of
AMT on the buckling load for the non-linear anatyss higher
than the linear analysis.
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Fig. 11a Load factor for all AMTs using linear ayss
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Fig. 11b Load factor for all AMTs using non-linearalysis

The formation of isolated dimple is observed fdrcakes of
asymmetric meshing which is quite similar for alkes, when
the buckling load reached a maximum value dimpetstto
grow and then grow in size with decrease in bugkload to
reach a stable state. In some cases the size pfalintreases
to reach a maximum size with a minimum bucklingdi@ad
then slightly decreases to reach a stable stath slight
increase in the buckling load.

In general the size of dimple is almost same fpadicular
patch size and increases with size of patch and foarticular
patch size the magnitude of asymmetry does notttfie size
of dimple.

The observation of non-linear analysis of presdntys
when compared with the observation of experimestiady on
damaged shells under axial compression [15], @oiscluded
that introducing asymmetric meshing in the numénadel
is similar to the creating small dent in the preaitishell, in the
present study the dimple starts to grow near tiehpahereas
in [15] the dimple starts to grow near the damazmte.

The dimple formation and growing observed in thespnt
study is quite similar to the experimental and nroad study
performed by Mandal and Calladine [16]. From thespnt
observations and previous observations [15], [[6]], [23] it
is concluded that using asymmetric meshing teclmiguhe
numerical model is quite similar to the introducingtial
geometric imperfection in the shell model.

VII. CONCLUSION

Asymmetric meshing affects both bucking loads and
buckling mode shapes using linear (eigenvalue) yaisal
which is different to the previous finding that asyetric
meshing technique has no effect on linear buckielgaviour
of composite shells [13]. For non-linear Riks as#y
asymmetric meshing affects buckling loads, bucklmgde
shapes and load-deflection curve behaviour in poskling
region. For a particular patch size increasing nitage of
asymmetry in meshing (by reducing the element Bizthe
patch compared with rest of shell) leads to reducin the
buckling load. The buckling load decreases asitteeaf patch
having asymmetric meshing increases. That reduction
buckling load more depends on patch size and 8fight
depends on the magnitude of asymmetry in meshinthen
patch. The dimple formation and growing observedttia
present study is quite similar to the previous expental and
numerical study. Asymmetric meshing using in thenatical
model is similar to the introducing initial geomnietr
imperfection in the shell model as load-displacemen
behaviour for both are quite similar.
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