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ABSTRACT

In this paper, we implement the combined method of drilling stop hole and FRP reinforcement to
repair cracked steel plates subjected to cyclic tension. The crack initiation and growth are experi-
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mentally investigated. The stress distribution at the stop hole and the residual fatigue life are eval-

uated by the FEM. The effects on prolonging residual fatigue life are analyzed. The results show
that the effectiveness of only using the stop hole is limited, while the combined method has dra-
matically prolonged the residual fatigue life. The effect mainly owes to the increasing of the crack

initiation life from the stop hole.

1. Introduction

Fatigue crack is a common defect of steel structures after
long-term effects of varying loads and various environmental
factors [1]. If not timely and effectively treated, it might
eventually lead to structural fatigue failure. The emergence
of repair and reinforcement technology provides a new way
of solving this problem. Compared to replacing damaged
structural parts, repair and reinforcement techniques have
great advantages both in terms of time and cost [2, 3].

The use of a crack stop hole at the crack tip is one of the
most commonly used techniques of temporary control. In
past a few decades, engineering application of crack stop
hole has been studied by many scholars [4, 5]. The results
showed that a reasonable design of the shape, size and pos-
ition of the crack stop hole can effectively decrease crack
growth rate and increase the residual fatigue life. However,
when the crack stop hole is processed at the fatigue crack
tip, the mechanical strength of the original structure is
weakened and a new fatigue-prone area is created. More
importantly, when the crack is initiated from the edge of the
crack stop, the rate of expansion of the new crack does not
change as a result of the presence of the stop hole [6].

As a composite material, fiber reinforced polymer (FRP)
material has a high strength-to-weight ratio, good corrosion
resistance as well as fatigue performance, and can be proc-
essed into almost any desired shape. In the past few years,
the reports on the influence of structural defect size [7, 8],
properties of adhesives [9, 10] and FRP bonding method
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[11-13] on reinforcement effect indicated the great potential
of using FRP to reinforce structures. However, this method
does not eliminate structural damage, and the crack propa-
gates directly on the original defect after reinforcement.

The crack stop hole alleviates the stress concentration at
the crack tip to prevent or postpone the extension of the crack
[14] while the FRP reinforcement method realizes the same
function by compensating for the mechanical strength caused
by the structural loss. Reddy et al. [15] showed that the com-
bination of the stop hole and the FRP reinforcement can syn-
ergize the advantages of the two methods. Alemdar et al. [16]
analyzed the effects of different reinforcement parameters on
crack growth rate, but did not consider the initiation stage of
new cracks. Overall, the existing literatures mainly focused on
the crack growth rate after reinforcement; while, the crack ini-
tiation and propagation after reinforcement has not been
studied. Studying the fatigue performance of the structure
repaired by the two methods simultaneously can improve the
application confidence of the FRP reinforcement technology
on one hand, and provide some guidance for practical engin-
eering applications on the other hand.

Given that, in this paper, the combined two methods are
implemented to repair the cracked steel plates subjected to cyc-
lic tension. The stop holes are made in the cracked steel plates at
different stages with different crack lengths. Then the FRP
reinforcement is applied on the specimens, either on one side or
on both sides. In Section 2, an experimental study is conducted
on the specimens repaired only by stop hole, or by both meth-
ods on different crack lengths. In Section 3, the finite element
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Figure 1 Specimen geometry: a) sample size and CFRP paste area: (b) fatigue
crack and crack stop-hole size: (c) cross-section view of the specimen.

(FE) analysis is performed to analyze the stress distribution at
the stop hole and the residual fatigue life. Note that besides the
FE method, which requires very fine meshes around the crack
front area, in recent decades, robust meshless techniques for
fracture analysis of steel structures and composite structures
gained huge popularities [17-19]. While in this paper, the trad-
itional FE method is adopted, mainly considering the need of
evaluating both the crack initiation and propagation. Section 4
discusses and analyses the experimental and numerical results.
Finally, the conclusions are drawn in Section 5.

2. Experimental study
2.1. Material properties

The cracked steel plate specimens are repaired only by the
stop hole, or with the FRP as well (see in Figure la), con-
taining four different materials: the steel substrate, Glass-
FRP (GFRP), Carbon-FRP (CFRP), and adhesive. Stainless
steel of Q235B conforming to GB/T 700-2006 code [20],
which has a yield stress of 235MPa, and tensile stress of
400 MPa, has been used as the steel substrate. The elastic
modulus and passion ratio of the steel is 2.10 x 10° MPa
and 0.274, respectively. The E-glass fiber weave material was
applied as the GFRP laminate, while T700 series unidirec-
tional carbon fiber was used as the CFRP material. Their
material properties are listed in Tables 1 and 2, respectively.
The adhesive adopted the resin epoxy conforming to the
code GB/T 2567-2008 [21], which material properties are
listed in Table 3. Note the material properties are all pro-
vided by each corresponding manufacturer.

