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Abstract. The main objective of this work is to present numerical results concerned with the influence of the winding
angle (+ @), on the elastic stability and the strength of composite cylinders, closed at both ends and subjected to
combined internal pressure and axial compression. The cylinders analyzed in this investigation were composed of
stacked layers of epoxy resin reinforced with: (i) E-glass, and (ii) carbon fibers, forming angle ply laminates, with
#20°% 6 = #90° In all the simulations, using the finite element method, the axial load consisted of a longitudinal
pressure, eight times higher than the lateral pressure (i.e. 8 x p). The final failure of the models was controlled either
by bifurcation buckling (i. e. loss of stability) or by material failure (i.e. fracture os the composite layers). In the
simulations, the most critical mode of failure was bifurcation buckling, with the number of circumferential waves
varying from 2 to 4. For the models reinforced with E-glass the minimum buckling pressures occurred for 8= +20°
and the maximum for &= #90 °(i.e. hoop winding). For those reinforced with carbon the maximum bucking pressure
occurred for 8= #62.8 °and the minimumfor = +20°.
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1. INTRODUCTION

Structures designed to withstand internal watesquree, combined with high axial compressive loadsally appear in
the form of thin-walled curved shells constructeaif metals and composites. The use of Fibre ReaiatbPlastic (FRP)
pipes in marine structures, as an alternative talfieematerials, is attractive from the pointswiéw of weight saving and
corrosion-strength (Daniel and Ishai, 2006). Hoavewt is only recently that extensive experimeiatadl numerical results
concerned with the behaviour and failure modesntdrnally pressurised FRP pipes, with additionahlagompression,
have been reported in the literature (Hoa, 1998gs€ studies indicated that, depending on the depwigthe cylinder and
the nature of the reinforcing fibres, there ardeast 3 possible modes of failure, or final collapfor FRP composite
cylinders subjected to axial compression (CampesttD97; Baldoino, 1998; and Goncalves et al., 1200
(i) bifurcation buckling (BB) or axisymmetric coflae (AC), for thin cylinders reinforced with E-gdaand S-glass fibers, as
illustrated in Figure 1;

(ii) material failure controlled by First Ply Faitu (FPF), for moderately thicker shells reinforegther with carbon or E-
glass; and

(iii) material failure controlled by Last Ply Faik (LPF), for thicker cylinders reinforced with neothan 10 layers of
carbon fabrics.

AC

>

Compressive
axial load BB

0 >
Axial shortening of the cylinder

Figure 1. Fundamental and secondary load paths égtinder subjected to a compressive axial load

The axissimetrical collapse (AC) takes place whereidiect cylinder, subjected to axial compressmadk (e.g. uniform
external pressure applied to the flat ends), lodgtsestiffness completely and a global collapseusec The bifurcation
buckling (BB), on the other hand, is a more loaliznstability associated with circumferential waand normally occurs



when the shell has some sort of geometrical impgdie (Ross, 1990). In addition, the onset of BBassociated with a
change, from the fundamental to a secondary lo#itl papresented by the dotted line shown in FigurBo, at a particular
load along the fundamental path, there is a bifionatowards the secondary path. The instabilitedated to AC and BB
normally takes place when the cylinder is thin anesents an elevated ratio of radius (R) over thadkness (t), R/t. On the
other hand, if the ratio R/t decreases, materidlirta can take place before AC and BB. If the laaéu shell has few
composite plies, the material failure can be cdietdoby first ply failure, FPF. And, if the numbef layers increases,
eventually, the failure can be controlled by ldgtfpilure, LPF (Tsai, 1987; Gibson, 1996; Danietldshai, 2006).

Since composite pressure vessels and submersibigtuses are being be used in off shore petrolelatfogpms, in
particular those localized in deep waters, thecaktand experimental studies in this field are ingat. However,
experimental work in the area of composite subrrsitructures is complex and very expensive (H&89, Gongalves,
2001). In this scenario, many theoretical studresdeveloped in the first place, to gather infoioratind even to predict the
mechanical behavior of composite shells, beforeegmerimental investigation takes place. Even thoulgh number of
publications concerned with theoretical studiethia field is also reduced. In view of the limitadmber of published results
in this field, particularly in Brazil, the aim ofils numerical study was to investigate the behaefdfRP cylindrical shells
with total length L = 800 mm, diameter D = 200 mmominal thickness t = 2mm, as shown in Figure 2his case, since R
/ t =50, the composite shell can be considered(fRoss, 1990; and Levy Neto, 1991).

