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1. Introduction

Abstract. The load carrying capacity in a damaged steel beam can be substantially
increased through repairing by attaching Fiber-Reinforced-Polymer (FRP) plates to tension
flange. Such a repaired beam is generally failed by either debonding of the FRP plates from
the steel flange or FRP rupture at the damage location due to the stress concentration.
In this case, the effectiveness of repair significantly depends on the repairing material
properties, i.e. FRP and adhesive. This paper developed a Finite Element (FE) modeling of
damaged steel beams repaired with FRP plates, and aimed to clarify the FRP and adhesive
properties effects on beam recovery. The primary defect was simulated by inserting a notch
through the tension flange at mid-span. To ensure the validity of the proposed numerical
model, the results of numerical models were compared with those existing experimental
works. A parametric study was performed to achieve a better understanding on the
sensitivity of parameters which are responsible for flexural behavior of the repaired beams.
Studies showed that the influence of the most investigated parameters on the response of
the repaired beam is very notable, and considering influential parameters in choosing the
material for a FRP-repair leads to promising results in design consideration.

© 2015 Sharif University of Technology. All rights reserved.

be seen that the technique is not yet as extensive as

In practice, steel beams are vulnerable to be exposed
to various factors through which their capacity is
decreased such as fatigue crack, physical damage,
corrosion, wrong cutting during construction, and so
on. Carbon Fiber Reinforced Polymer (CFRP) com-
posites as construction materials are being increasingly
considered for repairing and strengthening the existing
structures because of their key advantages, includ-
ing high strength-to-weight ratio, corrosion resistance,
light weight and high durability.

Even though the efficiency of the bonded CFRP
for the strengthening and repair of steel structures has
been presented in a number of studies [1-13], it can
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it is for the concrete members. Up to now, most
of the previous studies focused on the behavior of
the strengthening effect of FRP on undamaged steel
beams. However, in some experimental studies, the
influence of CFRP plates on the strength of arti-
ficially damaged steel beams has been investigated.
In the experiments conducted by Tavakkolizadeh and
Saadatmanesh [13], the ultimate load-carrying ca-
pacities of damaged girders in which damage varied
from 25% loss of the flange to 100%, significantly
increased by 80% compared to the intact beam. Liu
and et al. [12] reported that an increase in stiffness
and plastic load of corroded steel members can be
achieved from the application of CFRP laminates to
the tension flange of corroded steel members. In
another experimental study [5,9], it was resulted that
attaching CFRP plate to tension flange of a notched
steel beam increased its load carrying capacity up
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to 79% of that for the intact beam. According
to another experimental study conducted by Harries
and et al. [7], the externally bonded CFRP plates
increased the load required to cause yield at the root
of the notch to 137% of that of the unrepaired beam.
Also, in the other detailed aspect of repairing the
metallic members, some researchers have worked on
finding an efficient patch repair which is very important
from both economic and technical point of view [14-
17].

However, the limited knowledge of behavior in
such applications needs to be extended. The lack
of knowledge about interaction between the behavior
of the damaged beam and the properties of repairing
materials (i.e., mechanical and dimensional properties
of FRP and adhesive layer) are some of the problems
contributing to the difficulty of having a clear view
toward FRP-repair.

The aim of this paper is to recognize the contri-
bution of each physical and mechanical parameter of
materials to behavior of repaired beams under mono-
tonic loading. In this direction, a validated numerical
modeling was developed, approaching by incorporating
causal factors in the behavior of beams. It was assumed
that a beam suffered from an initial notch passed
through its tension flange, and attaching FRP plates to
notched flange was implemented to recover the beam
behavior. In order to simulate the damaged steel beam,
a notch was cut through its tension flange at mid-span.
The notch was inserted to reflect the reduction in the
elastic stiffness and the ultimate strength of the beam.
In order to validating the FE results, various beams
tested by other researchers were simulated to compare
the results.

2. Finite element model

The simply supported beams were modeled using the
FE program ABAQUS version 6.10 [18] to simulate the
mechanical behavior of the repaired beams. To reduce
the time consuming in analysis process, only half of the
steel beam were modeled in which necessary constraints
were assigned to nodes of the symmetric surface, as
shown in Figure 1.

Symmetric surface
(Ux=URy=URz=0)

L \Rigid support “~FRP plate
LAX

Figure 1. Model configuration.