2.2, Specimen manufacturing

The specimen manufacturing contains four main steps: notch
manufacturing, pre-cracking, stop hole making, and the FRP
reinforcement. First, a triangular shaped notch was manufactured
for the sake of generating fatigue cracks. The detail and the size of
the notch is shown in Figure 1b. Then the pre-cracking procedure
was conducted to initiated fatigue cracks from the notches [22].
The importance of the pre-cracking is to provide a sharpened
fatigue crack of adequate size and straightness which ensures that:
1) the effect of the machined starter notch is removed from the
specimen Stress Intensity Factor (SIF)-calibration, and 2) the
effects on subsequent crack growth rate data caused by changing
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Table 1. Material properties of GFRP.
E; (Pa) E; (Pa) T (Pa) G5 (Pa) Gy3 (Pa) Nus,
72 x 10° 72 x 10° 1.1 x 10° 4.7 x 10° 3.5 x 10° 0.33

Note: E is the tensile elastic modulus, T is the tensile strength, G is the shear
modulus, and Nu is the Poisson’s ratio.

Table 2. Material properties of the Toray 700S CFRP material.

E; (Pa) E, (Pa) T (Pa) Gz (Pa) Gy3 (Pa) Nuy,
230 x 10° 25 x 10° 4.9 x 10° 5.5 x 10° 3.0 x 10° 033
Note: T, is the tensile strength along the main direction.

Table 3. Material properties of resin epoxy.

E (Pa) T (Pa) G (Pa) Nu
2.8 x 10° 30 x 10° 1.05 x 10° 035

crack front shape or pre-crack load history are eliminated. In add-
ition, the basic regulation is the crack growth rate during the pre-
cracking procedure should be below 1078 m/cycle [22], and
ASTM E2899 suggested the two-step pre-cracking procedure that
the SIF at the first 50% should be smaller than 30MPa - m'/2, and
at the second 50% smaller than 25MPa - m'/? [23]. Hence, in this
experimental investigation, we conducted two stages of the pre-
cracking on the fatigue machine: the first stage adopted 80% yield
stress as the load amplitude of the constant amplitude sinusoidal
cyclic loading, while the second stage adopted 40% yield stress,
respectively. Note that both of the two stages were under the load
ratio equals to 0.1. During each stage, tensile fatigue load was
applied on the specimens. Eventually, the crack initiated from the
notch and propagated more than 1.0 mm. Then the size of each
fatigue crack after the pre-cracking procedure was regarded as the
initial crack size.

Afterwards, the cracked steel plates were repaired by
drilling stop holes, following the CECS 77:96 standard [24].
The stop hole is manufactured along the extension line of
the fatigue crack. The distance L between the crack tip and
the stop hole, as well as the diameter of the stop hole R, are
4 mm, as shown in Figure 1b.

Thereafter, the specimens were reinforced with the FRP lam-
inates on either one or both sides of the steel plates by hand
lay-up technique. The FRP laminates were bonded in the mid-
dle of the specimen, as shown in Figure la. In light of the gal-
vanic corrosion between CFRP laminates and steel substrate,
one layer of GFRP laminate was adopted as the first layer of
the FRP reinforcement, as shown in Figure 1lc. The reinforce-
ment procedure contained the surface preparation, cleaning,
composite laminates pasting. Each two adjacent layers were
bonded together by the adhesive. Finally, the FRP laminates
were compressed by a large mass in order to squeeze redundant
resin epoxy and eliminate the bubbles in the interlaminations,
as well as to let each laminate bonded tightly. Then the speci-
mens were placed at room temperature for solidification of one
week, in order to achieve the optimum bond condition.

2.3. Specimen configurations

The steel plate is 400 mm long, 80 mm wide, and 8.0 mm thick.
The width of each GFRP and CFRP laminate equals to 70 mm,
and the length of each FRP laminate is 150 mm. The thickness of
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Table 4. Specimens’ configurations and FRP reinforcement details.

Group Specimen do (mm) Repair method FRP reinforcement method No. of CFRP layers
H1 C16-H-1 16.0 Stop hole / /
C16-H-2 16.0 Stop hole / /
H2 C22-H-1 220 Stop hole / /
C22-H-2 22.0 Stop hole / /
H3 C28-H-1 28.0 Stop hole / /
C28-H-2 28.0 Stop hole / /
HS1 C16-HS-1 16.0 Stop hole and FRP reinforcement Single side 4
C16-HS-2 16.0 Stop hole and FRP reinforcement Single side 4
HS2 C22-Hs-1 220 Stop hole and FRP reinforcement Single side 4
C22-HS-2 220 Stop hole and FRP reinforcement Single side 4
HS3 C28-HS-1 28.0 Stop hole and FRP reinforcement Single side 4
(28-HS-2 28.0 Stop hole and FRP reinforcement Single side 4
HD1 C28-HD-1 28.0 Stop hole and FRP reinforcement Double side 4
C28-HD-2 28.0 Stop hole and FRP reinforcement Double side 4x2

