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ARTICLE INFO ABSTRACT
Keywords: This paper introduces a novel analytical approach aimed at predicting the growth of surface cracks in metallic
Sflrface ?raCk growth ) pipes reinforced with Fibre-Reinforced Polymers (FRPs) subjected to cyclic bending and/or tension loads. The
Fibre-Reinforced Polymer reinforcement primary objective of this study is to develop a comprehensive analytical model that accounts for multiple factors

Crack-bridging effect
Interfacial stiffness degradation
Interfacial fatigue damage
Cohesive zone model

influencing crack growth, namely stress reduction, crack-bridging effect, stiffness degradation, and fatigue
damage of the FRP-to-metal interface simultaneously. By considering these simultaneous effects, our proposed
approach enables accurate evaluations of the stress intensity factors (SIFs) at both the surface point and the
deepest point of a surface crack. To facilitate practical implementation, we have developed an in-house program
that automates crack growth rate and residual fatigue life predictions. The proposed analytical method has been
validated through a series of comparisons with experimental data and finite element results, demonstrating its
accuracy in estimating fatigue lives. The key novelties of this research lie in the holistic consideration of multiple
dominating and influencing factors, the achievement of precise SIF evaluations, and the development of an
automated prediction tool for practical applications. Overall, our findings confirm the suitability of the proposed
analytical approach for predicting crack growth and provide valuable insights for guiding the design of FRP
reinforcement in surface-cracked metallic pipes. This work contributes to advancing the understanding of crack
growth behaviour in FRP-reinforced metallic pipes and opens new possibilities for the safe and efficient design of
such structures.

on the pipeline. Consequently, this can induce the initiation and prop-
agation of surface cracks, culminating in potential leakages or fractures.

Repairing surface cracks prevent or postpone pipe leakage in
advance. The aforementioned literature on repairing cracked pipes
mainly focused through-thickness cracks, whereas repairing surface
cracks, which has an approximately semi-elliptical crack front, needs
more attention on crack propagation on both along the crack length
direction and the crack depth direction. Our previous studies have
employed experimental and finite element approaches to investigate
surface crack growth in metallic pipes reinforced with FRP [17-19]. The
experimental studies proved the efficiency of FRP reinforcement [17]. In
addition, the experimental results of the crack growth rate indicate the
crack-bridging effect might play a secondary role on the reinforcement
efficiency. The three-dimensional finite element studies provided an
effective approach for predicting crack growth rate and residual fatigue
life [18,19]. In addition, the crack-bridging effect of reinforcing external
defects has been further confirmed, and the FRP-to-steel interfacial
stiffness degradation has been observed. Moreover, critical influential

1. Introduction

Fibre-Reinforced Polymers (FRPs) have been extensively applied for
repairing damaged metallic pipes for decades, known as the Composite
Repair System in the piping industry [1]. In the past decade, research
has elucidated the efficacy of FRPs in repairing pipes with corrosion
[2,3], holes or defects [4-7], and cracks [2,8-13]. Both FRP wrappings
and patches, utilizing either Carbon-FRP or Glass-FRP, have been
employed to ascertain the post-repair failure pressure [7,14], stress in-
tensity factor [2,9,10,12,13] or the J-integral [8,15] associated with the
crack.

In contrast to those pipelines exposed to internal pressure, offshore
metallic pipes, including risers, are subjected to sustained dynamic
forces due to oceanic waves, winds, currents, and second-order floater
motions [16]. Notably, these pipelines maintain a near-equilibrium
between internal and external pressures. These dynamic forces result
in significant cyclic axial stresses, manifesting as tension and/or bending
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Nomenclature

A; the cross-section area of each layer in a FRP reinforced pipe

a crack depth of a surface crack

ap depth of a semi-elliptical crack notch

a/c aspect ratio of a surface crack

Cc curvature of a pipe under bending

Cp, mp  Paris’ law constants for the deepest point of a surface crack

Cg, mg  Paris’ law constants for the surface point of a surface crack

c half crack length of a surface crack

Co half-length of a semi-elliptical crack notch

D, external diameter of the pipe

d, internal diameter of the pipe

E, elastic modulus of the adhesive

E, elastic modulus of a metal pipe

E; elastic modulus of layer i along the normal direction

E; off effective elastic modulus of a fibre layer

F boundary correction factor of evaluating Stress Intensity
Factor (SIF)

