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Numerical analysis on the SIF of internal surface cracks in steel pipes reinforced with
CRS subjected to bending
Zongchen Li , Xiaoli Jiang and Hans Hopman

Department of Maritime and Transport Technology, Delft University of Technology, Delft, The Netherlands

ABSTRACT
In this paper, Composite Repair System (CRS) is applied to repair the circumferential internal surface
cracked steel pipes subjected to bending. The Stress Intensity Factor (SIF) is quantitatively analysed by
means of numerical simulations, and the crack growth rate is predicted by using the Paris’ law. First,
the three-dimensional finite element (FE) model is developed, and its reliability of evaluating SIF of
internal surface crack in CRS reinforced pipe is validated. Then based on the FE method and combined
with Paris’ law, a case study is deployed to predict the internal surface crack growth in steel pipes
reinforced with CRS. The results show that CRS have significantly reduced the SIF of the internal
surface crack and decrease the crack growth rate, while unchanging the variation trend of the crack
aspect ratio. Afterwards, a parametric study is performed in order to guide the optimisation design of
CRS reinforcement.
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Nomenclature

a crack depth of surface cracks
a/c aspect ratio of surface cracks
C Paris’ law constant
c half crack length of surface cracks
D external diameter of pipes
d internal diameter of pipes
da/dN crack growth rate along the depth direction
dc/dN crack growth rate along the length direction
Ei elastic modulus
Gij shear modulus
L pipe length
Le external span of the four-point bending test
Li inner span of the four-point bending test
m Paris’ law constant
Nu Poisson’s ratio
T tensile strength
t thickness of the pipe
K the SIF along the surface crack front
KIc the SIF of the deepest point of the surface crack
DKIa the range of SIF of the deepest point of the surface crack
DKIc the range of SIF of the surface point of the surface crack
s nominal stress
Knor normalised SIF
w the eccentric angle of the surface crack

1. Introduction

In marine environment, offshore steel pipes (e.g. rigid risers)
bear dynamic loads long-termly generated by wave, current,
wind, and 2nd order floater motions (Kim and Kim 2015; Chi-
bueze et al. 2016; Li et al. 2019). The cyclic bending loads, as
one of the dominate load cases, is frequently applied on fatigue
critical zones such as hang-off zone, sag bend, arch bend and
the touch down zone. Meanwhile, cracks often appear on the
internal surface of the steel pipes, initiated from corrosion

pitting or girth weld defects (DNV 2008, 2017). Under cyclic
bending loads, internal surface cracks will continually grow
to through-thickness cracks, causing leakage or collapse.

Surface cracks in offshore steel pipes with critical size need
to be repaired instantly in order to avoid oil and gas leakage
which will cause serious catastrophe (API 1999). The Compo-
site Repair System (CRS) is an advanced maintenance tech-
nique in the pipeline industry as a representative application
case of composite reinforcement on metallic structures (Zhao
and Zhang 2007; Karbhari, 2015). In past a few decades,
researchers applied composite materials to repair through-
thickness cracks in pipes, which found that the reinforcement
significantly decreased the crack growth rate (Achour et al.
2016; Woo et al. 2016; Liu et al. 2017; Zarrinzadeh et al.
2017a, 2017b). However, unlike through-thickness cracks
which mainly propagating along the length direction, surface
cracks propagate approximately in a shape of semi-elliptic. Par-
ticularly, the growth along the depth direction needs extra
attention, since leakage will be triggered once the surface
crack penetrating the pipe wall.

At present, the repair of surface cracks in steel pipes using
CRS conforms to the guidance of pipe repairing standards
based on either the rule of thumb (ASME 2012) or ultimate
strength (BS 2015). Such repair aims to rehabilitate the load
bearing capacity of damaged steel pipes, rather than decrease
the fatigue crack growth rate. There have been not yet well-
established methods to predict surface crack growth in pipes
reinforced with CRS. This has resulted in a lacking confidence
situation which serious restricted the application and develop-
ment of CRS. In this respect, it is highly demanded to investi-
gate surface crack growth in steel pipes reinforced with CRS
comprehensively.
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In recent years, Chen and Pan (2013) evaluated the Stress
Intensity Factor (SIF) of an axial surface crack in a pressure
vessel with hoop wrapped composite layer by means of numeri-
cal analysis. The results indicated that CRS have decreased the
SIF of the internal surface crack remarkably. However, the pro-
posed prediction method in this study is not appropriate for the
case of pipe subjected to bending. More importantly, offshore
steel pipes, unlike pressure vessels, are prone to circumferential
surface cracks due to girth weld issues. The study of circumfer-
ential surface crack growth in steel pipes reinforced with CRS is
absent from open literatures.

