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XFEM fracture analysis of cracked pipeline with and without FRP
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ABSTRACT

The effect of fiber reinforced polymer composite (FRPC) repair on crack propagation in thin-walled
steel pipes is examined. The extended finite element method is used in this study to simulate a
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pressurized cylindrical pipe with longitudinal crack in two conditions: the original cracked pipe

and the pipe repaired with a composite patch. Carbon/epoxy or E-glass/epoxy FRP in two different
fiber orientations are assumed for cracked pipe repair. Performance of four types of FRP repair sys-
tems are investigated by CTOA, COD and COA fracture criteria for both the pipe integrity assess-

ment and the potential age of leak before break criterion.

Nomenclature

b Vector of additional degrees of freedom for modeling the
crack tip

Vector of nodal displacements

Material modulus matrix

In plane enrichment function

Vector of nodal forces

Unit vector at node i

Rotational tip enrichment functions

oommoa

h; Shell thickness at node i

H(¢) Heaviside function

k Stiffness matrix

M; One dimensional shape function

n Normal vector

N; FE shape functions

R Out of plane enrichment functions
LSt Local Cartesian coordinate system
uh Displacement field

uft Classical finite element displacement field
u"r The enriched part of the displacement field
; Nodal displacements

u Vector of displacement field

x'oP Geometry at the top of shell

xbot Geometry at the bottom of shell

X Geometry of shell elements

&(x) Signed distance function

o Rotation with respect to e;

Bi Rotation with respect to ey;

07 Rotational DOFs with respect to e,;
yf{ Rotational DOFs with respect to ey;

1. Introduction

Steel tubular sections, the most common elements in oil and
gas industries, are among the efficient means of hydrocar-
bon fluid transportation from one place to another. Onshore

KEYWORDS

XFEM; fracture; FRP repair;
pressurized pipe; crack
propagation

and offshore pipelines can be subjected to different load
combinations and suffer from different damage and failure
mechanisms in their lifetime. Damage in pipelines can be
originated from internal or external damages such as corro-
sion, erosion, dents and cracks. Existence of cracks may
cause load capacity reduction, fluid leakage before breakage
and even structural collapse. Appropriate repairs are, there-
fore, necessary to maintain the structural integrity and oper-
ation of pipeline systems toward the end of their design
service life. Common repair methods such as clamps or
sleeves are welded or bolted around the damaged zone.
Transporting heavy clamp systems to the operation fields,
especially in offshore structures, welding to an operating
pipeline, and installation expenses are some of major chal-
lenges of these methods.

On the other hand, industries have widely accepted the
FRP composite repair technique for strengthening and repair
of various types of structures as an alternative efficient
approach to the conventional methods [1]. Composite mate-
rials are light and do not require welding or bolting, so their
installation is relatively simple. In many researches, FRP
composite has been externally applied on various steel mem-
bers to improve the structural performance [2, 3]. Majority
of these studies have focused on reinforcing tubular and hol-
low sections. High strength FRPs can easily be implemented,
and increasingly adopted for retrofitting and strengthening
of steel tubular joints, inshore and onshore systems and off-
shore pipelines [4-6].

More recently, different investigations on steel pipeline
repairs with FRP have been performed. Among them, an
experimental study of behavior of FRP repaired pipelines
under different loading conditions was compared with the
finite element results by Shouman and Taheri [7]. Costa
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et al. [8] suggested a simple methodology to indicate the
failure pressure and define the necessary FRP repair thick-
ness of a thin-walled corroded pipe. Moreover, Shdlou and
Taheri [9] performed an FEM analysis of repaired pipe
under combined loading to investigate the effects of geom-
etry of composite layer and imperfect interface between the
pipe and repair wrap on the loading capacity.

FRP repair systems have also been used as a repair
method for offshore pipelines, bridges and platform jackets.
Alexander and Ochoa [5] designed a carbon/epoxy based
composite repair system to extend this method to offshore
steel risers. Moreover, Alexander [10] used a full-scale test
program to assess the performance of composite repair
method in offshore pipelines and risers. Experimental and
numerical studies on the behavior of FRP rehabilitation of
steel tubular connections were carried out by Lesani
et al. [11].

