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19.1 Introduction

Fiber-Reinforced Polymers (FRPs) have been extensively applied for repairing damaged
metallic pipes for decades, known as the Composite Repair System in the piping indus-
try [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 (CFRP) or Glass-FRP (GFRP), have been
employed to ascertain the postrepair failure pressure [7,14], Stress Intensity Factor
(SIF) [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 main-
tain a near-equilibrium between internal and external pressures. These dynamic forces
result in significant cyclic axial stresses, manifesting as tension and/or bending on the
pipeline. Consequently, this can induce the initiation and propagation of surface
cracks, culminating in potential leakages or fractures.

The finite element method (FEM) has been extensively applied to the investigations
of composite reinforcement on cracked metallic structures over the past decades. The
FEM assists users to better understand the mechanism by analyzing the structural me-
chanical behavior (e.g., deformation, stress concentration), fatigue indicator parame-
ters such as SIF and J-integral [17—20], and bond failures [21,22]. New methods
such as extended-FEM [23], S-version FEM [24], and the iso-geometric analysis
method [25,26] have been developed as efficient alternatives for handling fatigue crack
growth analysis. In recent years, the effect of bond failures on crack growth when
employing composite reinforcement has received increasingly attention [27]. Cohesive
zone modeling (CZM) has been incorporated into the finite element (FE) model to
analyze the bond condition and its influence on the crack growth [21,22,28].

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 intentionally 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 [29] proposed a crack bridging model to calculate the
SIF of central cracks in plates with a one-side bonded patch. Liu et al. [30] conducted
a theoretical study of the central-crack growth in CFRP repaired steel plates through
the analysis of the strain distribution in the FRP layers and the stress distribution at
the cracked section. Semianalytical methods by combing finite element analysis
(FEA) to determine correction factors for the analytical approach were proposed in
the past decade as well. Yu et al. [31] used linear-elastic fracture mechanics
(LEFM) to evaluate the 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. [32] on the SIF of double-edged cracks.

We were 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
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when FRP laminates contact the cracked surface [33,34]. 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 behavior [21,22]—debonding failure could reduce
the reinforcement efficiency. This is in general known as the crack-induced debonding
[22] or stiffness degradation [33] in the scenario of using FRP to repair cracked struc-
tures, usually considered via the CZM [35—37]. 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 simultaneously [38]. Therefore, when analyzing
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.
Given those concerns, this study conduct an in-depth investigation though experi-
mental, FEA, and analytical approaches, to comprehensively assess the FRP repair
on surface crack pipes, and to understand the mechanism of the repairing on decreasing
the crack propagation. The experimental, FEA, and the analytical approach are pre-
sented in Sections 19.2—19.4, respectively. All results are integrated and discussed
in Section 19.5. Finally the conclusions are drawn in Section 19.6.

19.2 Experimental investigation

19.2.1 Specimen preparation
Material properties

Reinforced external surface cracked steel pipe specimen is illustrated in Fig. 19.1. Four
materials were used to manufacture the specimens: steel substrate, GFRP, CFRP, and
adhesive. Stainless steel API 5L X65 for subsea scenarios conforming to API SPEC 5L
code [39] has been used as the steel substrate. In light of the galvanic corrosion be-
tween the CFRP laminates and the steel substrate, one layer of GFRP laminate was
adopted as the contact inhibitor between the steel substrate and CFRP laminates.
The detailed material properties are listed in Tables 19.1—19.4. Note that all material
properties are provided by their supplies.

Specimen manufacturing

The specimen manufacturing contains three main steps: manufacturing notches, pre-
cracking, and the FRP reinforcement. Semi-elliptical notches located in the mid-
bottom of the steel pipes were manufactured. They were made by the ASTM E2899
suggested Micro-Electric Discharging Machining (Micro-EDM) method in order to
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External surface crack

19.1 The sketch diagram of the FRP reinforced surface cracked pipe specimens.

achieve the user designed notch profile and to avoid the thermal residual stress [41].
The width and half-length of all notches are controlled as 0.35 and 4.0 mm respec-
tively. The shape of the notches guaranteed that the surface cracks would propagate
as semi-elliptical shaped during the fatigue tests.