F; total tensile force of each layer in the FRP reinforced pipe

Fiotal total tensile force applied on a FRP reinforced pipe

G bending correction factor by considering stress gradient
effect

I second moment of area of layer i

L pipe length

L;, Lo inner span and external span of the 4-point bending test
setup

M total total bending moment

My bending moment of each layer i

My, bending moment shared by a metal pipe

AN cycle increment

Q approximation factor of evaluating SIF

t thickness of a pipe

t, thickness of the adhesive layer at the FRP-to-metal
interface

R stress ratio

Ry, 1 external and internal radius of layer i

Ry, 1y external and internal radius of a pipe

K; Mode-I stress intensity factor

Kia SIF at the deepest point of a surface crack

Kip SIF at the surface point of a surface crack

k1, ko, bo slope and the y-value for a bi-linear traction-separation law

% fibre volumetric fraction

00 maximum traction stress of the traction-separation law

oc traction stress of traction-separation law

0i, € normal stress and strain in each layer in a FRP reinforced
pipe

op normal stress distributed in a pipe

Opc normal stress distributed in a pipe when considering the
traction stress

Opt normal stress distributed in a pipe subjected to tension

Opp normal stress distributed in a pipe subjected to bending

Opp,max  Maximum normal stress distributed in a pipe subjected to
bending

oy yield strength of metal substrate

@ the eccentric angle of a surface crack

R the eccentric angle for the surface point of a surface crack

Aog increment of damage at the FRP-to-metal interface

& maximum principle strain

Eh the threshold strain

8 maximum separation of the traction-separation law

8o the separation when the traction stress reaches the
maximum

e the real-time separation in the traction-separation law

0 angle between the fibre orientation and the principle stress

parameters in terms of cracks and pipe geometries, and reinforcement
schemes have been discussed.

High financial and time cost, as well as high requirements of user
expertise have restricted the application of experimental and finite
element approaches in practice. A reliable analytical approach owns
considerable value by virtue of its user-friendly feature, high efficiency,
and rational accuracy. In addition, neat formulas within an analytical
approach enable users to intuitionally comprehend its mechanism and to
quantify each parameter. Previous studies that focused on analytical
approaches have made good attempts to predict crack growth in metallic
components reinforced with FRP. Wang and Rose [20] proposed a crack
bridging model to calculate the stress intensity factor (SIF) of central
cracks in plates with a one-side bonded patch. Liu, et al. [21] conducted
a theoretical study of the central-crack growth in Carbon-FRP (CFRP)
repaired steel plates through the analysis of the strain distribution in the
FRP layers and the stress distribution at the cracked section. Semi-
analytical methods by combing finite element analysis (FEA) to deter-
mine correction factors for the analytical approach were proposed in the
past decade as well. Yu, et al. [22] used linear-elastic fracture mechanics
(LEFM) to evaluate the Stress Intensity Factor (SIF) at crack tips of CFRP
bonded steel plates, where FEA was adopted to calculate the geometry
correction factor, so did the study by Wang, et al. [23] on the SIF of
double-edged cracks. To the present, we are aware of the fact that the
effectiveness of FRP reinforcement in reducing crack growth rate owes
to the decreasing stress field and the crack-bridging effect when FRP
laminates contact the cracked surface [17,19].

The crack-bridging effect on decreasing crack growth rate may not be
simply presented as a constant value. With further comprehension of
adhesive bonding mechanism, researchers realized the importance of

interfacial bond behaviour [24,25]—debonding failure could reduce the
reinforcement efficiency. This is in general known as the crack-induced
debonding [24] or stiffness degradation [19] in the scenario of using
FRP to repair cracked structures, usually considered via the cohesive
zone model (CZM) [26-28]. The traction-separation law, on which the
CZM is based, is adequate for reinforced structures under static or
monotonic loads. However, it is insufficient for cases under cyclic loads
since the bond interface could suffer from fatigue damage simulta-
neously [29]. Therefore, when analysing crack growth in metallic
structures reinforced with FRP under cyclic loads, interfacial fatigue
damage shall be integrated into the traction-separation law. Hence, a
real-time crack-bridging effect on crack growth can be rationally
considered.

The utilization of FRP for repairing surface cracks in metallic pipes
presents unique challenges, distinguishing it from the repair of through-
thickness cracks typically encountered in other scenarios [16].
Furthermore, the cylindrical geometry and specific load conditions of
pipes introduce further distinctions compared to cracks in flat plates. In
light of these considerations, this paper presents a novel analytical
approach to predict the growth of surface cracks in metallic pipes
reinforced with FRP subjected to cyclic axial loads. The critical domi-
nating and influential parameters, including the stress reduction, the
crack-bridging effect along with stiffness degradation or crack-induced
debonding, and fatigue damage at the FRP-to-metal interface, are
considered in the approach simultaneously, in order to ensure an ac-
curate prediction on the crack propagation. Following the Introduction,
Section 2 introduces and discusses the methodologies that have been
utilised. Section 3 establishes the analytical approach. The validity of
the approach is then demonstrated through fatigue experimental
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investigations and numerical results in Section 4. Finally, the conclu-
sions are presented in Section 5.

2. Methodology of the analytical approach

Based on insights from previous studies, it has been established that
the reinforcement effect in surface-cracked pipes is primarily attributed
to stress reduction near the cracks and the crack-bridging effect of
external reinforcement [17,19]. However, it is important to acknowl-
edge that the presence of high regional deformation may weaken the
crack-bridging effect, which must be duly considered in the analytical
approach. In this section, we present the methodology of our proposed
approach, highlighting key aspects such as stress degradation adjacent
to cracks, the crack-bridging effect, stiffness degradation, and fatigue
damage at the FRP-to-metal interface. In essence, the FRP reinforcement
alters the boundary conditions of the surface crack’s propagation within
pipes by modifying the stress distribution and introducing the crack-
bridging effect.

