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Specimen R(mm) L (mm) t(mm) tr (mm) position of CFRP  number of CFRP strips
XCl1 250 1000 0.3  without CFRP without CFRP without CFRP
XC2 250 1000 0.3 0.167 12H 1
XC3 250 1000 0.3 0.501 12H 3
XC4 250 1000 0.3 0.334 1/3H,2/3H 2
XCs 250 1000 0.3 0.668 1/3H,2/3H 4

Table 1. Specifications of the tested specimens
E;DC BA ~Koll sbasism N K
CFRP ring CFRP rings

Fig. 1. A-E the Experimental Specimens
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Figure 2. A. The three samples, B. Dimensions of tensile test samples, C. Tensile testing machine, D. Stress-Strain
diagram of material
SeiS e 1 Jeol SO lasiia Y g

Elastic Modulus Yield Strength Ultimate Strength ~ Rupture Strength ~ Ultimate Strain
190.43 MPa 326.945 MPa 361.07 MPa 304.67 MPa 19.015%

Table 2. Mechanical Properties of tensile testing specimens
XC3 ,XC5 w303 28 4S5 (53,0 bl B (CFRP &y 5 XC3 w500 Slas K2 A ¥ K3
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| Pressure gauge
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Fig. 3. A. Schematic illustration of the XC3, XC5 specimens and CFRP ring, B. boundary conditions of the XC3,
XCS5 specimens
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Fig. 4. The circumferential strain of the XC1-XC5 specimens

05 e Sz IS sl s J':il.aJ'T slad sl s

8L glanl 53 XC2 & ged 53 el 0 7 XCl £
LS S glae ol syl HLis Llae js Wl e 58 4l &S
GIESL aalsl ps sl sde Al sl sl s I sl
Cuoglie Ll 55 g 4tk (CFRP (a1 5 5lund 035 08 s
as a3 5 25 e (LS Sl 5 AL il | p5Y
T3t i Dl P Wsed 3 edd sl glag e
23 o lag se sl XC3 4500 53 il o 2ol sue
XC4 503 55 ol 30 i )y 503 0l 5 VU o3
Can Gle Cand s g oade Sl (YL G cld s
sl 3 Clia ol sl T S ol Ly g e
L el cas s Lails Slagse 2l XC5 4sal o
Wb Elcnd pyoae Vv Sl Cwdd 53 550 )Y
Ao 1y AR LT slad sad (8) JSE .ol 0 sdalie 508
s go5 anr 53 s o LA (LS sl 5 (1S 5L (sl;;,\)'\

(2

st g w3 S5l gl gl a3
e gad Culgd 53 538 HulaS 4 ps 0 b 50d aSI B oo
ar 3 b e g (el 5 e e gl D 4
oS Lol pad ok LS e Sl 55 (slals e
ol edas OLAS pl g b o 58l 25 S Slade 5 el sl
el oy b 4 g (23S i e 3V oS

b XC2 sladises 55 45 355 0 oalie S5 b
La555 CFRP (5lupslin slaail Sl eslinal g1 XCS
Ll 2053 XCT 6 gad a5 e

HLid blie s olad O s slaslssas (0) K3 s
RCIH IR I PR A RN L VDS BPI PO JUR P SRS
INAY MY slajlis s o5 a4 XC5 JIXCL slads sl
b S e LS 4 g JSUL kS Y0 5 T YA
ISl LS VV/BY 5 OV F XYA NV glaslis s o g

Lps o A ol



\YaA JL..J/? eJLq...'Z/ r.h.))j.v 09

2

Wgad s 4 15a 358 Col &S ol BT jLs e
O s 555 0 Byt o 4Bl falS (180 5 355
s O 5 XC3 5 XC2 sladgad 55 LVDTI
Sis 4 ex g Lol 03,5 oof e3lkl |, CFRP «il>
oS O ns olis XC2 450l 53 555 g0 0> LUK 085
CFRP il (VU coglin 5 gmeo odias OLES ol 5

