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paper, fatigue tests were performed on nine CFRP reinforced cracked steel beams. The fati-
gue crack propagation curves showed that CFRP strips reduce the fatigue crack growth and
extend the fatigue life. Experimental results also revealed the presence of a debonded area
between the reinforcement and the steel substrate at the crack location. Debonding clearly
has a detrimental effect on the reinforcement effectiveness. Finally, numerical and analyt-
ical studies are performed and compared to the experimental findings.
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1. Introduction

Steel structures and bridges may be damaged by fatigue phenomena due to traffic loadings. In this case, it is often
required to study a rehabilitation activity and Carbon Fibre Reinforced Polymers (CFRPs) have been proven to be effective
in the reinforcement of damaged steel beams. They are then considered as ideal products for retrofitting steel structures
[1,2]. Besides, guidelines are available [3,4] for the design of CFRP repaired steel structures.

Concerning the fatigue failure of steel beams, for reducing the crack growth rate and stopping the fatigue crack propaga-
tion, several conventional repair techniques may be taken into account, such as blunting the crack tip with a hole, bridging
the cracked section by means of welding, bolting or steel plate bonding [5]. On the other hand, traditional techniques may
present several disadvantages mainly due to the self-weight increase or to the fatigue sensitivity of welding and bolting.
Corrosion at the edges of the reinforcing steel plates can also be a potential problem. High installation and maintenance costs
also have to be considered [1,2].

For all these reasons, the application of CFRP reinforcements bonded to damaged steel members by using epoxy adhesives
is an emerging technique that leads to several benefits [ 1]. This is mainly due to the good mechanical properties of composite
materials, such as high strength and stiffness, fatigue resistance, durability with a reduced self-weight. Composite materials
are very flexible and their application simplifies the design of the retrofitting system. This results in easier handling and min-
imal maintenance costs. Moreover, the strengthening operations can be quickly realized, reducing the costs associated with
the structure being out of service. The use of CFRP materials is particularly appealing for bridge applications since there is no
need to close the bridge to traffic during rehabilitation. The higher CFRP cost is then mitigated by the lower installation and
maintenance charges, resulting in a decrease in the global rehabilitation costs.
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Nomenclature

a crack size

a; initial crack size

as final crack size

AP load range applied to the spreader beam

M applied bending moment at the cracked section

N¢ number of cycles from g; to ay

Tmax maximum shear stress in the adhesive layer

E. Young’s modulus of the composite section

Ac composite section area

b, tc composite width and thickness, respectively

A steel section area

h steel section height

W steel resistance modulus

Is, I second moments of area of the steel section and of the reinforcement with respect to the neutral axis, y, respec-
tively

Ga adhesive shear modulus

ta adhesive thickness

Neo axial force in the CFRP strips in the cracked section at the midspan

N¢ axial force in the CFRP reinforcement

ty by beam flange thickness and width, respectively

tw, hy ~ beam web thickness and height, respectively

CFRP Carbon Fibre Reinforced Polymer

It is also relevant to consider that CFRP reinforcements do not significantly improve the elastic structural response
from the global point of view. This is due to the marginal increment of the cross-sectional area and moment of inertia
of the reinforced steel section. Conversely, composite materials noticeably improve the local structural response through
a significant increment of the local stiffness and strength. This is quite attractive for flexural strengthening at the ultimate
limit state, strengthening against local buckling, confinement of hollow steel tubes and mainly for the fatigue
reinforcement.

Finally, it must be taken into account that the CFRP reinforcement is usually bonded to the steel substrate by epoxy
adhesive [1,2]. Due to the high strength of the reinforcement and the steel substrate, the adhesive layer is usually the
weakest point of the system. Failure modes are associated to cohesive failure in the adhesive joint, interface failure
(generally at the steel-adhesive interface) and CFRP debonding. Cohesive failure can be avoided by a proper choice of
the adhesive type, as an appropriate selection of the mechanical properties avoids CFRP debonding. At geometrical discon-
tinuities (typically at the reinforcement ends), interface failure is prevented via a suitable reinforcement curtailment or
mechanical anchorage. Moreover, the adhesive joint is sensitive to high temperature, water and moisture exposure.
Galvanic corrosion is also a potential problem since, when the carbon fibres are in contact with the steel surface, they
produce a galvanic cell. On the other hand, FRP reinforcement cannot be efficiently applied to a non-smooth surface, as
in the case of riveted girders due to the high rivets density. Finally, a critical point for heritage structures is due to the fact
that reversibility of the strengthening system is highly recommended, while bonded FRP materials cannot be easily
removed from the steel surface.

1.1. Problem statement

Fatigue damage is an extremely important problem affecting steel girders in bridges. Reinforcement with CFRP materials
is regarded as an efficient technique for the retrofitting of fatigue sensitive steel members. Nonetheless, quite limited infor-
mation is available on the behaviour of CFRP-repaired steel members under fatigue loadings. The crack repair of fatigue dam-
aged steel beams by using CFRP materials can be achieved in three different ways:

¢ by reducing the stress range around the crack tip;
e by reducing the crack opening displacement;
e by promoting crack closure.