2.1. Stress reduction owing to FRP reinforcement

In the case of reinforced pipes subjected to tension, the methodology
for calculating the shared load by the pipe involves considering that all
layers, including the metallic pipe, FRP layers, and adhesive layers,
share the same normal strain. This is illustrated in Fig. 1 in the Y-Z
cutting plane. Consequently, the shared stress borne by the pipe can be
readily determined. It is important to note that for the sake of simpli-
fication in calculations, only the stiffness along the direction of tension is
taken into account.

In contrast to pipes under tension, the layers within FRP-reinforced
pipes subjected to bending do not share the same strain. Instead, each
layer, resembling a hollow cylinder, experiences the same curvature.
This is depicted in Fig. 2 in the Y-Z cutting plane. Consequently, by
evaluating the overall curvature, considering the total applied bending
moment and the equivalent stiffness of the entire reinforced structure,
the bending moment borne by the metallic pipe can be determined.
Subsequently, the normal stress within the pipe adjacent to a surface
crack can be computed.

2.2. Crack-bridging effect on the surface point of a crack

In the context of circumferential surface cracks in a metallic pipe (see
in Fig. 3), they typically exhibit a semi-elliptical shape characterized by
the crack faces and the semi-elliptical crack front. As shown in Fig. 4.
The most crucial points along the crack front are the surface points (B;
and By) and the deepest point (A), as they play a significant role in
determining the crack profile, propagation rate, and path. The crack-
bridging effect specifically impacts the growth of the surface crack in
the longitudinal direction (X-axis). It functions as a series of distributed

Theoretical and Applied Fracture Mechanics 127 (2023) 104070

springs connecting the crack faces at both ends, thereby imposing a
closure force on the crack tip opening displacement (CTOD) at the sur-
face points [30,31].

It is important to note that this paper primarily focuses on the crack-
bridging effect at the surface points of the surface crack, where the
CTOD represents the crack opening value infinitesimally close to these
points. Consequently, the CTOD is equivalent to the separation at the
FRP-to-metal interface. In the case of LEFM, the CTOD and SIF at the
surface point can be interrelated. By incorporating the traction stress at
the surface point into an equation, the SIF at that location can be
determined. However, it should be emphasized that the traction stress at
the deepest point is not considered since the FRP laminates do not make
contact with it. Furthermore, it is important to acknowledge that the
traction stress is not constant, as it is governed by interfacial properties
and influenced by fatigue damage within the interface, which will be
further discussed in subsections 2.2.1 and 2.2.2.

2.2.1. FRP-to-metal interfacial bond condition

A CZM is applied to consider the FRP-to-metal interfacial bond
condition. When a pipe is under tension and/or bending, the FRP-to-
metal interfacial traction stress is pre-dominated; therefore, a bi-linear
traction-separation law is employed, as shown in Fig. 5. At the first
stage along the bi-linear curve, the traction stress o, increases with the
rising of the separation, while o, reaches the maximum value of 6o when
the separation gets to . After that, the traction stress decreases grad-
ually along the further increase of the separation value, known as
stiffness degradation. Eventually, the traction stress completely disap-
pears when the separation reaches the maximum 6, indicating the
occurrence of debonding failure when the crack-bridging effect
completely loses its effectiveness on the crack opening at the surface
point.

2.2.2. Fatigue damage of the FRP-to-metal interface under cyclic loads

In the case of implementing FRP reinforcement under cyclic loads,
fatigue damage in the FRP-to-metal interface shall be considered. In this
paper, the FRP-to-metal interfacial fatigue damage is represented by the
decreasing of traction stress, which is a function of cyclic numbers,
governed by the bi-linear traction separation law [29], as shown in
Fig. 5. To better understand, initially the maximum traction stress is o,
while it will decrease to op; when the cyclic number N reaches i.
Eventually, the maximum traction stress reaches zero after a certain
number of cycles, indicating a complete fatigue failure at the FRP-to-
metal interface.

It is important to highlight that the analysis of fatigue damage at the
FRP-to-metal interface focuses solely on the vicinity of the cracked zone,
as this area experiences significant localized deformation. Other regions
of the interface do not undergo fatigue damage because the separation
values (as depicted in Fig. 5) in those areas are much smaller than the
threshold value.

Adhcsive — FRP
Y Pipc —
FRP rcinforcement —
Tcnsion

Tcnsion

Mectallic p]pc e —

Fig. 1. Reinforced pipe under tension.
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FRP reinforcement

Bending moment

7z
z
Metallic pipe

Fig. 2. Reinforced pipe under bending.

combined effects of the stress field and the crack-bridging effect.