2.1. Information about modeling and elements
The present study simulated the nonlinear mechanical
behavior of the repaired steel beam subjected to four
points loading. The initial damage in a steel beam was
modeled by geometrical cut extrusion in the bottom
flange at the mid-span. The FE model consists of
three parts: steel, adhesive and FRP as shown in
Figure 1. For FRP and steel beams, four-node shell
elements with reduced integration, S4R, were adopted.
Cohesive behavior, as a feature of ABAQUS version
6.10, which is suitable for modeling the behavior of
adhesive joints [18], was used to model the adhesive
layer (explained in Section 2.4.2). Figure 1 shows the
model configuration as well as the inserted notch in
which a half circle cutting above the notch was modeled
to overcome convergences problems. It should be noted
that to have a better view, shell thickness with the scale
of unit is shown in Figure 1.

2.2. Boundary conditions and load application
Displacement-type boundary condition was used to
apply the external loading to the beam. Two rigid
surfaces as supports were defined and individual refer-
ence points were assigned to each of them, as shown
in Figure 1. Fixing the degrees of freedom at reference
points, the constraints were applied to the entire rigid
part and the reaction force transmitted to the reference
point. In addition to satisfying simple support con-
ditions, this approach enables us to record the exact
amount of the reaction force throughout the loading.

2.3. Constraints and contact interactions

The steel beam-support plate and steel beam-
composite plate interfaces were modeled by surface-to-
surface contact interaction type, describing a contact
between two deformable surfaces or between a de-
formable surface and a rigid surface. A friction model
was used to define the resisting against tangential
motion of the surfaces in a mechanical contact analysis.
The penalty friction formulation was selected to define
the friction coeflicients for steel-support.

2.4. Materials modeling

2.4.1. Steel

In this study, steel member was taken into account as
an elastic-plastic material with strain hardening. A
typical trilinear stress-strain diagram of steel is shown
in Figure 2. The model was developed based on the
Mises yield surface, defined by giving the value of the
uniaxial yield stress as a function of uniaxial equivalent
plastic strain [19]. Also, the isotropic hardening model
was used to define the strain hardening of materials.

2.4.2. FRP composite material

As mentioned earlier, CFRP plates were modeled using
shell elements. Composite layup was employed to
specify the thickness, the number of integration points,
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Figure 2. Idealized stress-strain relationship for steel.

the material, and the orientation for each layer of the
shell. The integration method is Simpson’s rule with
three points in each layer for a composite section.

The CFRP materials were assumed to behave in a
linearly elastic manner without showing any plasticity
behavior. However, the damage initiation occurred
after satisfying one of the plane stress failure criteria
which was developed by Hashin [20]. He introduced
fiber and matrix failure criteria that distinguish be-
tween tension and compression failure. These criteria
assume a quadratic interaction between the tractions
acting on the plane of failure. Given the difficulty
in obtaining the plane of fracture for the matrix
compression mode, Hashin used a quadratic interaction
between stress invariants [21] which is available in
Abaqus package [18]:

Fiber tension mode:

@)= e o

Fiber compressive mode:

(%)Z =1, o <O0. (2)

Matrix tension mode:

G RS

Matrix compressive mode:

. 2
() (o) -2

099 < 0, (4)

J11 12\2
ve+(5) =1

where o;; are components of the effective stress tensor
in the directions 1 (fiber direction) and 2 (matrix
direction). X7, X¢, YT v¢ ST and ST denote
the longitudinal tensile strength, the longitudinal com-
pressive strength, the transverse tensile strength, the
transverse compressive strength, the longitudinal shear
strength and transverse shear strength, respectively.

Once the initiation criterion is satisfied, the dam-
age evolution would describe the rate of degradation of
the material stiffness up to the material failure. The
evolution law is based on the energy dissipated through
the damage process (see [22]).

2.4.8. Adhesive behavior

In the repaired steel beams, there are a number of
failure modes including cohesive failure of the adhesive,
debonding along the steel-adhesive or CFRP-adhesive
interfaces which governs the strength of the bonded
joint. Since a failure in interfaces is completely depen-
dent on the surface preparation and manufacturing, the
adhesive failure as a governing failure mode was merely
taken into account. In this way, the surface-based
cohesive behavior is defined as a surface interaction
property to model the adhesive between FRP and
steel beam. The formulae and laws governing this
feature are very similar to those cohesive elements with
traction-separation behavior [18]. Quadratic stress
criterion, Eq. (5), was employed to show the damage
initiation in which the damage will be initiated, when
this equation satisfies [18]:

Quadratic stress criterion:

On 2 O 2 Ot
ogmax + gmax + O-?lax = 17 (5)
n s

max max max
S b

where o' o o™, o, 05 and o4 denote strength
in normal direction, strength along the first shear
direction, strength along the second shear direction,
normal contact stress in the pure normal mode, shear
contact stress along the first shear direction and shear
contact stress along the second shear direction, respec-
tively. Beyond the damage initiation point, a damage
evolution based on energy was defined to describe the
degradation of the cohesive stiffness.