Parametric studies are necessary to investigate the FRP
repaired pipe behavior and to choose the appropriate type
of FRP system as a repair solution for the damaged pipeline.
Chan et al. [12, 13] studied the stress-strain response of a
pipe riser in three conditions: uncorroded, corroded, and
repaired corroded pipe with FRP through FE and experi-
mental testing. They determined the most effective FRP
repair system and the minimum required thickness of FRP
in comparison with ASME PCC-2 [14].

Furthermore, cracks may develop and propagate in pres-
sure vessels and pipelines which carry oil and gas.
Accordingly, choosing the best repair system is necessary to
maintain the structural integrity of pressure pipelines. Recent
researches indicate that using the FRP composite repair
method is an efficient way for repairing these cracked struc-
tures by potentially increasing the service-life and diminishing
the stress intensity factor. Hosseini-Toudeshky and Fadaei [15]
used FEM to investigate composite wrap thickness and length
on a repaired pipe with an internal longitudinal crack, and the
effect of circumferential crack size on the stress intensity factor
in a composite repaired pipe was carried out by a three dimen-
sional finite element method [16, 17]. Meriem-Benziane [18]
used FEM analysis to study the performance of composite
repair wrap on the stress intensity factor of an API X65 pipe-
line with a longitudinal crack.

While most of the previous studies on the cracked pipes
repaired with FRP utilized FEM with the 3D brick elements
to model pipes, shell elements were also used for fracture
analysis of cracked pipes by the extended finite element
(XFEM) approach [19].

The extended finite element method (XFEM) has
emerged as an alternative method with limited additional
degrees of freedom, associated with the enrichment func-
tions, to increase the accuracy of fracture analysis by FEM
and to avoid mesh generation and adaptation difficulties
[20-22]. These advantages make XFEM as an attractive
method for a wide range of problems involving strong and
weak discontinuities and crack tip singularities, such as
cracking in composite structures [23-26].

Moreover, substantial improvement has been reported by
applying XFEM to simulate through and interlaminar cracks

in the shell structures [27]. Bayesteh and Mohammadi [19]
utilized XFEM to simulate cracked isotropic shell and used
COD and CTOA as a fracture criteria to show the accuracy
and mesh independency of the method. XFEM was also
used for linear buckling analysis for unilayer composite
plates and cracked FGM cylindrical shells [28, 29].
Nasirmanesh and Mohammadi [30] also used XFEM for lin-
ear buckling and vibration analysis for unilayer composite
plates and cracked FGM cylindrical shells. There is, how-
ever, a very limited literature on XFEM analysis of FRP
repaired cracked pipes. Zarrinzadeh et al. [31] modeled the
crack growth under fatigue tension loading on cracked
repaired pipes with the composite wrap through the numer-
ical XFEM modeling and experimental test.

Different crack criteria can be employed for the integrity
assessment and crack propagation of pipelines. To model
crack propagation, different measures including the energy
release rate, the J-integral, the crack tip opening displace-
ment (CTOD) and the crack tip opening angle (CTOA)
were examined in different studies [32, 33]. The concept of
leak before break (LBB) was also developed and applied for
structural integrity assessment in oil and gas pipelines, pres-
sure vessels, ships, nuclear piping, etc. [34].

In this study, a cracked API 5L X65 pipe is simulated by
the XFEM approach. CTOA is used as a fracture criterion
for crack propagation assessment and COD is adopted as a
parameter to assess the pipeline integrity and LBB analysis.
Moreover, performances of different types of FRP repair sys-
tems and corresponding fracture criteria are investigated.

The structure of the paper is organized as follows; the
basics of adopted shell element and the extended finite
element method are presented in Section 2. Numerical simu-
lations are then presented for crack propagation and LBB
analysis and the effects of material properties and fiber ori-
entations of the composite repair system on fracture param-
eters are investigated in Section 3.

2. Numerical method

The extended finite element method is a powerful numerical
approach for analysis of weak or strong discontinuities with-
out the need for discontinuities to match the finite element
edges and no remeshing is required for propagation prob-
lems [19, 20]. In this method, first the conventional finite
element mesh is generated (regardless of the existence of
crack) and then a few degrees of freedom are added to the
FE model in the nodes of elements which contain a crack
edge (split nodes) or a crack tip (tip nodes), as depicted in
Figure 1.