3. The analytical approach to calculate SIFs
A FRP reinforced metallic pipe

Building upon the methodology outlined in Section 2, this section
presents the deduced and proposed analytical approach. The first step
involves calculating the stress distribution in a FRP-reinforced pipe,
considering various load cases such as tension, bending, or combined

Metallic pipe

>

TT— Wrapping FRP

Mid-span cross section

Traction stress

Circumferential surface crack

Fig. 3. FRP reinforced circumferential external surface cracked pipes in a
metallic pipe.

The methodologies described above provide a solution for deter-
mining the applied stress field and the crack-bridging effect at the sur-

»

face point. To calculate.the SIF at the s.urface p01n.t, the two near-ﬁeld 0 50 5 Separation
stresses can be superimposed and integrated into the analytical

approach proposed in our previous publication [16]. This approach al- Fig. 5. The bi-linear traction-separation law and fatigue damage of
lows for an accurate estimation of the SIF, taking into account the the adhesive.

Surface point-

Crack face

“Surface point

|
i “-Semi-elliptical crack front
|

Fig. 4. A semi-elliptical surface crack and crack-bridging effect on the crack tip at the surface point.
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loads. Next, recognizing the distinction between internal surface cracks
and external surface cracks in terms of their location and the crack-
bridging effect, we proceed to propose the analytical approach for in-
ternal surface crack growth. Subsequently, we present the approach
specifically designed for external surface cracks.

3.1. Stress distributed in a pipe reinforced with FRP
a. Reinforced pipe subjected to tension.

When a FRP reinforced pipe is subjected to tension, the total tensile
force equals to the sum of the tensile force shared by each layer, which is

Fow =Y _Fi, m

where F, is the total tensile force, F; is the tensile force of each layer,
which can be calculated as

Fi=0,0A, =E;eceA,, (@3]

where oj, ¢, A;, E; are the normal stress, normal strain, cross-section area,
and the elastic modulus along the normal direction of each layer,
respectively. Hence the stress distributed within a pipe reinforced with
FRP subjected to tension, oy, can be calculated as

F total

SE oA )

Opi = Ep @

where E, is the elastic modulus of a pipe.

Taking into account that the primary contribution to the reinforce-
ment is the elastic modulus in the direction of the principal stress, only
the component of the elastic modulus aligned with this principal stress
direction is factored in. The Fibre volume friction has to be considered as
well. Therefore, E; ¢ as the effective modulus of a fibre layer is used to
replace the E; for fibres, which is

Eiar =E 000 Vi +E,0(1-Vy), 4)

where 0 is the angle between the fibre orientation and the principle
direction. V; is the fibre volume fraction, and E, is the elastic modulus of
the adhesive. Note that the hoop-aligned portion of the elastic modulus
won’t directly reduce stress to reinforce, but it could enhance wrapping
by adding stiffness.

b. Reinforced pipe subjected to bending moment.

When a FRP reinforced pipe is subjected to bending, the total
bending moment Mj, 1, €quals to the sum of bending moment shared by
each layer M, ;, as

My ot = Z My, ()
My, =CeEel,. 6)

where C is the curvature of all layers. The E; e I; is the bending stiffness,
where E; is the elastic modulus of the layer i. Note the E; for fibres with
certain orientations should be replaced by the E; ¢ in Eq. (4) as well. [; is
the second moment of area, which is

a:%qﬁfﬁ) %)
where R; and r; are the external and internal radius of the layer i.
Therefore, C is calculated as:

Mb total
C= A

S XEel ®

Since all layers share the same curvature, the maximum bending
moment shared by one individual layer can be calculated by Eq. (5).
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Then the normal bending stress of the steel pipe at the external surface
along the longitudinal direction, 6,5, m.x, can be calculated as:

o = M, / : (] (1 - —) (9)
,b,max b, )
P P 4 R4

Opb = Ge Op,b,max s (10)

where 6, max is the maximum stress when a pipe is subjected to bending,
M, is the bending moment shared by the metallic pipe, R,, r;, are the
external and internal radius of the metallic pipe, o, is the stress adja-
cent to a certain point along the surface crack front, G is the geometry
correction factor when the pipe is subjected to bending [16]. For in-
ternal surface cracks,

G:2aosin(p+dp7 an
DP

where a is the crack depth, D, and d, are the external- and internal

diameter of a metal pipe, respectively. For external surface cracks,

D, —2a e sing

G = X
D,

12

where ¢ is the eccentric angle of a surface crack. The eccentric angle of
the deepest point equals to n/2, while the eccentric angle of the surface
point ¢, is calculate as

Pe =5~ =75 (13)

where c is the half crack length of a surface crack. In case the FRP
reinforced pipe is subjected to tension and bending simultaneously, the
overall normal stress distribute is calculated by Eq. (9) since they could
be linearly superposed as

0p = 0p + G @01 max- 14)
3.2. SIF calculation

For scenarios of either a surface crack located at the internal surface
of a pipe or at the external surface, the difference of the approaches lies
in whether to consider the crack-bridging effect. Here we deduce the
analytical approaches for internal-/external surface cracks separately.

a. Internal surface crack.