It is recommended that surface-based cohesive
behavior is better to use in situations where interfacial
thickness is negligibly small, and interfacial stiffness
is not in the first priority of the study [18]. Also,
numerical investigation on shear strengthening of RC
beams, conducted by Godat et al. [23] showed that
changing the interfacial stiffness gives no effect on
the overall structural performance, and the debonding
point remains almost the same. Therefore, this feature
of FE package, i.e. surface-based cohesive behavior,
was adopted as a reliable option to show adhesive fail-
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Table 1. Geometrical characteristics and details of repaired tested specimens.
Damage
Length
Secti Steel level CFRP Area of f FRP
No. Beam set Specimens Type ic on beam (% of the modulus CFRP 0(‘7 ¢
ype section Flange’s (GPa) (mm?) 0
. the span)
width)
1 A Intact Steel W150x18 - - - -
2 Harries et al. [7] B Unrepaired Steel W150%x18 100 - - -
3 C Repaired Steel W150%x18 100 144 70 100
4 Control Intact Steel W100x19 - - - -
5 FC1 Unrepaired Steel W100x19 100 - - -
Fam et al. [5] .
6 HC1F1 Repaired Steel W100x19 50 201 167 88
and Howard [9]
7 FC1F1 Repaired Steel W100x19 100 201 334 88
8 FC1F2 Repaired Steel W100x19 100 396 204 88
9 . . U3 Repaired Steel W310x21 100 200 140 100
Liu et al. [12]
10 U4 Repaired Steel W310x21 100 200 140 12.5
11 Tavakkolizadeh 25% Repaired Steel-concrete W355x13.6 25 144 193 83
12 and Saadatamnesh [13] 100% Repaired Steel-concrete W355x13.6 100 144 965 83

ure mode, as well as considering the slippage between
FRP and steel surface.

3. Verification of the model

In order to validate the results obtained from the
finite element models, a comparison between existing
experimental results and the numerical predictions is
conducted.

3.1. Simulated beams

12 specimens corresponding to the specimens tested
by Harries et al. [7], Fam et al. [5], Howard [9], and
Liu et al. [12], and two composite specimens tested by
Tavakkolizadeh and Saadatmanesh [13] were adopted
for numerical simulation. Table 1 summarizes the
details of experimentally tested beams, and Figure 3
shows beam configuration as well as FE modeling of
simulated beams. In these beams, various kinds of FRP
plates have been utilized to attach to the bottom face
of the notched tension flange. The simulated beams
demonstrated the capability of properly modeling of
the FRP-repair with a high accuracy for a wide variety
of FRPs, as shown in Table 2 and Figure 4. Amounts
of the ultimate load carrying capacities, initial stiffness
and failure modes obtained through reported tested
results and numerical analyses are summarized in
Table 2. The greatest difference observed between
experimental and numerical load carrying capacities
was 9% for the simulated steel beam FC1F1 in which
the beam eventually failed by rupturing in CFRP plate,
while its corresponding beam in experimental study
failed by complete debonding of CFRP from steel sur-

face. It may come from the existing difference between
adhesive properties adopted in numerical modeling and
tested beams.

3.2. Failure modes

In order to calculate the load carrying capacity of the
simulated beams, several failure modes were consid-
ered, including rupturing of the CFRP plate caused
by breakage in fibers (R), complete debonding which
means separation of whole FRP plate from steel beam
(D), steel beam yielding in large area created in critical
areas like crack location (Y), initiation of crack growth
at the root of the notch due to stress concentration
(CG), and local buckling in compressive flange or
distortional one (B). It should be mentioned that in
order to take the local buckling mode into account,
whole beams were simulated rather than modeling only
a portion of them.