In particular, the high reinforcement stiffness results in the reduction of the stress range around the crack tip. Besides, the
use of CFRP strips bonded to the crack has an effect in bridging the crack lips, reducing the crack opening displacement and
thus promoting crack closure. When pre-stressed CFRP strips are used, compressive stresses are also generated in the steel
substrate and the crack closure effects are emphasized. Finally, in cracked steel elements, a severe stress/strain concentration
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is present in the crack region. A crack induced delamination then exists around the crack area and cannot be eluded by a
proper reinforcement curtailment or mechanical anchorage.

1.2. Scope of the research

This paper discusses the results of a research program performed at the Politecnico di Milano. The fatigue behaviour of
cracked I-shaped steel beams reinforced by using CFRP strips is illustrated. The use of CFRP strips bonded on the cracked
steel beam, in fact, allows reducing the fatigue crack growth and extends the relevant fatigue life. A total of nine steel beams
were considered and an initial crack was created by notching the tension flange and part of the web. The cracked steel beams
were then reinforced by bonding CFRP strips to the bottom side of the tension flange. The effect of the reinforcement thick-
ness was also taken into account. Fatigue tests under constant amplitude bending loads were finally performed to investigate
the fatigue behaviour of the reinforced steel beams.

A debonded area at crack location was also due to the high stress/strain field. Indeed, debonding has a detrimental effect
on the reinforcement and it should be considered in fatigue analysis. On the other hand, so far there has been no attempt to
analyse the mutual influence between the fatigue crack propagation and the reinforcement debonding. Additionally, only
few numerical models were developed to predict the fatigue behaviour of steel beams repaired with CFRP materials [1,2].
For all these reasons, this paper also focuses on the effects of a debonded zone close to the cracked section during the fatigue
crack propagation. For this purpose, strain gauges were positioned on the tensile flange of some specimens, to better define
how the progressive CFRP debonding may influence the crack propagation curves.

An analytical model and a three-dimensional finite element (FE) simulation were finally proposed to predict the fatigue
behaviour of CFRP-repaired steel beams, taking into account the debonding between the reinforcement and the steel
substrate.

1.3. Previous studies

Although it is well known that the use of CFRP reinforcement increases the fatigue life of steel structures [1,2], experi-
mental campaigns in literature are mainly dedicated to the tensile members (joints). Besides, a limited amount of informa-
tion is available on the effectiveness of the fatigue repair of cracked steel girders by means of CFRP strips.

Kim and Harries [6] conducted fatigue tests on steel beams initially damaged at the mid-span and reinforced by CFRP
strips. They also proposed a model based on the strain-life method and cumulative damage theory to predict fatigue
response of the repaired beams.

Tavakkolizadeh and Saadatmanesh [7] investigated the fatigue behaviour of 1.3 m long notched steel beams patched with
0.3 m long CFRP sheets. The fatigue performance of repaired steel beams was estimated and it was found that the CFRP rein-
forcement increased the fatigue lifetime of a steel beam more than three-fold and significantly decreased the crack growthrate.

In [8], the fatigue behaviour of cracked steel plates repaired by using CFRP materials was experimentally investigated. A
debonded area in the crack tip region was found to considerably reduce the reinforcement efficacy.

In Nussbaumer et al. [9], fatigue tests were performed on riveted cross girders taken from a dismantled 91-year-old
bridge. The use of pre-stressed CFRP reinforcements allowed stopping propagation of small cracks from rivet holes of com-
posite steel girders. Fracture mechanics parameters and the pre-stress level required to stop fatigue crack propagation were
finally estimated.

Nozaka et al. [10] investigated different combinations of two CFRP reinforcement types and five adhesive types in the
fatigue behaviour of steel sections. It was reported that the better fatigue performance was obtained combining the CFRP
and adhesive with the lowest moduli of elasticity.

Deng and Lee [11] analysed the fatigue behaviour of 1.2 m long steel beams retrofitted with CFRP patches. The crack ini-
tiation and its progressive development along the CFRP patch were monitored during cyclic loading. Based on the experi-
mental results a stress—fatigue life (S-N) curve was finally obtained.

Ghafoori and Motavalli [12] proposed and validated an analytical method based on the approach of crack surface widen-
ing energy release rate. The stress intensity factor for cracked steel I-beams was calculated. The fatigue crack growth rate,
residual deflection and stiffness reduction of a cracked beam under cyclic loading were studied.

More recently, Ghafoori et al. [13] analysed the fatigue behaviour of notched steel beams reinforced by using
non-prestressed and prestressed CFRP strips under cyclic loading. They considered the effects of crack propagation and
FRP-to-steel debonding on the fatigue crack growth rate.

Wau et al. [14] performed an experimental campaign to analyse the fatigue behaviour of artificially notched steel beams
strengthened with four different types of materials and tested under equivalent tensile stiffness. It was noticed that compos-
ite materials do not only delay crack initiation, decrease the crack growth rate and extend fatigue life, but also reduce the
stiffness decay and residual deflection.