Then, a pre-cracking procedure was conducted on the notched steel pipes, in order
to initiate fatigue cracks from the notches [42]. This procedure was conducted on the
fatigue machine using the four-point bending, containing two stages: the first stage
adopted 80% yield stress of the steel as the amplitude of the sinusoidal cyclic loading,
while the second stage adopted 60% yield stress. Note both stages were conducted un-
der the load ratio R equals to 0.1. The pre-cracking procedure continued until the sur-
face crack initiated from the notch and propagated more than 1.0 mm along the length
direction, which was monitored by an electronic microscope. Then the size of each sur-
face crack after the pre-cracking procedure was regarded as the initial crack size.

Afterward, the external surface cracked steel pipes were reinforced with FRP, con-
taining three procedures: surface preparation, cleaning, and pasting the composite lam-
inates onto the steel substrate. The rust cleaning and sanding process were
implemented during the surface preparation procedure. Then the surface of the steel
substrate was cleaned using acetone. After wrapping multiple layers following the
reinforcement schemes, the FRP were compressed by wrapping plastic tapes around
the external composite layer to squeeze redundant resin epoxy and eliminate the bub-
bles in the interlaminations. This process guaranteed that the FRP was bonded tightly
onto the steel pipe. Finally the reinforced specimens were placed at room temperature
for solidification of 1 week, in order to achieve the optimum bond condition.

Specimens configurations

The dimensions of the selected specimens are listed in Table 19.5, including the pipe
length L, pipe external diameter D, wall thickness of the pipe specimens ¢, and the
depth & half length of the notch ag and cy. The thickness of each layer of GFRP
and CFRP laminate are 0.35 mm. The thickness of the adhesive between the steel
and the GFRP is 0.2 mm. In total, nine groups of 27 specimens were prepared. Group



Table 19.1 Material properties of API 5L X65 steel

E (Pa)

Y (Pa)

T (Pa)

v

206 x 10°

4.48 x 10°

5.3 x 10°

0.3

Table 19.2 Material properties of the GFRP

E, is the tensile elastic modulus; 7, is the tensile strength; v, is the Poisson’s ratio; Y, is the yield strength.

E, (Pa) E, (Pa) E; (Pa) Gy, (Pa) Gy (Pa) G»3 (Pa) V12 Vi3 V23
72 x 10° 72 x 10° 8 x 10° 4.7 x 10° 4.7 x 10° 3.5 x 10° 0.28 0.28 0.08
E; and Gj; are the elastic modulus and shear modulus along different directions, v;; is the Poisson’s ratio of the i-j plane.
Table 19.3 Material properties of the CFRP (Toray T700S series)
E, (Pa) E, (Pa) E; (Pa) G (Pa) Gy3 (Pa) G, (Pa) V12 Vi3 V23
230 x 10° 25 x 10° 25 x 10° 5.5 x 10° 5.5 x 10° 3.9 x 10° 0.33 0.33 0.054

Table 19.4 Material properties of the resin epoxy (Faserverbundwerkstoffe L.20 resin
epoxy with hardener EPH 161 [40])

E (Pa)

T (Pa)

G (Pa)

2.80 x 10°

70 x 10°

1.4 x 10°

0.35
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Table 19.5 Specimens’ configuration and reinforcement details

CFRP
L D t ay Co L. wrapping
Group | Specimen | (mm) [ (mm) | (mm) | (mm) | (mm) | (mm) | scheme
1 PE-1(1) 2000 168.3 | 12.76 | 2.31 4.94 = =
PE-1(2) 2000 168.3 | 12.81 | 2.48 5.04 = =
PE-1(3) 2000 168.3 | 12.77 | 2.44 4.89 = =
R1 PE-1- 2000 168.3 | 12.63 | 2.31 4.94 1000 | L-L-L-H
R(1)
PE-1- 2000 168.3 | 12.78 | 2.48 5.035 | 1000 | L-L-L-H
R(2)
PE-1- 2000 168.3 | 12.76 | 2.44 4.885 | 1000 | L-L-L-H
R(3)
RS PE-1- 2000 168.3 | 12.77 | 2.56 5.09 1000 | L-L-L-H-
R8(1) L-L-L-H
PE-1- 2000 168.3 | 12.72 | 2.56 4.90 1000 | L-L-L-H-
R&(2) L-L-L-H
PE-1- 2000 168.3 | 12.63 | 2.48 5.15 1000 | L-L-L-H-
R8(3) L-L-L-H
R45 PE-1- 2000 168.3 | 12.74 | 2.46 4.95 1000 | Inversely
R45(1) diagonal
PE-1- 2000 168.3 | 12.70 | 2.50 4.875 | 1000 | Inversely
R45(2) diagonal
PE-1- 2000 168.3 | 12.79 | 2.52 4.87 1000 | Inversely
R45(3) diagonal