Eight-node shell elements are used in this study [19].
Geometry of an eight node shell element can be expressed
as [35],

8
x(r,s,t) = ZN,‘(T, s){x,- + Mi(t)Gl-} (1)
i=1
where Nj(r,s) are the conventional two dimensional FE
shape functions and M;(t) represents the following one
dimensional shape function:
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where h; and G; are the shell thickness and the unit outward
vector at node i, respectively.

Xtop_xhot

Gi= [[xiop — xbol| ®)

Now, assume there is a discontinuity or singularity in an

arbitrary eight node shell element, as depicted in Figure 2. In

the extended finite element method, the displacement for a
point x inside the element is composed of two parts [20, 36]:

Llh(X) — MFE + e (4)

where u'f is the classical finite element displacement field
[35], and is expressed with

8

uFE(X) = ZNi(}’, S){ﬁi — M&ieli + Mﬁiezi} (5)

i=1

or in the matrix form,

FE 1 :

U 8 i €1 G

1 . 1i 1 N 2i

Uy = Z Ni(r,s) ai 0 =5 thio; eii + 3 thifp; eéi

U3 i=1 Us; €1i €2
(6)

The nodal displacements @; and rotations &;, f; with
respect to e, and e;; are shown in Figure 2. e;; and ey
orthogonal vectors are perpendicular to G;.

The enriched part of the displacement field at any point
x, u'MR| can be expressed in terms of the crack-split and the
crack tip components, u" and u'?, respectively. u" is
defined as [19]

[ai — MO? x ey; + M%ﬁ x e2i:| } )
and
” he ai;
w0 =D 3 Ni(rs) [H(9(x) = H($(x)] || @
U i—1 asi
e}, e
Led 2 Vi lposl 2 8)
5 MY ;z g i i’
ej; €2i
and
1 Vo >0
HiG) — i _ 9
(¢p) = sign(¢) { 1 vg<o ©)

nh is the number of nodes associated with the crack face, 07
and y,ﬁ are rotational degrees of freedom with respect to
local vectors e, and e; at node i, respectively, a; is the vector
of additional degrees of freedom for modeling crack faces by
the Heaviside function H(x). The signed distance function
&(x) is defined as:
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Figure 1. A typical XFEM modeling of a crack.

¢(x) = min(||x — xr||)sign(n.(x — xr)) (10)

where xr is the normal projection of x on I', and n is the
unit normal vector, as depicted in Figure 3.
The crack tip displacement field can be expressed as,

8 nf

o=l Sl ()

I=1

+§: [(Gz - Gi(x)) (Gbi’“)]

& Io I
+MZ l(R] — R[(X,‘) (—Rbi e + Rbiﬁel)] } (11)
=1
or (in the matrix form),
. 8 4 blli
tuh =3 Niq > (Fi = Fi(x)) § B
i=1 =1 o |
8 1 0
TN D (G- Gip) | { O
i=1 I=1 bl
3i
8 4 e;i eiz
+ Y NM |3 (R = Ri(x)) | —bS & 8 + b e,
i=1 =1 & &
2i 1i
(12)

where n¢, ny and n, are the number of in plane, out of plane
and rotational tip enrichment functions, respectively, and b}
represents the vector of additional degrees of freedom to
reproduce in plane, out of plane and rotational singularity at
the crack tip.
The element stiffness matrix can then be computed as,

k® = JBTDBdQ (13)

Qe

where B is defined in terms of the derivatives of the shape
functions and D is the material constitutive matrix.
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Crack

Crack tip
».

Figure 2. A typical 8-node shell element and definition of local coordinates on a node and at the crack tip.

F;, G; and Ry are the in plane, out of plane and rotational
tip enrichment functions, respectively, derived from the ana-
lytical asymptotic displacement fields near the crack tip [19],

F(r,0) ={ﬁsin (9)vreos (2).