Sl



SN e (S EE gy g e

SHLsl glal gl glaata s iileS L;)'L,.plj.a

XC5 5 XCL slasisas 5l p olad O 1is o503 0 K5

p
_ z z
g =) =)
2
2 4 3
3 & &
& —o—LVDTI = 3
= £ 5
£ —<=—LVDT2 £ 2
< £ & 3]
D —A—LVDT3 = . . . , . ;
. . . . 5
40 230 220 -10 0 10 || 20 -10 0 10 20 30 20 10
Radial Displacement (mm) Radial Displacement (mm) Radial Displacement (mm)
A-XC1 B-XC2 C-XC3
6
= =
g g
o [0
] ES
2 2
2 2
~ ~
= =
g 5
= =
s &
-20 -15 -10 -5 0 5 10 -1
Radial Displacement (mm) Radial Displacement (mm)

D-XC4

E-XCS
Fig. 5. The radial displacement diagram of the XC1-XC5 specimens

SIS 3 aey XCS 5 XC ls €508 gl = 5 el uls CI=E G A Jal £ s

D-XC4

Fig. 6. A-E the XC1- XC5 specimens after buckling and failure

Jsde oo o Ko sl Sy ol

Sl s st b ol s Ol o kit
S s ks A5 las Saad GBS SRS e
GRS e (V) S 5ol s 5l ey s
oS bl 51l ol eals OLES ad ol S (gl ol i as
03 35y pwdin LISU Jlesl & 5L s 8 Lo (gl
03,31 Gy lp oy palie o o Il 3 cnlply
e pale e 5 L e 5 0l ol LS glade SO

G ISs i 3l Ll (o ol Sl edel s OIS

YV

Sous s s o Y

siee 45 el o3l s sla gy 51 (S s dee OLT i,
B S S S R R L L e ISR
el ol eslazal s pde Ol (g5Lue (6l JPABAQUS
Sl Sis Olea Sl 3sdome Ol ot gad 3le 15
S el gad sty e (sl 3 g e o3litul AT Al
s e sl Oldl ol Lol s eslimal S4R DL
gy Oladl & 0Ll el sl (glasl gl slaana s,
St S Lsladde gl oS 03 5 a3 Lol L (sledl g2
L13] el s S5,



\YaA JL..J/? eJLo...'Z/ ‘..A.J‘)j.v 09

Uil 53 CFRP a5 5 eslizal 36 (1) JSs s

2gh oo edalin syde Ol ladi s J2lS o glis
Sl 58 s WL S BCL wes JiilsS Cuslis
ad> 35 slls S BCS wgad 5 5 0 1) Jldae o S
oy s Sl CFRP 15 5l lols ad> 8 5 0 58

Syl GlS cwslie

W b9 (wiy O
Js 5 ARl rasy Glls Y 5 Y la i s
Slais 5l ol b i nl 3 s o5l lak sad o 2
S5 s el 3T 5 (6555 Lalsy ol pen 4 L3

$le (1) daly kSl 5i8 B.ST 2009 46l sl
05 el a3 ged &1 gl il glaana s 2SS L Al

L 2R _
[14] sls oo woman 57 ol & (Soe bl cnl oS

€Y)
Cods 55 1 (V) sl Lgl ao3lwsl EN-1993-1-4 wob 5T

035 &l lail gzl Glaain p 2l b b luds Ol
[15]

P., = 0.92E <§) (%)2'5 (2)

ol 2550 23 S Jam 55 65 o il ol
)L:..‘.? )\.LE.& cCA.m‘ a.l.i bb‘J W}.‘:‘ US NaVy(RaetZ 1957)

[16] 555 o arlons 25 bl 51 S

b __ 242E (t/2R)?5
e = (1= v2)3/* [L/2R — 0.45(t/2R) /7]
)L ))}TJJ e b (f) 4.)4.:‘) Qb&&.ﬁ 9 BI'USh

3)