In general, all studies report that CFRP reinforcements extend the fatigue life and decrease the crack growth rate. Due to
the extremely high strength of the steel substrate, the adhesive layer is the weakest point of the system and the reinforce-
ment debonding is the dominant failure mode. On the other hand, a debonded zone close to the crack significantly reduces
the effectiveness of the reinforcement technique and should be taken into account in the evaluation of the fatigue lifetime.
The present paper addresses the need for further and well-documented experiments in such a field, as mentioned in [14,15].
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2. Experimental program
2.1. Test program

Nine cracked steel beams were reinforced by using pultruded CFRP strips and tested under fatigue loading at the labora-
tories of the Politecnico di Milano. In repaired steel beams, the fatigue crack growth behaviour with respect to the reinforce-
ment features is of particular interest. To this end, the presence of crack induced debonding and its effects on fatigue crack
propagation are of specific concern.

I-shaped steel beams (IPE 120 according to European standard EN 10025) were selected for the experimental campaign.
The beams were artificially cracked and reinforced with CFRP strips to analyse the efficacy of the repair. Specimens were
machined with a notch at the midspan section through the tension flange and a portion of the web. In this way, a severe
stress concentration was created in the beam and the fatigue crack growth was properly observed. Notched beams were ini-
tially subjected to fatigue loading to produce a pre-crack in the web. The specimens were then reinforced before starting the
fatigue tests. Specimens are shown in Fig. 1(a), while geometric and notch details are provided in Fig. 1(b) and (c),
respectively.

Fatigue tests were performed on small-scale beams, choosing a four-point bending configuration. The free length between
the supports was equal to 1.0 m and the distance between the applied loads was of 500 mm (Fig. 1(a)). In particular, the
damage in the beams was created by means of a 2.5 mm thick and 16 mm long blade saw cut in the flange and web and
by means of an additional 1 mm thick and 2 mm long hand saw cut in the web. The supplementary 2 mm long saw cut
was added to generate a more severe stress concentration and to promote the vertical fatigue crack propagation in the
web. Specimens were finally subjected to fatigue loading in order to produce a further crack increment of 2 mm. In total,
the initial crack size was then equal to 20 mm, as shown in Fig. 1(c). After pre-cracking, specimens were reinforced and then
fatigue tests started. One unreinforced beam (specimen B01) was additionally tested and used as a control specimen.

2.2. Specimen details and preparation

Details of the experimental program are in Table 1, where g; is the initial crack size at the time of application of reinforce-
ment, dy is the final crack length and t. is the patch thickness. Patch thicknesses of 1.4 mm correspond to one CFRP layer,
while patch thicknesses of 2.8 mm correspond to two CFRP layers.

250 mm 500 mm >}< 250 mm
P 3 adhesive CFRP strips
IPE 120 i 120 mm
rﬁj
1000 mm
800 mm
(@
i ]
6.3 mm 1.0 mm
i L
E|  44mm JlL 12.0mm
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Fig. 1. Specimen geometry: (a) experimental beam geometry, (b) beam section, and (c) notch details (not to scale).
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Table 1

Test details.
Specimen a; (mm) t. (mm) AF (kN) ag (mm) Nr (=) Normalized initial stiffness Normalized final stiffness
BO1 20 / 6-15 (10 Hz) 60 233,500 100% 84%
B02 20 14 6-15 (10 Hz) 20 280,000 136% 134%
B03* 20 1.4 28-70 (3 Hz) 60 19,700 136% 119%
B04 20 1.4 28-70 (3 Hz) 60.9 24,000 131% 113%
BO5 20 2.8 28-70 (3 Hz) 60.4 183,000 146% 134%
B0O6 20 2.8 28-70 (3 Hz) 60.9 114,000 142% 133%
BO7 20 2.8 28-70 (3 Hz) 60.4 228,000 142% 133%
B08 20 2.8 28-70 (3 Hz) 60.2 180,000 142% 133%
B09 20 2.8 28-70 (3 Hz) 35 185,000 / /

a; = initial crack size, t. = reinforcement thickness, AF = load range applied to the spreader beam, as= final crack size and Ny=number of cycles from g; to ay.
¢ Retested.

2.2.1. Materials

Specimens were prepared using a steel type S275]J0, according to European standard EN 10025. The mechanical properties
of the steel plates were determined through tensile coupon tests. The mean yielding stress and tensile strength were of 330
and 444 MPa, respectively. The steel Young’s modulus was assumed equal to 208 GPa.

The pultruded reinforcements were obtained using CFRP strips (Sika CarboDur® M614) with a thickness of 1.4 mm, a
width of 60 mm and a length of 800 mm. It is a high resistance CFRP reinforcing system for concrete, masonry, timber
and steel structures. In particular, its Young's modulus is comparable to the steel one. The nominal values of the Young's
modulus and tensile strength were greater than 200 GPa and 2800 MPa, respectively. The reinforcement Young’s modulus
was assumed equal to 195 GPa.

