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ABSTRACT

Prestressed composite patch bonded on cracked steel section is a promising technique to
reinforce cracked details or to prevent fatigue cracking on steel structural elements. It
introduces compressive stresses that produce a crack closure effect. Moreover, it modifies
the crack geometry by bridging the crack faces and so reduces the stress intensity range
at the crack tip. Fatigue tests were performed on notched steel plate reinforced by CFRP
strips as a step toward the validation of crack patching for fatigue life extension of riveted
steel bridges. A crack growth induced debonded region in the adhesive-plate interface
was observed using an optical technique. Moreover, the size of the debonded region
significantly influences the efficiency of the crack repair. Debond crack total strain
energy release rate is computed by the modified virtual crack closure technique
(MVCCT). A parametric analysis is performed to investigate the influence of some
design parameters such as the composite patch Young’s modulus, the adhesive thickness

and the pretension level on the adhesive-plate interface debond.

Keywords

INTRODUCTION

Work on reinforcement of cracked aluminium structures
by composite patches started in the seventies and today is
a standard procedure in aircraft industry.' Other applica-
tions on structural elements subjected to extreme actions
(high fatigue loads, high temperature ranges and expos-
ure to aggressive agents) in the automotive and aeronaut-
ical industry showed that it is possible to produce high
strength assemblies using composite materials bonded to
thin metallic elements.? At the beginning of the nineties
it was shown that the properties of carbon fibre laminates
(CFRP) could be exploited also in civil engineering ap-
plications and the reinforcement of concrete bridges with
CFRP-laminates was achieved.” This technical realisa-
tion showed that composites bonded with epoxy resins
are a reliable solution for strengthening of bridges. It
was also shown that the very high tensile strength of
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composite materials could be exploited in order to pres-
tress the CFRP-laminates.* More recently, attempts were
made to reinforce metallic structures in civil engineering
with composite materials in order to increase the load
carrying capacity of the steel bridge sections.” Finally,
CFRP patch, eventually prestressed prior to bonding,
was proposed.“!! as an innovative reinforcement meth-
odology for steel structural elements damaged by fatigue.
CFRP-laminates have physical and mechanical proper-
ties that are particularly interesting for reinforcement of
fatigue damaged steel elements. The high fatigue resist-
ance of CFRP avoids crack propagation from the cracked
steel section into the patch. The high stiffness of CFRP
reduces the stress range in the cracked steel section and
promotes crack bridging. The high tensile strength of
CFRP also enables a pretension to be applied to com-
posite strips so as to promote crack closure in thicker
steel sections. Finally, the low self-weight of CFRP plates
limits the dead load increment and simplifies the
strengthening operations. The effectiveness of this tech-
nique was verified by fatigue tests on notched steel
plate reinforced by CFRP strips. Several fatigue tests on
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cross-girders of riveted steel bridges reinforced by CFRP
strips were also performed in order to show the applicabil-
ity to bridge reinforcement."™!" Fatigue tests showed that
the application of a pretension to CFRP patch prior to
bonding produces a significant increment of the
remaining fatigue life. All the documented applications
show the technical feasibility of civil engineering struc-
tures being strengthened and rehabilitated by using com-
posite materials.

The high fatigue resistance of CFRP laminates prevents
fatigue crack propagation in the composite patch but a
debonded region is created between the steel plate and
the reinforcement. This debond crack may propagate
in the adhesive-plate or adhesive-patch interface but
it is expected that the debond at the adhesive-plate inter-
face will more likely initiate and grow due to a high
stress concentration in the cracked plate. The evaluation
of mode T and mode II strain energy release rates'>'?
was performed in the literature in order to provide a
fracture criterion for interfacial cracks. It is well known
that the bi-material interface crack always induces
both opening and shearing mode behaviour for single
mode loading."* The stress field possesses a physically
inadmissible oscillatory character that is confined to
a small stress region near the end of the crack. The
modified virtual crack closure technique (MVCCT)
is an expedient method to calculate the strain energy
release rate, G."> This technique allows calculation of
the strain energy release rate through a single analysis.
The concept is to calculate the strain energy release per
unit area for the extension of the crack over a short
distance, Aa. It is well known that the strain energy
release rates for mode I, Gy, and mode II, Gy, separately
are theoretically nonexistent'* since they are not defined
as Az goes to zero. However, for finite crack extension,
Aa, the individual strain energy release rates exist and
could be used'® to study delamination crack growth.
Alternatively, the total strain energy release rate, G, has
been used as a fracture parameter for interfacial crack
propagation.'’