V/7sin (g) sin (0), \/7 cos (g) sin (0)} (14)

(15)

R(r,0) :{\/Fsin (g) , /T cos (g)
/7 sin <§) sin (0), \/7 cos (g) sin (9)} (16)

A simplified from of the out of plane enrichment which
considers only the term proportional to +/r for us is pre-

sented as [19]:
(0
G(r,0) = {\/?sm (5)}

Integration of the governing equations are performed by
the 2 x 2 reduced Gauss quadrature rule for elements that
are not cut by the crack. For cracked elements, the sub-tri-
angulation technique is adopted [30] with 7 and 13 Gauss
points in each triangle for the crack split and tip elements,
respectively, as depicted in Figure 4.

17)

E<0

"/(oxr-

"
X o
-~

*~~. Crack

£>0
@ L 4 9
Figure 3. Definition of the signed distance function sign ().

3. Numerical simulations

In this section, linear fracture analyses are performed for a
pipe in two conditions: the original cracked pipe and the
composite-repaired cracked pipe. The effects of different
parameters such as the internal pressure, crack length, fiber
orientation and type of the composite repair system on frac-
ture parameters, including the crack tip opening angle
(CTOA), the crack opening displacement (COD) and the
crack opening area (COA) are investigated. The problems
include a pipe with a longitudinal crack and subjected to
internal pressure. Boundary conditions and geometry of the
pipe are presented schematically in Figure 5. The pipe and
FRP are modeled with shell elements separately and a per-
fect bond is considered at the common interface degrees of
freedom. The perfect bond assumption is consistent with
practical FRP strengthening rules to avoid any delamination
failure [31, 37].



3.1. CTOA and crack propagation for an APl X65 pipe

Four different steel pipes with longitudinal crack and sub-
jected to internal pressure P;, are simulated by the extended
finite element method. The adopted finite element mesh,
and the tip and Heaviside enriched elements are shown in
Figure 6. Isotropic in-plane, out of plane and rotational tip
enrichment functions are considered in all numerical

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES e 5

simulations. Crack propagation is modeled based on the
critical value of crack tip opening angle (CTOA.). CTOA,
has been adopted as a thickness independent fracture criter-
ion to model quasi-static crack propagation problems [38].
Experimental values of CTOA, from different references for
different steel pipelines and different specimens are shown
in Table 1.

e 4 ° i o ° "“--—..: ® L] ®
. = ® ° e o ° 5 B ‘““'M.__:ﬁ .
e ® . ® . L] :H‘w._.
. . ® @ - ™ __.-ﬂ
.. e e @ .. r—-—- 3 [ ] ¥
= . . o\* : L & £
. R ° : . : . e Yy ° 3 » .
o ® s e e @
0 LA . s L ° ° .
Ordinary element Tip element Split element

Figure 4. Various types of elements and Gauss points.

Longitudinal fiber orientation

Composite Repair Wrap

Longitudinal Crack

(a)

Hoop fiber orientation

Outer diameter
e

Inner diameter
< 3

Internal Pressure

(b)

Figure 5. Geometry and boundary conditions for (a) bare cracked pipe, (b) repaired pipe, (c) section of repaired pipe.

(a)

(b)

Figure 6. Finite element mesh (a) original cracked pipe (b) FRP repaired pipe.

ek
% % Split element
do-de-ve
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For all cases, the thickness and outer diameter of pipes
are t.= 6.35mm and Dy = 355 mm, respectively.

CTOA can be computed from the finite element solution
by [19],

dc
CTOA = 2tan ! (25 ) (18)

a

Figures 7a and b define J., d, for FEM and XFEM solu-
tions. Figure 8 depicts variations of internal pressure as a
function of crack length for to different values of CTOA,
(i.e. different pipe grades). Results show that the critical
pressure (P.) before crack propagation increases with the
increase of CTOA,. Clearly, in each specimen, values of P,
decrease as the crack length increases. So, internal pressure
reduction is necessary in pipelines under operation before
any repair procedure to avoid crack propagation.

Determination of critical operational pressure in cracked
oil and gas pipelines especially in subsea pipelines is import-
ant to prevent crack extension due to internal pressure
before repair. As observed, an API 5L X65pipe has the
maximum value of critical operational pressure for any

Table 1. Values of CTOA, for different steel pipes.