Sl Cow 5 esle GlaclSasT L slal gl slaana s LS

L17] Wlos s 1yl Sl 5

YVY

Bt o sl sl U Dl oy palie Lo
Sl 5l ol asily w.»l.épﬁ oas OLis (A) J,<...4
Oladl ot glaws sad .ol 3 guoee Olal (slads goi ot 8
Jg,.i‘)é Liledls (5)‘.L<AL- ECS5 t ECI oo A D9l
OLaS sgdsee Oll gladisad olad O a5 Hlssed (4)
al> ))—.:Jdﬂ oy B-A Jg.& )‘ 4>_'uL\>: RGIU B WYY 1
SoleS Jlie 53 aniilgn 5 o3 sde S el ol )> CFRP
O L2lS JSe &S EC3 el 3 s &S Conslis 4500
ol 03lizwl CFRP |l 55 a1 4Kyl e 4o el C-A UL
}a)ﬁu;@&ﬁjﬁ&wﬁwﬁﬁﬁw‘wl
w‘eJ.ZMﬁL;JJNJLLQSJwJQZﬁway
53 CFRP &Y Sl 51 alol s 4 55 ECS wpas s
)oﬁ&b&guj&ahsw‘oua)m‘ﬂ}ﬁ
M}L&}a)ﬁjgﬂ&«:ﬁ S goee J:»JLQSJWW‘:J))

Vg pllae 28— 55 o ses Y Jse
400 r
350

Stress (MPa)
—_——= NN W
w o NS G D
o O O O o O

(=)

0.15 0.25
Strain
Fig. 7. Stress-strain graphs of steel materials

0 0.05 0.1 0.2

ECS GECT (sl €50 (olad O Suai—)Lid Jlosed & K5

8
1

A6 o - o=+ =0 006 00 ©
£ o f —o—ECI
§4 S Ao LN EC2
g I'[ cesspsees EC3
o) b EC4
s |4
5 Bfa —o- + EC5
éo g 1 1 1 J

0 1 Radial displazcement (mm) 3 4

Fig. 9. Load deformation—radial displacement diagram of
specimens obtained from numerical analysis



VYWAA Lo/ # ojlad/ 08355 053 s Olyes pulign sRasly = pole b

o1 _ 2/D
HSIISEIPLY ) :l (m2+n2) (ﬁ)
Et3 Et TR TR n?

b=wma=wm ' ‘Ta-um

—4
m

+ —_—
n2(m’ +n?)

LS 51 aa ECS G ECT 5500 0Ll slads gos st 1 Josd A JS0S

7 (1 - vZ)C> C))

s, Mues 5, e
SNEG, (Iracion = +1.0) Muiche saction points
(Awg: T5%) (avg: 7%
+1.5700 408 416370408
l 1 445 208 l +1.3340408
R +1 3710408
B il L 31 73ei08
it b 41 10as08
483550207 8 7360407
20720407 2 3ha 07
47008507 17.08% 407
15 Soaas07 L 5 7a0es07
43208407 e asiesor
13370407 3 08%a07
1 653e+07 1 Thias7
3 6870406 4 240106
v
4 OCE b samplel) nk Buklingld D odh  Abagua/itandsnd JDEXPERIENCE AIC1E O08: 2h-1n- . o i T R2018x
P — P
x Incremest 11%: Arclength s 69927404 2% %y Dcrement  70: A Langth = S.8ISE404
Primary Var: 5, M Primary Var- 5, Hies

A-EC1 B-EC2

5, Hinen

3ikiaiaaiaied

v

¥

v

OB 28 In- R-samplad ks bckiing o ASegua/Slasdard JOUIPERIENCE R3038x 08 e 2n M-sampbed- rlabucking ofb  Abagus/Sandird JOEXPERTENCE RI0164 ODB: 3-8 38 sample - rkstecking ofb  Absqua/Tiandard JOEXPEALINGE £20183

) ) )
B Sx Incrument 2% A langh e 13646804 TN Boremet 24 langth = LMATEIL TSy nowment 16 AR Lengtn e LIATESGH
= imary Vor 5, Mo

ry Var: 5, M Primary var: 5,

C-EC3 D-EC4 E-EC
Figure 8. Numerical analysis model of specimens EC1-ECS5 after buckling

Olea ol i &1, Mann Jawad L 5 45 (V) il adal) 5 gl gl i sy Jams (slag e (S slins

[18] Wi oo s 25

ol EN-1993-1-4 waliopsl Lo 5 o w11 () alal
Sladse LS Cwslie sy Ol () Jsa-[16]
sl Cuslio 5 islS adyl cuslie bl aKS LT