The pultruded CFRP strips were bonded to the steel plates using a thixotropic epoxy resin (Sikadur® 30). It is a
two-component, high modulus, high strength structural epoxy paste bonding adhesive. The mixing ratio of the epoxy was
three parts of component A (resin) to one part of component B (hardener) by volume/weight. The epoxy had a pot life of
70 min and was cured at room temperature. The adhesive Young’s modulus and tensile strength were greater than 4500
and 28.4 MPa, respectively.

For specimens reinforced with two layers of pultruded CFRP strips, a less viscous epoxy (Sikadur® 330) was used to bond
the outer CFRP strip to the inner one. The mixing ratio in this case was four parts of component A (resin) to one part of com-
ponent B (hardener) by weight. The epoxy had a pot life of 30 min and was cured at room temperature. The nominal values of
the Young’s modulus and tensile strength were greater than 3800 and 30 MPa, respectively.

2.2.2. Specimen preparation

Steel beams were initially machined with an 18 mm long and 2.5 mm wide notch. Specimens were then subjected to fati-
gue loads to create an initial pre-crack with length of approximately 20 mm. The pre-crack represented an initial damage
condition and was performed to investigate the fatigue crack propagation in the reinforced beam. Next, notched specimens
were reinforced according to the following procedure (see Fig. 2).

Before bonding the CFRP reinforcement to the cracked steel section, the bottom side of the tension flange was accurately
grid blasted by using an abrasive disc in order to remove the rust and to create a rough surface, as shown in Fig. 2a. Then a
xylene-based solvent was used to remove dust and obtain a clean and chemically active surface to ensure mechanical inter-
locking. For the CFRP reinforcement, very fine sandpaper (grit P240) was used to increase the surface roughness and hence
improve the bond strength. In order to avoid any possible contamination, immediately after the surface preparation, 60 mm
wide CFRP strips were cut to a length of 800 mm by using a saw cut and were bonded to the steel substrate. To simulate an
on-site reinforcement application, no adhesive promoter (e.g. primer) was used and no spacers were applied to control the
adhesive thickness.

The two components of the epoxy adhesive were dosed according to the manufacturer’s instructions and mixed until a
homogeneous light grey paste was obtained (Fig. 2b). The adhesive (Sikadur® 30) was then evenly distributed on the com-
posite at the bottom side of the tension flange. The CFRP strips were pressed on the steel substrate to avoid air bubbles, and
the adhesive in excess was removed (Fig. 2¢). An average adhesive thickness equal to 2.5 mm was obtained.

In the case of specimens reinforced with two layers of pultruded CFRP strips, the adhesive (Sikadur® 330) was distributed
on the composite material, and the outer strips were pressed on the previously applied ones. Finally, the specimens were
cleaned and subjected to uniform pressure by applying dead weights on the CFRP surface. After 2 days, the dead weights
were removed, and the bond line visually inspected. Reinforced specimens are shown in Fig. 2(d).

2.3. Measuring and recording equipment

All beams were subjected to four-point flexural loading over a simply supported span of 1000 mm (see Fig. 1). A special
test rig was designed to perform the experimental tests (see Fig. 3) by using a hydraulic testing machine with a loading
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Fig. 2. Specimen preparation: (a) surface preparation, (b) adhesive distribution, (c) CFRP strips are pressed, and (d) reinforced specimen.

Actuator

Spreader beam

Specimen

Fig. 3. Test setup.

capacity of 250 kN. A spreader beam was also used to distribute the load to the beam, as shown in Fig. 3. Details of the load-
ing range and frequency are reported in Table 1.

During the execution of fatigue tests, it was essential to capture the crack growth development with respect to the fatigue
cycles. As shown in Fig. 4, after positioning a piece of graph paper close to the ligament on the beam web, the crack growth
was recorded at intervals from 500 to 10,000 cycles, depending on the crack front speed, by using a travelling microscope
with a magnifying power up to 220x.

For selected specimens B04, B06, BO7 and B09, the CFRP strips were instrumented with 8 strain gauges close to midspan,
aiming to investigate the tensile strain distributions along the CFRP strip and to monitor the progressive debonding propa-
gation of the reinforcement in the vicinity of the notch (Fig. 5).

2.4. Fatigue tests

The fatigue tests were performed under constant amplitude cycling loads with different amplitude and frequency, as
showed in Table 1. Note that the applied load, F, listed in Table 1 refers to the one applied by the actuator of the testing
machine to the spreader beam. The applied loads P=F/2 (see Fig. 1) are then one half of the one reported in Table 1.
Specimens BO1 (unreinforced) and B0O2 were tested at a load range of 6-15 kN and a frequency of 10 Hz. The selected max-
imum fatigue loading, Pmax = 15 kN, was equal to 50% of the calculated yield load for the un-reinforced beam, based on the
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Fig. 4. Experimental test and measuring system: (a) four-point bending test, (b) travelling microscope, and (c) crack measurement.
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Fig. 5. Strain gauges layout and positioning.