Cyelic tension force

400
150

Plate specimen

—————____Fixed support

a

Figure 2. Specimen installation: a) the schematic; b) the actual specimen installation.

each layer of GFRP and CFRP laminate are 0.35 mm. Each FRP
reinforced specimen applies one layer of GFRP as the first layer,
and several layers of CFRP laminate on top of that, as shown in
Figure 1c. The configuration of the specimens and reinforcement
details are listed in Table 4. In total, seven groups of 14 specimens
were prepared. Each group contains two repetitive specimens.
Group H1, H2, and H3 are three groups with different initial crack
sizes repaired by stop holes. Groups HS1, HS2, and HS3 are the
three corresponding groups to the previous groups while adopts
both the stop hole and the single-side FRP reinforcement method.
Group HDI1 is the group corresponding to group HS3 while
applies the FRP reinforcement on both sides. The name of the
specimens in Table 4 represents the crack size, reinforcement
method and its repetitive number. Take ‘C16-HS-1’ as an
example, ‘C16" means crack length is 16 mm, ‘HS’ represents the
stop hole and the single-side FRP reinforcement, the number ‘1’
stands for the No. of the repetitive specimen.

2.4, Test set-up

The fatigue tests were conducted under constant amplitude
sinusoidal cyclic loading, generated by MTS Hydraulic

Actuator, which has a capacity of 250kN. The schematic of
test setup and the real test setup is shown in Figure 2. Two
edges of each tensile specimen were clamped by a pair of
hydraulic clamps, positioned horizontally on the fatigue
machine. The load was applied in tension condition to
ensure a pure tension statue for the plate specimen. Note
that the fatigue test follows the code of ASTM E647 [22].

All the fatigue tests were conducted at room temperature
and air environment under load control condition. The loading
frequency was set as 15.0 Hz. The load ratio maintained 0.1 for
the crack growth process of all tests. The crack growth process
was recorded by Beach Marking technique by means of chang-
ing the load ratio from 0.1 after every 8,000 cycles to 0.55 for
4,000 cycles, as described in Figure 3. Each test ended automat-
ically once the tensile specimen fractured and trigger the dis-
placement limiter of the fatigue machine.

2.5. Test phenomena

When only using the stop hole to repair the cracked steel
plate of ‘C16-H-1" which has a 16.0mm crack length, three
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Figure 3. The load spectrum and beach mark generating procedure.

regions of crack propagation were clearly observed from the
specimen cross section: the crack initiation zone (A), the
stable cracking area (B) and the fast facture zone (C), as
shown in Figure 4a. While for the specimen of ‘C28-H-1’
which crack length is already 28.0 mm, the crack grew rap-
idly to fracture with no beach marks recorded on the cross-
section, as shown in Figure 4b.

In light of the specimens of which used the two repair
method, i.e., drilling stop hole and the FRP reinforcement, three
failure modes were observed for the single-side FRP reinforced
specimens after each test: the interfacial failure, cohesion failure,
and the FRP rupture. Figure 5a shows the rupture of both the
GFRP and CFRP laminates, while some of the FRP laminates
were stick on the steel substrate, the other FRP filaments were
debonded as a whole from the steel substrate. Figure 5b shows
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the FRP laminates entirely debonded from the steel substrate.
Meanwhile, the adhesive partly remained on the steel substrate.

3. Finite element analysis

The experimental study in Section 2 focuses on the crack
initiation and crack growth of the steel plates repaired by
the stop hole and the FRP laminates. In this section, we
develop a three-dimensional FE model for analyzing the
stress distribute at the stop hole, evaluating the crack initi-
ation life and crack propagation.

3.1. Modeling strategy

The FE modeling and analysis are conducted in the com-
mercial software ABAQUS 2019. FE models of the cracked
steel plate models repaired only by stop hole, or with the
FRP reinforcement as well, are shown in Figure 6. The
materials, dimensions, and load condition of the FE models
are identical to the experimental specimens. Conforming to
the test specimens, the thickness of each layer is 0.35mm.
The thickness of the adhesive is 0.1 mm. Then the crack
path is assigned at the middle of the model, along the width
direction, as shown in Figure 6a. Fixed support is assigned
at one edge face of the model, while tensile force is assigned
at the other edge face of the FE model, as shown in
Figure 6b. The crack tip and the stop hole are modeled and
meshed as concentric cycles, as indicated in Figure 6c.