The main purpose of this paper is to investigate the SIF
response of surface crack and the crack growth behaviour of
the circumferential internal surface cracks in steel pipes
reinforced with CRS subjected to bending. Carbon Fibre-
Reinforced Polymer (CFRP) is selected as the compositematerial
for the CRS. In Section 2, a three-dimensional finite element (FE)
model is developed to evaluate the SIF of circumferential internal
surface cracks in steel pipes reinforcedwithCRS.The FEmodel is
then validated by means of available experimental results from
literature. In Section 3, in light of the validated FE model, a
case study is conducted to analyse the effect of CRS reinforce-
ment on surface crack growth. In Section 4, a parametric study
is launched to identify the key influential parameters of the
CRS in order to guide an optimisation design of CRS reinforce-
ment. Finally, the conclusions are drawn in Section 5.

2. Numerical modelling

The finite element (FE) method is a well-recognised method to
evaluate the SIF of surface cracks (Branco et al. 2015) and the
mechanical response of CRS reinforced steel structures (Haedir
et al. 2009; Kabir et al. 2016). In this section, a three-dimensional
FE model is built for the purpose of evaluating the SIF of the cir-
cumferential internal surface crack in steel pipes reinforced with
CRS. The pipe models are subjected to bending, which is a major
load case for offshore steel pipes. In order to guarantee its accu-
racy, the FE model is validated by experimental results from lit-
erature (Yoo and Ando 2000; Kabir et al. 2016).

2.1. Finite element modelling strategy

The FE analysis is conducted using the commercial code
ANSYS workbench 19 (ANSYS 2018). The model conforming

to the experimental setup of the studies by Kabir et al. (2016)
and Yoo and Ando (2000) subjected to four-point bending
are developed for the validation purpose. The FE model
includes the cracked steel pipe, CRS on the steel pipe, load
and supports units. The steel pipe is horizontally positioned,
supported by two semi-roller units whose bottoms are fixed
supported, as shown in Figure 1. Three layers of CFRP lami-
nates are wrapped around the pipe specimen. The contact sur-
faces of different layers (e.g. between steel and adhesive layer,
adhesive layer and CFRP, and different CFRP laminates) are
bonded – no sliding or separation is allowed. The contact of
load units to pipe/CFRP and pipe to support units adopts the
no separation contact which do not allow penetration or separ-
ation of contact surfaces but allows sliding in the tangent. A
pair of symmetrical vertical forces is applied on the load
units, generating a bending moment on the pipe model. The
size of the pipe and composite, and their material properties
will be introduced in Section 2.2, because these parameters
are complying with the test specimens from two different
literatures.

The internal surface crack is introduced to the bottom mid-
span of the pipe, as shown in Figure 2. The surface crack is cir-
cumferentially oriented in the cross-section plane, as a semi-
elliptical shape. The profile of the surface crack is determined
by the crack depth a, and the half crack length c. The eccentric
angle w is adopted to define different point along the crack
front. Note that in this study, the value of w can be smaller
than 0 or larger than p due to the inner curved pipe surface.

A sensitivity study has been conducted in a previous work
to determine the appropriate modelling strategy (e.g. element
type, meshing method and size, modelling contours and div-
isions around crack tip) in order to ensure the accuracy of SIF
evaluation (Li et al. 2019). Figure 3(a) shows the FE mode
and the global meshing condition. The 20 nodes solid element
‘solid 186’ is adopted to build the FE model. Two different
meshing strategies are applied to the pipe: tetrahedral mesh-
ing method is used for the middle part where the crack is
located; while sweep meshing method is applied for the
other two parts. Sweep meshing method is used for the
FRP laminates, and the support/load units as well. In this
paper, to ensure a robust and efficient evaluation, a 5.0 mm
body element size is used for the areas of the pipe around
the surface cracks and the CRS laminates, a 15.0 mm edge
size is used for the rest of the pipe model. For the CRS

Figure 1. The schematic of the FE model and the 4-point bending setup.

2 Z. LI ET AL.



reinforcing laminates, we adopted a 4.0 mm body element
size for the adhesive layer, and a 5.0 mm body element size
for the CRS laminates.

The surface crack is modelled by deploying the Semi-ellipti-
cal Crack module (ANSYS 2018) in ANSYS workbench, as
shown in Figure 4(a). Six contours with eight divisions for
each contour are modelled around the crack tip to ensure an
accurate prediction of the SIF. The diameter of the largest con-
tour is 1.0 mm, which makes the element size around the crack
front smaller than 0.2 mm. The meshing condition around the
internal surface crack adopts the tetrahedral meshing method,
while around the surface crack front (e.g. the contour around
the crack front) employs hexahedra dominant meshing method
to form well-ordered concentric contours, in order to achieve a
rational prediction of the SIF.

2.2. Validation of the numerical method

On account of the fact that it is hard to find available exper-
imental/numerical data of surface crack growth in pipe
reinforced with CRS subjected to bending in open documents,
the FE model is validated in two phases by using experimental

data of intact pipe reinforced with CRS and surface crack
growth in steel pipes respectively. The two phases separately
validate the pipe mechanical response of the pipe owing to
CRS reinforcement, and the SIF evaluation of surface cracks
in pipe subjected to bending, as the two key components, in
order to ensure the accuracy of the FE model. It should be
noted that the validation is based on the assumption that no
interfacial failures or adhesion failures will occur to the FE
model. Therefore, the investigations and analysis towards the
SIF response owing to CRS reinforcement are based on this
assumption.