In the present paper reference is made to notched steel
plate fatigue tests.*'! In previous publications,""! the
stress intensity factor in the cracked plate was computed,
but no attempts were made to compute the debond strain
energy release rate G. Results showed that the size of the
debonded region significantly influences the efficiency of
the crack repair. The goal of this paper is then first to
evaluate the G distribution along the crack growth in-
duced debond front and second to study the influence of
some design parameters such as the composite patch
Young’s modulus, the adhesive thickness and the preten-
sion level on the adhesive-plate interface debond. To this
end a suitable two-dimensional finite element model
based on the three-layer technique' is realised in order

to compute debond crack strain energy release rate by
the MVCCT.

REINFORCEMENT OF STEEL MEMBERS BY
PRESTRESSED CFRP STRIPS

The idea®'" was to reinforce fatigue damaged steel
members by prestressed CFRP strips. The effectiveness
of CFRP patches to reduce or to arrest crack propagation
was investigated by fatigue tests on notched steel plate
(Fig. 1).

The central notch consists in a hole and two initial
cracks produced by electroerosion. Hole diameter and
plate thickness are representative of rivet holes and plates
thickness used in riveted members since the long-term
objective of the research is to show the applicability of
such a reinforcement technique to riveted steel bridges.
The notched steel plates are reinforced on both sides
with two CFRP-strips. The material properties and di-
mensions of the specimen are reported in Table 1.

The application of composite patches to steel plate does
not produce a significant reduction of the stress levels
since the stiffness of the steel plate is much larger than
the composite strips. Moreover, the application of a large
number of composite strips is not possible from both the
economical and practical point of view. In order to in-
crease the effectiveness of the patch reinforcement, the
CFRP strips must then be prestressed.>™! Prestressing of
the CFRP strips introduces compressive stresses that
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Fig. 1 Test specimen.
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Table 1 Material properties and dimension of the notched steel plate reinforcement

Length Width Thickness Material
Layer (mm) (mm) (mm) properties
Steel plate 1000 300 E,=210GPa, v,—0.3
Adhesive 500 50 0.3 E,=714.14MPa, v,=0.32
CFRP patch 500 50 1.2 E,=174GPa, E; =9 GPa,
Vi2 = 028, GIZ = G13 =4.5 GPa
Gy =44GPa
promotes the crack closure effect.'® In this paper refer- CFRP strip
ence is made to fatigue tests on notched steel plate with a 7
Rivet hole Delamination

constant amplitude load range AF=240kN and a load
ratio Fpin/Fmax = 0.4. Since the thickness of the adhesive
(0.3 mm) is much less than that of the steel plate (10 mm)
and the composite patch (1.2 mm), a three-dimensional
analysis becomes very expensive. A two-dimensional
model is then adopted in connection with the MVCCT
to evaluate the debond crack strain energy release rate.

Experimental evidence

As the crack approaches the interior boundary of the
patch, the high stress concentration at the crack tip
produces a debond at the plate-adhesive or adhesive-
patch interface. From the inspection of the failed speci-
mens, it was concluded that debond was present between
the steel plate and the adhesive layer. Debond was
investigated® ! using the Optical Speckle Interferometry
technique.**'” The evolution of the displacement field
at the specimen surface is reported in Fig. 2.