The parameters, i.e., D, t, ap, ¢y were measured based on each specimens, each of which is the weighted average of three
measurement locations. The three notch categories represent the three different notch sizes shown in Fig. 19.2, i.e., aimed
aspect ratio of 0.5, 0.625, and 1.0.

1 is the controlling group without composite reinforcement. Groups R1 used different
reinforcement scheme: G1 applies four layers of CFRP laminates, the “L-L-L-H”
wrapping pattern (L represents longitudinal wrapping pattern, while H represents
hoop wrapping pattern) shown in Fig. 19.2a, and 1000 mm bond length. The speci-
mens in Groups R8 applied the same wrapping pattern of Group R1, while using eight
layers of CFRP instead of four layers. Group R employed an inversely diagonal

135° wrapping

/Hoop wrapping

Longitudinal direction 45° wrapping

19.2 Wrapping scheme: (a) The longitudinal and hoop wrapping pattern; (b) the inversely
diagonal wrapping pattern.
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wrapping method, as indicated in Fig. 19.2b. Table 19.5 summarized the configuration
and reinforcement details of all specimens. The name of the specimens represents the
notch category, FRP reinforcement scheme, CFRP wrapping pattern, and their repet-
itive number. Take “PE-1-R(1)” as an example, “P” means steel pipe, “E” represents
external surface crack, the “1” stands for the notch category 1, R means reinforcement,
and the “(1)” means the No. of the repetitive specimen.

19.2.2 Test set-up

The fatigue tests followed the code of ASTM E647 [42]. All tests were carried out un-
der constant amplitude sinusoidal cyclic loading, generated by MTS Hydraulic Actu-
ator, which has a capacity of 1000 kN. The test set-up is shown in Fig. 19.3. The load
was applied in four-point bending condition to ensure a pure bending statue around the
cracked location within the inner span. Note that the inner span L; is designed as
800 mm, which is more than four times larger than the pipe diameter, in order to elim-
inate potential negative effects from the loading cells. The external span L, is designed
as 1800 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, pro-
duced a maximum stress value of 268.8 MPa, accounting for 60% of the yield strength
of the steel substrate. Such selection is based on the fact the normal stress at the critical
zones of a steel lazy-wave riser can reach 240 MPa or even higher [43], as well as
considering to adequately reducing the test period. 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 5000 cycles. Each test ended automat-
ically once the pipe specimen fractured.

/MTS Hydrualic Actuator
/|

Loading frame

N v
L

|
ﬂ ¥ , %

— ) !
— L -
- 3\

19.3 The schematic of the four-point bending test set-up.
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19.3 Numerical investigation

In this section, the FE models of surface cracked metallic pipes reinforced with FRP
are developed. SIF distributed along the crack front has been calculated. FRP-to-steel
interfacial bond condition is analyzed by means of the CZM, and its effect on the SIFs
along the crack front is taken into consideration.

19.3.1 Interfacial properties

The FE model is identical to the geometry of the test specimens indicated in Fig. 19.1,
as well as the material properties of each components. In addition, a CZM technique
has been dedicated to the FRP-to-steel interface, adopting a mixed-mode traction sep-
aration model, as indicated in Fig. 19.4 which interfacial properties are listed in
Table 19.6.

