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Failure Analysis of Glass Fiber Reinforced Plastic Pipes and Crack Inlet Opening
with J-Integral Criteria Under Internal Pressure
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ABSTRACT: Inspection of the damage caused by glass fiber reinforced plastic tubes, which are
subjected to internal pressure due to different angles that can be exposed under the creep phenomenon
in the long-term, has not been sufficiently considered. Therefore, in the present research, it has been
tried to simulate the fracture by Tsai-Wu, Hashin criterions and the crack inlet opening with J-integral
criterion in these pipes with different layering at internal pressure using finite element method and
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ABAQUS. The results of this research show that the fibers under compressive and tensile stress and the

resin of tube have not fractured by tensile stress, but the fracture has occurred in the resin of composite

tubes that were under pressure. According to the results, the fracture index is less than one for each of ~ Keywords:

ten layers, when layering angle varies from [30)5] tol#60)s1, but the fracture index is more than one,
layering decoration forl@70)s1, [+80)s] and [@90)s] of composite tubes has been fractured. However, the
value of the stress intensity factor was immediately decreased for layering decoration angle of (@55)s],

but this factor has improved when layering angle increased.

Failure analysis
Finite element method
J-Integral

Stress intensity factor

1. INTRODUCTION

If metal pipes are buried less than freezing depth
underground due to extensive thermal expansion and
contraction, they undergo unwanted deformations and
phenomena that affect the structural interaction of the soil.
Because the potential difference between the pipe and the
surrounding soil in the underground metal pipes causes
corrosion in this type of pipes results in leakage of metal
tubes from the vulnerable parts. While Glass Fiber Reinforced
Composite Pipes (GRP) that play a major role in engineering
structures in the current plumbing systems are able to
withstand difficult and complex conditions, such as thermal,
humidity, radiation, tensile environments, and in particular
against a wide range of fluids, such as chemicals, industrial
and petroleum. Therefore, they do not require additional
insulation from outside or inside. On the other hand, these
pipes, despite their low weight, have a lot of strength, so the
sturdy structure of these pipes, their high corrosion resistance,
as well as their low or light weight make it a great alternative
to metal and concrete pipes [1].

2. FRACTURE MECHANICS EQUATIONS
The value of the 7 fracture index is calculated using the
Tsai-Wau criterion [2] from Eq. (1)
2 2 2
I p =F101) + 209 + 111071 +F202) +Fe0i2 + 1
+2F1501102:

where F,F,,F,

11°

calculated from Eq. (2).

F,

22

F,andF,, in Eq. (1) can be

*Corresponding author’s email: hasadi@guilan.ac.ir

et gty op o]
X, X, Y, ¥

1 1
. Fes=—p
YIYC 66 S122 (2)

Fp=—
1

Fia=—(1-[F+ R)o~[A+Fy]o?)
20

Hashin proposed two criteria for yielding of fibrous-
reinforced layer composites, in which the fibers and texture
fracture were independent together. These two criteria include
the following four modes [3]:

1- Fracture index of composite pipe fiber under stretching (r/) .
2- Fracture index of composite pipe fiber under pressure (7).
3- Fracture index of the matrix composite pipe under

stretching (7! .

4- Fracture index of the matrix composite pipe under pressure
(Fp) -
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3. SIMULATION

Since the GRP pipes are tested separately under standard
pressure conditions with standard methods, hence, in this
paper, the results of each test are used for validation. GRP
tube for this study consists of ten layers of reinforcing fibers
in the form of axisymmetric, in which their mechanical
properties are a function of the volume fraction of the fiber
and the texture. The fiber used is E-Glass and epoxy matrix.
The layout is considered as [(z¢),] in this research. In addition,
the mechanical properties and damage fracture energy for the
GRP pipe in this study is based on Ref. [4]. The studied GRP
pipe, with a nominal DN500 specification with a thickness
of 2 mm, is affected by the internal pressure of 5 MPa and
closed-closed boundary conditions. In this research, the
simulation of fracture with the mentioned criteria and crack
opening at [30)s], [45)s], [E55)s]5 [F60)s]> [(£70)5], [(+80)s] , and
[=90)s]angles have been investigated.

4. RESULTS

As shown in Table 1, a composite pipe with70)5], [+80)s]
and [@90)5] layering angle in the all layers has ther, fracture
index more than one, therefore we can conclude the failure
phenomena for these layers.

On the other hand, the highest and lowest amount of
composite pipe destruction is respectively related to the tenth
layer of makeup (=901 and the sixth layer of makeupiesos],
as shown in Table 1.