C16-HS-1

C16-HS-2

Figure 5. Failure modes of single-side reinforcement: a) FRP rupture; b) interfacial debonding and cohesion failure.
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Crack / @),

Crack tip

Stop hole

Figure 6. The FE model and global meshing condition of the cracked steel plate reinforced with FRP.

The modeling strategy (e.g. element type, meshing method,
element size) has been discussed through the sensitivity analysis
in previous studies to verify the FE model [25]. The steel pipe
excludes the crack front region, as well as the composite lami-
nates, apply the 20-node quadratic brick element C3D20R, while
the crack front area adopts the 15-node quadratic triangular
prism element C3D15. The interface between the steel substrate
and the FRP laminates is modeled through the Cohesive Zone
Modeling (CZM) using the 8-node three-dimensional cohesive
element COH3D8, which is based on the bi-linear traction-sepa-
ration law. The constraints of FRP-adhesive-steel interactions
are set as tie. The areas excluded the cracked area was meshed
using hexahedral element by the sweeping method, while the
cracked area around the crack tip is meshed using the wedge-
shaped elements. The element size is set as 20mm in order to
provide robust and accurate results. Finally, the SIF of the crack
is evaluated through the contour integral method.

The adhesive layer adopts the resin epoxy, which mech-
anical properties are listed in Table 3. In addition, a trac-
tion-separation behavior, as shown in Figure 7, is integrated
into the adhesive layer to simulate the interfacial bond con-
dition, using the CZM. The properties of the traction-sepa-
ration model is listed in Table 5. The values are calculated
by the method in Ref. [26], as indicated from Equations (1)
to (5). G. is evaluated as

0.56
T
G. =31 (6) 1,047, (1

T (MPa)
To
k
Go

0 50 5 (mm)
Figure 7. The bi-linear traction-separation law.
Table 5. The properties of the traction—-separation model.
70 (MPa) do (mm) d (mm) k (MPa/mm) G (N/mm)
18 0.00386 0.252 4663 2.268

where T is the tensile strength, as indicated in Table 3. The
shear strength is estimated as

70 =08-T, 2)
and 6, is calculated as
1T
by =" (3)

where t, is the adhesive thickness, and G is the shear modu-
lus of the adhesive. ¢ is calculated as



0=—o1, (4)
To
The slope of the ascending part is equated to the shear
stiffness of the adhesive layer, which is
To
k= 5 (5)
In Table 5, 17y is the shear strength, J is the displacement
when interfacial failure occurs, dy is the displacement corre-
sponding to 7y, k is the shear stiffness, G. is the energy
release rate. The interfacial stiffness starts to degrade when
the value of the peeling stress exceeds 79. The degree of the
degradation is represented by the scalar stiffness degradation
variable (SDEG) from 0 to 1. The interfacial stiffness com-
pletely vanishes when the SDEG reaches 1.0, representing
the occurring of the debonding failure. The effect of the
interfacial stiffness degradation on the SIF has been consid-
ered within the FE model. And then combining with the
Paris’s law, the crack growth rate is evaluated.

3.2. Crack initiation evaluation by the FE method

The crack initiation of high cycle fatigue evaluated by the
FE model is based on the S-N curve theory, adopting the
Basquin equation [27], which is,

AN = D (6)

where A and p are the coefficients related to the material
properties, stress ratio and the loading case. In this paper,
the values of A and p is estimated by Equations (7)-(11)

qoy, 0, < 1400 MPa

o= { 1400, 6, > 1400 MPa, @

where oy is the stress value when the initiation life N is
infinity, which is known as the fatigue limit, q is a coeffi-
cient equals to 0.35 when under cyclic tension, o, is the
material ultimate strength for brittle materials while is the
yield strength for ductile materials [28].

Assuming the stress value is 0.9, when N equals to 10°,
and the stress value increase to o; when N becomes 107,
then from Equation (6), we get

(0.90,)* - 10° = p (8)
o/t - 10° = p. )
Then by incorporating Equations (3) and (4), we get
A >
1g0.9 — Iggq
61g0.9 + 3(lgo, — lgg)
1g0.9 — lgg
Hence the S-N curve which is appropriate for the initi-
ation life between 10° and 10° is evaluated, where A =
7.314, and p = 1.02 x 10%.
In this subsection, the FE model simulated by ABAQUS is
combined with the professional software FE-SAFE [29] for

evaluating the crack initiation life, illustrated by the flowchart
in Figure 8 [31]. First, the stress results are evaluated by

(10)

p=I"

. (11)
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Mechanical Loading
model spectrum

I ABAQUS '—D‘ Stress results H FE-SAFE

I

Crack initiation
life

[+

S-N curve

Figure 8. Flowchart of combing ABAQUS and FE-SAFE to evaluate the crack ini-
tiation life [31].

Table 6. The fatigue properties of the steel.