A Peeling stress o
Mode 11
S
)
X% I
§ GHC
! O
i | ~
5 =
Ot y Shear 6
P
@
o
P

19.4 The mixed-mode traction-separation law.

Table 19.6 Mixed-mode traction-separation model properties at the FRP-to-steel interface

fi o A K G
Mode type (MPa) | (mm) (mm) (MPa/mm) | (N/mm) e
Mode-I (tension) 70.20 0.004 0.019 17,000 0.667 0.095
Mode-II (shear, 56.16 0.011 0.16 5095 4.488
tangential)
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For the Mode-I case, the separation displacement 62 when the traction stress reaches
the maximum ff, is

Ia f It
E

o = (19.1)

where 1, is the thickness of the adhesive.
The energy release rate is the triangle area surrounded by the curve and the coordi-
nate axis, which is

I
Gic = 5fiv- o, (19.2)

where 5/;1 is the separation displacement when debonding/delamination occurs, which
is
8 =&t (19.3)
where ¢/ is the elongation ratio.
The slope of the ascending part equals to the shear stiffness of the adhesive layer,

which is

_fie

k_a? . (19.4)
n

For the Mode-II case, the variables of the traction-separation law is calculated using
the method given by Ref. [44]. Gyic is calculated as

0.56
il
Gucs = Grey =31+ (Gt> 1,277 (19.5)
where G is the shear modulus of the adhesive. The traction force is estimated as
Sur=0.8-T, (19.6)

and 09 is calculated as

Ia 'fIIt

0
Omn == (19.7)
5’;In is calculated as
2G
= (19.8)

IIn — th ’
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The interfacial properties calculated by Eqs. (19.1)—(19.8) are listed in Table 19.4.
The degree of the interfacial stiffness degradation is represented by the scalar stiffness
degradation variable (SDEG) from O to 1. Fully debonding occurs when meeting the
condition indicated in Eq. (19.9), where the SDEG value evaluated by the FE model
exceeds 1.0.

GI>2 (Gns>2 (GIIt>2
G\, v _1, (19.9)
(GIC Grics Grict

where Gycs and Gyt stand for the Mode-II energy release rate in two shear directions.

19.3.2 Modeling strategy

The FE modeling and analysis are conducted in ABAQUS CAE [45]. Figure 19.5a il-
lustrates the three-dimensional model and its meshing condition. The size of the model
conforms to the test specimens in the previous experimental study. A quarter surface
crack as a semi-elliptical shape is modeled at the mid-bottom of the pipe, locating at
the X—Y plane, as shown in Fig. 19.5b and c.

Contours

Composite laminates

1
FEEEETEE"
. gz =
Steel pipe -

Crack front region

a) FE model and global meshing condition b) Meshing condition around the crack front (1/4 crack model)

Red points along the crack front

Blue arrows indicating the crack extension
direction of each point

¢) Semi-elliptical surface crack front and crack extension direciton perpendicular to the crack
19.5 The FE model and the meshing condition: (a) the whole model and global meshing;

(b) model and meshing around the crack; (c) crack front and the set-up of crack extension
direction.
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The FE models are developed based on the physical situation that the overall patch
thickness (including adhesive layer and the composite laminates). All composite
laminates are modeled as a whole. The different layers of composite laminates
were merged together while remaining their own material properties and fiber direc-
tions. While each laminate remains its own material properties and orientation. One
layer of adhesive is modeled between the CFRP laminates and the steel substrate
through the CZM. The steel pipe excludes the crack front region, and the composite
laminates, apply the 20-node quadratic brick element C3D20, while the crack front
area adopts the 15-node quadratic triangular prism element C3D15. The reason of
adopting quadratic brick element, including the C3D20 and C3D15 element is
they are excellent for three-dimensional linear elastic calculations. The C3D15
element is applied to meet the requirement of the wedge element shape at the crack
front when using contour integral method. The standardized 8-node three-
dimensional cohesive element COH3D8 is used in the adhesive layer, to simulate
the interfacial bond condition between the steel substrate and the composite laminate.
Different meshing methods are adopted to ensure a robust and accurate evaluation.
The FE model excluded the crack front region and the adhesive layer adopt the hexa-
hedron element by the structural meshing method. While the crack front region and
the adhesive layer applies the sweep meshing methods, using wedge element and
hexahedron element, respectively. Under the premise of accurate evaluation,
different element sizes are assigned in different areas of the FE model to reduce
the computational time. The size of the wedged elements in the crack front region
is controlled by the six concentric contours and 24 divisions on each of those, as indi-
cated in Fig. 19.5b. The diameter of the external contour is 1.0 mm, and the crack
front has been divided into 22 pieces. The mesh size of the area in the steel pipe adja-
cent to the crack front area, as well as the adhesive layer and the composite laminates
are set as 1.0 mm, while the size of the pipe away from the crack front area is set as
5.0 mm. Eventually, the same bending moment of the experimental approach is
applied on the pipe to calculate the SIF along the crack front, via the contour integral
method. Then the relation between the crack size and the cyclic numbers is evaluated
by the Paris’ law. The Paris’ constants are Cy = 1.894 x 10~ and ma = 3.664 for
crack growth along the depth direction, and Cg = 8.462 x 10~'® and mg = 3.785 for
along the length direction, with the SIF unit of MPa/mm°, obtained from the exper-
imental study [16].