2.2.1. Validation of phase one: intact pipe reinforced with
CRS subjected to bending
The aim of phase one is to validate the mechanical transmission
between the pipe and the composite layers. Three groups of
experimental results (conforming to the specimens ‘B2_US’,
‘S5B-1’, and ‘S6B-2’ in the referred study) of intact pipes
reinforced with CRS subjected to bending from the study by
Kabir et al. (2016) are applied, as listed in Table 1. The FE
models include one intact pipe without reinforcement, and
two CRS reinforced steel pipes using different CFRP wrapping

Figure 2. The location of the surface crack and the parameters of the surface crack.

Figure 3. (a) Global mesh of the FE model and the CFRP reinforcement; (b) illustration of the surface cracked area by splitting the pipe. (This figure is available in colour
online.)
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scheme, as shown in Figure 5. The pipe steel has an elastic mod-
ulus of 214 GPa, and its yield strength and tensile strength are
327 and 383 MPa respectively. The material properties of CFRP
and adhesive are listed in Table 2. The thickness of the each
CFRP laminate is 0.6 mm, while the thickness of the adhesive
layer is 0.35 mm, as shown in Figure 1(a). Notice that all the
setup and material properties in phase one are conforming to
the research by Kabir et al. (2016).

Two vertical loads are applied on the loading units of the FE
models under displacement control condition at a constant
rate, as shown in Figure 1. The service load of the referred
tests was in accordance with the code (AS 2001). Then the
mid-span displacement is calculated by means of the FE
method, and the results of load-displacement curves are com-
pared with the experimental data.

Figure 6 shows the numerical and experimental load-displa-
cement responses for the bare pipe models and the CRS
reinforced pipe models. It shows that the FE results match
well with the experimental data until the load reaches the
peak value. Then the load suddenly decreases due to debond-
ing, which is not predicted by the FE models because interfacial
failure is not considered. However, in the linear-elastic zone for
crack growing under high-cycle fatigue condition, the FE
method is able to accurately predict the load-displacement
response for both bare and CRS reinforced pipes. It means

that the FE model is appropriate to simulate mechanics trans-
mission within the composite layers and the steel pipes sub-
jected to bending.

2.2.2. Validation of phase two: circumferential internal
surface crack growth in pipe subjected to bending
The purpose of phase two is to validate the feasibility of the FE
model to evaluate the SIF of circumferential internal surface
cracks in steel pipes subjected to bending. The FE model is
validated by six groups of experimental results from the
research by Yoo and Ando (2000), as listed in Table 3. In this
phase, only pipe material is considered. Its elastic modulus is
200 GPa, yield stress is 227 MPa and tensile strength
is 406 MPa. Note that the setup and material properties in
phase two are conforming to the research by Yoo and
Ando (2000).

Since the reference by Yoo and Ando (2000) provides the
data of the maximum stress of the pipe subjected to bending
(see smax in Table 3), therefore the maximum value of the fati-
gue load applied on the load units P is determined as

P =
smax · p · D3

32
· 1− d

D

4( )

L
. (1)

The calculated P is applied on the load unit to generate a bend-
ing moment to the bare pipe, and the SIF of the deepest point
and surface point of internal surface cracks are calculated by the
FE models, using the contour integral method. Incorporating
with the Paris’ law, surface crack growth rate along the depth
and length direction are predicted by

da/dN = C(DKIa)
m, (2)

dc/dN = C(DKIc)
m, (3)

Figure 4. (a) Surface crack modelling module; (b) the mesh around the surface crack. (This figure is available in colour online.)

Table 1. Detail information of the phase one FE models.

Index D t Le Li Wrapping scheme (see in Figure 5.)

P 101.6 4.0 1200 500 \
P-R1 101.6 4.0 1200 500 L-H-L
P-R2 101.6 4.0 1200 500 L-L-H

Note: ‘P’ is the unreinforced pipe model. ‘P-R1’ and ‘P-R2’ are two CFRP reinforced
pipes by two different wrapping schemes. The ‘L’ and ‘H’ of the wrapping
scheme mean longitudinal wrapping and hoop wrapping respectively. For
instance, ‘L-H-L’ stands for longitudinal wrapping for the first and third layer,
while hoop wrapping for the second layer. All units in this table are in ‘mm’.

Table 2. Material properties of the adhesive and CFRP (Kabir et al. 2016).