For internal surface crack, the crack propagation is not directly
affected by the crack-bridging effect, thus the SIF can be directly
calculated by the equation in Ref. [16] as:

Ki=o0ye /néoF, (15)

where F and Q are correction factors, of which the details can be found in
Ref. [16] and Ref. [32].

b. External surface crack.

Stress decreased by the crack-bridging effect needs to be considered
when reinforcing external surface cracks. Hence, o, in Eq. (13) shall be
amended as o, which is

Gpc = Op — O. (16)

o, is the traction stress at the surface point owing to the crack-
bridging effect. Thus the SIF at the surface point of the crack, K, is
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Kip =0pc ® /n%oF. a7

In addition, stiffness degradation at the composite-to-steel interface
has to be considered. The 6. can be regard as the traction stress is
determined using the traction-separation law (see in Fig. 5),

ky ®8.(8. < 5)
0e =4 ky @ 8¢ + by(8y< 8. < ), (18)
0(5. > 5)
where k; and k; can be obtained from Fig. 5, as

0o

ki = —. 19

=5 19
—6y

ky = . 2

=5 (20)
AKX

b, = 21

o — @1

where § and §, are interfacial properties given by the traction-separation
law.

In addition, the fatigue damage of the FRP-to-metal interface is
considered in the traction-separation model to calculate the real-time
maximum traction stress, as shown in Fig. 5. The decreasing rate of
the maximum traction stress o is calculated as,

Aoy a(es — ), emax > En
=0 _ s s €max . 22
AN { Orgmax S Eth ' ( )

where Agy is the increment of fatigue damage, AN is the cycle incre-
ment. & is the threshold strain meaning that the interfacial fatigue
damage only occurs when ¢ is larger than &;. @ and f are material
constants. & is the maximum principal strain in the cohesive element, as:
6= 23)
tﬂ

where t, is the thickness of the adhesive layer at the FRP-to-metal
interface. Since the local displacement at the crack tip is defined as
the CTOD, which can be interconverted with the SIF under the plane
stress condition [33], therefore

4K?
8. = CTOD = 18 24)

" meE,eq,
where E, is the elastic modulus of a metal pipe.

Therefore, combing Egs. (14-17),Kis can be calculated as indepen-
dent variable in a quadratic equation as one variable, as:

(6, —kj®5.) e /xg o F(8. < &)

Kig =1 [0, — ko —b2] o, /ng o F(5)< 6. < 5) . (25)

oy e /ng o F(5. > 6)

Since the bridging effect does not affect the SIF at the deepest point of
the surface crack,

KI_A:ap”/ft%oF. (26)

Then the SIF at the surface point and the at deepest point can be
calculated via the analytical method in [16], with the re-defined o,.

3.3. Evaluation of the surface crack propagation and fatigue life

Based on the SIF calculation at the deepest point and the surface

Theoretical and Applied Fracture Mechanics 127 (2023) 104070

point by the analytical approach, the Paris law is utilized [20] to
determine the crack growth rate. This law allows for the calculation of
incremental changes in crack length and depth with each cyclic loading,
thereby capturing the crack propagation process over time. For auto-
mated analysis, an in-house Python program has been developed, which
employs an algorithm outlined in the flow chart depicted in Fig. 6. This
program not only calculates the crack growth process but also provides
visualizations of the real-time interfacial bond condition between the
FRP and metal, as well as the interfacial fatigue damage.

4. Results and validation

This section employed available numerical and experimental results
to validate the proposed analytical approach for reinforcing internal
surface cracked pipes and external surface cracked pipes, respectively.

4.1. Validation on the analytical method of predicting the internal surface
crack growth

Available crack propagation results obtained from the finite element
method [18] are applied to validate the analytical approach of pre-
dicting internal surface crack growth in metallic pipes reinforced with
FRP. The pipe has an external diameter and wall thickness of 102.0 mm
and 12.7 mm, respectively. The initial size of the internal surface crack is
a = 3.0 mm, ¢ = 6.0 mm. The steel pipe has an elastic modulus of 200
GPa, reinforced with three layers of CFRP with the L-L-H wrapping
pattern (see in Fig. 7). Each CFRP layer has a thickness of 0.6 mm and
the adhesive between the steel pipe and the first layer CFRP is 0.35 mm.
The CFRP uses a unidirectional type of which the elastic modulus along
the fibre direction is 205 GPa, whereas along the transverse direction is
25 GPa. Elastic modulus of the adhesive is 2.86 GPa. A fibre volumetric
fraction V¢ = 0.6 has been applied for the reinforcement. A bending
moment of 1.8543 x 107kN e m is applied on the reinforced pipe, and a
stress ratio R = 0.1 for the fatigue crack propagation. Paris’ constants of
Ca =Cp = 3.6 x 10~ %and mp = mp = 3.72 has been modified and used
for calculating the crack propagation rate with the SIF unit of MPa/
mm'/2. Please refer to Ref. [18] for detailed information of the finite
element analysis and results.

