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In this paper fatigue crack growth in steel plates reinforced by using carbon fiber reinforced (CFRP) strips
is investigated from the experimental, numerical and analytical point of view. Single edge notched ten-
sion (SENT) specimens were strengthened with different reinforcement configurations and tested at a
stress ratio R of 0.4. Different initial damage levels were considered and the experimental results showed

that the reinforcement application can effectively reduce the crack growth rate and significantly extend
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the fatigue life. Numerical models (finite elements) were also developed to evaluate the stress intensity
factor (SIF) and the crack opening displacement (COD) profile. Based on the numerical results, an analyt-
ical model was proposed to predict the fatigue crack growth rate and the fatigue crack growth curves. The
analytical results are validated by comparing the fatigue crack growth curves to the experimental ones.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Problem statement

Fatigue failure is a very common failure mode for steel struc-
tures in the civil engineering field (e.g. road and railway bridges,
towers, tanks, pipelines and crane supporting structures). Fatigue
loading in stress concentration zones leads to nucleation and
growth of cracks. Old steel structures present then fatigue defects
that should be repaired in order to extend the relevant service life.
Additionally, structures need to be strengthened due to the loading
condition increment required by recent standards and guidelines.
Due to the above reasons, efficient repair techniques are required
to retrofit old steel structures subjected to repeated loading.
Traditional techniques such as welding or steel plate bolting are
not effective since they are time consuming and costly. Besides,
they often introduce new areas of stress concentration and
increase the self-weight of the structure.

All the disadvantages of the mentioned traditional repair tech-
niques can be mitigated by the use of composite materials such
as the carbon fiber reinforced polymers (CFRP). Such a reinforcing
strategy offers the possibility to overcome the existing problems
connected to the traditional reinforcing techniques. Despite the
higher material cost, due to the unique properties of composite
materials (low self-weight, high strength and stiffness and good
durability), the strengthening operation can be quickly realized
reducing the global rehabilitation costs.
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With specific reference to fatigue damaged structures, CFRP
reinforcements can reduce crack growth extending then the fati-
gue life acting in three different ways:

e By reducing the stress range around the crack tip.

e By reducing the crack opening displacement (COD); i.e. CFRP
materials bonded to the crack bridge the crack lips and moder-
ate the COD.

e By promoting crack closure; i.e. the reduction of the COD pro-
duced by crack patching promotes crack closure.

It is then clear that the patch stiffness plays a very important
role in the fatigue reinforcement of steel elements. High stiffness
reinforcing materials result, in fact, in a significant decrease of
the stress range around the crack tip and in a marked reduction
of the COD which promotes crack closure. Crack closure is also
emphasized by the eventual pre-stressing of the CFRP strips since
the compressive stresses reduce the stress ratio promoting crack
closure. Finally, the patch location also plays a role in the fatigue
life increment. On the other hand, high patch stiffness produces
high interface shear stresses promoting patch debonding or delam-
ination and reducing the reinforcement effectiveness.

The use of CFRP wraps and strips was recently suggested for the
reinforcement of steel structures [1-3]. Guidelines are also avail-
able [4,5] in order to help in the design of CFRP repaired steel struc-
tures. In particular, CFRP reinforcements significantly improve the
local structural response through a significant increment of the
local stiffness and strength. This is particularly appealing for fatigue
reinforcement, as shown by several research programs in the liter-
ature from the experimental, analytical and numerical point of view
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[6,7]. Comparative studies were also performed in Jiao et al. [8] to
estimate the effectiveness of different retrofitting techniques with
composite materials (pultruded CFRP strips and wet layup CFRP
sheets) to traditional welding repair. The fatigue life of beams
strengthened with CFRP plates or CFRP sheets was significantly
longer than that of beams repaired with welding method alone.
More recently, FRP materials were also used to repair welded joints
[9]. The effect of fatigue life enhancement was evident, indicating
that fatigue strength can be upgraded by using composite
reinforcements.