Coefficient Value
Cycle strength coefficient (MPa) 999.76
Cyclic strain strengthening index 0.1992
fatigue strength exponent -0.08
fatigue ductility exponent -0.462
Fatigue ductility coefficient 0.1559
Fatigue strength coefficient (MPa) 630

Initial a, at Ny

l

Evaluate AK;

A
Apply Paris law:
da/dN =C-(AKpD™

Assume reasonable
small AN

y

Calculate da

!

Update the crack size
a;1=a;+ da

Record
a; ateach N

Ifa;;; = 80 mm
1 False

Figure 9. The procedure of evaluating the crack growth process.

ABAQUS using the structural static analysis. Then the stress
data is imported into the FE-SAFE for evaluating the crack
initiation life, by setting the loading spectrum, S-N curve
coefficients. The fatigue properties for the evaluation in the
FE-SAFE are listed in Table 6, provided by Ref. [30].

3.3. Crack propagation evaluated by the FE method

The SIF of the crack is evaluated by the FE method. Then
combining the Paris’ law [32], the crack growth process can
be evaluated. Figure 9 shows the procedure of evaluating the
crack growth process. First, the range of the SIF, which is
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O Crack initiation region

O Crack initiation region 1

b O Crack initiation region 2

O Crack initiation region 3

Figure 10. Partial section of the specimens repaired only by the stop hole: a)
single point initiation; b) multi-point initiation.

AKj, is evaluate by the FE method, based on the input crack
length a and initial cyclic number N,. Then the crack
growth rate da/dN is evaluated by the Paris’ law. After that,
by assigning a small amount of cyclic number AN, the cor-
responding crack increment Aa is obtained. Thereafter, we
get a new crack length g; with the corresponding N;.
Repeating the process until a equals or exceeds the width of
the plate, then finally we obtained the dataset of crack
length-cyclic number.

4. Results and discussion

In this section, the experimental and FE results in terms of
the total fatigue life, crack initiation life, crack growth pro-
cess, possible failures between the FRP laminates and the
steel substrate are presented and analyzed.

4.1. The location of crack initiation from the stop hole

The crack initiated from multiple regions from the stop hole
of two repetitive specimens that were repaired only by the
stop holes, as shown in Figure 10. It can be seen that in
most cases, the cracks were initiated from the middle areas
of the stop hole’s surface rather than the surface of the steel
plate. The crack initiated and propagated in ‘C16-H-1" from
one region as curve shaped (see in Figure 10a), while the
cracks in ‘C16-H-2° shown in Figure 10b initiated from
three different regions and they finally merged into a larger
crack. In general, the crack in ‘C16-H-2" grew faster than
the crack in ‘C16-H-1’, which means the multi-crack initi-
ated from the stop hole grows faster than single-crack initi-
ation at the early stage.

The crack initiation location on the single-side FRP rein-
forced specimens had an obvious difference to the speci-
mens without FRP reinforcement, as shown in Figure 11. In
all cases, the cracks initiated from the un-reinforced surface
of the steel plate, due to the higher stress concentration.
Then the crack propagated as a corner elliptical crack and
continually propagated to a through-thickness crack. In this
case, the FRP has significantly prolonged the fatigue life

Crack initiation region Cracking plane

C16-HS-2

Unreinforced side

Crack initiation region

Crack initiation region

Figure 11. Partial section of a single-side FRP reinforced specimens: a) crack
length 16 mm; b) crack length 22 mm.

Crack initiation region Cracking plane

Crack initiation region

‘Weak reinforced side

Crack initiation region

Weak reinforced side

Figure 12. Partial section of double-side reinforced specimens: (a) C28-HD-1 (b)
(C28-HD-2.

from crack initiation till penetrating the wall thickness.
Figure 11b shows that the ‘C22-HS-2’ with a longer crack
length, grew much faster than the crack in ‘C16-HS-2’ (see
in Figure 1la)—nine beach marks were recorded on the
cross-section till penetrating the wall thickness, which repre-
sents 63,000 cycles for ‘C16-HS-2’, while only four beach
marks for ‘C22-HS-2" which represents 28,000 cycles under
load ratio equals to 0.1.

When using the double-side FRP to reinforce the speci-
mens, the cracks initiated around the middle area of the
stop hole surface, as shown in Figure 12. Compare with the
single-side FRP reinforcement in Figure 11, the double-side
FRP has significantly prolonged the fatigue life even with a
longer crack, indicated by the number of beach marks.