Material E1 (Pa) E2 (Pa) G12 (Pa) G13 (Pa) G23 (Pa) T (Pa) Nu

Adhesive 2.86× 109 2.86× 109 \ \ \ 46× 106 0.35
CFRP 205× 109 25× 109 1 1 3.0× 109 4.9× 109 0.33

Note: Ei is the elastic modulus of fibre along the i direction, Gij is the shear modulus, Nu is the Passion’s ratio.
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where da/dN and dc/dN are the crack growth rate along the
depth and length direction respectively (unit in mm/cycle). C
and m are Paris’ constants, which are 3.2× 10−10 and 3.72
respectively (unit in MPa/m1/2) (Yoo and Ando 2000), DKIa

and DKIa are the SIF range of the deepest point and the surface
point of the crack. Afterwards, by assuming a small amount of
cycles, the increments of the crack length and depth are calcu-
lated. Eventually, it is possible to trace the surface crack growth
along the two directions. The detailed procedure of evaluating
surface crack growth is indicated in Figure 7.

The FE results are compared with the experimental data of
a/c versus a/t ratio and fatigue life of the specimens, as shown
in Figure 8. The comparisons of a/c versus a/t ratio in Figure 8
(a) show that the FE methods are able to predict the crack shape
variation during the crack growth process. The good agreement
of fatigue life predictions between the experimental and FE
method in Figure 8(b) illustrated that the FE method is able
to accurately evaluate the residual fatigue life. Therefore, the
validation illustrates that the FE models provide reasonable
SIF evaluations of circumferential internal surface cracks in
steel pipes subjected to bending.

In summary, the two phases validation indicated that the FE
method is able to accurately evaluate the mechanics response of
CRS reinforced steel pipe in linear-elastic zone and the SIF
response of circumferential internal surface cracks in steel
pipe. Therefore, since the surface cracks do not contact the
CFRP reinforcement layers and assuming no interfacial failures

and adhesion failures, the combined FE model – circumferen-
tial internal surface crack in steel pipes reinforced with CRS
subjected to bending – is able to rationally predict the SIF.

3. A case study

Based on the validated FE model, a new FE model is developed
to evaluate the SIF of circumferential surface cracks in steel
pipes reinforced with CRS subjected to bending. The CRS
material and reinforcing scheme (e.g. layers, wrapping orien-
tation) in Section 2.2.1 are adopted to reinforce the surface
cracked steel pipe in Section 2.2.2. The material properties
and model size are identical to the corresponding models in
Section 2.2. The geometry, model setup and material properties
of the steel pipes are identical to FE model ‘PI-6’, while the
material properties of CFRP and adhesive are identical to the
FE model of ‘P-R1’. The 600 mm long CFRP material was
used to reinforce the internal cracked steel pipe with the
‘L-L-H’ wrapping scheme (as the same as model ‘P-R2’). The
new FE model is named as ‘PI-R’ and its SIF is calculated
through the validated FE model. Afterwards, combined with
the procedure in Figure 7, the surface crack growth rate of
both ‘PI-6’ and ‘PI-R’ is predicted. Then assuming a small
amount of cyclic numbers, the crack extension value along
the length direction and the depth direction are calculated.
Notice that the stress ratio is assumed to be R = 0.1 for the
evaluation of the crack growth rate.

Figure 5. Wrapping pattern including longitudinal direction (L) and hoop direction (H).

Figure 6. Numerical and experimental (Kabir et al. 2016) load–displacement response of P, and (a) P-R1, (b) P-R2. (This figure is available in colour online.)
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Figure 9 shows the global equivalent stress of the steel pipe of
‘PI-6’ and ‘PI-R’. More detailed, the equivalent stress distributed
around the internal surface crack on the pipe internal surface as a
butterfly shape is shown in Figure 10. It illustrates that bymeans
of CRS, the stress concentration around the internal surface
crack decreases significantly. Particularly, the stress concen-
tration area around the two surface points of the surface crack,
i.e. point B in Figure 2, becomes smaller owing to the CRS.

Figure 11 shows the crack growth results of ‘PI-R’ and its
comparison with ‘PI-6’. It demonstrates that the CRS signifi-
cantly decreased the crack growth rate of the internal surface
crack along both depth direction (see Figure 11(a)) and length
direction (see Figure 11(b)). Thus, the CRS increased the fati-
gue life of the cracked steel pipes. The fatigue life of the unrein-
forced steel pipe ‘PI-6’, i.e. the cycles when the surface crack
penetrating the pipe wall, predicted by the FE method is
298,869, matching well with the experimental results of
287,500 cycles (3.95% error). Owing to the CRS, the fatigue
life increased to 439,448, or 47.04%. When the surface crack

penetrates the wall, the crack length 2c of ‘PI-R’ is approxi-
mately the same with the crack length of ‘PI-6’, indicating
that the CRS reinforcement did not change the crack profile.
It is also illustrated in Figure 8(c) that the variation of aspect
ratio a/c of ‘PI-R’ kept the same as the aspect ratio variation
of ‘PI-6’. The reason is that CRS decreases the crack growth
rate approximately equally along the depth direction and the
length direction.