1.2. Scope of the research

In this work, crack growth of CFRP-strengthened steel plates is
investigated from the experimental, numerical and analytical point
of view. Single edge notched tension (SENT) specimens reinforced
on a single side by using CFRP strips are considered. In the litera-
ture, in fact, center cracked tension (CCT) is often used to investi-
gate the effectiveness of the fatigue strengthening by using
composite materials. This small scale specimen configuration is
representative of the real situation of a crack emanating from the
rivet hole of riveted steel elements, such as road or railway steel
bridges. Besides, other reinforcing configurations are worth of
investigation such as the crack emanating from the lateral side of
the tension flange of a steel beam under cyclic bending loading.
This arrangement can be efficiently investigated by using small
scale samples realized by SENT specimens. Additionally, the rein-
forcing material can be often applied, due to several reasons, just
to one side of the tension flange. Such a reinforcing configuration
is clearly un-symmetric and then the bending effect and the varia-
tion of the stress distribution and fracture mechanics parameters
through the thickness should be taken into account. Finally, the
use of reinforcing strips promotes the crack closure effect by
reducing the COD. This has a significant effect on the fatigue crack
propagation and fatigue life and it was not up to now in the
authors’ opinion adequately investigated in the literature. In order
to analyze the efficacy of the fatigue repair of the tension flange of
a steel beam, small scale experimental tests were performed at the
laboratory of the Politecnico di Milano. In particular, SENT speci-
mens were prepared and reinforced by using a single CFRP rein-
forcing configuration. The achieved fatigue crack growth curves
allowed investigating the reinforcement arrangement efficacy on
the crack propagation rate and then the fatigue lifetime.

1.3. Previous studies

Fundamental researches were focused on the effectiveness of
the fatigue reinforcement of steel plates strengthened by using
CFRP wraps and strips. Jones and Civjan [10] analyzed the fatigue
behavior of steel plates notched either from a central hole or from
the edges (double edge notched tension) with respect to the CFRP
system and bond geometry. The effects of one or two side rein-
forcements and of an application prior or subsequent to crack
propagation were also taken into account. Colombi et al. [11]
showed that the application of pre-stress bonded composite
patches is a promising technique to reinforce notched steel plates
damaged by fatigue. The application of CFRP strips and, eventually,
the pretension of the strips prior to bonding remarkably increased
the remaining fatigue life. Liu et al. [12,13] investigated the effects
of patch system, thickness, length, width, and patch configurations
on single- and double-sided repaired steel plates.

The prediction of the fatigue life of CFRP-strengthened steel
plates was studied by Liu et al. [13]. An analytical model was
developed to predict the fatigue behavior of steel plates repaired
by using composite materials. The analytical model was verified
by experimental results. In Wang and Nussbaumer [14], the

concept of fracture mechanics was extended to the fatigue crack
propagation of cracked steel plates reinforced by using a composite
patch. A formula connecting the stress intensity factor (SIF) to the
crack length of the repaired steel plate was first derived.
Thereafter, a fracture model for the fatigue crack propagation
was proposed and verified by test data. The effect of the CFRP strips
on the fatigue crack growth rate was also investigated in Colombi
[15]. In particular, a model capable to predict the effect of crack
closure on the fatigue life was developed. The effect of the CFRP
strip pre-tension level on the repair efficacy was also investigated.
Tsouvalis et al. [16] considered CCT specimens reinforced by a
CFRP patch on a single side. Results showed that the reinforcement
patches, despite their relatively low stiffness ratio, can effectively
extend the fatigue life by a factor of two. In several studies, the
fatigue behavior of notched steel members reinforced by using pre-
stressed CFRP laminates is considered. Prestressed reinforcements
were observed to be more effective in extending the crack growth
life [11,17,18]. Crack patching by prestressed CFRP strips produces,
in fact, supplementary benefits since the compressive stresses
introduced by prestressing the steel elements give rise to an addi-
tional reduction of the COD and emphasize the crack closure phe-
nomenon. More recently, fatigue tests by Wu et al. [19] revealed
that ultra-high modulus (UHM) CFRP plates are very effective for
the fatigue strengthening of cracked steel plates. Yu et al. [20] con-
sidered three different artificial crack lengths to simulate the effect
of increasing fatigue damage levels on notched steel plates with a
hole and two initial cracks in the center. The experimental results
showed that the CFRP patches could effectively slow down the
crack growth and extend the fatigue life. In Yu et al. [21] much
wider damage levels were considered. Different reinforcing mate-
rials (normal modulus and ultra-high modulus CFRP reinforce-
ment) were also considered together with two types of
reinforcing schemes. The output was that it is recommended to
adopt an early repair of the cracked steel plate. The effect of initial
damage and reinforcement configurations was also investigated by
Wang et al. [22]. Results showed that the repair efficacy was highly
dependent from CFRP thickness, initial crack length, reinforcement
arrangement and local debonding size.