The FE results in Figure 13 clearly illustrate the distribu-
tion of the maximum principle stress (perpendicular to the
tensile load) at the stop hole. It shows that for the model
repaired only by the stop hole (Figure 13a) and the model
repaired by the stop hole and the double-side FRP reinforce-
ment (Figure 13c), the maximum stress value is located at
the middle of the inner surface of the stop hole, as indicated
by Figure 14. This makes the cracks initiated from the mid-
dle area of the inner surface of the stop hole, as shown in
Figures 10 and 12, respectively. Note the results of the max-
imum principle stress in Figure 14 are extracted from the
nine nodes along the black arrow inside the stop hole, indi-
cated by Figure 13b along the black arrow. Figure 13 also
shows the double-side reinforcement has significantly
decreased the maximum stress value from 1584 MPa to
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Figure 13. The illustration of the maximum principle stress at the stop hole evaluated by the FE method: a) C28-H; b) C28-HS; c) C28-HD.
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Figure 14. Maximum principle stress at the points along the inner surface of
the stop hole.

323 MPa, of 79.6%, resulting in the significant increasing of
the initiation life, as indicated in Table 6. For the model
repaired by the stop hole and the single-side FRP reinforce-
ment (Figure 13b), the location of the maximum stress shifts
from the middle point to the surface point of the reversed
side of the reinforced surface, and the value decreased to
1143 MPa, of 27.8%.

4.2. FRP-to-steel interface bond condition

The results of the bond conditions of different models when
the crack reached 56 mm (10 mm propagation from the stop
hole of the C28-HS and C28-HD models) are shown in
Figure 15, where the number index represents the SDEG
value of the contact interface. The results show that none of
the SDEG value of the specimens reached 1.0, meaning that
the bond between the FRP laminates and the steel substrate
have not completely failed. However, the values of the
SDEG that are very close to 1.0, indicating that serious stiff-
ness degradations have already occurred seriously. The com-
parisons between Figure 15a and 15b, as well as Figure 15¢
and 15d, show the stiffness degradation of the single-side
FRP reinforced models is more serious in terms of the area
and the degree of the degradation. The comparisons
between the Figure 15a and 15c, as well as Figure 15b and
15d shows the crack propagation from the stop hole has fur-
ther aggravate the degradation around the stop hole and

along the crack growth path. Overall, the crack propagation
and the stop hole have induced the serious stiffness degrad-
ation at the FRP-to-steel interface, while debonding failures
have not occurred.

The SDEG variation along with the increase of the
applied stress, indicated by the SDEG vs. remote stress curve
of C28-HS with a 10 mm crack initiated from the stop hole
as an example (corresponding to Figure 15b), is shown in
Figure 16. The figure shows the stiffness degradation occurs
when the remote stress reaches nearly 20 MPa, and quickly
increases along with the increase of the remote stress. Then
the SDEG grows slower along with the remote stress, until it
reaches its maximum of 0.992 with the maximum remote
stress of 90.48 MPa.

4.3. Results of the fatigue life

For a cracked plate with a stop hole, its cross-section con-
tains four parts: part A is the precracking area, part B is the
unbroken part near the front end of the stop hole, part C is
the stop hole, and part D is the crack growth area follows
the stop hole, as shown in Figure 17a. Here we define the
fatigue life of a specimen as the sum of the crack growth
cycles in part B, crack initiation life from the stop hole, i.e.,
part C, and the crack growth cycles in part D. During the
fatigue test, the fatigue machine recorded the total fatigue
life of the specimen. Besides, the fatigue life of part B and
part D is recorded by the beach marks (see in Figure 17b).
Thus, the initiation life of part C can be obtained by sub-
tracting the fatigue life of part B and part D from the overall
fatigue life.

Since the crack growth process recorded by the beach
marking technique using the variable load ratio of 0.1 and
0.55, where the beach marks only record the crack growth
process under the load ratio of 0.1. The cyclic index within
the crack growth process under the load ratio of 0.55 is
included by the August Wohler’s formula [33], which is

C = N(Ag)", (6)

where Ao is the stress amplitude of the cyclic load, and N is
the cyclic index. Then through Equation (1), the equivalent
number of cycles can be calculated as:

Ny = Nz(Aﬁz/Aal)m, (7)

where Nj, is the equivalent number of cycles during the
beach marking period, N, is the actual number of cycles



3654 . Z.LIU ET AL.

(Avg: 75%)
o +9.958e-01
- +9.128e-01
+8.298e-01
+7.468e-01
+6.638e-01
+5.80%9e-01
+4.97%e-01
+4.14%e-01
+3.31%e-01
+2.48%e-01
+1.660e-01
+8.298e-02
- 40.000e+00

C

(Avg: 75%)
o +9.920e-01

+9.093e-01
+8.267e-01
+7.440e-01
+6.613e-01
+5.787e-01
+4.960e-01
+4.133e-01
+3.307e-01
+2.480e-01
+1.653e-01
+ +8.267e-02
- +0.000e+00

d

Figure 15. Bond conditions of C28-HS: a) with stop hole, ¢) with stop hole and crack propagating 10 mm from the stop hole; and C28-HD models: b) with stop

hole, d) with stop hole and crack propagating 10 mm from the stop hole.