Iy adsl Censlie Ll 3l doys £ O s Jsdor ol 53 oo

o33 VO gt rzman 5 s o 0L XC &50d 4 s o () dsles S35 (R/E) Cos b slaosl sl

XC1 w30 plg Cuslin 4 s 1y plg Cuwslin 2158
S g sy (F) s 31 el s e 0L
a5l 55lS Cwslis CFRP slasl s sliws 5 baail> slow

S e Iy (6 Rt il gl ol e slis

sladse BLS cwslie b (Vo) K0 s

o Sl eal ey glacnslin b sl (sl a2 05T

¥ ujl \LS‘ML"_)'::T) LSJJ"‘S L{UJ 9 d9dowe QL‘J‘ L;E;-J.:.C«

RGPS WA F QL..”».;

242E  (t/2R)?S

P, = (6)

(1 —v?)** (L/2R)
_0.92E(t/R)*

cr L/R (7)

ARELLT gl & gas g Cuslis 5 i5lS LUK g

Specimens  Initial Buckling (k Pa)

Ultimate Strength (k Pa) P ini /Pxc1

Put/Pxc1 Difference (%)




WA JUe/ % ojlad/ oa35 55 0,55 oo Oles pudige Slagh T el ddoe

O @ €) @ ) © O
XCl1 1.30 3.14 1.00 1.00 00 00
XC2 2.12 3.28 1.63 1.04 63 04
XC3 2.38 7.04 1.83 2.24 83 124
XC4 4.30 5.70 3.30 1.81 230 81
XC5 4.50 11.62 3.46 3.70 246 270

Table 3. Critical buckling load of the Experimental specimens
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Fig. 10. Buckling strength of experimental specimens and finite element and theoretical relations and regulations
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Abstract:

Buckling of thin-walled structures is an important issue. Thin wall shells have many applications. The
refinement of fuel and fluid storage tanks is very valuable. The important points of the thin-walled cylindrical
shells are the little thickness of the shell relative to the other dimensions of these structures. This feature places
the instability issue as a determining factor in the behavior of these structures. Due to the low thickness and
compressive strength of the field, the forces on the shell of these structures are more likely to be buckling.
Researchers have always tried to increase the buckling strength of thin-walled cylindrical shells by recognizing
the behavior of different types of materials and their geometry types, thus maximizing the use of existing
structures. The conventional method is to use steel rings to retrofit steel cylindrical shells. However, the use
of this method according to the conditions of the workshop and that the structure may be load-bearing and
carrying flammable liquids is due to the use of welding with fire hazards and practically there will be no use
of this method in these structures. So according to the above topic, in this research, the benefits of using CFRP
as new materials have been considered. In this paper CFRP rings are used to replace steel reinforcement rings.
Here, the use of these materials has been investigated for the reinforcement of thin-walled cylindrical shells
under uniform lateral pressure. This type of loading is generally caused by the discharging of cylindrical shells
and reservoirs. In this paper, CFRP rings were used as reinforcement against the buckling of thin-walled steel
cylindrical shells and at certain locations at shell height. Five specimens have been manufactured and used for
testing. The first experimental specimen is without ring reinforcement. The second and third specimens have
a reinforcing ring in the middle of specimen high. The number of CFRP layers in the XC2 specimen is half
the XC3 specimen. The fourth and fifth specimens have two reinforcing rings in one third and two-thirds of
the height of the specimens. The number of CFRP layers is based on the results obtained from the nonlinear
numerical analysis. The number of layers is chosen so to stop CFRP ring buckling. The external uniform
pressure is used as specimens loading by employing a vacuum pump. ABAQUS software has been used for
nonlinear analysis. The results of the experiments show that the CFRP rings greatly increase the buckling and
post-buckling strength of the thin-walled shells. Therefore, the use of CFRP rings is being proposed as an
alternative method for the reinforcement of these structures. experimental results show that the XC5 specimen,
which has two CFRP rings, has the highest buckling strength compared to other specimens. The results show
that buckling strength of cylindrical shells increases with increasing number of rings and number of layers. In
this research, theoretical relations, as well as the code relations of the United Kingdom and the European
Union, have been used to assess the obtained results and a good agreement achieved.

keywords: Shell Reinforcement, Thin-Walled Cylindrical Shell, Buckling Capacity, CFRP Materials, Uniform
Lateral Pressure.
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