A peculiar aspect of the CFRP reinforcement of steel structures is
that the adhesive layer is the weakest point of the system due to the
very high strength of the steel substrate. Reinforcement debonding
is then the dominant failure mode of strengthened steel member. In
particular for fatigue strengthening crack mouth, debonding plays
an important role as clearly demonstrated in [23-25]. The presence
of a debonded area in the crack tip region significantly reduces the
effectiveness of the reinforcement technique and should be taken
into account in the evaluation of the fatigue lifetime.

2. Experimental tests

The experimental program was conducted at the Materials
Testing Laboratory of the Politecnico di Milano. A total of 10 spec-
imens were prepared and tested. One unreinforced specimen was
used as control specimen, while 9 additional specimens were
tested to investigate the effects of reinforcement stiffness, rein-
forcement configuration and initial damage level. Specimens were
450 mm long, 50 mm wide and 8 mm thick. The geometry and
dimensions of the SENT specimens are illustrated in Fig. 1. The
specimens were machined with a side notch consisting of a slot
5 mm long and 0.20 mm wide (see Fig. 1). The slots were prepared
by electric discharging machining (EDM).

2.1. Specimen configurations

Different parameters, as the initial crack length when the steel
plate is reinforced and the patch configuration (reinforcement
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Fig. 1. SENT specimen geometry: (a) steel plate and (b) specimen reinforcement.

amount and location), were investigated. For simulating different
degrees of damage, two values were considered for the initial crack
length when the steel plate is reinforced, i.e. 6 mm and 15 mm. The
initial damage level is then characterized by the value of «, the
ratio between the initial crack length and the plate width W
(W =50 mm). The selected initial crack lengths correspond to an
initial damage level of 12% and 30%, respectively.

Concerning the patch configuration, two reinforcement
amounts are considered, i.e. a thickness of 1.4 mm corresponding
to the application of one CFRP layer and a patch thickness of
2.8 mm for specimens reinforced with two CFRP layers.

Different patch locations were finally considered as the fully or
partially covered steel plates, as shown in Fig. 2. Case (a) represents
the steel plate fully covered by the patch and it is considered as the
reference reinforcing configuration. Case (b) is the steel plate par-
tially bonded by the patch on the lateral side. In this case the crack
is covered by the patch for a crack length up to 25 mm, i.e. half of
the steel plate width.

Details of the experimental program are presented in Table 1
where q; is the initial crack size of the reinforced specimen and t,
is the patch thickness, « is the initial damage level and R is the
reinforcement ratio, defined as the ratio between the patch and
the steel plate section:

_EP'AP
“E A M

In Eq. (1), Es is the steel Young’s modulus, E, is the patch
Young’s modulus along the longitudinal (specimen) axis, while A,
and A are the patch and steel sections, respectively. The ratio Rg
characterizes the amount of reinforcement applied to the steel
plates and the axial stiffness of the reinforced steel plates.

R¢

(b)

Uniaxial sinusoidal loading cycles were applied at a loading fre-
quency of 18 Hz. All the specimens were tested under constant
amplitude tensile loading with a maximum and minimum load
of 60 kN and 24 kN, respectively. The corresponding loading ratio
R is equal to 0.4.