Table 1. Fracture index 7 in the composite tube with Tsai-Wu

criterion
Layer [(#30)5] [(#45),] [(#55)5]
First layer 0.8782 0.7431 0.6573
Second 07292 | 0.6637 | 0.5985
layer
Third layer 0.5620 0.6881 0.4813
Forth layer 0.4250 0.6953 0.4258
Fifth layer 0.2459 0.7219 0.4529
Sixth layer 0.1957 0.7398 0.4673
Seventh 0.1980 | 0.7478 | 0.4679
layer
Eighth layer | 0.2283 0.7774 0.4981
Ninth layer 0.2449 0.7858 0.4993
Tenth layer 0.2779 0.8173 0.5312
[(£60); ] [(£70)5] [(#80);] [(#90);]
0.7905 1.009 1.130 1.165
0.7997 1.021 1.141 1.176
0.8222 1.038 1.154 1.187
0.8320 1.050 1.166 1.199
0.8564 1.068 1.179 1.210
0.8744 1.084 1.192 1.222
0.8847 1.096 1.205 1.234
09118 1.117 1.219 1.247
0.9224 1.129 1.232 1.259
0.9512 1.150 1.247 1.272
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Fig. 1. Stress intensity factor variations by increasing the
composite tube layering in the first and second headings

Fig. 2. Von Mises tension contour display of crack opening
under internal pressure with layering angle [80)s].

In general, the increasing trend of the pipe fracture index
was reduced at an angle of [#55);] and from this angle, the
variations in the index of failure increased, as shown in Fig.
1.

On the other hand, Fig. 2 shows a view of the opening of
the crack opening under the internal pressure with layering
angle [30)s].

5. CONCLUSIONS
The main conclusions of this study can be summarized
as follows:

— Based on the Tsai-Wu criterion, a composite pipe with
a [=70)5], [@80)s] and [@90)s] layering angle in each of the ten
layers has been defeated. The highest and lowest amount
of composite tube destruction is related to the tenth layer
of makeup =901 and the sixth layer of makeup (=301,
respectively.

— Based on the Hashin criterion, the underlying
extension tubes and the fibers of this tubing, which are under
compression and extension, have not been broken, but the
underlying composite pipe under pressure has failed.

— A composite pipe under internal pressure with a [#55)s],
[z905] layering angle in the first and second cracks has the
lowest and highest value of the J-Integral.

— The stress intensity factor at the angle (55,1 has
suddenly decreased by increasing angle. The maximum value
of this factor occurs in the layering angle [90)s].

— The most optimum and minimum displacement of the
crack inlet opening has been occurred in the layering angle
(#5551, as the angle increases, displacement increases.
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Fig. 1: Application of GRP pipes in underground oil transfer
networks
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Layup: "CompositeLayup-1"
Total thickness: 0.020000.
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Fig.2: The view of application of layering in composite pipe with makeup [(=30);]
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Table 1: Mechanical properties of GRP pipe [14]
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Table 3: Fracture index (/) in a composite pipe with a Tsai-Wu criterion

(0,1 | [@A0,] | [@Ev,] | (@) | @), | ()] | [Er),]

1/165 1/130 1/009 0/7905 0/6573 0/7431 0/8782 Jol &Y

1/176 1/141 1/021 0/7997 0/5985 0/6637 0/7292 pod 4

1/187 1/154 1/038 0/8222 0/4813 0/6881 0/5620 pom Y

1/199 1/166 1/050 0/8320 0/4258 0/6953 0/4250 ol aY

11210 1/179 1/068 0/8564 0/4529 0/7219 0/2459 PESTFRN

11222 1/192 1/084 0/8744 0/4673 0/7398 0/1957 s 0¥

1/234 1/205 1/096 0/8847 0/4679 0/7478 0/1980 e Y

11247 11219 1/117 0/9118 0/4981 0/7774 0/2283 i Y

1/259 1/232 1/129 0/9224 0/4993 0/7858 0/2449 PSR

11272 11247 1/150 0/9512 0/5312 0/8173 0/12779 o2 4y

(F) el i i 0l gl Sl cannSCls (L F Jgur
Table 4: Fracture index of composite pipe fiber under stretching ( F/’)

(29,1 | [@A0,] | (@] | LEs,] | 1)) | [Eve)] | [Gr),]