4. Parametric study

Based on the validated model, a parametric study was
conducted to gain better insight into the parameters
governing the behavior of notched steel beams which
are repaired with bonding a CFRP plate to bottom
side of tensile flange. In this direction, the material
properties and loading conditions were the same as
those used in the experimental study on repairing the
steel beam reported by Fam et al. [5] and Haward [9].
The steel beam was with W100 x 19 section, total
span length of 900 mm, elastic modulus 200 GPa, and
yield stress 398 MPa. High modulus CFRP plate,
with 2 mm thickness covering 66% of the free span,
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Figure 3. FE models and beam configuration of tested beams: (a) By Harries et al. [7]; (b) by Fam et al. [5]; (¢) by Liu

et al. [12]; and (d) by Tavakolizadeh and Saadatmanesh [13].
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= Liu et al. CFRP plate i 600 mm
0.2 X Tavakkolizadeh &  — < >
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0.0 - T T T T T | . . .
0 2 4 6 8 10 12 14 Figure 5. Schematic of loading setup and beam

Number of specimens

Figure 4. Accuracy of the numerical model over the
experimental results.

was used whose strength and modulus of elasticity was
measured 1431 MPa and 396 GPa, respectively. In
the experimental programs, two different notches with
width of 1.3 mm and 3.3 mm were inserted into the
tensile flanges. However, in this study, the notch with
3.3 mm width in tensile flange at mid span was merely
considered to show initial damage. All specimens were

dimensions.

loaded under a four-point bending; typical repair con-
figuration along with the loading scheme is presented
in Figure 5. In the following sections, when the effect of
a specific parameter is analyzed, the values of all other
parameters are kept constant.

4.1. Parameters related to FRP

4.1.1. Effect of tensile modulus of FRP laminate

To investigate the effect of FRP modulus on the
behavior of the beam, the ultimate strength for FRP
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Table 2. Comparison between experimental and numerical results.
No. Beam set Specimens Type Experimental Numerical I_;DNum Falluri
results results E=p modes
Ultimate Elastic Ultimate Elastic
Exp. Num.
load  stiffness load  stiffness
1 A Intact 102.3 NR* 103.3 12.6 1.01 B B-Y
2 Harries et al. [7] B Unrepaired 81.8 NR* 79 10.6 0.97 B B-Y
3 C Repaired 84.5 NR 80.7 10.9 0.96 B B-Y
4 Control Intact 243 47.1 241.1 53.6 0.99 Y Y
5 FC1 Unrepaired 101 36.1 95.35 38.7 0.94 Y-CG Y-CG
Fam et al. [5] ] ) )
6 HC1F1 Repaired 182 57 177.6 62.1 0.98 R R
and Howard [9]
7 FC1F1 Repaired 105 55.6 112 59.1 1.07 R R
8 FC1F2 Repaired 187 61.7 203.8 60.7 1.09 D PD-R”
J i .5 - . 21.: .05 -Y*
9 Liu et al. [12] U3 Repaired 165.5 173.5 21.2 1.05 D PD-Y
10 U4 Repaired 149.5 - 147.2 20.1 0.98 D D
11 Tavakkolizadeh 25% Repaired 471.8 19.6 441.5 18.65 0.94 R R
12 and Saadatamnesh [13] 100% Repaired 434 19.6 443.2 21.22 102 D CG-PD

2 Not reported.

b B: Buckling, Y: Yielding, CG: Crack Growth at root of the notch, R: Rupture of CFRP,

PD: Partial Debonding, and D: complete Debonding.

¢ Differences between failure modes may be due to the difference between adhesive properties and also lack of surface preparation

in tests.

Intact-exp.

Unrepaired-exp.

4 5 6 7 8
Mid-span deflection (mm)

Figure 6. Load-deflection curve of repaired beams with
various FRP modulus.

plate was assumed to be constant and three elastic
moduli equal to 200 GPa, 400 GPa, and 600 GPa
were taken into account. It is obvious that because
of the linear behavior in FRP material and assuming
ultimate strength to be constant, the ultimate strain of
FRP is decreased while increasing the elastic modulus
of FRP. As Figure 6 shows, the elastic modulus has
a direct relation with elastic stiffness of the beams.
Repair using FRP plates with Young’s modulus of
200 GPa, 400 GPa, and 600 GPa improved elastic
stiffness of damaged beams up to 45%, 60%, and 72%,
respectively. Failure in the adhesive layer was observed
as a predominant failure mode of repaired beam using
FE200, while repaired beams by both the E600 and E400
demonstrated almost a linear behavior until reaching
the highest point, where beams failed by rupturing of
CFRP plate. This diagram indicates that increasing in
the modulus of elasticity without changing the ultimate

—_t5
— 14.5

300+ 1

3.5
—t3

—t2.5

—_—t2
—t1.5
—_—t1

—t0.5

7

Unrepaired-exp.

Intact-exp.

Load (kN)

0 1 2 3 4 5 6 7 8
Deflection (mm)

Figure 7. Load-deflection curve of repaired beams with
various FRP thickness.

strength of the CFRP plate, not only reflects any
considerable improvement in the ultimate strength of
the beam, but also makes beam to present a brittle
failure in which load carrying capacity dramatically
drops. In the case of the repaired beam with E600, for
example, due to the reduction in the ultimate strain
of the CFRP plate, CFRP fails at the lower load level
compared to the repaired beam with E400.