19.4 Analytical approach

The analytical approach is proposed in this section, highlighting key aspects such as
stress degradation adjacent to cracks, the crack-bridging effect, stiffness degrada-
tion, and fatigue damage at the FRP-to-metal interface. In essence, the FRP rein-
forcement alters the boundary conditions of the surface crack’s propagation
within pipes by modifying the stress distribution and introducing the crack-
bridging effect.
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19.4.1 Methodology
Stress reduction

When subjected to a bending moment, each layer, resembling a hollow cylinder, experi-
ences the same curvature. 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. Subse-
quently, the normal stress within the pipe adjacent to a surface crack can be computed.

Crack-bridging effect on the surface point of a crack

In the context of circumferential surface cracks in a metallic pipe, they typically exhibit a
semi-elliptical shape characterized by the crack faces and the semi-elliptical crack front.
As shown in Fig. 19.6. The most crucial points along the crack front are the surface points
(B and B») 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 springs connecting the crack faces at both ends, thereby imposing
a closure force on the crack tip opening displacement (CTOD) at the surface points.

It is important to note that this study primarily focuses on the crack-bridging effect
at the surface points of the surface crack, where the CTOD represents the crack open-
ing 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.

Surface point-

7

\
T\ Bi

Crack face”

N o
B4 L T \Surface point

Deepest point—" “\Semi-elliptical crack front

19.6 A semi-elliptical surface crack and crack-bridging effect on the crack tip at the surface
point.
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¢ FRP-to-metal interfacial bond condition

A CZM is applied to consider the FRP-to-metal interfacial bond condition. When a
pipe is subjected to a bending moment, the FRP-to-metal interfacial traction stress is
predominated; therefore, a bilinear traction-separation law is employed, as shown in
Fig. 19.4. Different from the FEA, only one mode is considered in the analytical

approach. Therefore, the 5?1:1’ 6’;“, Jfm: are replaced by 0g, 0, and g, respectively. At
the first stage along the bilinear curve, the traction stress o increases with the rising
of the separation, while g. reaches the maximum value of gy when the separation
gets to 0. After that, the traction stress decreases gradually along the further increase
of the separation value, known as stiffness degradation. Eventually, the traction stress
completely disappears when the separation reaches the maximum o6, indicating the
occurrence of debonding failure when the crack-bridging effect completely loses its
effectiveness on the crack opening at the surface point.

» 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 section, 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 bilinear traction separation law [38]. To better understand,
initially the maximum traction stress is ¢, while it will decrease to o ; 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.

The methodologies described above provide a solution for determining the applied
stress field and the crack-bridging effect at the surface point. To calculate the SIF at the
surface point, the two near-field stresses can be superimposed and integrated into the
analytical approach proposed in our previous publication [16]. This approach allows
for an accurate estimation of the SIF, taking into account the combined effects of
the stress field and the crack-bridging effect.

19.4.2 The analytical approach to calculate SIFs

This subsection presents the deduced and proposed analytical approach. The first step
involves calculating the stress distribution in an FRP-reinforced pipe subjected to
bending. Subsequently, we present the approach specifically designed for external sur-
face cracks.