2.2. Materials and specimen preparation

Specimens were prepared using steel plates of type S275]0,
according to the European standards. Steel mechanical properties
were determined through tensile coupon tests. The mean yielding
stress and tensile strength were of 330 MPa and 444 MPa, respec-
tively. The Young’s modulus was of 208 GPa. The reinforcements
were CFRP strips (Sika CarboDur® M514) with a thickness of
1.4 mm. The nominal values of the Young’s modulus and tensile
strength were greater than 200 GPa and 2800 MPa, respectively.
The Young’s modulus was assumed equal to 210 GPa. The CFRP
strips were bonded to the steel plates using a thixotropic epoxy
resin (Sikadur® 30) with Young’s modulus and tensile strength
greater than 4500 MPa and 28.4 MPa, respectively.

For specimens reinforced with two layers of pultruded CFRP
strips a less viscous epoxy adhesive (Sikadur® 330) was used to
bond the outer CFRP strip to the inner one. The nominal values
of the Young’s modulus and tensile strength were greater than
3800 MPa and 30 MPa, respectively. The mechanical properties
are summarized in Table 2.

Specimens were initially subjected to fatigue loading in order to
produce an initial pre-crack of approximately 6 mm. Some speci-
mens were immediately reinforced while other ones were
strengthened after being additionally subjected to fatigue loading
up to a crack length of approximately 15 mm. The steel plate

o
(724

50

25 25

Fig. 2. Patch configurations of type (a) and (b).
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Table 1

Detail of the experimental program and fatigue results.
Specimens Patch conf. a; (mm) tp (mm) o (%) Re ()) Niteel Niteel NfFRP Ry (/)
U-D12 / 6 / 12 / 0 196,714 / /

15 / 30 / 0 29,264 /

A2-D12-1 a 6.1 2.8 12 0.353 0 196,714 584,000 297
A2-D12-2 a 6.4 2.8 12 0.353 0 196,714 565,000 2.87
A2-D12-3 a 6 2.8 12 0.353 0 196,714 605,000 3.08
A2-D30-1 a 14.8 2.8 12 0.353 173,416 29,264 172,000 1.70
A2-D30-2 a 14.9 2.8 30 0.353 179,000 29,264 133,000 1.50
A1-D12 a 6 14 30 0.176 0 196,714 512,500 2.61
A1-D30 a 14.7 1.4 30 0.176 187,000 19,216 77,000 1.22
B1-D30 b 14.8 14 30 0.088 179,000 29,216 66,800 1.18
B2-D30 b 15.0 2.8 30 0.176 186,000 29,216 100,000 1.32

Patch conf. = patch configuration type (see Fig. 2).

a; = initial crack size.

t, = reinforcement thickness.

o = initial damage level.

R¢ = reinforcement ratio.

Nitee! = number of cycles to the initial crack size (steel only).
Nj**®! = number of cycles to failure (steel only).

NEFRP = number of cycles to failure (CFRP reinforced specimen).
Ry = fatigue life increase ratio.

surfaces were firstly treated to remove the rust and to create a
rough surface. Then the CFRP strips were cut to a proper length
and bonded after preparing the steel surface. The two components
of the epoxy adhesive (Sikadur® 30) were dosed, mixed and dis-
tributed on the CFRP surface. Then, the CFRP strips were pressed
on the steel substrate and the adhesive in excess was removed.
For specimens reinforced with two CFRP layers, the adhesive
(Sikadur® 330) was distributed on the composite material and
the CFRP strips were pressed. Finally, the specimens were cleaned
and subjected to uniform pressure by applying dead weights on the
CFRP surface. After two days the dead weights were removed and
the bond line was visually inspected. The adhesive thickness was
approximately of 1.1 mm.

3. Fatigue results

Observed failure was mainly due to debonding at the steel/
adhesive interface and sudden static failure of the steel plate.
The crack size in the steel plate at debonding was of about
35-40 mm (70-80% of the specimen width). The experimental
results are presented in Table 1 in terms of the number of cycles
to failure and the fatigue life increment ratio, Ry, defined as:

teel CFRP
NN

N=——————
steel steel
N7 4 Nj

(2)

where N$* is the number of cycles to the initial crack size prior to
bonding for the reinforced specimen, N}‘“e’ is the number of cycles to
failure for the unreinforced specimen (specimen P06) and N{™" is
the number of cycles to failure for the reinforced specimen. In Eq.
(2) it is explicitly taken into account the number of cycles required
for the initial crack formation in order to highlight the effect of the
initial damage on the fatigue performance [21]. For long initial crack
size, in fact, the initial crack formation accounts for a considerable
portion of the whole fatigue life.