0/1050 | 0/09169 | 0/08451 0 0 0 0 Jol au¥
0/07175 | 0/06162 0/1861 0 0 0 0 pgd Y
0/04482 | 0/04655 | 0/05295 0 0 0 0 pgm &Y
0/02417 | 0/04837 | 01192 0 0 0 0 ol Y
0/00980 | 0/01779 | 0/02791 0 0 0 0 PSP
0/00686 | 0/01390 | 0/01953 0 0 0 0 s @Y
0/03824 | 0/03281 | 0/07118 | 0/00061 0/0030 0/00007 | 0/00008 | qxés 4¥
0/09502 | 0/07204 | 0/02054 | 0/00247 | 0/00138 | 0/00032 | 0/00005 | cciw 4

0/1773 0/1453 | 0/05758 | 0/01017 | 0/00744 | 0/00366 | 0/00138 | g Y

0/2852 0/2218 | 0/07167 | 0/01397 | 0/00961 | 0/00395 | 0/00103 | oo 4y

( F;),L.‘;'.é i (9 jgeolS gl BLII el sl D Jous
Table 5: Fracture index of composite pipe fiber under pressure (F°)
[E] | [, | @] | IE)] | IEe),] | [EFe),] | [Er),]
0/1220 | 0/03889 0/4037 0 0 0 0 Jol aY
0/1081 0/03184 | 0/04598 0 0 0 0 p9d Y
0/1313 0/03560 | 0/3114 0 0 0 0 pgw Y
0/1870 | 0/03324 | 0/01616 0 0 0 0 ol Ay
0/2113 0/07759 0/2761 0 0 0 0 o 4Y
0/2391 0/09980 | 0/2594 0 0 0 0 i Y
0/2746 | 0/08623 | 0/02836 | 0/0004 0/00021 0 0/00037 | oxas 4V
0/2902 0/1498 0/12279 0/0059 0/00539 | 0/00395 | 0/00461 | ciie 4Y
0/3953 0/1384 | 0/02746 | 0/00988 | 0/01065 | 0/01096 | 0/01465 ot Y
0/4371 0/16 0/189 0/02850 | 0/02960 0/028 0/02967 | oo aY

ALY
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Table 6: Fracture index of the matrix comosite pipe under stretching (7,)

[(x3-),] [(£A-),] [EADN [(xF-),] [(x00),] [(xf0),] [(x),]

0/1220 | 0/03889 | 0/4037 0 0 0 0 Jol ¥

0/1081 | 0/03184 | 0/04598 0 0 0 0 pos Y

0/1313 | 0/03560 | 03114 0 0 0 0 o 4Y

0/1870 | 0/03324 | 0/01616 0 0 0 0 ol Y
02113 | 0/07759 | 012761 0 0 0 0 JUSTRY
012391 | 0/09980 | 012594 0 0 0 0 it Y
012746 | 0/08623 | 002836 | 00004 | 0/00021 0 0/00037 | cuin 4¥
02902 | 0/1498 | 02279 | 00059 | 0/00539 | 000395 | 0/00461 | ica 4y
03953 | 0/1384 | 0/02746 | 0/00988 | 0/01065 | 0/01096 | 0/01465 | .o <Y

0/4371 0/16 0/189 | 0/02850 | 0/02960 | 0/028 | 0/02967 | sas 4y

(F7) Ui i (2 555 ) Ay o (23L V Jga
Table 7: Fracture index of the matrix composite pipe under pressure (F,)

[(EF),] | [EA), ] | [Ev),] | [E) ] | [Eee) ] | [Efe) ] | [(Er),]
1/087 1/154 1/122 0/5902 0/4040 0/5646 0/7720 Jslay
1/113 1/199 1171 0/6133 0/4190 0/3682 0/5342 pgo 4y
1/116 1/096 1171 0/6576 0/4576 0/2379 0/31177 | pow Y
1/145 1/138 1/096 0/6822 0/4740 0/1748 0/1824 | 4 k= aY
1/638 1/287 1171 0/7314 0/5177 0/2011 0/0616 o &Y
1/195 1/307 1/132 0/7708 0/5503 0/2172 0/03684 | oo ¥
1/752 1/333 1/148 0/7974 0/5689 0/2207 0/04154 | xim 4y
1241 1/318 1/140 0/8543 0/6205 0/2530 0/05589 | cria ¥
1/330 1242 1/164 0/8821 0/6402 0/2572 0/06576 PSP
1/315 1/233 1/143 0/9443 0/6973 0/2936 0/08505 | 2o aY