midspan notched section. The minimum load, Py, = 6 kN, was equal to 20% of the yield loading, resulting in a load ratio of
0.4. The adopted loading ratio R = 0.4 was chosen to reproduce a severe fatigue crack propagation scenario. In fact, at such a
loading ratio, the retardation effects were minimized and the fatigue crack propagation was then faster. The other beams
(from beam B03 to beam B09) were tested at an increased load range (28-70 kN) to more suitably investigate the fatigue
crack growth in the repaired specimens. In this case, no reference (unreinforced) specimen was tested since the relevant
maximum load was too large and it would produce beam static failure. Besides, as the aim of the work is to analyse the stable
fatigue crack growth in reinforced specimens, fatigue tests were stopped when the crack propagation reached the final crack
size, ay, listed in Table 1.

3. Analytical modelling

The stress evaluation in the CFRP reinforcement and in the adhesive layer is fundamental to investigate the reinforced
beam behaviour and to predict the failure load of the adhesive layer. Different models were proposed in literature for these
purposes [1,2]. These models can be classified in two main groups. The models of the first group do not take into account the
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slippage between the adherents, while in the models of the second group the relative displacement between the steel and
the CFRP at the interface is considered. Note that if the slippage between the adherents is not taken into consideration, stress
concentrations around physical discontinuities (as reinforcement ends or intermediate crack) cannot be captured.
Additionally, some models of the second group take into account the non-linear behaviour of the interface; that is, at the
interface a non-linear bond-slip relationship is proposed. In case of non-linear interface behaviour, an analytical solution
is available just for simple reinforcing schemes such as single and double lap joints, but there is no analytical solution for
reinforced beams. On the other hand, if linear interface behaviour can be adopted up to failure, several analytical solutions
are proposed in literature [1,2]. They are summarized in the following Section in order to better understand and clarify the
experimental findings.

3.1. Adhesion analysis with linear interface behaviour

Under the hypothesis that linear interface behaviour is maintained up to failure, an analytical model for the stress eval-
uation in the CFRP reinforcement and in the adhesive layer is proposed. The basic assumptions are as follows:

. elastic stress-strain relationship for steel and CFRP and linear interface behaviour up to failure;
. plane sections remain plane during bending;

. stresses in the adhesive layer do not change with thickness; that is, the adhesive layer is thin;

. the bending stiffness of the strengthened beam is much greater than the stiffness of CFRP strips.

AW N =

Based on the last assumption, the bending moment in the CFRP strips and the normal stresses in the adhesive layer can be
neglected when the tensile stress in the CFRP reinforcement and the shear stress in the adhesive joint are evaluated. With
reference to Fig. 6, the maximum shear stress in the adhesive layer is computed as:

) M

Tmax =1 | Neo — 7=+ 1

ma; bc ( c0 szsWs> ( )

where M is the applied bending moment and:
Gab 1 1 h

2 _ Yalc L

s <ECAC TEA T 2E5W5> @)
_ 92 tu

f2 =/ Gabc

and E., Ac and b, are the composite section Young’s modulus, section area and width, respectively, Es, A; and h are the steel
section Young’s modulus, section area and height while W; is the steel resistance modulus. G, and t, are the adhesive shear
modulus and thickness, respectively.

<« N

I x=0

Fig. 6. Adhesion analysis at the midspan: initial condition and reference axis.
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In Eq. (1), Ny is the CFRP strip axial force in the cracked section at the midspan. It can be easily determined by means of a
sectional analysis of the cracked section as showed in the next Section.

3.2. Sectional analysis of the cracked section

The sectional analysis of the cracked section allows the estimation of the tensile force in the CFRP reinforcement at the
beam cracked section. The basic assumptions are:

1. elastic stress-strain relationship for steel and CFRP;
2. plane sections remain plane during bending;
3. no slippage between steel and CFRP, i.e. perfect composite section.

The cracked steel section and the CFRP reinforcement are analysed as a composite element and the plain section assump-
tions are employed for the evaluation of strains and stresses. The process is summarized in Fig. 7.

In particular, the axial (tensile) stress in the CFRP reinforcement will be computed and compared to the ones obtained
from the strain gauges readings. At first, for estimating the stresses in the composite layer, the neutral axis position, y, of
the centroid, G, is calculated at the cracked section (see Fig. 7 for the nomenclature):

bty +1.5¢) + 0.5[ (h + t7)” = @2t — mbete(0.5¢ + ta)
y=

byty + (hw + ty — @)tw + Ecbct (3)

Next, the second moment of area, I, of the composite section is computed as I = I; + I, where:

b, 3
Iy =22 4 bytp (R + 1.5t —y)7 + 5% (hy + t; — @)* + [y — L (hw + & — @) (hw + & — @)t

bet? (4)

L=m [v 4 bete(y + 056 + ta)]

In Eq. (4), I and I. are the second moments of area of the steel section and of the reinforcement with respect to the neutral

axis, respectively, while m = E./E; is the Young’s modulus ratio. Finally, the axial force, N, in the CFRP reinforcement is eval-
uated as:

N. = A {m¥(y+0.5tc+tu)} (5)

The axial force in the CFRP reinforcement produces a compressive stress field in the steel beam, which, from one hand,
radically reduces the stress intensity factor in the cracked section [12] and from the other hand promotes crack closure by
decreasing the crack opening displacement. Both these effects result in a significant reduction of the fatigue crack growth
rate, enhancing then the fatigue lifetime.