4.1.2. Effect of FRP thickness

The second investigated parameter was the thickness
of the FRP plate. Figure 7 shows the effect of the
variation of the thickness of plate from 1 mm to 5 mm.
This figure shows that by increasing the thickness
of CFRP plate, the failure mode changes from fiber
breakage to debonding mode. Beams, repaired with
CFRP plates in which thickness varied between 1 mm
to 2 mm eventually failed by occurring the rupture of
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CFRP plate at the mid-span, while the thicker plates
completely debonded from the surface of steel flange
at the peak points. The distinction between rupturing
and debonding can be seen in the descending parts
of diagrams. Figure 7 shows that the repair with
thickness of 2.5 mm almost restores the load carrying
capacity of damaged beam into an intact one. As
can be seen in Figure 7, increasing the thickness of
CFRP plates from 2.5 mm to 4 mm led to strength
growth of beams which finally dropped due to the fiber
collapse. However, high thickness values of CFRP do
not always lead to a higher gain in the load carrying
capacity. Figure 7 clearly shows this phenomenon that
when FRP thickness increases from 4 mm to 5 mm, any
enhancement of beam strength is gained, and causes
a reduction in the ultimate load carrying capacity to
occur. The reason of this behavior will be discussed in
Section 4.5.2.

4.1.3. Effect of type of FRP plate

Available FRP plates are of various types related to
their characteristics such as ultimate strain which is as-
sociated with their modulus of elasticity. Therefore, in
order to reveal the influence of FRP type on the repair-
scheme, four commercially available FRP products
with various elastic moduli, consisting of GFRP (Glass-
FRP) plates with modulus of elasticity 31 GPa and
ultimate strain 0.031, SM-CFRP (Standard Modulus)
with modulus of elasticity 144 GPa and ultimate strain
0.0148, HM-CFRP (High Modulus) with modulus of
elasticity 396 GPa and ultimate strain 0.00361, and
UHM-CFRP (Ultra High Modulus) with modulus of
elasticity 514 GPa and ultimate strain of 0.00332 were
adopted. In this case, all of the dimensional properties
of materials were assumed to be constant. Figure 8
shows the load-deflection responses for repaired beams
in which UHM-CFRP plate enhances the strength of
the beam by almost the intact one. It shows that
increasing the elastic stiffness is associated with the
elastic modulus of each type of CFRP. The contribution
of CFRP and the effect of its elastic modulus on flexural
stiffness are more pronounced after yielding steel in
compressive flange and damaged area, compared to
the elastic range. However, the flexural strength is
not always in direct relation with ultimate strength

300

= UHMCFRP
250 HMCFRP

50 SMCFRP
2 200 == GFRP -y Intact-exp.
é 150 \ Unrepaired-exp.
ket - x ______ _
§ 100 B ks § \
=

50

0

Mid-span deflection (mm)

Figure 8. Load-deflection curve of repaired beams with
various FRP types.

300+
— L800
2507 | — L600
= L400
\E_/ 200+ 1.300 Intact-exp.
T 1504 [— L200 Unrepaired-exp.
= 100+
501
0 T r T T r T T !
0 1 2 3 4 5 6 7 8

Mid-span deflection (mm)

Figure 9. Load-deflection curve of repaired beams with
various FRP lengths.

of FRP. This is due to the reality that premature
adhesive failure mode tends to occur in more ductile
FRP plates than high modulus FRPs. In this case,
SMCFRP and HMCFRP plates, for example, led to
69% and 112% increase in load carrying capacity while
SMCFRP plate had higher strength than HMCFRP.
It should be noted that GFRP and SMCFRP plates
utilized only 33% and 35% of their capacity at the
time of beam failure, respectively. The GFRP plate,
however, is characterized by high ultimate strain, and
allows the beam to have more ductility.