4. Parametric study

In a previous study, researchers indicated that influential par-
ameters of CRS reinforcement, i.e. bond length, numbers of
composite layer, CFRP tensile modulus, adhesive thickness,
types of adhesive, CFRP wrapping orientation, and pipe dimen-
sions may affect the strength of the reinforced pipes (Kabir et al.
2016). However, the understanding of their effects on the SIF of
circumferential internal surface cracks is lacking. Regarding
this, a range of parametric study has been conducted using
the validated FE model to quantitatively analyse their effects.
The parametric study is conducted on the pipe in Section 3
with the initial crack size of a = 3.0 mm and c = 6.0 mm, except
Section 4.9 which analyses the effect of the dimension of the
pipe on the SIF reduction. The reinforcement scheme follows
the ‘L-L-H’wrapping pattern except Section 4.6 when analysing
the effect of CRS wrapping orientation, and Section 4.8 when
analysing the effect by adding one GFRP layer. It should be
noted that a hoop orientated CRS is always applied as the
outer layer in light of practical application, because the hoop
orientated composite laminate may help to compress the
inner layers thus providing a more robust adhesion condition
for the CRS reinforcement system. For all FE models, the SIF
is transformed into the normalised SIF Knor to better illustrate
the effect of the influential parameters on the SIF, which is the
quotient of the SIF along the crack front K and the SIF of the
deepest point of the surface crack KIa (the largest SIF for this
crack), calculated as

Knor = K/KIa. (4)

4.1. CRS bond length

The CRS bond length is one of the easiest parameters to be
changed in practice which affects the budget and time-consum-
ing of the project. In addition, it can significantly influence the
reinforcement effectiveness. The main purpose of this section is
to find a sound and cost-effective bond length for practical
usage. The bond length will be applied for further parametric
studies as well. In this study, besides the 600 mm bond length,
we investigated the bond length ranging from 50 mm to
600 mm. The FE models therefore are named as ‘PI-R-L50’,
‘PI-R-L100’, ‘PI-R-L150’, ‘PI-R-L200’, ‘PI-R-L400’, and ‘PI-R-
L600’ respectively. The number in their names represents the
bond length.

Figure 12(a) shows the results of normalised SIF along the
crack front of the FE models using different bond length. The
SIF of ‘PI-R-L50’ is remarkably larger than the other FE
models. The possible reason is the lack of effective bond length.
The SIF decreases within the increasing of the bond length until

Table 3. Detail information of phase two FE models.

Index
D

(mm)
t

(mm)
c

(mm)
a

(mm)
Li

(mm)
Le

(mm)
smax
(MPa)

smin
(MPa)

PI-1 102.0 8.1 22.75 4.5 245 1000 200.0 20.0
PI-2 102.0 8.1 6.0 3.0 245 1000 210.0 21.0
PI-3 102.0 8.1 5.0 5.0 245 1000 325.0 32.5
PI-4 102.0 8.1 18.25 3.0 245 1000 200.0 20.0
PI-5 102.0 12.7 6.0 6.0 245 1000 220.0 22.0
PI-6 102.0 12.7 6.0 3.0 245 1000 261.0 26.1

Figure 7. The procedure of evaluating surface crack growth.
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it reaches 150 mm. Then the normalised SIF basically remains
constant within the increasing of bond length. The reason is
that once the bond length reaches a sufficient value, the bend-
ing moment remains basically stable within the increasing of
the bond length, thus its effect on the SIF reduction is negli-
gible. Overall, the SIF along the crack front of the FE models
with the bond length from 100 mm to 600 mm do not have
significate differences, as illustrated in Figure 12(b). The FE
model ‘PI-R-L150’ has the smallest SIF; therefore 150 mm
bond length is selected as a most efficiency and cost-effective
bond length, which is applied in the following parametric
studies.

Besides the pipe in this FE model, which has an external
diameter of 102 mm, the possible relation between the opti-
mum bond length and the external diameter of the pipe is dis-
cussed. The diameter ranging from 102 mm to 273 mm as
some of the common used offshore pipeline specifications
(API 2018) of the FE models are listed in Table 4. The thickness
of the pipes is kept constant as 12.7 mm. It shows that the opti-
mum bond length for pipes with larger external diameter has

been increased. For instance, the optimum bond length for
the pipe with the diameter of 102 mm is approximately
150 mm, as well as for the pipe with diameter of 168.3 mm.
While for pipe diameter of 219.1 and 273.0 mm, the optimum
length increases to 200 mm. When reinforcing steel pipes with
larger diameter, the bond length needs to be increased corre-
spondingly. The optimum bond length for a specific steel
pipe should be further determined by means of a sensitive
study based on its dimension.

4.2. Numbers of composite layer

Changing the numbers of composite layer is another practical
way to affect the budget, time-consuming and reinforcement
effectiveness. In this section, the influence of composite layers
by using four different ranges of longitudinal CFRP layers is
analysed. CRS bond length of 150 mm is chosen based on the
study in Section 4.1. The FE models are named as ‘PI-R-LH’,
‘PI-R-LLH’, ‘PI-R-LLLH’, and ‘PI-R-LLLLH’.

Figure 8. Comparison between the experimental results (Yoo and Ando 2000) and FE results: (a) a/c versus a/t ratio; (b) fatigue life. (This figure is available in colour
online.)