Stress distributed in a pipe reinforced with FRP subjected to
bending moment

When an FRP reinforced pipe is subjected to bending, the total bending moment
M, jora1 €quals to the sum of bending moment shared by each layer My, ;, as

My o1 = Y _ My, (19.10)

My;=C-E;-I. (19.11)
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where C is the curvature of all layers. The E; - I; is the bending stiffness, where E; is the
elastic modulus of the layer i. J; is the second moment of area, which is

U

1,~_4-(R;‘ —r). (19.12)

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

o Mb,total

N EI

Since all layers share the same curvature, the maximum bending moment shared by
one individual layer can be calculated by Eq. (19.10). Then the normal bending stress
of the steel pipe at the external surface along the longitudinal direction, o}, b max, can be
calculated as:

Tr'RS rg
Tpbmax = Mpp / e G d AR (19.14)

C (19.13)

p
Opb = G'Up,b,mam (19.15)

where 0} max is the maximum stress when a pipe is subjected to bending, My, ;, is the
bending moment shared by the metallic pipe, R, 7}, are the external and internal radius
of the metallic pipe, o, 1 is the stress adjacent to a certain point along the surface crack
front, G is the geometry correction factor when the pipe is subjected to bending [16].
For external surface cracks,

Dy, —2a-sin ¢

G= ,
DP

(19.16)

where ¢ is the eccentric angle of a surface crack. The eccentric angle of the deepest
point equals to 7t/2, while the eccentric angle of the surface point ¢, is calculate as

_ = (19.17)

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. (19.9) since they could be linearly superposed as

0p=0pt + G Tp b max- (19.18)
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SIF calculation

Stress decreased by the crack-bridging effect needs to be considered when reinforcing
external surface cracks. Hence, gy in Eq. (19.17) shall be amended as oy ¢, which is

Opc=0p — Oc. (19.19)

. is the traction stress at the surface point owing to the crack-bridging effect. Thus the
SIF at the surface point of the crack, Kig, is

Kig=o0pc: W%'F~ (19.20)

In addition, stiffness degradation at the composite-to-steel interface has to be
considered. The o. can be regard as the traction stress is determined using the
traction-separation law (see in Fig. 19.4),

kl '60 (50 < 50)
oe=X% ka-6c+by (80< bc < 0), (19.21)
0 (6 > 8)

where k| and k, can be obtained as

=20 (19.22)
b0
—ap
ky = . 19.23
2= 55 ( )
0'()'5
by = . 19.24
2= 55 ( )

where 0 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. 19.4. The decreasing rate of the maximum traction stress oy is calcu-
lated as,

5 (19.25)

Aoy . CY(SS - Sth)ﬁ7 €max > Eth
AN

0, Emax < €t

where Ag is the increment of fatigue damage, AN is the cycle increment. &y, is the
threshold strain meaning that the interfacial fatigue damage only occurs when &g is
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larger than e,. « and $ are material constants. &g is the maximum principal strain in the
cohesive element, as:

_0%

_[a’

(19.26)

Es

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 inter-
converted with the SIF under the plane stress condition [46], therefore

4K%

0. =CTOD =
¢ 7-Ep oy’

(19.27)

where Ej, is the elastic modulus of a metal pipe.
Therefore, combing Eqs. (19.18)—(19.20), K1 can be calculated as independent
variable in a quadratic equation as one variable, as:

(ap—klﬁc)-,/wgf (b < o)

Kip={ [op—ka-0c—bo]-, /w%F (Bo< 0c < 0). (19.28)

ap- /ﬂ%-F (6 > 0)

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

Kia=0p-, /w%-F. (19.29)

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

To calculate the SIF based on the proposed analytical approach, a bilinear traction-
separation law has been assigned in the FRP-to-steel interface, with the maximum trac-
tion stress g = 56.16 MPa when the separation o¢ reaches 0.011 mm. The maximum
separation is 6 = 0.16 mm. In addition, the fatigue damage parameters of the adhesive
are « = 1.5, 8 =2, and g = 0.0319 [38]. A fiber volumetric fraction V¢ = 0.6 has
been applied for the reinforcement.