Each fringe represents a displacement of 1.3 um in
the longitudinal direction. At the beginning of the test
(Fig. 2a) no relative displacement is present between the
steel plate and the adhesive layer. As the crack in the steel
plate approaches the external boundary of the composite
patch (Fig. 2b), relative displacements are present be-
tween the steel plate and the adhesive layer. Moreover,
the deformation level in the composite patch is increased.
At the end of the test (Fig. 2¢), the fatigue crack is outside
the patch and the boundary of the delamination zone is
parallel to the crack. The dimensions of the debond
zones are deduced by comparing the displacement field
obtained by finite element calculations with the experi-
mental one.>'" The results showed that the debond
zone between adhesive layer and steel plate is well ap-
proximated by an ellipse with an aspect ratio ¢/b of 1/5
(see Fig. 12). The delamination front is supposed to be
ahead of the crack tip at a distance equal to the plastic
zone.
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Fig. 2 Displacement field on specimen surface by Optical Speckle
Interferometry (a) N=0, (b) N=650000, and (c) N=1200000.

NUMERICAL MODEL
Three layer technique

In Ref. [13] the three-layer technique was proposed to
model a composite bonded reinforced cracked plate.
This technique uses two-dimensional finite element an-
alysis, consisting of three layers, to model the steel plate,
adhesive layer and composite patch. It is not required
to replace the adhesive layer by shear spring elements
(noncontinuum body)'*2° since the adhesive layer is
modelled as an elastic continuum medium. In this way
the characteristics of the adhesive required to model
nonlinear material behaviour are also captured directly
together with the effects of adhesive rotation. Adhesive
rotation effects play a role in the definition of the
debonding energy for symmetric patching but they are
very important for single patches.'? Constraints are used
to enforce the compatibility along the plate-adhesive and
the adhesive-patch interface based on Mindlin assump-
tions (Fig. 3).

According to Mindlin plate theory (Fig. 3), all three
layers, steel plate, adhesive and composite patch, are
assumed to have a linear displacement field along the
thickness and they satisfy the relations:"?
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Fig. 3 Modelling of bonded reinforcement and necessary
constraints at the interfaces.
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w° = wp, ' = wy, W' = wy (1)

where the superscript s, a and c are used to denote the
steel plate, adhesive layer and composite patch, respect-
ively. The co-ordinates 2%, z* and 2° are measured from
the midplane of each layer. Making use of Eq. (1), at the
plate-adhesive interface, where the z co-ordinates for the
cracked plate and the adhesive layer are equal, the con-
straint equations reduce to:

. < b
u“:u“:>uJ7uAf<pyJ- ﬁ

ba S
va:v5:>vj—vA+<pg-?+<pf~ =0
w' = (2)
and at the adhesive-patch interface, where the z co-
ordinates for the adhesive layer and the composite
patch are equal, one has:

be b
uczuaéup—uj—goﬁ-?—goyj-jzo

be b
UC:Z)a:>UP—UJ+§0£’7+S@i'7:0
¢ = (3)

In the three-layer model, the three layer rotations are
independent of each other and only use of displacement
constraint at the interfaces to enforce geometric com-
patibility is required. In the debonded region between
the steel plate and the adhesive layer, the layers are inde-
pendent of each other and the constraint equations are
no longer valid. Note that due to the symmetry of the
reinforcement no overlapping due to translation in the
thickness direction is possible.

Strain energy release rate

The MVCCT? is used to calculate the strain energy
release rate along the debond front. This technique
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Composite
patch
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n

W
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Fig. 4 Schematic three layers model for delaminated plate.

Steel plate
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allows calculation of the strain energy release rate in a
single analysis.”’ Consider the schematic three-layer
model in Fig. 4.

A four-node Mindlin plate element is used to model the
adhesive layer and composite strips. Due to the sym-
metry, a four-node plane stress element is used to
model the steel plate. Delamination is assumed between
the steel plate and the adhesive layer as suggested by
experimental findings.*'" The concept is to calculate
the strain energy release per unit area for the extension
of the crack over a short distance Aa. According to the
MVCCT, the generalised forces are evaluated at node B.
Since the extension Az is very small, the crack opening
displacements at B are assumed to be the same as those at
A. The forces and moments are evaluated from the finite
element in the midplane of each layer. They are equal to
the static quantities associated with constraints and are
computed by summing up the contributions of nodal
forces and moments at that node from every element at
the node. The strain energy release is evaluated as:

WTOT _ WEK + H/VBK + VI/ZBK

WK = L(F - Aa), WK =2 (PP ),

y

W = (P Aw) @

where F,, F, and F, are the interface forces in the x, y and
z direction, respectively, while Au#, Av and Aw are the
relative displacements between the steel plate and the
adhesive layer (Fig. 4). Consider first the contribution
to strain energy release in the x direction, WEK. The
constraint forces between the nodes satisfy the following
equilibrium equations:

FELFr+ PR =0

Q K o

Fx-7+My =0

FQE—FB-—3+MK=0

S

F} -3 =M} =0 (5)
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The relative interface displacement in the x direction is
given by:
a S

b b
Au:uA—uJ—}—gO)J,-z-i-tpf-? (6)

The strain energy release contribution is then:

1
WK = (PP Au)

1 b b
=3 Equ—Ff‘uJ+Ff7<pyj +F57gq¢ (7)

Making use of the equilibrium equations (Eq. (5)) and the
constraint (nodes 7 and P are tied):

be b
”J:”P*@fj* }7 (8)
the contribution WPEK to the strain energy release is,
after simple manipulations:

1
WEK = 7 [Fqu + Mfg&j‘ + F¥y +M}I,<90)J, + FSup-&-M;ngf] 9)
In a similar way the contributions VVyBK and WEK are:

1
WP = 3 [Floa + MPG - Ffuy + M) + Flop + MY

1
WP =5 (Flos + Fwy + Fluwp) - (10)

The total energy release is then computed by Eq. (4) as:

1 5
WrOT =23 Fu; + Fiu} + Fiuf (11)

7

where i degree of freedom and
F; —ug, F? —u?andFf — u§ are generalised constraint
forces and displacements at the steel plate, adhesive
layer and composite patch, respectively. The associated
area for the above energy is 4 = Aa -/ where / is the
element depth in Fig. 4. Thus, the strain energy release
rate, G, at the delamination front is obtained as:

represents

Jy/ TOT
A

The accuracy of such a calculation depends on the finite
element mesh at the crack front. The procedure was
validated”” using a typical single-sided patch
configuration.

G= (12)

FINITE ELEMENT MODEL

The commercial finite element code ABAQUS® is used
to perform the analyses by the three-layer technique.
A schematic view of 1/8 of the finite element model of
the reinforced plate geometry is shown in Fig. 5.5
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Since composite strips are located on both sides, the
plate is meshed as a continuum medium using standard
four-node two-dimensional elements (Fig. 6). In particu-
lar, shell elements are used for the adhesive layer and
composite patch while plane stress elements are used for
the steel plate.

A tensile stress 0y, max =133 MPa was applied in the y
direction to the steel plate.”'' Symmetry boundary con-
ditions are applied to the steel plate node in the z—y plane
(displacement in the x direction and rotation along the
y-axis are then restrained). Again, symmetry boundary
conditions are applied to the steel plate, composite strip
and adhesive layer in the x—z plane (displacement in the y

g
ﬂ 'y, max

Steel plate 250

'S
Composite strip -+~
St
250
> X
50 75
lpb———y/

z

Fig. 5 Crack emanating from a rivet hole reinforced by composite
patch.

Elliptical
debond )

Fig. 6 Detail of the finite element model in the debonding region
(¢=50mm).
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direction and rotation along the x-axis are then re-
strained). Eventually, the prestress of the composite
strip is applied by using the initial condition option
(stress type) available in ABAQUS®™. During the pre-
stressed stage, the crack surfaces of the steel plate are in
contact.

According to experimental evidence, debond between
the adhesive layer and the steel plate is assumed with a
semielliptical shape (Fig. 5). The major semiaxis 4 and
the minor semiaxis ¢ are:

b=a—-25+R,
c=b/5 (13)

where R;, is the size of the plastic zone. It is computed by
the Irwin model'® as R,= 1/(27t)-(K/]§)2 where f, is the
yield stress. The MVCCT according to the three-layer
model is used to compute the debond crack energy re-
lease rate. A parametric analysis is then performed in
order to investigate the sensitivity of the adhesive-plate
interface debond to variations in the composite thickness
and Young’s modulus in the fibres direction, adhesive
thickness, pretension level and the size of the debonded
region.