2. SCOPE OF THE STUDY

All the cylinders simulated in this work had a noalidiameter of 200 mm, total length over diamed¢io L/D = 4 and
the shell wall consisted of an angle-ply laminate. (stacking sequence P/ - 8]) of six unidirectional laminae, of 0.33
mm each, totalizing t = 2mm. The epoxy resin waspsed as matrix for the models, and both, carboBQ0) and E-glass
fibers were used as unidirectional reinforcemeht Techanical properties of these materials argepted in Tables 1 and
2. So, two groups of composite cylinders were sitad. In both groups, the orientation of the fibesed fromt 20° to
+ 90°. The models were closed at both ends with circstiee! flat plates and subjected to combined adaipression and
internal pressure (p). The axial load was obtaegolying an uniform external pressure, eight titaeger than the internal
pressure (i.e. 8 * p), on the surface of the fltedee The simulations were based on a non lineéde felement program for
axissimetric shells, in which the only element igrgy, with two nodes and each node has four degpéé&reedom (u, v, w
and ), as shown in Figure 3. More details concernedh Wit program are presented in section 3. The owatad X is
axial, R is radial and S runs along a meridianthensurface of the shell wall.
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Figure 2 . Geometry of the cylinders Figure 3egiees of freedom of the ring element

Table 1 Mechanical properties of the E-glass/epoxy lamirga{, 1987).

Mechanical properties of the E-glass/epgiamina

Specific massp ( g/cnt) 1.9
Longitudinal Elasticity Modulus, & (GPa) 38.60
Transversal Elasticity Modulus,E(GPa). 8.27
Minor Poisson’s ratio 0.06
In plane shear modulus, EGPa) 4.14
Longitudinal tensile strength, X (MPa) 1062
Transversal tensile strength,p{MPa) 31
Longitudinal compressive strengtix{MPa) 610
Transversal compressive strengthe BMPa) 118
Shear strength,.$ (MPa) 72
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The relevant elastic and strength properties ofRR® plies used in this investigation, includinge Elasticity Moduli
along the directions parallel and perpendiculathio fibers, Eand E; the Shear Modulus, & the Poisson Ratioy,; the
ultimate strengths in tensiongyXand >r; the ultimate strengths in compressiong And Xc; and the shear strengthpSare
presented in Tables 1 and 2.

Table 2 Mechanical properties of the carbon/epoxy laminsa(;T1987).

Mechanical properties of the carbon/epoxy lamina

Specific massp ( g/cnt) 1.6
Longitudinal Elasticity Modulus, & (GPa) 181.0
Transversal Elasticity Modulus,E(GPa). 10.3
Minor Poisson’s ratio 0.016
In plane shear modulus,;5GPa) 7.17
Longitudinal tensile strength, X (MPa) 1500
Transversal tensile strength,p{MPa) 40
Longitudinal compressive strength; {MPa) 1500
Transversal compressive strengthe MPa) 246
Shear strength,.$ (MPa) 68

The flat ends used to close the cylinders werenasduto be made of low carbon steel, presentingtiEitys
Modulus E = 200 GPa, Poisson ratie 0.3 and yield stress, = 300 MPa.

3. THEORETICAL MODELLING

Three failure modes of the FRP laminated cylindezse considered in the theoretical analysis (iR, BC and FPF).
In those, the laminated composite shell wall wasited as a layered orthotropic material, accortiinghe Classical
Laminated Theory (Hull and Clyne, 1996; Daniel #sithi, 2006).

Initially, an “in-house” finite element program farthotropic axisymmetric shells (COMPSHELL, Levetd, 1991;
Gongalves et al.,, 2001) was developed to predith Iwe stability (BB or AC) and the material faBu(FPF, only)
pressures of the models. The program COMPSHELLfisite element code based on a two nodes ring &inin which
the shell wall can be made of orthotropic layerg]l aach node has four degrees of freedom, threéade&ments (u, v, and
w) and one meridian rotatiof), as illustrated in Figure 3The bifurcation buckling BB, or structural stalyilicondition
was obtained when the second variation of the &italn energy of the system vanishes. This cantig established by a
combination of step-by-step search and eigenvahagysis. In order to calculate the FPF pressureggtiadratic failure
criteria of Tsai-Hill and Hoffman, presented in Edq$) and (2), were adopted. These criteria, basedhe in-plane
stresses of all the FRP layers of the composité ware used for all the nodal points in the firddlement mesh. More
details concerned with the theoretical predictiohthe collapse pressures can be found in the wbtlevy Neto (1991).