Evaluation of the surface crack propagation and fatigue life

Based on the SIF calculation at the deepest point and the surface point by the analytical
approach, the Paris law is utilized [20] to determine the crack growth rate. This law
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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. 19.7. This program not only cal-
culates the crack growth process but also provides visualizations of the real-time inter-
facial bond condition between the FRP and metal, as well as the interfacial fatigue
damage. The same bending moment 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 fatigue crack propagation rate. The same methodology of us-
ing the Paris’ law as the FEA has been adopted to calculate the relation between crack
size and the cyclic numbers, as well as the Paris’ constants.

19.5 Results and discussion

In this subsection, we present and compare results across the experimental, FEA, and
the analytical approaches. In addition, FEA and analytical results have been validated
by the experimental results. Stress reduction, crack propagation, and the interfacial
bond condition have been discussed successively.

19.5.1 Stress reduction owing to FRP repairing

The von Mizes stress distributed globally throughout the pipe model and locally
around the surface crack is shown in Fig. 19.8. The stress distribution results indicate
the composite reinforcement with four layers of CFRP laminates has significantly
decreased the stress concentration, the maximum stress value drops from 472.6 to
374.6 MPa, by 20.7%. Moreover, the position that has the maximum stress value
has shifted from the surface point to the deepest point along the crack front because
of the composite reinforcement. The stress value at the surface point drops from
472.6 to 353.4 MPa, by 25.2%, while the stress value at the deepest point only drops
9.0%, from 411.3 to 374.4 MPa. This phenomenon is an evidence that the composite
reinforcement performs better on decreasing the crack growth along the length direc-
tion than along the depth direction.

19.5.2 Experimental validation on the FEA and the analytical
approach on the crack propagation

Surface crack propagations of three scenarios, i.e., PE-1-R, PE-1-R8, and PE-1-R45
are calculated by the FEA in Section 19.3 and the analytical approach in Section
19.4, added by an FEA an ANA suffix, respectively. Whereas the name with suffix
represents the experimental results, i.e., PE-1-R(1). Their comparison with the exper-
imental results are illustrated in Figs. 19.9—19.11. The results clearly demonstrate that
the FEA and the analytical approach, which considered the crack-bridging effect (PE-
1-R ANA), could accurately predict the surface crack growth in pipes reinforced with
FRP subjected to cyclic bending.
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Inputs:
Pipe geometry and crack profile;
2) Reinforcement scheme;
3) Material properties;
4) Load case and level.

l

Calculate:
1) Curvature;
2) Shared bending moment by the pipe;
3) Stress at external surface of the pipe.

™ R3 ’-4
Opbmax = Mb,p/[Tp . (1 = RL‘)]
P

l

0p =G * Opbmax I

I

Input:
1)  Traction-separation properties;
2) Properties of the fatigue damage
of the adhesive;

i

Calculate:
1) Fatigue damage of adhesive;
2) Residual maximum traction force (05).

522

Return a, c and N

Calculate:

SIF & CTOD

Compare
CTOD

8y <CTOD <48 CTOD > §

0.=0

Calculate:

a & ¢ corresponding to
each N using Paris’ law

19.7 Algorithm of the analytical approach.
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19.8 Global and local von Mizes stress distribution of the pipe model with large surface crack (¢ = 10.64 mm and ¢ = 12.15 mm).
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19.9 The comparison of FEA results and the analytical results with 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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19.10 The comparison of FEA results and the analytical results with experimental results for external surface crack growth of using eight 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.
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19.11 The comparison of FEA results and the analytical results with 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.
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The FE model combined with the Paris’ law can accurately predict the residual fa-
tigue life of surface cracked steel pipes reinforced with composite. In addition, the re-
sults indicate that FRP reinforcement has significantly decreased the surface crack
growth and prolonged the residual fatigue life of cracked models. For instance, without
reinforcement, the PE-1(3) specimen only has a residual fatigue life of around 30,000
cycles start from the crack depth a = 6.02 mm to the crack depth a = 10.8 mm. While
using eight layers of CFRP laminates to reinforce the surface cracked pipe at the same
statue (a = 6.02 mm) has prolonged the residual fatigue life for around 4.5 times.

The predicted residual fatigue lives using the analytical approach 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).