RESULTS AND DISCUSSION

A refined finite element mesh is required in the
debonded region (Fig. 6) in order to achieve a regular
behaviour of the G distribution.”? The reference param-
eters are E; =174 GPa, /°=1.2mm, »* =0.3 mm, an el-
liptical debonded region with ¢/b equal to 1/5 and no
pretension (¢, =0) in the composite strips. Reference is
made to a crack length # equal to 50 mm (Fig. 6). Results
are presented in Figs 7-9 and 11 as function of the
normalised arch length s (Fig. 5). The G distribution
corresponding to the reference parameters, which is
reported in each figure by cross points, has a relevant
maximum value equal to 0.4 N/mm. The stress o), ax in
the steel plate is equal to 133 MPa and produces a stress
intensity factor in the steel plate equal to 1370 N/mm*’?
for a crack length 2=50mm.®"" The corresponding
strain energy release rate G, under the plane stress hy-
pothesis, is equal to 8.9 N/mm. The debonded strain
energy release rate is then much smaller than the corres-
ponding value in the cracked steel plate and it shows that
the contribution of debond crack to the strain energy
release rate is marginal. Anyway, the extension of the
debonded region is of practical importance since it influ-
ences the stress intensity factor level in the cracked steel
plate.5!!

The goal of the following parametric study is to investi-
gate the sensitivity of debond crack strain energy release
rate G to some design parameters such as the patch

stiffness (E; and 4°), adhesive thickness (b") and the pre-
tension level g,,. A variation of the patch stiffness can be
achieved by changing either the patch thickness 4° or the
patch Young’s modulus E;. Results show that the debond
crack strain energy release rate is not strongly dependent
upon the patch stiffness (Fig. 7).

This is due to the high stiffness of the steel plate com-
pared to that of the CFRP strip. The increment of E;
from 100 to 400 GPa produces in fact a reduction of G
that is confined to 12%. Note that a corresponding
increment of E; produces a 30% significant decrement
of the stress intensity factor in the steel plate.>"! Figure
7 shows that near the steel plate crack tip the strain
energy release rate approaches zero. This indicates that
the debond crack is unlikely to be ahead of the plate
crack. Modifying the patch thickness #° within reason-
able bonds does not produce any significant variation in
the G-values distribution and so the relevant plot is not
reported. In fact, the 4° increment produces an incre-
ment of the patch shear deformation, which reduces the
positive effect connected to stiffness increment. Note
that a moderate 16% decrement of the stress intensity
factor in the steel plate was achieved by increasing A°
from 1.0 to 2.0 mm.5"!

The adhesive thickness 4* is a very important parameter
for the assessment of the effectiveness of the crack re-
inforcement (Fig. 8).

By increasing 4?, the effectiveness is decreased due to
shear deformation of the adhesive layer. A 72% drastic
decrement of the G-values at the debond crack, as 4* is
increased from 0.15 to 1.2 mm, is then achieved due to
the reduction of the relative displacements at the inter-
face. Note that a corresponding increment of the adhe-
sive thickness produces a moderate 15% increment of the
stress intensity factor in the steel plate.5'' A thinner
adhesive layer increases the debond crack energy release
rate and a larger debonded region is then expected.

[=-100 GPa 174 GPa ——216 GPa —+300 GPa ——400 GPa |

CFRP strip

Delamination

0 01 02 03 04 05 06 07 08 09 1
Arc length, s

Fig. 7 Influences of composite patch Young’s modulus E; on
debond crack strain energy release rate.
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The G distribution corresponding to different preten-
sion level o, is reported in Fig. 9.

A major 87% reduction of the G-values is achieved by
increasing the pretension level from 0 to 1000 MPa.
Numerical results show that the relationship between
o, and the interface relative displacements and forces is
linear. This means that the pretension can be considered
as a compressive load applied to the steel plate. Under
this hypothesis the pretension effect on crack reinforce-
ment is then related to the G distribution for g,=0.
Figure 10 shows the debond crack strain energy release
rate as function of the pretension level o, for three
different normalised arch lengths (s=0.3, s=0.6,
s=0.9).