The boundary conditions of the simulated modelgiged at the base and free to present longitudisplacements
(u) at the top flat end, are illustrated in FigdteThe coordinate S, which runs along a meridiathensurface of the shell
wall, has its origin at the clamped edge of théncgr.
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Figure 4 . Boundary conditions for the simulatetinciers



In order to evaluate if the material failure of thRP composite layers takes place, or not, whefestda to in
plane bidimensional stresses, the failure critefid sai Hill and Hoffman for orthotropic laminaeere adopted (Daniel
and Ishai, 2006). These criteria are based on gtiadrquations, as illustrated in Eqgs. (1) and (2):

2 2 2
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)  xg (X)) S

where:X; = Xi1 or X3¢ and X; = X1 or X,c, depending on the sign of the normal applied anplnormal stresses;,
parallel to the fibers; ana, , perpendicular to the fibers. For > 0 , the tensile strength is used and far, < 0, the

compressive strength is used. The same occurs,fofty, is the in plane applied shear stress and theanepshear
strength is §. When the left side of Eq. 1 is equal to 1, thisans that the lamina is in the threshold of failulf the
left side is smaller than 1 the lamina do not (Biniel and Ishai, 2006). The failure theory of fimdn has quadratic
and linear terms combined, as shown in Eq. (2):

2 2 2 _

Oyt O F o+ 0 IR fFOJF 55 T 5F o820 [ IF 51 @
where F1=—1 ——1 ; F2=—1 ——1 F11= 1 ;

I *c Xor Ko X Kie
1 1
Fop = Foa=—— and F,=- .
22 33 , 12
Xo1Xoe %2 2K X

The coeficients of the failure criterion of Hoffman , /, Fi1, B>, Rsand k, are related to the lamina strengths,
according to the relations presented above (Damellshai, 2006).

4. MAIN RESULTS
4.1. First Ply Failure (FPF) pressures P, of theylinders under combined axial and lateral loads.

For the cylinders reinforced with six E-glass/epdayers, with total length L = 800 mm, L/D = 4 abd = 100,
when the winding angles varied fram20® to + 90°, at increments of % the numerical results for the FPF strength
(First Ply Failure pressure, P, at which matedufe occurs) of the models are presented in EigurThe cylinder is
subjected to combined loads in which P is the ivgefor lateral) pressure and Pe = 8 . P is amrmait@ressure, applied
on the lids, subjeting the cylinder to a simultenagial compression, as illustrated in Figure 4.
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Figure 5 . FPF pressures for the E — glass/eoplitydrgs for 20 <+ 6 < 9C¢°
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The same simulations were carried out for the dgis reinforced with six carbon/epoxy layers, whigére
subjected to the same boundary conditions (seedfrignd present the same geometry of the E-glass/ames: total
thickness t = 2 mm; L = 800 mm and D = 200 mm. Thhenerical results for the FPF strength (First Pajiure
pressure, P, at which material failure occurshefd¢arbon/epoxy models are presented in Figure 6.
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Figure 6 FPF pressures P for the carbon /eopxy cylindres2® <+ 6 < 9C°
4.2 . Buckling pressures, Pb, of the cylinders uler combined axial and lateral loads.
In addition to the calculation of the FPF pressuriethe cylinders reinforced with E-glass and carfibers, based

on the failure criteria of Hoffman and Tsai-Hilhet buckling pressures, Pb, for these models weeaitained using
the program COMPSHELL. These results are presentEijures 7 and 8, respectively.
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Figure 7 . Buckling pressures Pb of the E-glasségpylinders, for 20 <+ 6 < 9¢°
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Figure 8 . Buckling pressures Pb of the carbon/gpglinders, for 20<+ 6 <90



The buckling pressures Pb are associated to théewaf circumferential waves (n) of the buckling deo which
presents the minimum failure pressure for eacheanfjbrientation for the reinforcing fibers. Thaséormation’s, for
both cylinders, are presented at Tables 3 and gur&i8 indicates that the maximum buckling pressBig of the
carbon/epoxy cylinders occurs in the range of d¢aigon offibers between 60< +6 < 70°. So, in order to obtain
more precise results, the calculations present&dgure 8 were refined many times over in thisipatar range and are
presented in Figure 9. The refined calculationgceté that the optimum orientation of the carbdefs, for maximum
buckling pressure ist 62.8 °, and this failure mode (elastic bifurcation bupg) is associated with two (2)
circumferential waves.
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Figure 9 . Buckling pressures Pb of the carbon/gpgknders, for 62.6<+ 0 <63
Table 3 . Buckling pressures Pb of the E-glass/iepghnders, for 20 <+ 8 < 9, associated with the
correspondent number of circumferential waves.
Orientation of the fibers + 0 ° Buckling pressure, Pb (MPa) N of circumferential waves
20° 0.1081 4
25° 0.1165 4
30° 0.1221 3
35° 0.1223 3
40° 0.1255 3
45° 0.1308 3
50° 0.1407 3
55° 0.1525 3
60° 0.1652 3
65° 0.1777 3
70° 0.1897 3
75° 0.2013 3
80’ 0.2123 3
85° 0.2219 3
o 0.2229 3