4.1.4. Effect of FRP plate length

Another parameter of interest is bond length which is
considered to be a variable parameter in an engineering
practice which can easily be changed. The longer
CFRP plate establishes, the greater area to transmit
the shear stress between steel and CFRP. As a result,
it causes a growth in bond failure resistance capability
of CFRP. As shown in Figure 9, in the case of
repaired beam in which the length of CFRP plate was
200 mm (L200), the beam showed a slight increase in
load carrying capacity, since the premature debonding
occurred when almost half of CFRP capacity was
only exploited. Initial stiffness, however, significantly
increased because of the transmitting tension stress
through CFRP plate at the notch location. In fact,
CFRP plate distributes tensile stresses to the bottom
steel flange through creating a bridge across the notch.
Hence the initial stiffness increased by 40% compared
to the unrepaired beam. The repaired beam L300,
also, failed due to the complete debonding of CFRP
plate when 78% of its capacity was exploited. However,
beams L[400, L600, and L800 failed when the fiber
breakage occurred at the notch location. CFRP plate
in 1400 experienced a large area of debonding in the
vicinity of notch, but finally failed by rupturing of
CFRP. When the length of CFRP plate varied from
400 to 800, there was negligible effect on load carrying
capacity enhancement. It comes from this reality that
stress concentration in the CFRP plate at the notch
location does not allow beam to reflect the effect of
longer CFRP plate and causes the fiber breakage.
Based on this study, it can be concluded that increase



M. Motaleb and M.Z. Kabir/Scientia Iranica, Transactions A: Civil Engineering 22 (2015) 1390-1401 1397

in bond length has a considerable effect on the strength
of the joint, but after a certain length, i.e. anchorage
length, no increase in the joint strength is observed. As
can be seen in Figure 9, the optimum length of FRP
plate is obtained when FRP covers 40% of span length,
and leads to almost maximum load carrying capacity.

4.2. Effect of adhesive strength

The performance of the interface between FRP and
steel is one of the key factors influencing the behavior
of the repaired beam. Adhesive strength in the case of
attaching CFRP plate to steel surface can have more
effect on joint compared to the concrete structures,
since unlike RC structures in which debonding failure
of the FRP-to-concrete interface mostly occurs in the
concrete and a thin layer of concrete is detached,
adhesive failure is often predominant in determining
bond strength of FRP-to-steel interface. However,
the occurrence of cohesive failure within the adhesive
layer is valid as long as surface preparation is prop-
erly implemented, so that FRP-to-adhesive and the
adhesive-to-steel interfaces are strong enough to bear
the applied stresses. To demonstrate the effect of
adhesive strength, the strengths varying from 4 MPa
to 24 MPa were taken into account. It should be
noted that there are also commercially available epoxy
adhesives for FRP application with greater strength
than those of considered in this study, but usually the
entire of their nominal strength due to the probable
manufacturing defaults as well as the lack of full surface
preparation are not exploited.

As shown in Figure 10, an increase of bond
strength has considerable effect on the strength of
repaired beam when it changes the failure mode
from debonding to rupture of CFRP plate. CFRP
plates attached using adhesive with strength 4 MPa
to 12 MPa (Adh4-Adh12) experienced debonding from
steel surface which initiated from notch in early stages
of loading and completed when it reached the debonded
area which initiated from the end of CFRP plate at
further stages of loading. As can be seen in Figure 10,
increasing adhesive strength higher than 16 MPa had
almost no effect on the global behavior of the repaired

300+
—— Adh24
250 |— :ghig ERP—rupture
’ —— Adh12 <
2 2004 |__ AdliS Iutact—cxp./
24 —— Adhé6 s Debonding
- 1501 — Adh4 A Unrepaired-exp.
I \
e) | \
S 100 /——
50-
0 T T : T T r T )
0 1 2 3 4 5 6 7 8

Mid-span deflection (mm)

Figure 10. Load-deflection curve of repaired beams with
various adhesive strengths.
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200 e [ 2-repaired

2 e [,1-repaired
24 150 — = L4-damaged
g L3-damaged
—lgv 100 - = = L2-damaged
,_01 4 = = = Ll-damaged

50{J/ ~
o ae=——=s——---_
0 ‘_-_‘--—Ef‘———_ ‘ - - - ————

0 10 20 30 40 50 60

Mid-span deflection (mm)

Figure 11. Load-deflection curve of repaired beams with
various lengths.

beams. It shows that this parameter can only influence
on preventing CFRP from premature debonding failure
mode and has negligible effect on the distribution of
axial strain in the CFRP plate near the notch location.
In other words, 16 MPa is the critical adhesive strength
at which the full efficiency of the adhesively bonded
plate was attained.

4.3. Effect of steel beam length

In order to have a perspective toward the effect of beam
length on efficiency of FRP-repair, four different beam
lengths were considered. Figure 11 shows the load-
deflection response of repaired beams with the length
varying from 1 m to 4 m in which the CFRP plates
covered 66% of the free span. This figure indicates
that attaching CFRP plate in a constant percent of
the free span has almost the same comparative effect on
improving the load carrying capacity of various lengths
of beams. Asshown in this figure, the ultimate strength
in all repaired beams improved by about 115% com-
pared to their corresponding damaged beams. Based
on this specific study, it can be concluded that in
the point of view of the comparative increasing in the
load carrying capacity, short-span beams are able to
represent the behavior of analogous beams with greater
span as long as the instability modes are prevented.