a5 J JIS0l Gl polie A Json 098 o sanlice S5 ol
sl Ay lp 1) ool S5 sk 5o e ol (65l slie
J(F),] [(F00), ] [(FF¥0),] c[(¥),] smzal asl; b
A2 o las dbs jled o [(110),] 9 [(FA4),] [(FV4),]
Y gl b (SojenelS g 09d o0 cnaline a5 jbolen

e (p i g (eSSl el 4 [(#19),] 5 [(#00),]
solaztal b asl oo J5ls [Lid o po 5 Jol S5 50 J JI,S!
4J9J 90 S Al w)ao u‘y(sa V) d.lasl) 9 ol Cewdy ).:oLma )‘
Joges A JS5 3905 drlona S5 ol 90 50 sl 1y (jenels

VAV

S pl-Y-f
A S s duatedin 50 ()10 S KilSo s plos
Sl e Ll el 3 i 5 5 S5 S, s 25 o Vsl
Collas ol 4 Gam) sln el (Swgnl hlo S5 Job 5o
25 1Bz g 990 (B8 datiie 93 8 Wb gove slagty,
SIS 5 s azyo 5l ke S5 S5 BLbL laplell S (ren 4
shls Canbioe S5 S slaplall izmen 5 widl Gl o8
it slp [VF] aiil 0,i00 S5 S g o lie S5 4z
o) 2 Sy JBublKe b (Jlo jlid cou S5 alas  Saisl

99 (GauaSil ogou Vo S jo il ool (il Joe dg) mlaw



NAY WA Gloxio AR Sl @ o)lasd OF 853 (a8 sl SeilSla puobies i

HSNMTCRT HSNMTCRT
PLY-1 (middle)
PLY-1 (middle) R s
e +1.122e+00
+1.154e+00 oy
1573 +0.550e-01
+9.783e-01 19.559e 01
+8.903e-01 18726001
+8.023e-01 +7804e01
+7.1430-01 +7961e01
+6.263e-01 19
+5.383e-01 +530
+4.503e-01 +3g3e 01
+3.6230-01 3
gozenl +2.063e-01
+1.863e-
+9.834e-02 +1.233e-01
(&) (qw:1))

HSNMTCRT
PLY-1 (middle)
(Avg: 75%)

+1707e-01
18.7360-02

@)
ez ay agly (@) (V)] Sazas¥ asgly () 31 oolaiml b (£ jomolS alg) Jol &Y 5o jLid Comd dico) oSy £ 989 Jlosim| 59l 5 S
[(F29),] Guza¥ asl; (@) 9 [(FA9),]
Fig. 6: The contour of the probability of the occurrence of the underlying pressure failure in the first layer of the
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Fig. 7: The view of the networking on two tips of the crack in composite pipe with 4-node shell components (S4R)
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Table 8: J-Integral values of frst and second vertices in different

[(229,] | [(@A),] | [@&v),] | (@90 | [Ees),] | [&fe),] | [(2¥),]
1/53765 1/43435 1/27595 0/820577 | 0/162448 0/36621 1/10785 Jo! uﬂ)
1/57359 1/45766 1/29303 0/826695 | 0/166973 | 0/367017 1/15655 pgo uﬂ)
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ol 00uy 395 din [(i‘io)b] 3 —
GBWQY&I)TLJ;dMQGfa}&fQIMMJ.i.ia)a @2_5_
uz.;.lj WD oo o lie J)QJaOLQ.cn Cewl ool ool QLM s S: :
2 —
At 5 5 alas S35iS loals S [(200), ] 4l § ]
5 S ales FosiS gy Gl bog o)l 1) Ses cdls @ 157
5 1— SIF
. - B - W Tip2
o——eo——@ Tip 1
OSS4— 71T T T T T T
20 30 40 50 60 70 80 90 100

8 10 12 14 16
Crack Lenght (mm)
Jsl oo ()
5

N - - -, S0

- S0
0 ; I ; I ; I :
8 10 12 14 16
Crack Lenght (mm)
p9o s (@)

9 2 Sz 4y 3l Ol 9 S5 Jgb il w5 IS
S ool 99 S o o
Fig. 9: The effect of increasing the length of the crack

and variations in the layering angle on the stress
intensity factor of two ends of the crack
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Fig. 8: The variation of the stress intensity factor by
increasing the layering angle of the
composite pipe in the first and second vertices
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Fig. 10: Variations in the crack inlet opening with
different makeup arrangements
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Fig. 11: Von Mises stress contour display of the crack inlet opening under internal pressure with layering angle
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