Figure 9. The global equivalent stress distribution of the pipe. (This figure is available in colour online.)
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Figure 10. The equivalent stress distribution around the surface crack on the pipe internal surface. (This figure is available in colour online.)

Figure 11. The comparison results between the un-reinforced FE model ‘PI-6’ and the CRS reinforced FE model ‘PI-R’: (a) crack growth rate along depth direction; (b) crack
growth rate along length direction; (c) a/c versus a/t ratio. (This figure is available in colour online.)

Figure 12. The normalised SIF result of FE models with different bond length: (a) normalised SIF along the crack front; (b) normalised SIF of the deepest point. (This figure
is available in colour online.)
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Figure 13(a) shows that the normalised SIFs decrease equally
along the crack front by increasing the numbers of composite
layer of longitudinal CFRP. Figure 13(b) shows that SIF of
the deepest point decreases by increasing the numbers of com-
posite layer. Theoretically, the SIF is able to be decreased to a
smaller value than the threshold value. In practical situations,
users are able to design the numbers of composite layer based
on requirement of the life extension. In this case, adding one
layer of longitudinal CFRP from ‘PI-R-LLH’ to ‘PI-R-LLLH’
deceased the SIF approximately 6%.

4.3. CFRP tensile modulus

The material properties of CFRP have been rapidly developed
thanks to the development of material technology. One of the
most important material properties of CFRP is the tensile mod-
ulus. To date, the global market provides CFRP materials with
different tensile modulus. In this section, we investigate three
different CFRP materials with the tensile modulus of 150, 210
and 552 GPa respectively. The FE models are named as ‘PI-
R-C150’, ‘PI-R-C210’ and ‘PI-R-C552’.

Figure 14(a) shows that using the CFRP with higher tensile
modulus have enhanced the effectiveness of the CFRP
reinforcement. Compared to the normal CFRP with tensile
modulus of 205 GPa which decrease the SIF of 12.6%, the SIF
of ‘PI-R-C150’ decreases 9.8%, while the SIF of ‘PI-R-C552’
decreases 25.9%, as shown in Figure 14(b). Therefore, high ten-
sile modulus CFRP can be applied as an alternative of using
more composite layers, in order to avoid adding excessive
dead weight.

4.4. Adhesive thickness

The adhesive layer acts as intermediary between different layers
of the CRS, particularly between the steel pipe and the first
composite layer. In addition, the adhesive layer is the weakest
layer in the reinforcement system. In practice, changing
adhesive thickness might influence the reinforcement effective-
ness. In this section, three different ranges of adhesive thickness
are analysed, 0.2, 0.35 and 0.5 mm.

Figure 15 illustrated that the effect on the SIF of surface
cracks by changing the thickness of the adhesive layer is negli-
gible. However, increasing the thickness decreases the stress
concentration in the adhesive layer, particularly at the edge of
the bond, as indicated in Figure 16. The maximum stress
value of the adhesive layer in model ‘PI-R-A0.2’ is larger than
the yield stress of adhesive material, which instantly leads to
edge debonding failure. A minimum thickness should be ident-
ified to avoid such failure. The maximum stress decreases when
increasing the adhesive layer thickness, which is helpful to
avoid unexpected edge debonding failures.

4.5. Type of adhesive

In global market, various types of adhesive are available. In
accordance with the research by Kabir et al. (2016), in this
part, three types of adhesive are chosen for this study. The
types of adhesive and their material properties are shown in
Table 5. The thickness of all adhesive types is set as 0.35 mm.
The SIF results of the FE methods using three different types
of adhesive are shown in Figure 17. It shows that the material
properties of adhesive have a minor influence on the SIF of

Table 4. Specimen configuration of steel pipes with various diameters and thickness, and the SIF decrease.

External diameter (mm) 102.0 168.3 219.1 273.0

Bond length (mm) 100 150 200 100 150 200 100 150 200 300 100 150 200 300
SIF decrease (%) 11.7 12.7 12.6 7.6 11.6 11.0 5.3 9.3 10.4 9.9 3.4 7.9 9.6 9.0

Note: The percentage of SIF decrease is the reduction of each model towards the corresponding model without CRS.

Figure 13. The normalised SIF result of FE models with different numbers of composite layer: (a) normalised SIF along the crack front; (b) normalised SIF of the deepest
point. (This figure is available in colour online.)
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the surface cracks. However, the maximum stress of the
adhesive layer using ‘Araldite K630’ and ‘Sikadur 330’ have
reached 62.84 and 56.03 MPa respectively (see in Figure 18).
Edge debonding will be triggered. Therefore the ‘MBrace satur-
ant’ adhesive, which has a lower elastic modulus and higher
yield strength, is suggested for usage in terms of its lower stress
concentration around the edge of the reinforcement.