Specimen Reference Steel pipe Yield stress (MPa) CTOA.
MDCB [39] X65 448 20°
DWTT [40] X75 529 14.2°
Full-scale pipe [38] #1 543 11.61°
MDCB [41] X100 689 8.6°
crack

specific crack length. For example, for the crack length of
610 mm, values of P, for X65, X75, #1 and X100 pipes are
11, 8.25, 6.7 and 5MPa, respectively. The internal pressure
must be lower than this pressure to prevent crack extension.

3.2. Composite repaired pipe

In this section, the composite repair system is used as a
solution to maintain the pipeline integrity. An API 5L
X65pipe with an initial crack length of 2¢=600mm is
simulated. The length, outer diameter and thickness are
4570, 355, and 6.35 mm, respectively. The material proper-
ties are shown in Table 2.

The effects of four types of composite repair systems on
CTOA are investigated. Two types of fiber reinforced com-
posites: grade carbon/epoxy (C/E) and grade Gevetex
E-glass/epoxy (G/E), each in two different fiber orientations
are adopted, as defined in Tables 3 and 4

3.2.1. Effects of internal pressure

The values of CTOA of the original cracked pipeline and
repaired pipeline with the four types of repair system at
various internal pressures (15, 20, 25 MPa) are presented in
Figure 9. Clearly, in a similar composite repair system and
crack length, CTOA increases as the internal pressure
increases. Moreover, the effect of pressure in both repaired
and bare pipes remains similar.

3.2.2. Effects of composite repair system

Comparing the values of CTOA for different repaired pipe-
lines with a constant repair thickness (Figure 9) shows that
C/E laminates are more efficient than G/E laminates with
the same fiber orientation. Moreover, the 0° fiber orienta-
tion angle provides the highest increase in resisting the
crack propagation. Type 4 and Type 1 composite repair sys-
tems are the strongest and weakest reinforcement to
decrease the CTOA, respectively. In the case of
Piy =15MPa, Type 4 and Type 1 repair systems decrease
CTOA by 99% and 81% with respect to the original cracked

(a) (®) pipe, respectively. The values of CTOA reduction are very
Figure 7. Definitions for calculating CTOA in (a) FEM, (b) XFEM. similar in other internal pressures. The order of efficiency
25
X65, cTOA. =20 ,[30]
o 20 == X5, CTOA, =14.27,[31]
L
2 #1, cTOA =11.61",1[29]
| £ X7
- o — 5) y = "y 32
= . CTOA =8.6",[32]
= 10 ¥
£ —
5, o
‘E "-—_"-——.-.-_._’i:’i
0 1 1 1 1 1 1
300 400 500 600 700 800 900 1000

crack length (mm)

Figure 8. Pressure versus crack length for different CTOA..



for different composite repair types are Type 4, Type 3,
Type 2, and Type 1, respectively.

3.2.3. Effects of laminate thickness

Figure 10 presents the values of CTOA in terms of FRP
thickness at different values of pressure (15, 20, 25 MPa). It
shows that the C/E (0') repair can be efficient with the low-
est thickness in comparison with other repair systems (due
to its higher stiffness). Moreover, increase of the repair
thickness f, can significantly affect the repair performance
by reducing CTOA and higher resistance to crack growth. A
67% decrease occurs in the value of CTOA for the case of
P;, =15MPa and Typel repair system, as the ¢, is increased
from 1to 5mm. The reduction of CTOA decreases to 41%,

Table 2. Material properties of API 5L X65 [42].
Young's modulus, £ (GPa) 207
Poisson’s ratio 0.3

Table 3. Mechanical properties of FRP [43].

Fiber type C/E G/E
Matrix 3501-6 epoxy LY556/HT907/DY063
epoxy

Specification Prepreg Filament winding

Manufacturer Hercules DLR

Fiber volume fraction, V¢ 0.6 0.62

Longitudinal modulus E; (GPa) 126 53.48

Transverse modulus, E,(GPa) 1 17.7

In-plane shear modulus, Gy, (GPa) 6.6 5.83

Major Poisson’s ratio, vq; 0.28 0.278

Through thickness 0.4 0.4
Poisson’s ratio, vy3

Longitudinal tensile 1950 1500
strength, Xr(MPa)

Longitudinal compressive 1480 900
strength, Xc(MPa)

Longitudinal tensile failure 1.38 1.080
strain, gr(%)

Longitudinal compressive 1.175 0.652

failure strain, &c(%)

Table 4. Types of composite repair system.
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as the repair thickness is increased from 5to 10 mm. In add-
ition, the results show a decreasing trend of the thickness
effectivness as the repair thickness increases from 5to
10 mm. Results show that increasing the thickness of Typel
composite repair system has the most effect on increasing
trend of CTOA.