Table 3 indicates that the variation of the numiifecircumferential waves, from 3 to 4, is not sfgant. But, on
the other hand, the sensitivity of the bucklinggstge (Pb) with the orientation of the fibers igyventense. In
particular, for 6 =+ 20° Pb = 0.1081 MPa, whereas fd& = + 90° Pb = 0.2229 MPa, which is a variation of about
106%.
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Table 4 . Buckling pressures Pb of the carbon/epglpders, for 20 <+ 8 < 9, associated with the
correspondent number of circumferential waves.

Orientation of the fibers + 0 ° Buckling pressure, Pb (MPa) N of circumferential waves
20° 0.2057 4
25° 0.2372 4
30° 0.2864 4
35° 0.3271 3
40° 0.3475 3
45 0.3889 3
50° 0.4481 3
55° 0.5198 3
60° 0.5985 3
65° 0.6299 2
70° 0.6138 2
75° 0.6021 2
80’ 0.6021 2
85 0.5802 2
o 0.5740 2

For the carbon/epoxy cylinders, the variation & tlumber of circumferential waves, from 2 to 4slaswn in Table
4, is more significant, in comparison with the Bsg/epoxy models. And, in addition, the sensitiaitythe buckling
pressure (Pb) with the orientation of the fibeos,the carbon/epoxy cylinders is even more intelrsparticular, for 6
=+ 20° Pb = 0.2057 MPa, whereas fér=+ 90° Pb = 0.5740 MPa, which is a variation of about%79

5. DISCUSSION OF THE RESULTS

For the E-glass/epoxy cylinders subjected to as@hpression and internal pressure, it is clear ftbenresults
obtained in the simulations (see Figures 5 and Tyedl as Table 3) that the bifurcation bucklingd{Boccurs at lower
pressures than First Ply Failure (FPF). The faipressures, P, for FPF, were all above 0.5 MP&0bk + 6 < 9C,
whereas, the buckling pressures, Pb, varied frdkB81L MPa, for + 8 = 20°, to 0.2229 MPa, for # 8 = 90°.
Similar behavior also took place for the carbonfgpoylinders, where the FPF pressures, P, weralale 0.7 MPa
and the BB pressures, Pb, varied from 0.2057 MPaf& = 20°, to 0.5740 MPa, for + 68 = 90°.

The geometry of the specimens, including total flengliameter and thickness, is exactly the samebfath
cylinders. So, in this scenario, for 26 +# < 9C°, the simulations indicate that the buckling pressupé the
carbon/epoxy models are, at least, about two timgtser, and the FPF strengths about 40% higheativelly to those
presented by the E-glass/epoxy cylinders.

Both, the bifurcation buckling (BB) pressures, Pland the FPF pressues, are sensitive to variatbrnhe
orientation of the fibers# @ . In particular, the BB pressures tend to incredsen6 increases from 20to 9C, for the
cylinders reinforced with E-glass and carbon fopassillustrated in Figures 7 and 8. For the cyhsdreinforced with
E-glass fibers, Pb increases continuoslyf ascreases from 20to 9C°. And, for those reinforced with carbon, Pb
increases continuosly, whérincreases from 2o about 63 and then almost stabilises for’680 < 90C.

The FPF pressures predicted using the failurerizitgf Tsai-Hill and Hoffman were practically tharse for the
cylinders reinforced with E-glass fibers (see FEY. whereas for those reinforced with carbon thkirfa criterion of
Tsai-Hill was more conservative, for 48 + 8 < 8(°, and practically identical to the criterion of Hofn for all other
orientations (see Fig. 6).

For the situations investigated on the presentysttiiere were no cases in which axissimetric cabapAC) or
material failure controlled by Last Ply Failure EPoccurred before (i.e. at lower pressures) BBRIF.

6. MAIN CONCLUSIONS
For the simulations carried out in this study, ¢hesas a clear indication that the cylinders reicdar with carbon

fibers are stronger and present higher bucklingguees in comparison with those reinforced withldsgy For both
groups of cylinders, the geometry and the boundangitions were exactly the same.



In all the simulations carried out so far, the mo#tical mode of failure was bifurcation bucklifBB), with the
number of circumferential waves varying from 2 tdSdnce the cylinders evaluated in this study gpécal thin shells,
presenting R/t = 50, this is not a surprise.
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