4.4. Effect of strength of steel beam

In order to investigate the effect of the steel strength
on the efficiency of CFRP-repair, the steel beams with
different yielding stresses, f, = 200, 250, 300, 350,
400, 450, 500 MPa (called y200 - y500), were adopted.
These beams were repaired using HMCFRP plates.
The corresponding load-deflection curves are plotted in
Figure 12. This shows that the ultimate load increases
for higher levels of the steel strength, when yielding
stress increases from 200 MPa to 350 MPa. However,
it demonstrates a negligible growth in the ultimate load
when yielding stress varies from 400 MPa to 500 MPa.
In fact, various ultimate loads come from changing in
the failure modes of repaired beams. In the case of y200
(i.e. steel beam with yielding stress of 200 MPa), the
beam reached its ultimate strength when a large area
in the compressive flange, as well as the notch vicinity,
entered into plastic regime. Beams y250 and y300
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Figure 12. Load-deflection curve of repaired beams with
various yielding stresses.

eventually failed by complete debonding of CFRP plate
which initiated from notch and grew towards debonded
ends of CFRP plate. In spite of the beams which did
not experience the full potential load carrying capacity,
beams y350, y400, y450, and y500 encountered a brittle
failure as a result of fiber breakage in CFRP plate.
In this range, increasing the yielding stress caused a
reduction in yielded area in the vicinity of crack and,
moreover, in the compressive flange, but it had no
considerable effect on the whole behavior of the beams.
On the other hand, change in yielding stress, obviously,
has no influence on initial stiffness of beams, since
elastic moduli in the both CFRP plate and steel beams
were assumed to be constant.

4.5. Extended studies

4.5.1. Debonding behavior

To have a clear insight into the bond failure mechanism
of CFRP-repaired steel beams, the damage indices
in the bondline of three beams repaired using CFRP
plates with elastic moduli 200 GPa, 400 GPa, and
600 GPa against the distance from the end of CFRP
plate are shown in Figure 13. Here, damage index refers
to variables that indicate whether a certain damage
initiation criterion has been satisfied or not, and a value
of 1.0 indicates that the damage initiation criterion has
been satisfied. This study showed that in the case
of notched beams repaired with adhesively bonding
CFRP plate, debonding is often initiated from notch,
and as the opening of the mouth of notch is increased,
the intermediate debonding propagates toward ends
of CFRP plate. Meanwhile, with further increase in
the applied load, debonding is also initiated at the
ends of CFRP. Schematic damage propagation in steel-
FRP interface including intermediate debonding and
plate end debonding is shown in Figure 14. The
debonded area is finally completed at the areas close
to the plate ends, since debonding moves away from
the plate ends with lower rate than that from the
notch. For example, in the case of repaired beam using
CFRP plate with elastic modulus equals to 200 GPa,
the debonding development is shown in Figure 15(a)-
(d) which demonstrate the debonded area from steel

‘ — - E200 E400 -== E600
C.L
1.0+ ————— e
¢ LT i
< 0.84 % !
£ I | i !
o 0644 ' .
50 \ 1
g 04 (I | ! !
3 /
g 02\ e J J !
RN A S
0 50 100 150 200 250 300
Distance from the end of CFRP (mm)
(a)
C.I
IR et i — e ————
s -“ :—
"'é 0.8 ‘| : )
o 0.6 \ '
Ed \ ] |
g 0.4 \ g
< \\ S |
A 0.2 \~‘~ _ X
0.0 : o : : !
0 50 100 150 200 250 300

Distance from the end of CFRP (mm)
(b)
Figure 13. Damage indices in steel-CFRP interface at
(a) load 150 kN, and (b) failure load.

Notch

A = = =] A
Figure 14. Schematic presentation of damage
propagation in CFRP-steel interface.

surface at loads 100 kN, 150 kN, 173 kN, and failure,
respectively.  These figures clearly show that the
development of debonding initiates in a region where
the FRP is highly stressed and moves towards the plate
ends where the stress in the FRP plate is less. Looking
at Figure 13 in which the damage indices in CFRP-
steel interface are plotted against the distance from the
end of CFRP plates at the load of 150 kN and at the
failure load, respectively, it can be found out that in
the case of CFRPs with higher modulus of elasticity,
there is a higher tendency towards debonding at the
end of the CFRP plate while that is less in the vicinity
of the crack, when it is compared to CFRP plates
with lower elasticity modulus. This phenomenon comes
from this reality that the stiffer plate has greater ability
to control the mouth opening of the notch than it exists
in normal modulus CFRP plates. This study shows
that FRPs with higher modulus have more potential
to be debonded at the end of plate while its tendency
(to debonding) in the vicinity of the crack is less than
FRPs with lower modulus.