3.3. COA and leak rate in cracked pipe

A cracked tube with the outer diameter of 19.05mm and
1.07 mm thickness is now considered to determine the value
of COD in the middle of the crack. The Yield stress and
Young’s modulus of the pipe are 241 MPa and 207 GPa,
respectively. The crack length is set to 5, 5.5, and
6 mm [44].

Variations of normalized COD by half of the crack length
versus the applied internal pressure at different crack lengths
are presented in Figure 11. Comparing the results with ref-
erence [44] shows a good agreement, which further illus-
trates the accuracy of proposed modeling approach.

3.4. Analysis of leak rate for APl X65 cracked pipeline

To study the potential for leakage in an oil/gas pipeline, an
API X65 pipe with outer diameter of 822.6mm and thick-
ness of 254mm is considered to contain an initial crack.
The crack opening area (COA) and flow rate are important
for leak study (before strength assessment) [45]. It is
important to determine the crack opening area (COA) as a
function of crack size and internal pressure to determine the
capacity rate of leak of production. Other parameters such
as the load level, possible influence of residual stresses, crack
surface roughness and marine growth, which may also affect
the flow rate [45], are not studied here.

In order to show the effects of pressure and crack length
on the crack mouth deformation and leak rate, an XFEM
analysis is performed for different pressures (14, 18, 22 and
26 MPa) and crack lengths (2c = 400, 500, and 600 mm).
Figure 12 shows the crack opening displacement, perpen-
dicular to the crack length, at half of the crack length. For
the case of 2c = 600 mm, maximum displacement of the
crack opening at the crack center (COD,,) decreases 46%, as
the pressure is reduced from P;, =26 MPa to P;, =14 MPa.

Type Fiber reinforced composite Fiber orientation
1 G/E 90°(longitudinal orientation)
2 G/E 0°(hoop orientation)
3 C/E 90°(longitudinal orientation)
4 C/E 0°(hoop orientation)

25

20

CTOA(")

P=15MPa

M bare pipe 13.81

W Type 1 2.62
Type 2 1.249
Type 3 0.849

W Typed 0.0763

L L L

P=20 MPa P=25 MPa
18.34 22.82
3.49 4.36
1.665 2.082
1.13 1.415

0.1017 0.1272

Figure 9. CTOA values in different pressures.
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Also, for all cases P;,, COD,, increases 64% as the crack

length is increased from 2¢ = 400 mm to 2¢ = 600 mm.
Figure 13 depicts the values of COA in terms of internal

pressure at different values of crack lengths. Clearly, COA
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Figure 12. Crack opening displacement for different internal pressures, (a) 2c
= 400 (b) 2c = 500 (c) 2c = 600 mm.
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Figure 13. Crack opening area versus internal pressure for different

crack lengths.

increases as the internal pressure increases at different crack
lengths, ie. COA increases 46% as the internal pressure
increases from 14 MPa to 26 MPa in the case of 2c =600 mm.
Results show the increasing trend of COA with the crack
length increases. A decrease of 50% occurs in the increasing
slope of COA for the 100 mm shorter crack length.
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Figure 15. COA for different composite types vs. the pressure for different val-
ues of FRP thickness.

It is well known that COA cannot solely determine the
state of leakage in a through-thickness cracked pipe [45].
The flow rate also plays an important role and can be
approximated by the well-known single phase flow
(Bernoulli model) to determine the leak rate Q [45]

2AP

where k is an experimental flow coefficient, AP (Pa) is the
pressure difference and p (kg/m?) is the fluid density. The
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Figure 16. COA for different composite types vs. FRP thickness for differ-
ent pressures.

relationship between the flow rate and the internal pres-
sure for different crack lengths are shown in Figure 14,
which shows that the crack length can significantly
change the increasing trend with the increase of crack
length. As a result, the COA for the case of 2c = 600 mm
and P;, = 26 MPa is about 2 times greater than the case of
2c = 500 mm. Moreover, the increasing trend of leak rate
in terms of the internal pressure shows that the internal
pressure reduction is necessary in pipelines under
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(a)

(b)

Figure 17. Deformed configurations of a) bare cracked pipe b) composite
repaired pipe (magnified by 3).

operation before any repair procedure to avoid leak
rate increase.