The comparison between the results shown in Fig. 8 indicates the
analytical approach is able to deliver as accurate predictions as the
numerical approach, which has been validated through the experi-
mental results [34,35]. Eventually, the analytical approach predicts a
total residual fatigue life of 434,123 cycles, with only a 1.21% error
compared to the 439,448 cycles predicted by the numerical approach.
When the crack penetrated the pipe wall, the analytical approach pre-
dicts a half crack length of 13.52 mm, with a 10% error to the result
predicted by the numerical approach. The difference is because the
crack propagation rate has been sharply increased owing to the signif-
icantly decreased net section area, which can be simulated via the nu-
merical approach, while was not considered in the analytical approach.

4.2. Validation on the analytical approach of predicting the external
surface crack growth

In this subsection, we validate the analytical approach of predicting
the SIF and external surface crack growth, by conducting experimental
investigations. The obtained results, as well as previous FEA results from
the surface crack growth measurements in the experimental setup are
compared with the predictions from the analytical approach, providing
a comprehensive validation of the proposed methodology.

4.2.1. Experimental investigations

The sketch diagram of the FRP reinforced cracked specimen is shown
in Fig. 9a, and the dimensions of the specimens are listed in Table 1,
including the pipe length L = 2,000 mm, pipe external diameter D, =
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Inputs:

Return a, c and N 1) Pipe geometry and crack profile;
2) Reinforcement scheme;
3) Material properties;
4) Load case and level.
Tensile
Load case
Bending
Calculate:
1) Curvature;
2) Shared bending moment by the pipe;
Calculate: 3)  Stress at external surface of the pipe.
Frotal
Opt = Ey oo
PP E A L
“R3 4
P )
Opbmax = Mb,p/[ . <1 - 7)]
4 Ry
Bending and/or Tension
Op = Op + G * Ophmax |
Surface Internal surface
crack
location
External surface
Input:
1) Traction-separation properties;
2) Properties of the fatigue damage
of the adhesive;
Calculate:
1) Fatigue damage of adhesive;
2) Residual maximum traction force (0y).
No
Is gy > 0?
Yes
Calculate:
SIF & CTOD
Compare
CTOD
CTOD < 4§, 8, <CTOD <& CTOD > &
v
.= ki 6. | | o, =k, 8.+ by | 0.=0
a
Kip= (o, —ac)- F
Q
a
Kia=0p" ry F
Calculate:
a & c corresponding to
each N using Paris’ law
Isa>1?
No
Yes

Fig. 6. Algorithm of the analytical approach.
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Fig. 7. Wrapping pattern: a) longitudinal (L) and hoop wrapping (H) pattern; b) inversely diagonal wrapping pattern 6 = 45
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Fig. 8. The comparison of analytical results and finite element results for internal surface crack growth using three layers of CFRP: a) crack growth along the depth
direction; b) crack growth along the length direction; c) aspect ratio variation with the crack growth. Note that ’ANA’ stands for the analytical approach.
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Fig. 9. a) The configuration of FRP reinforced steep pipe specimens; b) The schematic of the four-point bending test set-up.
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168.3 mm, wall thickness of the pipe specimens t = 12.7 mm.

Semi-elliptical surface notches were pre-manufactured to initiate
fatigue cracks with depth ag and half-length c( approximately equals to
2.5 mm and 5.0 mm. The steel pipe has an elastic modulus of 206 GPa
and a yield strength of 448 MPa. The thickness of each layer of glass-FRP
(GFRP) and CFRP laminate are 0.35 mm. The elastic modulus of the
GFRP, CFRP, and the adhesive layer are listed in Table 2. In total, three
groups of nine specimens were prepared, as listed in Table 1. Groups R1
to R3 are the FRP reinforcement groups with different reinforcement
schemes. Details of the pipes’ configuration and reinforcement schemes
are summarized in Table 1. The name of the specimens represents the
crack category, FRP reinforcement scheme, CFRP wrapping pattern, and
their repetitive number. Take ‘PE-1-R(1)’ as an example, ‘P’ means steel
pipe, ‘E’ represents external surface crack, the "1’ stands for the crack
category which are all 1’ in this study, R means reinforcement, and the
(1)’ means the No. of the repetitive specimen.

Fatigue tests followed the code of ASTM E647 [36] have been con-
ducted, under constant amplitude sinusoidal cyclic loading. The exper-
iment setup is illustrated in Fig. 9b. The load was applied in four-point
bending condition to ensure a pure bending statue around the cracked
location within the inner span L; = 800 mm. The external span L, is
designed as 1,800 mm, therefore leaving the bending arm equals to 500
mm.

All the fatigue tests were conducted at room temperature and air
environment under load control condition. The amplitude of the applied
force, namely 241.54 kN, produced a maximum stress value of 268.8
MPa, accounting for 60% of the yield strength of the steel substrate. The
loading frequency was set as 2.5 Hz. The load ratio R maintained 0.1 for
the crack growth process of all tests. The crack growth process was
recorded using beach marking technique by means of changing the load
ratio R to 0.5 and cycled for 5,000 cycles.