Table 2
Materials parameters from experimental tests.

Young’s modulus Yield stress Tensile strength
Steel 208 GPa 330 MPa 444 MPa
CFRP >200 GPa >2800 MPa
Adhesive >4500 >28.4 MPa

The analysis of Table 1 indicates that:

e For short initial cracks, Case (a) reinforcement type and two
reinforcement layers (specimen type A2-D12), a mean fatigue
life increase ratio equal to 2.97 was achieved. Single layer rein-
forcement (specimen A1-D12) is moderately less efficient since
a fatigue life increase ratio was equal to 2.61.

e For long initial cracks, Case (a) reinforcement type and two rein-
forcement layers (specimen type A2-D30), a mean fatigue life
increase ratio equal to 1.60 was achieved. A single layer rein-
forcement configuration (specimens A1-D30) is less efficient
with a fatigue life increase ratio equal to 1.22.

e For long initial cracks, Case (b) reinforcement type and two
reinforcement layers (specimen B2-D30) a fatigue life increase
ratio equal to 1.32 was attained. A single layer reinforcement
configuration (specimen B1-D30) is moderately less efficient
with a fatigue life increase ratio equal to 1.18.

As a preliminary conclusion, the repair of long initial crack size is
much less efficient then the case of short initial crack size. Early
repairis then suggested in order to achieve the best fatigue life incre-
ment of the damaged steel plate. This means that the repair is much
more efficient for specimens with short initial crack size. Two layers
arrangement and Case (a) reinforcement configuration are the most
efficient reinforcement arrangement. Besides, Case (b) reinforce-
ment configuration provides a quite good fatigue performance if a
sufficient amount of reinforcement stiffness is adopted. This means
thatif thicker reinforcement is applied and the patch fully covers the
crack, a significant fatigue life enhancement is attained.

3.1. Crack propagation curves

The fatigue crack propagation curve is reported in Fig. 3 where
the crack length is plotted against the number of cycles for the
tested specimens.

The results in Fig. 3 clearly demonstrate that the fatigue life
increment ratio strongly depends from the initial crack size. In fact,
the fatigue strength is higher for short initial crack size compared
to long initial crack size. The best fatigue performance was
observed for specimen type A2 for both the investigated initial
damage levels. In particular, a significant fatigue life increment
ratio is achieved for short initial crack size (specimens type A2-
D12) while a moderate increment of the fatigue performance is
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Fig. 3. Crack propagation curves.

attained for long initial crack size and one layer reinforcement con-
figuration (specimens type A1-D30 and B1-D30).

3.2. Crack propagation rates

The experimental fatigue crack growth rate is evaluated by
using the “secant method” suggested in ASTM E 647 [26]:

(@) _ (@1 — @) 3)
dN/)gz  (Niz1 = Nj)

Eq. (3) represents an average crack growth rate in the interval

[a; — ai+1], corresponding to the average crack length a=

1(ai.1 — a;). Crack propagation rates for specimens with short initial

crack size are reported in Fig. 4.

This figure clearly indicates that two reinforcement layers and
configuration (a) (specimen type A2-D12) are the most efficient
strengthening arrangement. A lower crack growth rate decrement
is in fact obtained with one layer reinforcement (specimen
A1-D12).

Crack propagation rate for specimens with long initial crack size
are reported in Fig. 5.

In the first part of the fatigue crack propagation, the specimens
were unreinforced and the CFRP patch was applied at a crack size
of 15 mm. The effect of the reinforcement is evident from Fig. 5 and
it results in a significant decrement of the fatigue crack growth
rate. This is more evident for specimen type A2-D30, i.e. for config-
uration (a) and two reinforcement layers and it less pronounced for
specimens A1-D30, i.e. configuration (a) and one reinforcement
layer. Configuration (b) and two reinforcement layers is clearly less
efficient (specimen B2-D30) than configuration (a) and this is more
evident in the case of one reinforcement layer (specimen B1-D30).