4. Numerical modelling

In addition to the experimental tests and to the adhesion analysis, a finite element simulation was performed to inves-
tigate the reinforcement effectiveness on the fatigue performance of cracked steel beams.

4.1. Geometry, mesh and boundary conditions

A three-dimensional finite element model made of 2D shell elements was used to simulate the reinforced steel beam. The
use of 2D shell elements allowed reducing the computational effort. The commercial finite element code ABAQUS was
employed. The reinforced steel beam shown in Fig. 1 was numerically modelled. The geometric model contained three parts:
the steel plate, the adhesive layer and the CFRP reinforcement, see Fig. 8(a).

Four-node shell elements (S4R) were employed and the mesh was assembled as follows: 35,702 nodes and 34,733 ele-
ments for the steel plate; 5805 nodes and 5512 elements for both the adhesive and the composite reinforcement. As shown
in Fig. 8(b), a special mesh with quarter point elements was used to detect the strain singularity at the crack tip and, even-
tually, to calculate the stress intensity factor (SIF).

The finite-element analyses were performed by applying on the steel upper flange an increasing stress, corresponding to
the maximum flexural fatigue loading.

4.2. Material model and interface behaviour

Both the steel and the CFRP reinforcement were modelled as isotropic materials. Elastic-plastic behaviour was assumed
for the steel while the CFRP was considered as a linear elastic material. The steel plate had Young’s modulus and Poisson
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Fig. 7. Cracked sectional analysis at the midspan: strains and stresses in the steel beam and CFRP strips.
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Fig. 8. Finite element model: (a) assembly of the reinforced beam, (b) detail of the fine mesh at the crack tip, (c) debonded area close to the crack region,
and (d) finite element mesh at the debonded area.

ratio equal to 208 GPa and 0.3, respectively. The CFRP reinforcement had Young’s modulus and Poisson ratio of 210 GPa and
0.3, respectively. The adhesive had Young’s modulus and Poisson ratio of 4.5 GPa and 0.3, respectively.

Surface-to-surface tie constraints were applied to model the connection between the beam bottom flange and the CFRP
reinforcement. Such a constraint type prevented the relative displacement between the surfaces. In this way, the material
properties of the adhesive layer were not included in the model. Such a simplified assumption was adopted because the slip-
page between the adherents was not considered; that is, perfect bond was postulated.

The presence of a steel crack clearly produced a stress concentration in the adhesive layer close to the middle section of
the steel beam. If the stresses in the adhesive layer were too large, the stress concentration would yield to debonding at the
steel-adhesive interface (intermediate debonding). In order to model this phenomenon, a debonded region was eventually
introduced in the finite element model. The shape of the debonded region was assumed to be elliptical and depended on the
crack size, a. As shown in Fig. 8(c), the major axis of the ellipse was set to be equal to the width of the tension flange, while
the minor axis was supposed to be equal to 2a/5. In such a way, the size of the debonded region increased with the crack size,
taking implicitly into account the propagation of the interface crack during the fatigue tests.
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5. Results
5.1. Experimental results

In the following, the experimental results are presented in terms of fatigue behaviour, fatigue crack growth curves of the
reinforced specimens and CFRP strain distribution. A detailed discussion of the experimental findings is provided in
Section 6.

5.1.1. Fatigue behaviour

The number of cycles to achieve the prescribed final crack length is reported in Table 1. The last two columns of Table 1
describe the recorded specimen stiffness at the initial and final crack size, respectively. The specimen stiffness is defined as
the ratio between the applied load P (measured by the load cell of the testing machine) and the crosshead displacement 4
(measured by the displacement transducer of the stroke). The stiffness was normalized with reference to the initial stiffness
of the unreinforced specimen.

At the final crack size of 60 mm, after about 230,000 duty cycles, the unreinforced specimen BO1 showed a stiffness reduc-
tion to 84%. On the other hand, the fatigue test of the reinforced specimen B02 was stopped at 280,000 duty cycles, since no
crack propagation was observed and therefore no beam stiffness variation was recorded. This means that, at about 230,000
duty cycles, the unrepaired specimen BO1 presented significant fatigue damage while no crack propagation was noticed in
the reinforced beam BO02.

Specimens B02 was then retested as specimen BO3 increasing the load range to 28-70 kN. The same load range was also
used for specimens B04-B09. In the beams reinforced with one CFRP layer (specimens BO3 and B04), some degree of debond-
ing was observed after performing the fatigue cycles. In fact, visual inspection of the adhesive bond-line by using a digital
microscope clearly revealed the presence of a fatigue crack along the bond-line.