Crack growth behaviour, i.e., the relation between the crack size and
the cyclic numbers, was recorded by the beach marking technique. Then
the crack sizes corresponding to each additional 10,000 cycles under R
= 0.1 were measured by using an electronic reading microscope. The
results are shown in Figs. 10-12, indicating the experimental results
within each group matches each other very well with small scatters. For
more information of the experimental results, Please refer to Ref. [17].

4.2.2. Validation by experimental results

Surface crack propagations of three scenarios, i.e., PE-1-R, PE-1-R8,
and PE-1-R45 are calculated, added by an ANA suffix, such as PE-1-R
ANA. The initial crack sizes for the analytical prediction use the crack
size after the pre-cracking procedure from specimen PE-1-R(1), PE-1-R8
(1), and PE-1-R45(1). The material properties of the steel pipe, FRP, and
adhesive, as well as wrapping schemes, keep in consist with the exper-
imental specimens. A bi-linear traction-separation law has been assigned
in the FRP-to-steel interface, with the maximum traction stress og =
56.16 MPa when the separation §y reaches 0.011 mm. The maximum
separation is § = 0.16mm. In addition, the fatigue damage parameters of
the adhesive are a = 1.5, f = 2, and ¢, = 0.0319 [29]. The thickness of
each FRP layer is 0.35 mm and the thickness of the adhesive layer

Table 1
Specimens’ configuration and reinforcement details.
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Table 2
The elastic modulus of FRP (along two in-plane directions) and adhesive [17].

Name Elastic modulus (GPa)

1st direction 2nd direction Fabrication
CFRP 230 25 Unidirectional
GFRP 72 72 0°-90° woven
Adhesive 3.4 / /

between the steel pipe and the GFRP is 0.2 mm, while the adhesive
thickness between each FRP layer is 0.1 mm. A fibre volumetric fraction
V¢ = 0.6 has been applied for the reinforcement.

A bending moment of 1.8543 x 107kN e m is applied on the pipes in
the analytical approach which is identical to the fatigue test with the
maximum applied load, with a stress ratio R = 0.1 to calculate the fa-
tigue crack propagation rate. The Paris’ constants are C, = 1.894 x
107'%and ma = 3.664 for crack growth along the depth direction, and
Cp = 8.462 x 10716 and mg = 3.785 for along the length direction, with
the SIF unit of MPa/mm®®, obtained from the experimental investiga-
tion [17]. The comparison between the analytical predictions and the
experimental results are shown in Figs. 10-12.

The results shown in Figs. 10-12 clearly demonstrate that the
analytical approach, which considered the crack-bridging effect (PE-1-R
ANA), could accurately predict the surface crack growth in pipes rein-
forced with FRP subjected to cyclic bending. The predicted residual fa-
tigue lives of PE-1-R, PE-1-R8, and PE-1-R45 have 2.75%, 1.67%, and
3.75% differences with respect to the experimental results. In addition,
the analytical approach is able to capture the sharp increasing of crack
propagation rate along the length direction owing to the FRP-to-steel
bond failure, which also reproduces the turning point of the variation
of the aspect ratios (a/c). Figs. 10-12 also include the prediction results
of the analytical approach that did not consider the crack-bridging ef-
fect, represented in the dash lines (NTS, a.k.a. no traction stress, e.g., PE-
1-R ANA NTS), which proposes far conservative predictions on crack
propagation rate and residual fatigue life. Moreover, it could not capture
the sharply increased crack propagation along the length direction, not
to mention the aspect ratios variations. Please note the prediction results
might be further improved, such as the mismatches of the a/c versus a/t
curves between the analytical prediction and the experimental results in
Figs. 10-12, by replacing the properties from formula derivation and
literatures to data directly obtained from experiments.

The maximum traction stress (co) marked with solid lines, and the
real-time traction stress (o) applied on the crack surface, marked with
dash lines (named as “TS”, a.k.a. traction stress, e.g., PE-1-R TS), with
respect to the nominal crack length is shown in Fig. 13. The results
demonstrate that the traction stress on PE-1-R8 which is reinforced with
eight layers of CFRP, has the best performance in terms of the durability
of the traction effectiveness. PE-1-R8 reached its maximum traction
stress of 42.59 MPa when half the crack length (c = 10.51 mm) is 59.0%
of final half the crack length (c = 18.18 mm) at failure, and the adhesive
failed due to fatigue damage when the half crack length (c = 14.53 mm)
reached 79.94 % of the final half crack length. Due to the lowest

Group Specimen Notch category L (mm) D, (mm) t (mm) ap (mm) ¢o (mm) L. (mm) CFRP wrapping scheme

R1 PE-1-R(1) 1 2,000 168.3 12.63 2.31 4.94 1,000 L-L-L-H
PE-1-R(2) 1 2,000 168.3 12.78 2.48 5.035 1,000 L-L-L-H
PE-1-R(3) 1 2,000 168.3 12.76 2.44 4.885 1,000 L-L-L-H