4. Numerical modeling

A numerical model was used to simulate the experimental tests.
A two-dimensional finite element model was developed for reduc-
ing the computational effort. The commercial finite element code
ABAQUS was used. The geometric model contains three parts:
the steel plate, the adhesive layer and the CFRP reinforcement.
To detect the strain singularity at the crack tip, a special mesh with
proper elements was used, allowing to the calculation of the SIF in
the steel. Four-node shell elements (S4R) and the mesh were
assembled as follows: 18,595 nodes and 18,176 elements for the
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Fig. 4. Crack growth rate for short initial crack size (specimen type A2-D12 and Al-
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Fig. 5. Crack growth rate for long initial crack size (specimen type A2-D30, A1-D30,
B1-D30 and B2-D30).

steel plate; 6,526 nodes and 6,250 elements for both the adhesive
and the composite reinforcement. Quarter point elements were
used at the crack tip to pick up the strain singularity and allow
the calculation of the SIF for the steel. The number of singular ele-
ments in the circumferential direction at the crack tip was equal to
10, resulting from a corresponding parametric study.

The finite-element analyzes are performed by applying on the
steel plate edges an increasing tensile stress corresponding to the
maximum fatigue loading. The constitutive laws are set to be linear
elastic. The steel plate has Young’s modulus and Poisson ratio
equal to 208 GPa and 0.3 respectively. The CFRP reinforcement
has Young's modulus and Poisson ratio of 210 GPa and 0.3 respec-
tively. The adhesive has Young’s modulus and Poisson ratio of
4.5 GPa and 0.3 respectively.

Debonding is assumed to occur at the adhesive-steel interface
[27]. Based on the experimental evidence, a semi-elliptical shape
as in Fig. 6(a) was assumed for the debonded area. The major
semi-axis was set equal to the crack size, a, while the minor
semi-axis lies at the specimen edge, perpendicular to the crack. It
was finally supposed that the aspect ratio of the debonded area
is equal to 1/5. In the numerical model the debonded area was
modeled, for sake of simplicity, as in Fig. 6(b).
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4.1. SIF evaluation and COD assessment

SIF values were extracted from the FE models for different crack
lengths. The numerical results are reported in Fig. 7 with reference
to Case (a) reinforcement configuration. Analytical solution refers
to [28].

The SIF values for the reinforced steel plates are significantly
lower than the ones for the unreinforced specimen and no signifi-
cant difference is noticed between one layer and two layers rein-
forcement configuration.
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Fig. 7. Maximum stress intensity factor (P = 60 kN) for the bare and reinforced steel
plate (one layer and two layers) and Case (a) reinforcement configuration.

(b)

Fig. 6. (a) Debonded area (not to scale) close to the crack region and (b) finite element model and mesh detail in the debonded area.

The COD was also evaluated from the numerical model and
Fig. 8 shows the COD with reference to a 20 mm long initial crack
size and Case (a) reinforcement configuration.

The COD values for the reinforced steel plates are significantly
lower than the ones for the unreinforced steel plate and no
significant difference is observed between one layer and two layers
reinforcement configuration. The results in Figs. 7 and 8 clearly
illustrate that a similar behavior for one layer and two layer rein-
forcement configuration is expected in term of fatigue life incre-
ment ratio. This is confirmed by considering the fatigue crack
propagation curves in Fig. 3 and the numerical values of Table 1.