3.5. The effect of composite laminate on pipe integrity

The effects of four types of composite repair methods of
Table 4 on the value of COA are now investigated. The
length of the longitudinal crack is set to 600 mm.

Figure 15 illustrates variations of COA for the four types
of repaired pipe as a function of the internal pressure for
different FRP thicknesses. Expectedly, COA increases with
the increase of internal pressure, while its increasing trend
decreases for all repair systems, with Type 4 as the most
effective repair system. Clearly, as the repair thickness
increases, the increasing rate of COA decreases. As a result,
for the case of Typel repair system, 70%, 45% and 30%
reductions occur in the COA rate, as the repair thickness is
increased from 1 to 5mm, 5 to 10 mm, and 10 to 15mm,
respectively.

Figure 16 depicts the variations of COA in terms of FRP
thickness at different values of pressure (14, 18, 22, 26 MPa).
Clearly, the values of crack opening area decreases with the
increase of FRP thickness, while the reduction rate of COA
reduces as the FRP thickness increases. All the results show
that the most effective composite type is AS4 with the 0°
hoop fiber orientation (Type 1).

In order to show the effect of repair system on the crack
opening area, the deformed mesh configurations of bare
cracked and repaired pipe are presented in Figure 17 (for
the case of P;, = 26 MPa, 2¢ = 600 mm and use of Typel as
a repair system with). Different forms of crack opening
before and after repair can be clearly observed.

4, Conclusions

Fracture response and integrity of pipes with longitudinal
cracks were studied by XFEM modeling. XFEM was selected
because of its efficiency and accuracy in crack propagation
problems and avoiding the need for mesh to conform to

crack faces or weak discontinuities in crack propagation
problems. CTOA, COD and COA as fracture criteria were
used for both the pipe integrity assessment and the potential
age of leak before break criterion. As a general result, an
efficient composite repair system would be necessary to pre-
vent crack propagation and maintain pipeline integrity. The
effects of four different types of FRP repair systems,
Carbon/epoxy and E-glass composites with both circumfer-
ential and longitudinal fiber orientations, on the fracture cri-
teria and structural integrity were investigated. Accordingly,
the following conclusion can be made:

e Among the four types of steel pipe specimens, API 5L
X65 has the maximum value of critical operation pres-
sure for any specific crack length.

e The maximum allowable pressure before crack propaga-
tion increases with the increase of critical CTOA.

o The decreasing trend of P, in terms of crack length indi-
cates that an internal pressure reduction is necessary in
pipelines under operation before any repair procedure to
avoid crack extension.

e Using composite FRP layers as a repair system reduces
considerably the values of CTOA and COA.

e Based on the material properties and fiber orientations,
C/E laminates are more efficient than G/E laminates and
the 0° fiber orientation angle provides the highest resist-
ance to crack propagation and leakage due to decrease in
CTOA and COD.

o Expectably, the values of CTOA and COD are reduced
by the increase of FRP thickness and the rates of CTOA
and COD reduction decrease with the increase of lamin-
ate thickness.

e The most effective repair system is Type 1: carbon/epoxy
fiber reinforced composite with hoop fiber orientation.
Hence, the cost of repair can be reduced by thinner lami-
nates of this type.

e The values of CTOA and COD increase by the increase
of internal pressure and crack length while the fracture
parameters is reduced by the increase of FRP thickness.

e The Leak rate of pipe increases by the internal pressure
and the crack length. So internal pressure must be
reduced for pipe in operation before using any
repair methods.

e The Leak rate, as an important pipeline integrity criter-
ion, is directly proportional to COD and COA parame-
ters. Hence, to prevent leakage in cracked pipeline, it is
necessary to reduce these parameters by using an appro-
priate FRP repair system. According to the results, Type
1 FRP repair system is the most effective system with the
least thickness to prevent leakage in cracked pipelines.
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