R2 PE-1-R8(1) 1 2,000 168.3 12.77 2.56 5.09 1,000 L-L-L-H-L-L-L-H
PE-1-R8(2) 1 2,000 168.3 12.72 2.56 4.90 1,000 L-L-L-H-L-L-L-H
PE-1-R8(3) 1 2,000 168.3 12.63 2.48 5.15 1,000 L-L-L-H-L-L-L-H

R3 PE-1-R45(1) 1 2,000 168.3 12.74 2.46 4.95 1,000 Inversely diagonal
PE-1-R45(2) 1 2,000 168.3 12.70 2.50 4.875 1,000 Inversely diagonal
PE-1-R45(3) 1 2,000 168.3 12.79 2.52 4.87 1,000 Inversely diagonal

Note: The parameters, i.e., Dy, t, ao, ¢o were measured based on each specimens, each of which is the weighted average of three measurement locations.
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Fig. 10. The comparison of analytical results and experimental results for external surface crack growth using four layers CFRP: a) crack growth along the depth

direction; b) crack growth along the length direction; c) aspect ratio variation with the crack growth.
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Fig. 12. The comparison of analytical results and experimental results for external surface crack growth of using the inversely diagnose wrapping pattern: a) crack
growth along the depth direction; b) crack growth along the length direction; c) aspect ratio variation with the crack growth.

efficiency of FRP reinforcement, PE-1-R45 quickly reaches its peak of
traction stress of 41.06 MPa at half the crack length of ¢ = 8.13 (42.06%
of the final half crack length), while quickly losing the traction at half
the crack length of ¢ = 10.60 mm (54.87% of final half the crack length).
Therefore, we could infer that more efficient reinforcement schemes (e.
g., applying more layers of CFRP, or using FRP with higher elastic
modulus) would promote the effectiveness of the traction on the crack
surface, which in return, would improve the overall reinforcement
performance.

Furthermore, the ability of predicting surface crack growth in pipes
with different dimensions (diameters and wall thicknesses) reinforced
with FRP are investigated. Four different external diameters ranging

10

from 168.3 mm to 323.8 mm with five different wall thicknesses from
10.97 mm to 21.95 mm are studied: five incremental pipe wall thickness
has been discussed with Dp = 168.3 mm, while four incremental external
diameter has been analysed with t = 12.7 mm. These dimensions are
chosen owing to their frequently usage in the offshore piping industry.
The applied longitudinal stress statue generated by the bending moment
of all models is identical to the FEA, remaining at 268.8 MPa (60% of the
yield strength).

The reduction in SIFs, which refers to the decrease in SIFs compared
to the case of unreinforced surface cracks, is determined in this study. A
crack size of a = 5.98 mm and ¢ = 7.12 mm is employed for the analysis.
The SIF reduction at the surface point (Kig) resulting from the
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Fig. 13. Peeling stress on the three FRP reinforced models, predicted by the
analytical approach.

introduction of FRP reinforcement using the same wrapping scheme as
the PE-1-R model is calculated and compared with the available FEA
results [19], as summarized in Table 3. The obtained results demonstrate
a close agreement between the analytical predictions and the FEA pre-
dictions, with minor differences ranging from 0.4% to 5.7%. This vali-
dates the capability of the analytical approach to accurately predict SIFs
in FRP-reinforced surface cracked pipes of various dimensions. The
analytical approach serves as a reliable tool for assessing the effective-
ness of FRP reinforcement in reducing SIFs in surface cracked pipes.

5. Conclusions

This paper presents a novel analytical approach aimed at predicting
surface cracks growth in metallic pipes repaired using FRP composites
subjected to cyclic bending and/or tensile loads. Critical factors
including crack-bridging effect, stiffness degradation, and fatigue failure
of the FRP-to-metal interface have been considered simultaneously, of-
fering a comprehensive analysis of the crack growth phenomenon. The
analytical approach demonstrates exceptional accuracy in forecasting
surface crack growth, accommodating various pipe dimensions and
wrapping schemes. It allows for a quantitative assessment of influential
parameters pertaining to material properties, interfacial characteristics,
and reinforcement strategies, providing valuable insights for designing
FRP reinforcement in surface-cracked pipes. Consequently, its incorpo-
ration into pipe repair standards such as ASME PCC-2 [37] and BS EN
ISO 24817:2015 [38] is highly recommended, as it offers a robust
framework for guiding effective FRP reinforcement design and imple-
mentation, as well as offering an accurate evaluation on the post-repair
residual fatigue life.
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Table 3
Configurations of steel pipe models with different dimensions, and the results of
the SIF decrease.

Model D, t Kip reduction  Kip Difference
No. (mm) (mm) (ANA) reduction between ANA and
(FEA) FEA

1 168.3 1097  30.1% 29.5% 2.0%

2 168.3 12.70  27.7% 27.3% 1.5%

3 168.3 14.27  26.1% 26.0% 0.4%

4 168.3 18.26  23.6% 23.8% 0.8%

5 168.3 21.95 22.2% 22.6% 1.8%

6 219.1 12.70  26.9% 28.2% 4.6%

7 273.0 12.70  26.4% 25.3% 4.3%

8 323.8 12.70  26.0% 24.6% 5.7%
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