5.1.2. Fatigue crack growth curves

In Fig. 9(a), the fatigue crack growth curves are plotted.

The composite reinforcement bridges the stress in the cracked section, reduces the crack opening displacement and
promotes crack closure, leading to a fatigue life extension. Significantly slower crack propagation rate was observed for
the double reinforcement compared to the single one. This results from the fact that, when two composite layers are bonded
to the tensile flange, a greater crack bridging effect is reached.

A detailed inspection of the fatigue crack growth curves for beams reinforced with two CFRP layers revealed that:

o the fatigue crack growth can be significantly improved by increasing the number of reinforcement layers. In particular,
the fatigue life is nine times greater for two CFRP layers compared to the single one (see Fig. 9(a));

e at the beginning of the tests, the crack growth rate is quite large, resulting in a faster fatigue crack propagation. This is
clearly shown in Fig. 9(b), which reports a detail of the fatigue crack curves up to ten thousand duty cycles;

e an even faster fatigue crack growth rate was observed for a crack size ranging from approximately 40 mm to the final
crack size.

In Fig. 9, it is finally evidenced that the fatigue crack growth in CFRP reinforced beams is a quite complex phenomenon
resulting from the interaction of the fatigue performance of the steel beam and the interface behaviour.

5.1.3. CFRP strain distribution

Fig. 10 shows the strain distributions measured along the CFRP strip by using strain gauges for increasing crack lengths.

Specimens B04, B0O6, BO7 and B09 were considered. It may be noticed that the strain distributions are symmetric with
respect to the midspan, but the strains tend to spread as far as the crack size increases, due to the progressive debonding
in the adhesive layer. In particular, the strain profiles for specimen B04 indicated the presence of a debonded area close
to the cracked section and were useful to explain the shape of the fatigue crack propagation curves. The strain profile, in fact,
exhibited a plateau up to approximately 50 mm from the midspan, indicating CFRP reinforcement debonding in this region.
This phenomenon is less evident but still present in specimens B06, BO7 and B09 that were reinforced with two CFRP strips.

5.2. Analytical and numerical results

In this section, the analytical and numerical results are presented in terms of the CFRP strip tensile force in the cracked
section. A detailed discussion of the analytical and numerical findings is provided in Section 6. The CFRP strip axial forces
obtained from the adhesion analysis and from the FEM simulation were compared to the results of the experimental tests.
The evaluation of the CFRP strip tensile force is very important to understand the fatigue behaviour of the reinforced steel
beam. The tensile force in the CFRP strips, actually, indicates the capacity of the reinforcement to bridge the crack and to
reduce the fatigue crack growth. In fact, the higher the tensile force in the CFRP strips, the lower the stress intensity factor
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Fig. 9. Fatigue crack growth results: (a) crack propagation curves, and (b) detail for short crack.

in the steel beam and then the slower the fatigue crack propagation. Fig. 11 illustrates the results for specimen B04, which
was reinforced with a single CFRP layer.

In Fig. 11, analytical outcomes from the sectional analysis of the cracked section are reported as a continuous line, while
the experimental results are superimposed as circles. The analytical results are computed from the sectional analysis of the
cracked section outlined in Section 3.2. The experimental results are obtained from the strain readings (see Fig. 10) in the
following way. At first, the microstrain, &g, at x = 0, is evaluated from Fig. 10 and the tensile force in the CFRP strip is calcu-
lated as N. = &y-E--A., where E. is the Young’s modulus of the reinforcement and A, is the composite section area.

Fig. 12 illustrates the results for specimens B06, BO7 and B09, which were reinforced with two CFRP layers.

In Fig. 12, analytical outcomes from the sectional analysis (see Section 3.2) of the cracked section are reported as a con-
tinuous line, while the experimental results are superimposed as circles. The experimental results are obtained from the
strain gauges readings (see Fig. 10) as explained above.

6. Discussion

In this section, the experimental findings and the predicted behaviour of the beams resulting from the proposed numer-
ical and analytical models are discussed.

Experimental results show the effectiveness of the repair of cracked steel beams by using CFRP strips, leading to a signif-
icant increment of the fatigue lifetime. Comparison of the fatigue behaviour of un-repaired and repaired steel beams is pos-
sible only for specimens BO1 and B02, which were tested at the same load level. Specimen BO1 showed a fast fatigue crack
growth (see Table 1) and the final crack size, ar= 60 mm, was reached at 233,500 duty cycles. The application of a single rein-
forcement layer (specimen B02) produced no fatigue damage after 280,000 duty cycles. This means that, at about 230,000
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duty cycles, the unrepaired specimen BO1 presented significant fatigue damage while no crack propagation was observed in
the reinforced beam BO02. This is a strong evidence of the effectiveness of fatigue repair of cracked steel beams by using CFRP
strips, as clearly showed in literature [6-15].