0.9 - _ -
0.8 e’

0.7 - .

0.6 - ;

0.5 -
0.4 .
0.3 -
0.2 -
0.1 -

0 T
0 10

SDEG

.

0 30 40 50 60 70 80 9
Remote stress (MPa)

Figure 16. FRP-to-steel interface bond conditions of C28-HS: the SDEG vs.
remote stress curve of C28-HS with a 10 mm crack from the stop hole.

(3%

(a)

A B C D
A B c D

Figure 17. Specimen cross-section: a) different parts divided on the cross-sec-
tion; b) beach marks recorded on the cross-section.

beach marking period, Ag; is the maximum stress amplitude
during the crack propagation process, and Ao, is the stress
amplitude of the beach marking load. Thus, the total fatigue
life of each specimen was obtained, as listed in Table 7.
Note the initiation life is defined as the cyclic numbers till
the appearing of the first beach mark from the stop hole.
Thus, the initiation life of different specimens in the same
group (e.g., C16-HS-1 and C16-HS-2) can be the same.

Figure 18 compares the fatigue life of the specimens
using different reinforcement strategies. It indicates that the
single-side FRP reinforcement has significantly prolonged
the fatigue life of specimens with 16 mm crack length (C16-
HS), of averagely 4.81 times more than the specimens that
only using the stop hole (C16-H). While when using the
FRP to repair the specimens with 22 mm length crack only
prolonged the fatigue life of 1.33 times. Although less fatigue
life was obtained when using FRP to reinforce even longer
crack with 28 mm length, the reinforcement prolonged the
fatigue life of averagely 2.90 times. Applying the double-side
reinforcement is much more efficient than the single-side
reinforcement. The ‘C28-HD-1" has dramatically increased
the fatigue from averagely from 14,293 cycles to 384,116
cycles, or 25.88 times than the specimens which only
repaired by the stop hole. The double-side reinforcement
has also prolonged the fatigue life 8.89 times more than the
single-side FRP reinforcement.

Figure 19 shows the initiation life, crack propagation life
and the ratio of initial life versus crack propagation life,
respectively. The single-side FRP reinforcement prolonged
the initiation life of ‘C16-H-1" of 6.67 times, while the crack
propagation life of 3.07 times. Similar results were obtained
for specimens with crack length of 22 and 28 mm: 2.09
times and 0.87 times prolongation of initiation and propaga-
tion of ‘C22-H-1’, respectively, and 4.85 times and 2.06
times prolongation of initiation and propagation of ‘C28-H-
I’, respectively. While using double-side FRP reinforcement
of ‘C28-HD-1" prolonged the initiation life of ‘C28-H-1" of
58.67 times, and the crack propagation life of 10.02 times.
Figure 19c¢ shows the ratio of the initial life to the total
fatigue life, from which it can be found that the FRP
reinforcement significantly increases the proportion of the
initial life. It indicated that the single-side FRP reinforce-
ment increased the proportion of initiation more than the
crack propagation. The double-side FRP reinforcement
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Table 7. Experimental results of total fatigue life of each specimen (converted to cyclic numbers under load ratio under 0.1).

Initiation life Crack propagation life Total fatigue life
Specimen no. (cycles) Proportion of initiation life (%) (cycles) Proportion of crack propagation life (%) (cycles)
C16-H-1 25,629 48.4 27,306 51.6 52,935
C16-H-2 16,543 48.4 17,629 51.6 34,172
C16-HS-1 161,774 63.4 93,461 36.6 255,235
C16-HS-2 161,774 64.4 89,415 35.6 251,189
C22-H-2 16,543 411 23,678 58.9 40,221
C22-H-2 8,000 31.2 17,629 68.8 25,629
C22-HS-1 42,172 46.8 47,910 53.2 90,082
C22-HS-2 33,629 533 29,430 46.7 63,059
C28-H-1 5,145 311 11,398 68.9 16,543
C28-H-2 3,429 285 8,613 715 12,042
C28-HS-1 25,086 46.0 29,471 54.0 54,557
C28-HS-2 25,086 441 31,813 55.9 56,899
C28-HD-1 307,005 71.0 125,625 29.0 432,630
C28-HD-2 238,661 711 97,041 289 335,702
45 composite laminates are excluded in this research. Hence,
40 the LOGLife data for these layers should be ignored. Hence,
35 the fatigue life N therefore can be evaluated by
- 351
& 304 N = 10“. (8)
<+
o
X 297 The crack initiation results of all FE models are listed in
> 20- Table 8, with a comparison with the experimental results.
g p p
~ The maximum error occurs at the C28-H model, which has
=3 15_
g" a very short initiation life, of —18.8%. While the minimum
k107 error occurs at the C16-HS, of only —2.4%. In general, the
5 - FE results have a good agreement with the experimental
results. The experimental results in Figure 18 lack the
. HS HS _H__HS HD ioue li ;
T — o fatigue life results of C16-HD and C22-HD specimens, the

Figure 18. The total fatigue life of each specimen.

increased the initiation life proportion of 71%. That means
the fatigue life prolongation mainly owes to the extension of
the initiation life. The crack propagation life plays an
important role as well.