5. Crack growth life prediction
5.1. Fatigue crack growth law

Linear elastic fracture mechanics concepts are used to investi-
gate the fatigue crack growth. In particular, Paris law is widely
used to predict the crack growth rate. In this paper the following
modified version of the Paris law is adopted [12]:

da m
wN-C (Al(eff - (4)

where a is the crack size, N is the number of duty cycles, AK.yis the
effective SIF range, AKeq, is the effective threshold SIF range and C
and m are material parameters (Paris constants). The crack growth
rate is assumed to be equal to zero (no crack growth) for a stress
range lower than the threshold stress range. In other words, there
is no crack propagation for a stress range lower than the threshold
stress range. During the fatigue life the crack experiences crack clo-
sure. This means that premature contact of the crack face is

A 1)
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Fig. 8. Crack opening displacement (COD) for the bare and reinforced steel plate
(one layer and two layers) and Case (a) reinforcement configuration.

achieved during the unloading branch of the duty cycle. It is then
postulated that the crack does not act as stress concentrator if the
stress is lower than the so called opening stress. Only when the
opening stress is reached, the crack becomes fully opened and the
fatigue crack propagation is then possible. This means that just a
portion of the stress range, the so called effective stress range, is
then effective for crack propagation. The effective SIF range, AKey,
is the defined as:

Aoy = Kinax — Kop = (1 = q) - Kinax (5)

where q is the effective stress ratio:

Oop.

_ 6
4=5 - (6)
and K,, is the opening SIF, i.e. the SIF level at which the crack
become fully opened. The effective stress ratio is computed by the
following expression [28]:

q = max (1+R-Ry),R (7)

1+ pcf
where R = 0 pin/0max is the stress ratio, Rys = omax/0y is the yield
stress ratio (o, is the yield stress) and pcf is the plastic constraint
factor. The plastic constraint factor takes into consideration the
thickness effect on fatigue crack growth. In Fig. 9, the effective
stress ratio, g, is plotted as a function of the stress ratio, R, for
pcf=1.68 and o, =330 MPa.

5.2. Estimation of the fatigue crack growth parameters

Experimental data on the bare steel plate are used to calibrate
the parameters of the fatigue crack propagation law (see Eq. (4)).
At first, the fatigue crack growth rate is determined using the rela-
tionship given in Eq. (3). Then, after some algebra, the experimen-
tal effective SIF range can be evaluated from Eq. (4) as:

%{log [(37(\1’)5 + CAKZ}]’.th} - log(C)} = log(AK.g) (8)

The effective SIF range, AK.p, is estimated by using Eq. (5) and
the finite element results for the SIF range, AK (see also Fig. 7).
The effective stress ratio, g, is calculated by using Eq. (7) and the
materials parameters listed in Table 2. The non-linear least square
method and the software MATLAB are finally used to evaluate the
best fit of parameters C, m and AKgy¢ in Eq. (8) by adopting as

09 S S -

0.8

07 08 09 1
R[

Fig. 9. Relationship between the effective stress ratio (q) and the applied stress
ratio (R).

Table 3

Estimated fatigue crack growth parameters.
AKp (MPa /mm) C m
161.8 2.669e-014 3.307

log(da/dN) [mm/cicli]

2.7 2.75 2.8 2.85 29 2.95 3 3.05
log(AK () [MPa mm /2]

Fig. 10. Relationship between the crack growth rate and the effective stress
intensity factor range for the bare steel plate.

independent variable the average crack growth rate and as depen-
dent variable the effective SIF range. The results in term of the
unknown parameters are reported in Table 3.

The calibrated fatigue crack propagation law (see Eq. (4) and
Table 3) is compared to experimental data in Fig. 10.

6. Numerical results
6.1. Fatigue crack growth rate

As clearly illustrated in Fig. 8, the COD for the reinforced steel
plates is significantly lower than the unreinforced one. It is then
expected that the crack closure effects are more pronounced for
reinforced specimens than for the unreinforced ones. Premature
contact of the crack faces is, in fact, more likely for reinforced
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Fig. 13. Opening stress intensity factor for specimen A2-D30-2.

specimens and may result in a high opening SIF, K,p. In order to
investigate the effect of the reinforcement on the effective stress
ratio, the experimental opening SIF is evaluated from Eq. (5) as:
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Fig. 14. Opening stress intensity factor for specimen A1-D30.
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Fig. 15. Predicted and experimental crack growth curves for specimens A2-D12-1
and A1-D12.