The results shown the FEA performed better than the analytical approach over the
crack depth prediction, maybe owes to the mixed-mode traction-separation model.
However, the analytical approach worked better than the FEA over the crack length
evolvement because of its consideration on the fatigue damage within the FRP-to-steel
interface. This consideration contributed to a better prediction over the variation of the
aspect ratio as well, indicated by Figs. 19.9c—19.11c.

19.5.3 Interfacial bonding condition

The interfacial bond condition along with the surface crack growth is analyzed. Crack
sizes were extracted from the experimental specimen of PE-1-R(3) from the beginning
of the crack growth to a larger crack size before penetrating the pipe wall. Each adja-
cent crack size has an interval of 10,000 cycles. The FE model in this part is in accor-
dance with the FE models reinforced with four layers of CFRP. The interfacial bond
conditions of models with different crack sizes, represented by the SDEG value, are
shown in Fig. 19.12. It was only until the crack grew to a relatively large size
(a =9.3 mm, ¢ = 10.2 mm) did the interfacial stiffness began to decrease, showing
the maximum SDEG value reached 0.346. Then the maximum SDEG value slightly
grew to 0.36 when the crack grew to the largest size, and the area of stiffness degra-
dation expanded with a relatively low value.

The analytical approach was able to predict the maximum traction stress (ag)
marked with solid lines, and the real-time traction stress (o) applied on the crack sur-
face, 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, as shown in Fig. 19.13. The results demon-
strate 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 (¢ = 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 effi-
ciency of FRP reinforcement, PE-1-R45 quickly reaches its peak of traction stress of
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19.13 Peeling stress on the three FRP reinforced models, predicted by the analytical approach.

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 from 168.3 to 323.8 mm with five different
wall thicknesses from 10.97 to 21.95 mm are studied: five incremental pipe wall thick-
ness has been discussed with D = 168.3 mm, while four incremental external diameter
has been analyzed with # = 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).

19.5.4 FEA validation on the analytical approach

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=598mm and ¢ =7.12 mm is employed for the analysis. The SIF reduction
at the surface point (Kg) resulting from the introduction of FRP reinforcement using
the same wrapping scheme as the PE-1-R model is calculated and compared with the
available FEA results [33], as summarized in Table 19.7. The obtained results
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Table 19.7 Configurations of steel pipe models with different dimensions, and the results of the
SIF decrease

Model | D t Kip reduction | Kip reduction | Difference between
No. (mm) | (mm) | (ANA) (%) (FEA) (%) ANA and FEA (%)
1 168.3 | 10.97 | 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 04
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

demonstrate a close agreement between the analytical predictions and the FEA predic-
tions, with minor differences ranging from 0.4% to 5.7%. This validates 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 effectiveness of FRP reinforcement in reducing SIFs in surface cracked

pipes.

19.6 Conclusion

Upon the comprehensive investigation and analysis through experimental, FEA, and
analytical approaches, the following conclusions can be drawn based on the results
from the three approaches:

* FRP performed more efficiently on reducing the fatigue crack growth rate along the length
direction than along the depth direction, resulting in the increase of the preferred aspect ratio,
owing to the crack-bridging effect.

* The FEM is able to accurately evaluate the SIF of the external surface crack in the FRP
repaired metallic pipes subjected to cyclic bending, by considering the crack-bridging effect
and the interfacial bond condition.

* The analytical approach managed to take critical factors including crack-bridging effect,
stiffness degradation, and fatigue failure of the FRP-to-metal interface simultaneously.

* 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.

This research incorporates into pipe repairing standards such as ASME PCC-2 [47]
and BS EN ISO 24817:2015 [48], as it offers a robust framework for guiding effective
FRP reinforcement design and implementation, as well as offering an accurate
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evaluation on the postrepair residual fatigue life. Detailed information for the experi-
mental approaches can be reached at Ref. [16,34]. In addition to the external surface
cracks, surface cracks on the internal surface has been investigated through FEA
[19] and the analytical approach [49] as well. In addition, parametric studies has
been conducted for the quantitative analysis of the reinforcement schemes and on a
wide range of pipe dimensions [19,33]. All these studies present a relatively complete
study on using the FRP to repair surface cracked metallic pipes [50].
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