Here Figures 20 and 21 show the numerical results of the
fatigue life, evaluated by the FE model in Section 3.2.
Figure 20 indicates the LOGLife data (the logarithm of
fatigue life) for the whole double-layer FRP reinforced
model, indicating the minimum value locates at the middle
area of the stop hole’s inner surface, which is w = 3.505.
Based on the fact the bond interface and the composite lam-
inates are not influence by the fatigue loads [34], therefore,
the fatigue performance of the FRP-to steel interface and the

numerical results, therefore, can be used as a supplement to
compare the reinforcement effectiveness on different
crack lengths.

Together with the numerical results of the crack propaga-
tion life evaluated by the FE method, the overall fatigue life
of all FE models is shown in Figure 21. The figure clearly
illustrates that repairing the cracked specimen at an early
stage undoubtedly acquires the longest residual fatigue life.
In addition, double-side FRP reinforcement performs signifi-
cantly more effective than the single-side reinforcement at
any stage. Taken the C28 models as an example, the residual
fatigue life of the double-side reinforced model is 30 times
more than the model only repaired by the stop hole, com-
pared to the single-side reinforced specimens of only
4 times.
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Figure 19. Fatigue life of all specimens: a) initial life; b) crack propagation life; ¢) the ratio between the initiation life versus total fatigue life.
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(a) The FRP reinforced model with stop hole

Figure 20. Numerical results of the crack initiation life.

Table 8. The comparison between the experimental results and the numerical
results of crack initiation life.

Specimen/model Test results (N) Numerical results (N) Error
C16-H 21,086 18,614 -11.7%
C16-HS 161,774 157,971 -2.4%
C16-HD - 522,336 -
C22-H 9,341 8,089 -13.4%
C22-HS 37,900 34,897 -7.9%
C22-HD - 350,671 -
C28-H 4,287 3,479 -18.8%
C28-HS 25,086 26,658 6.3%
C28-HD 272,833 308,638 13.1%
100
m Initiation life

i 80 W Propagation life
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Figure 21. Numerical results of the fatigue life of all FE models.

5. Conclusions

Fatigue crack growth is a serious threat to the structural integ-
rity of metallic structures. Critical cracks need to be repaired
instantly in order to avoid more serious failures. In this paper,
both the drilling stop hole technique and FRP reinforcement
are applied to repair the edge cracked steel plate subjected to
cyclic tension. The residual fatigue life, including crack initi-
ation and propagation, have been studied by experimental and
numerical approaches. The following conclusions can be drawn:

1)  The effect of applying the drilling stop hole technique
to prolong residual the fatigue life of the edge cracked
steel plate subjected to cyclic tension is limited. While

(b) The cross-section view

(c) The inner side of the stop hole

combining the FRP reinforcement method can signifi-
cantly enhance the repairing effectiveness. In this study,
the experimental results shown that combining the dou-
ble-side FRP reinforcement has prolonged the residual
fatigue life of the 28 mm cracked specimen (C28-HD-1)
of 25.15 times than the specimen only repaired by the
stop hole (C28-H-1): 58.67 times on crack initiation and
10.02 times on the crack propagation.

2)  Repairing the cracked plate as early as possible is rec-
ommended in order to achieve an optimum repairing
effectiveness. The single-side FRP reinforcement per-
formed much less effective on the 28 mm crack than
the 16 mm crack. While the double-side FRP reinforce-
ment was still highly effective on longer cracks.

3) Combining the double-side FRP reinforcement with
the stop hole performed the best among all reinforce-
ment methods, which have dramatically increased the
initiation life from the stop hole and decreased the
crack growth rate initiated from the stop hole.

4)  The effect of FRP reinforcement is mainly derived from
the increasing of the initiation life. In addition, the dou-
ble-side reinforcement has further promoted this effect.
As an example, the initiation life accounts for 71% of
the total fatigue life of ‘C28-HD’ specimens. Its effect on
decreasing the crack growth rate performs as the second-
ary role. This is the reason that the combined methods
used in ‘C28-HD’ performed better than ‘C28-D’ which
uses the double-side FRP reinforcement solely.

5)  The single-side FRP reinforcement has changed the initi-
ation position of the fatigue cracks from the stop hole to
the opposite side of the reinforcement surface. The reason
is the single-side FRP reinforcement has shifted the max-
imum principle stress value from the middle point to the
surface point of the reversed side of the reinforced surface.
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