Kop = Kinax — AK gy 9)

where K.« is computed from the finite element results (see also
Fig. 7) and the experimental AK.g is evaluated from Eq. (8). Results
are plotted in Figs. 11-14 as function of the crack length.

In the above figures, the upper and lower solid curves represent
the SIF at the maximum and minimum load level, respectively.

These figures clearly show that Eq. (7) underestimate the opening
SIF range, especially for long cracks. Assuming, for sake of simplicity,
a constant effective stress ratio, q, independent from the crack size,
the following corrected expression is then proposed:

q=pf-max (1+R-Ry),R (10)

1
1+ pcf
where B is an experimental corrector factor to be estimated from
the experimental results.

6.2. Fatigue life

The predicted fatigue life Ny is evaluated by the numerical inte-
gration of Eq. (4) as:

N_/GIL (11)
I= Jo C-(AKD — AKT )
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Fig. 16. Predicted and experimental crack growth curves for specimens A2-D30-2
and A1-D30.

where C, m and AKey, are the Paris constants listed in Table 3 and
AKe is the effective SIF range (see Eq. (5)). The Paris law is inte-
grated between the initial crack size a; and the final crack size ar.
The effective SIF range is evaluated by using Eqgs. (5) and (10). In
particular, the effective stress ratio q is evaluated by means of Eq.
(10) with an experimental corrector factor = 1.10. Results of the
numerical integration of the fatigue crack growth law are reported
in Fig. 15 for long initial crack size and in Fig. 16 for short initial
crack size. The agreement between numerical results and experi-
mental data is satisfactory.

7. Conclusions

The experimental, analytical and numerical study presented in
the paper regarded the fatigue behavior of SENT specimens rein-
forced on a single side by using CFRP strips. On the basis of the
experimental campaign and on the corresponding numerical mod-
eling, the present work resulted in interesting conclusions concern-
ing the fatigue behavior of the specimens.

Starting from the experimental results, failure was mainly due
to debonding at the steel/adhesive interface and sudden static fail-
ure of the steel plate. The crack size in the steel plate at debonding
was of about 70-80% of the specimen width. Significant fatigue life
increments were observed and the crack repair is noticeably more
efficient for short initial crack size, i.e. for small initial degrees of
damage. The most efficient reinforcement configuration (specimen
type A2-D12) consisted of the steel plate fully covered by the rein-
forcement (patch configuration (a)). Concerning the influence of
the reinforcement ratio on the fatigue repair efficiency (specimen
B2-D30), it is interesting to notice a significant increment of the
fatigue life increase ratio for long initial crack size and patch con-
figuration (b). Finally there was an effect of the patch position on
the fatigue repair efficacy. In fact, patch configuration (b) with an
adequate reinforcement ratio (specimen B2-D30) was efficient in
the repair of fatigue damaged steel elements.

The numerical model developed in the paper was useful for the
interpretation of the experimental results. Debonding phenomena
were assumed to occur at the adhesive-plate interface and were
modeled by considering an elliptical debonded area. Based on the
FE model, the SIF and COD were evaluated for increasing values
of the crack length. Both the SIF and the COD for the reinforced
steel plates were significantly lower than the unreinforced one,
while no significant difference between the reinforcement config-
urations with one CFRP layer and two layers was noticed. It is then

expected that the crack closure effects are more pronounced for
reinforced specimens than for the unreinforced ones.

Based on linear elastic fracture mechanics and applying a mod-
ified version of the Paris law, theoretical studies of the crack growth
in SENT specimens reinforced on a single side by using CFRP strips
were performed to predict the fatigue crack growth rate and the
fatigue crack growth curves. The parameters of the fatigue crack
propagation law were calibrated on the basis of the experimental
data for the bare steel plate. A corrected expression for the effective
stress ratio, g, is required to allow for the effect of the reinforcement
application on the crack closure. For both long initial crack size and
short initial crack size, the agreement between analytical results
and experimental data was satisfactory.

The analytical model is then considered to be useful and conve-
nient for the estimation of the SIF, crack growth rate and fatigue
life of SENT specimens reinforced on a single side by using CFRP
strips.
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