Fast fatigue crack growth was noticed in specimens BO3 and B04 (one reinforcement layer) and debonding was clearly
observed from the strain gauge measurements. In that case, a higher stress range was selected to properly investigate the
fatigue behaviour of beams strengthened with two reinforcement layers and, as a result, fast crack propagation was found
in specimens BO3 and B04 with a single reinforcement layer (see Fig. 9).

The debonding influence on the CFRP strip tensile force is clearly illustrated in Fig. 11. Besides, the sectional analysis of
the cracked section (see Section 3.2) evidently failed in the prediction of the CFRP tensile force since the debonding effect
was not taken into account. On the other hand, in the finite element model (see Section 4), the introduction of a debonding
at the cracked section provided a correct estimation of the CFRP tensile force. In beam B04, debonding was in fact identified
closed to the midsection as a longitudinal strain plateau of 2000-2200 pum was measured by the strain gauges in the CFRP,
see Fig. 10(a). Beyond the debonded zone, the stress rearranged back into the steel beam and the corresponding CFRP stres-
ses and strains reduced. Such a strain level in the debonded region is also in agreement with the experimental results in [10].
Additionally, Eq. (1) can be used to estimate the maximum allowable tensile force in order to prevent debonding. To this end,
the allowable adhesive shear stress of 20 MPa can be roughly estimated according to [10] [ 14]. Inserting this value in Eq. (1),
for an external bending moment of 8.75 kN m, an admissible CFRP tensile force equal to 34.5 kN is achieved. This analytical
value is in agreement with the CFRP tensile force experimentally obtained and reported in Fig. 11.

In Fig. 12, for specimens B05-B09 (two reinforcement layers), the results of the sectional analysis in terms of the CFRP
axial force in the cracked section with respect to the crack length (see Section 3.2) were compared to the experimental find-
ings. Again, the sectional analysis failed in the prediction of the tensile force in the CFRP since debonding is present. When
a/h < 0.2, the experimental axial force at the midsection was significantly lower than the analytical predicted behaviour and
the sectional analysis of the cracked section failed in the prediction of the experimental trend. This means that for small
crack size in the steel beam, the stress redistribution between the steel flange and the CFRP is reduced and lower axial force
is carried by the reinforcement. In fact, the steel beam stiffness and the reinforcement stiffness control the stress redistribu-
tion. For small crack size, the beam stiffness is quite large compared to the reinforcement one and the stress redistribution
occurs only in the first composite layer. As the crack length increases, the beam stiffness decreases and, as a result, both the
reinforcement layers are involved in the stress redistribution. This has a strong influence on the fatigue crack growth as
clearly evidenced in Fig. 9(b). Fig. 12 exhibits also a progressive marginal reduction of the axial force in the CFRP strips
for a/h > 0.35. This is probably due to progressive debonding and has an evident effect on the fatigue crack curves (see
Fig. 9(a)) for specimens BO6 and BO7. This phenomenon was not observed in specimen B09, which exhibited a slower fatigue
crack growth.

The use of two reinforcement layers results in more pronounced stress bridging in the cracked section and decreases the
crack opening displacement. Therefore, the fatigue crack growth rate is reduced and the fatigue life increased. This is clearly
proved in Fig. 9, where the results of fatigue tests for two reinforcement layers (specimens B0O5-B09) are compared to the
ones for single reinforcement layer (specimens B03-B04). The fatigue life for two reinforcement layers is, in fact, nine times
greater than the one for a single layer.

Comparison of Figs. 11 and 12 shows finally that the tensile force in the CFRP strips for single reinforcement layer is 40%
less than in the two layers case.
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As a result of the above discussion, the fatigue crack growth of cracked steel beams reinforced by using CFRP strips is a
quite complex phenomenon governed by the interaction between the fatigue crack growth in the steel plate and the adhe-
sive joint behaviour. This explains the scatter of the experimental results showed in Fig. 9(a).

7. Conclusions

Based on the experimental investigations and on the predicted behaviour of the fatigue crack growth in steel beams rein-
forced using CFRP strips, the following conclusions can be highlighted:

o the fatigue crack growth of damaged steel beams can be effectively reduced by using CFRP reinforcement. Besides, the
fatigue behaviour is significantly improved by increasing the number of composite layers. The fatigue life for two
reinforcement layers is, in fact, nine times greater than the one for a single layer;

o the crack growth rate is quite large at the beginning of the tests (up to a crack size of approximately 25 mm), resulting in a
faster fatigue crack propagation. An even faster fatigue crack growth rate was observed for a crack size ranging from about
40 mm to the final crack size;

o the fatigue crack growth is very sensitive to the tensile force in the CFRP strips. The use of two reinforcement layers
increases the tensile force in the reinforcement, resulting in a substantial increment of the fatigue life;

 reinforcement debonding plays an important role in the efficacy of the repair and it lessens the fatigue life;

o finally, the fatigue crack growth in cracked steel sections reinforced by using CFRP strips is a complex phenomenon gov-
erned by the adhesive behaviour and by the interaction between the fatigue crack propagation in the steel section and the
reinforcement debonding. This leads to a significant scatter of the fatigue crack growth curves in the experimental
findings.
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