4.5.2. Rupturing behavior

Figure 16 shows a configuration in which the sectional
forces are in equilibrium, where Fr, Fyy and Fp are
forces carried by compression flange, steel web, and
CFRP plate respectively. It shows a situation where
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Figure 16. Strain and stress diagram for state of balance
between forces carried by steel beam and CFRP plate.

the entire section of the steel beam, at the mid-span,
is in post-elastic regime, and the compressive forces
carried by steel beam are equal to strength of CFRP
plate. This situation is almost analogous to cases that
notched steel beam repaired with high modulus FRPs
considered in the parametric study. It shows that
increasing the thickness of FRP neutral axis would be
located in the CFRP plate. Using sectional equilib-
rium and strain compatibility, the critical thickness
which causes decrease in the ultimate strength can
be calculated. For example, the critical thickness
of CFRP plate for the beam used in the parametric
study is 4.13 mm and thicknesses which are thicker
than 4.13 mm would not lead to any increase in the
ultimate strength of the beam. In this situation,
increasing thickness of the CFRP plate would have
no effect on enhancing load carrying capacity, since
neutral axis would move into CFRP plate so that beam
capacity would be decreased. Based on this concept,
the repaired beams with CFRP thickness of 4.5 mm
and 5 mm showed a reduction in ultimate strength in
comparison to the repaired beam with CFRP thickness
of 4 mm. That is shown in Figure 7.

5. Conclusion

In this study, a numerical model to investigate the effi-
ciency of CFRP-repair in improving the performance of
the notched beams was developed. Then, the validated

three-dimensional nonlinear finite element model was
employed to achieve the main objective of this study;
Particular emphasis on the effect of the dimensions and
mechanical properties of the composite and adhesive
on the behavior of the notched beams. Based on this
study, the following conclusions were drawn:

1. When the strength of CFRP is assumed to be
constant, increasing the elastic modulus of CFRP
plates leads to an increase in the elastic stiffness
of damaged beam, while it does not necessarily
enhance the ultimate load of the beam.

2. Increasing the thickness of the CFRP plate up to a
critical level leads to an enhance in the load carrying
capacity, but thicknesses over this amount makes a
reduction in the strength of the beam due to the
premature debonding failure mode.

3. The most significant role of the length of the FRP
plate is its effect on changing the failure mode.
Increasing the length of FRP plate changes the
failure mode from debonding to rupturing, and as
a result the strength of the beam increases until
the optimum length is attained. But any further
increase in the bond length has no influence on the
beam behavior.

4. GFRP plate has higher ultimate strain than that of
other types of FRP, allowing more ductile behavior,
but its influence on improving strength and the
elastic stiffness was less than the other types of
FRP, i.e. CFRP plates. Similarly, it was concluded
that although FRP plates with lower elastic mod-
ulus tend to debond at the end of plate with lower
rate than high modulus FRPs, the intermediate
debonding is more profound for the low modulus
FRPs compared with the high modulus FRPs.

5. The only effect that can be attributed to the
strength of the adhesive layer is its effect on
changing the failure mode. For the considered
beams, the adhesive with strength higher than
16 MPa maintained the FRP plate in the shear
connection with steel surface. However, the amount
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of partial debonding in the vicinity of the notch
varied through changing the adhesive strength.

It was observed that more ductile steel beams in
their properties are likely to fail due to the damage
progression at the steel-FRP interface, while stiffer
steel beams tend to be failed by breakage in the
fibers.

Partial debonding at the notch location has negli-
gible effect on the beam behavior until it develops
and covers the entire interface so that a sudden
fall is occurred in the load carrying capacity. The
debonding failure mainly depends on the bonding
strength and anchorage length. In the case that
HM-CFRP plate covered 66% of the span and
attached to adhesive strength of16 MPa ensures the
prevention of this mode of failure.

It was shown that the stiffer CFRP plates, using
higher modulus FRPs, tend to fail by rupturing
at ultimate load since all the capacity of FRP is
exploited. However, it should be considered that
using high modulus FRPs brings brittle behavior
to repaired beams.
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