4.6. CFRP wrapping orientation

Normally in market, the principle direction of unidirectional
CFRP is the longitudinal direction. However, in practice, longi-
tudinal wrapping is difficult to be employed, especially for
underwater scenario and for pipes with large external diameter.
In this section, the ‘L-L-L-H’ wrapping pattern with an inver-
sely diagonal wrapping pattern, i.e. 45◦-135◦-45◦-135◦ wrap-
ping, and L-H-L-H wrapping pattern, are compared, as

shown in Figure 19. The FE models are named as ‘PI-R-
LLLH’, ‘PI-R-In.’ (inversely diagonal wrapping pattern), and
‘PI-R-LHLH’ correspondingly. In addition, the results of
these FE models are also compared with ‘PI-R-LLH’ as the con-
trol model.

The SIF results in Figure 20 show that using longitudinal
CFRP is the most effective way to reduce the SIF of the internal
surface crack. The comparison between ‘PI-R-LHLH’ and ‘PI-
R-LLH’ in Figure 20(b) illustrated that adding one hoop
oriented CFRP has a minor effect on the reduction of the SIF.
It shows that the SIF of ‘PI-R-In.’ model preforms slight better
than the ‘PI-R-LHLH’ model. In practical situations when
longitudinal wrapping is difficult to be implemented, using
the inversely diagonal wrapping pattern is an alternative. How-
ever, considering the remarkable SIF reduction, longitudinal
orientated CFRP is recommended for practical usage. In global
market, it is possible to acquire CFRP material with user-design

Figure 14. The normalised SIF result of FE models with different CFRP modulus: (a) normalised SIF along the crack front; (b) normalised SIF of the deepest point. (This
figure is available in colour online.)

Figure 15. The normalised SIF result of FE models with different adhesive thickness: (a) normalised SIF along the crack front; (b) normalised SIF of the deepest point. (This
figure is available in colour online.)
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fibre direction, in order to guarantee CFRP wrapping orien-
tation during the reinforcement, as well as ensure the feasibility
of construction.

4.7. Crack aspect ratio

Surface cracks are commonly induced by mechanical damage,
corrosion pitting, and welding defects. They frequently appear
on steel pipes with various profiles, mainly represented by their
aspect ratios. In this section, the SIF response of internal surface
cracks in steel pipes with six different aspect ratios from 0.25 to
2.0 reinforced with CFRP are analysed. Table 6 shows the crack
profile of the specimens, and the results of SIF decrease after
reinforcement. The CFRP reinforcement continually adopts
the scheme of ‘PI-R-LLLH’. The results indicate that all the
SIF of surface cracks with different aspect ratio from 0.25 to
2.0 decreases around 13% owing to the CFRP reinforcement.

4.8. One added GFRP layer

In practical situation, when using CFRP to repair metallic
structures, one layer of GFRP is generally applied in between
the metallic substrate and the CFRP laminates in order to
prevent the galvanic corrosion. In this part, we use both the
GFRP and CFRP to reinforce the internal cracked steel
pipe, named as ‘PI-R-GLLH’. The GFRP uses E-glass fibre
from the material library of ANSYS workbench, and its prop-
erties are listed in Table 7. The thickness of the GFRP is
0.35 mm. The SIF is evaluated by means of the FE method
and then compared to the results of specimen ‘PI-R-LLH’
and ‘PI-R-LLLH’. The results are shown in Figure 21,
which indicates that adding one GFRP layer is rather effective
to reduce the SIF of the surface crack. Comparing to ‘PI-R-
LLH’, the SIF of the deepest point decreases 1.6%. Therefore,
one-layer GFRP is recommended mainly because of its galva-
nic corrosion resistance.

4.9. Dimension of the steel pipe

In this section, eight different pipe dimension with various D/t
ratios of API 5L offshore steel pipes, conforming to the code

Figure 16. The stress distribution in the adhesive layer with different thickness. (This figure is available in colour online.)

Table 5. Material properties of different type of adhesive (Kabir et al. 2016).

Adhesive type E (Pa) T (Pa)

MBrace saturant 2.86× 109 46× 106

Araldite K630 6.50× 109 33× 106

Sikadur 330 4.82× 109 31.28× 106

Figure 17. The normalised SIF result of FE models by using different types of adhesive: (a) normalised SIF along the crack front; (b) normalised SIF of the deepest point.
(This figure is available in colour online.)
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(API 2018) are studied using the FE method. Table 8 lists the
configuration of the CRS reinforced steel pipes with various
diameter and wall thickness. Diameter of steel pipes from
168.3 mm to 323.8 mm pipes are adopted with five different
pipe wall thickness from 10.97 mm to 21.95 mm: five incre-
mental pipe wall thickness has been discussed within the exter-
nal diameter of 168.3 mm, while four incremental external
diameter has been analysed within the pipe wall thickness of
12.7 mm. These pipe dimensions can represent the frequently
used steel pipeline in the offshore industry. The reinforcing
scheme applies the optimum choices from Section 4.1 to Sec-
tion 4.7. Therefore, the bond length of all pipes is 150 mm.