Pretension reduces from one hand the effort transmit-
ted to the composite strips and from the other hand the
crack opening displacements are also decreased. As a
result the debond crack strain energy release rate G is
drastically reduced. Since the relationship between the
relative displacements and forces at the interface is linear,
G (see Eqs (12) and (13)) is a quadratic function of g, as
indicated in Fig. 10 by the superimposed curve fitting in
Fig. 10 by a second order parabola. Note that prestress

[=-0.15mm —030mm —0.50mm -+ 0.80mm —- [.2mm |

0.7

CFRP strip

0.6 o
Delamination

0.5 ™ .\-:11_\_/

é 0.4 e P00
5 03 P
0.2 e i
0.1 ’ -------------------------------
0

0 01 02 03 04 05 06 07 08 09 1
Arclength, s

Fig. 8 Influences of adhesive thickness 4" on debond crack strain
energy release rate.

[#+0 -o-400 MPa ——632 MPa —+800 MPa —-1000 MPa |

CFRP strip

0.4 "

Delamination

0.35 i_\‘/
s=1
0.3 w o $=0

1000000000

0 01 02 03 04 05 06 07 08 09 1
Arclength, s

Fig. 9 Influences of pretension level o, on debond crack strain
energy release rate.
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does not produce any variation of the stress intensity
factor range in the steel plate but reduces the stress ratio
and then promotes crack closure.'® This clearly shows the
fundamental contribution of pretension to the effective-
ness of the patch reinforcement of steel element.

Finally, the size of debonded region has a significant
influence on the effectiveness of the crack reinforcement.
On the basis of experimental findings, an elliptical
debonded region with ¢/b=1/5 is assumed as reference
value in the numerical analysis.

By increasing the debonded area the effectiveness of the
crack reinforcement is decreased due to the reduction of
the load transfer from the steel plate to the composite
strips. A 78% reduction of G-values is then obtained by
increasing the aspect ratio ¢/ from 1/10 to 1/2 (Fig. 11).
This means that the debonded area is expected to be
limited to a region close to the steel plate crack (Fig. 12).

Note that a corresponding increment of the debonded
area produced a 20% increment of the stress intensity
factor in the steel plate.>'! Then the size of the
debonded region has a significant influence on both the
stress intensity factor levels in the cracked steel plate and
then on the effectiveness of the repair.

05=0.305=0.625=0.9

0.4
0351
0.3
g 025}
£ ,
z 02 4
T 0.15 .
0.1] .
0.05 R . - s
o :
0 200 400 600 800 1000 1200

Pretension level, MPa

Fig. 10 Influence of the pretension level at different normalised
arch lengths.
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Fig. 11 Influences of the debond shape ratio ¢/b on debond crack
strain energy release rate.
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Fig. 12 Elliptical debond used in the parametric analysis.

CONCLUSIONS

Numerical analyses were performed with reference to
experimental tests carried out in order to evaluate
debond crack strain energy release rate, G, and to investi-
gate the influence of some design parameters on the G
distribution. The three-layer technique is adopted in
connection with the MVCCT to reduce the computa-
tional effort.

The crack growth induced delamination is limited to a
region close to the steel plate crack for the steel elements
under investigation reinforced by prestressed composite
strips. This is due to the high stiffness of the steel plate,
compared to that of the composite strip, that produces
low debond strain energy release rate values at the
debond front. Anyway, it can be concluded that the size
of debonded region must be taken into account because
it has a significant influence on the stress intensity factor
level in the cracked steel plate.

Adhesive layer shear deformation due to adhesive thick-
ness increment produces a major reduction of the
G-values on the debond front. Note that a corresponding
moderate increment of the stress intensity factors in the
steel plates is achieved. Therefore it can be concluded
that a thin adhesive layer produces a larger debonded
area, which in return reduces the effectiveness of the
reinforcement.

The application of a pretension to the composite strips
prior to bonding produces a significant decrement of the
G-values distribution along the debond front. Note that
a corresponding major reduction of the stress ratio in the
steel plate is achieved that promotes crack closure.
Therefore, it can be concluded that pretension of the
composite strips prior to bonding is strongly recom-
mended in order to maximise the effectiveness of the
bonded patch on the steel section.
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