CRS wrapping scheme adopts ‘G-L-L-L-L-H’, the CFRP lami-
nates adopt the high tensile modulus of 552 GPa, while the
adhesive material chooses the ‘MBrace saturant’, with the thick-
ness of 0.35 mm. The crack size of a = 3.0 mm and c = 6.0 mm
is applied for this study.

The results in Table 8 illustrates that within the same exter-
nal diameter, the reinforcement effectiveness (represented by
the SIF decrease percentage) decreases with the increasing of
wall thickness, and within the same wall thickness, the
reinforcement effectiveness decreases with the increasing of
pipe external diameter as well. Therefore, when repairing sur-
face cracks in steel pipes with larger external diameter and

Figure 18. The stress distribution in the adhesive layer using different types of adhesive. (This figure is available in colour online.)

Figure 19. Wrapping scheme: (1) longitudinal and hoop wrapping; (2) inversely diagonal wrapping pattern.

Figure 20. The normalised SIF result of FE models with different CFRP wrapping orientation: (a) normalised SIF along the crack front; (b) normalised SIF of the deepest
point. (This figure is available in colour online.)
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thicker wall thickness, high elastic modulus CFRP and more
CFRP layers are suggested in order to achieve a satisfying
decrease of crack growth rate.

5. Conclusions

Circumferential internal surface crack growth is a serious threat
to the structural integrity of offshore steel pipes. Critical surface
cracks need to be repaired instantly in order to avoid oil and gas
leakage. In this paper, CRS is applied to repair the circumferen-
tial surface cracked steel pipe subjected to bending. The SIF of
the surface crack growth has been evaluated by means of the FE
method. Based on the FE method, a parametric study has been
conducted. The conclusions are drawn:

. CRS is an efficient and cost-effective method to repair
internal surface cracks in steel pipes. Its effects on crack
growth reduction and fatigue life extension are remarkable.
For instance, using ‘L-L-H’ wrapping pattern, which is the
specimen ‘PI-R-LLH’, has prolonged the fatigue life of the
cracked steel pipe with 47.04%.

. CRS decreases the crack growth rate along the depth direc-
tion and length direction approximately equally. It means
CRS will not change the variation of the crack profile

(represented by the variation of the crack aspect ratio)
during the crack growth process.

. The parametric study indicated the key influential par-
ameters significantly affected the SIF of the CRS reinforced
surface crack, including the CRS bond length, numbers of
composite layer, CFRP tensile modulus, wrapping orien-
tation, and pipe dimensions. In practical situation, users
need to achieve a balance among the fatigue life extension
requirement, budget and the dead weight.

. The parametric study also indicated that adhesive thickness
and adhesive types have negligible influences on the SIF
reduction. However, increasing the adhesive thickness and
using low elastic modulus adhesive material have reduced
the stress concentration at the edge of the adhesive layer.
Therefore, users need to apply appropriate thickness and
type of adhesive layer in order to avoid unexpected edge
debonding failure.

. CRS has an approximately identical effect on the SIF
decrease of surface cracks with different aspect ratio between
0.25 and 2.0.

. One layer of GFRP as the first layer is recommended for pre-
venting galvanic corrosion between the CFRP laminate and
the steel substrate. The added layer of GFRP has a minor
effect on reducing the SIF of the surface crack.

The analysis, design and prediction of external surface crack
growth in composite reinforced steel pipes are being investigated

Table 6. Specimen configuration of steel pipes with different aspect ratios.

Model No. a (mm) c (mm) a/c SIF decrease

1 3.0 12.0 0.25 13.15%
2 3.0 6.0 0.5 12.98%
3 4.5 6.0 0.75 12.92%
4 6.0 6.0 1.0 13.22%
5 6.0 4.5 1.5 13.13%
6 6.0 3.0 2.0 13.10%

Table 7. Material properties of the GFRP material.

Fibre
type E1 (Pa) E2 (Pa) G12 (Pa) G13 (Pa) G23 (Pa) T (Pa) Nu

GFRP 35× 109 35× 109 4.7× 109 3.5× 109 4.7× 109 1.1× 109 0.33

Figure 21. The normalised SIF result of FE models by using on one layer of GFRP laminate: (a) normalised SIF along the crack front; (b) normalised SIF of the deepest point.
(This figure is available in colour online.)

Table 8. Specimen configuration of steel pipes with various dimensions, and the
results of the SIF decrease.

Model No. D (mm) t (mm) D/t SIF decrease

1 168.3 10.97 15.34 23.58%
2 168.3 12.70 13.25 22.70%
3 168.3 14.27 11.79 19.55%
4 168.3 18.26 9.22 16.16%
5 168.3 21.95 7.67 13.89%
6 219.1 12.70 17.25 18.63%
7 273.0 12.70 21.50 15.71%
8 323.8 12.70 25.40 13.64%
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by the authors as a separate topic, owing to thedifferent boundary
condition such as the interfacial contact between the area where
the external surface crack is located and the composite layers.
These results will be analysed and presented in future studies.
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