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Abstract

Studies on U-wraps generally focus on the experimental results and mechanisms of the shear strengthening effect.
Only a few studies have focused on the anchoring effect of the longitudinal FRP due to addition of the U-wrap. Lee
and Lopez (Constr Build Mater 194:226-237, 2016) have found experimentally from pull-out tests that incremental
changes occur in the debonding strain at the concrete-FRP interface depending on the various type of U-wraps. The
proposed numerical method using the Frictional Bond-Slip (FBS) model has been validated by comparing the pull-out
test results (Lee and Lopez Constr Build Mater 194:226-237, 2016). In the present study, the FBS model was applied
to characterize the behavior of a large scale FRP strengthened T-beam with multiple U-wraps. First, the 2-dimen-
sional (2D) model for pull-out test was developed. Debonding load and behavior of the model were compared with
both the experimental results (Lee and Lopez Constr Build Mater 194:226-237, 2016) and the simulation results of

a 3-dimensional (3D) model from a previous study (Lee and Lopez Constr Build Mater 194:226-237, 2016). Next, the
2D model was applied to model the behavior of a large scale FRP strengthened T-beam with multiple U-wraps. The
conducted 2D simulation using the proposed FBS model predicted well the strains at various locations on the FRP
sheet, the flexural capacity and complex failure mode of the FRP strengthened beam with several U-wraps. The pro-
posed FBS model was also applied to other comparable studies, and debonding strains were successfully predicted
within an margin of error of 7%. Using the validated model, a parametric study of the FRP strengthened T-beam was
conducted with various key parameters of the U-wrap, such as the angle of U-wrap and the number of U-wrap.

Keywords: FRP U-wrap, beam test, FRP debonding, anchor effect, frictional behavior

1 Introduction

In order to prevent debonding failure of concrete-FRP
interfaces, several different types of new anchoring sys-
tems for externally bonded FRP applications have been
introduced (e.g. Zhang and Smith 2012; Lee et al. 2009;
Ozbakkaloglu and Saatcioglu 2009; Triantafillou 1998;
Grelle and Sneed 2013). These developed anchor systems
include fiber type, mechanical types, U-wrap (three sides)
and metal rod types. Among these anchoring systems,
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the U-wraps have received large attention because of
several advantages they offer, such as shear strengthen-
ing and anchoring effect. Furthermore, the same material
with the FRP sheet can also be used as U-wrap, indicating
that the preoperational steps for installing the anchoring
system can be reduced. The other benefits of choosing
U-wrap are well described in Lee and Lopez’s previous
research work (Lee and Lopez 2016; Lee 2010), Brena
et al. (2003) and Khalifa and Al-Tersawy (2013).

Past research (Lee and Lopez, 2016) reported experi-
mentally that frictional behavior between the debonded
surfaces of concrete and FRP sheet is a key factor
to control the anchoring effect of the FRP U-wrap.
Obtained basic material properties such as concrete
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tensile and compressive strength, tensile strength of
concrete-epoxy interface, transverse tensile properties
of FRP sheet and epoxy, shear properties of unidirec-
tional FRP sheet were obtained according to ASTM
standards (2005, 2011, 2012, 2014) and well summa-
rized in Lee and Lopez (2016). The observed friction
between a FRP sheet and the surface of the concrete in
the U-wrap region has been incorporated into an inter-
facial model which predicts the debonding strain of
the FRP sheet under the U-wrap(s). It is the frictional
bond-slip (FBS) model which was used to satisfacto-
rily predict the debonding failure in the U-wrap region
and the residual strength of the U-wrap after debond-
ing failure against the pull-out loadings in a three-
dimensional (3D) space (Lee and Lopez 2019). The
anchoring effects were verified by Lee and Lopez (2016)
through the experimental studies, where most of the
U-wrap pull-out specimens showed higher debonding
strains than the strains predicted from Chen and Teng’s
eqiations (2001). Since the equations by Chen and Teng
(2001) for prediction of debonding strain were devel-
oped under the pull-out loading conditions without
any U-wraps and widely accepted for the prediction of
FRP debonding strain, this result indicated that there
was a certain amount of anchoring effect from the
U-wraps. However, there was a limited study regard-
ing a FBS model (Lee and Lopez 2019) which has been
only applied to the concrete block with an attached
EFRP sheet under pull-out loading condition. To note,
the U-wrap is mainly applied to the surface of girders
(beam) rather than a simple concrete block, as shown
in Fig. 1. Therefore, the application of the FBS model
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to practical structures such as large-scaled T-beams is
worth studying.

In the present study, the FBS model which was origi-
nally developed based on 3D has been investigated for
beam applications. First, 2D applications were inves-
tigated since the 2D beam analysis is normally more
preferred due to its simplicity, applicability and com-
putational efficiency, especially for beams. Therefore, a
2D model for pull-out test was developed and debond-
ing behavior of the model was compared with experi-
mental data and results from 3D model for verification
purposes (Lee and Lopez 2019). Next, a T-beam with
U-wrap was modelled using the FBS model. Load-dis-
placement graphs, strain distributions along the length of
the FRP and local strain data from some of the U-wraps
were compared with the experimental data. The debond-
ing strain of longitudinal FRP sheet was also compared
with the experimental data. Finally, using the developed
2D FBS model for beam applications, parametric stud-
ies were done with key parameters such as the number of
U-wraps and the angle of the U-wraps, their effects were
explored on the flexural behavior of the T-beam.

2 Application of the Frictional Bond Slip (FBS)
Model for T-beam

In the present work, the FBS model was developed based
on the experiments by Lee and Lopez (2016) on pull-out
test with U-wraps. On applying the newly developed FBS
model, the strengthening effects of anchoring under the
pulling out loading could be satisfactorily predicted. The
behavior of concrete-epoxy interface (CEI) under the
U-wrap region (see Fig. 2) had been described well by Lee

RC T-beam
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Fig. 1 An example of U-wrap application for T type girder.
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Fig. 2 Interfacial behaviors depending upon the presence of U-wrap (Lee and Lopez 2019).

and Lopez using the FBS model (2019). A key parameter to
determine each point of the graph in Fig. 2 is pressure from
confinement stress of U-wrap generated by deformation of
the interface. In Fig. 2, if there was no U-wrap, no confine-
ment stress would be generated; consequently, no frictional
behavior would occur. On the other hand, if U-wrap exists,
confinement stress will generate and frictional slip between
the two debonded surfaces will be a key factor to delay the
debonding failure of the externally bonded FRP strength-
ened elements. Detailed information on FBS model and
calculations for each point that are shown in Fig. 2 can be
found in Lee and Lopez (2019).

3 Application of the FBS Model in 2D Beam
Modeling Using Cohesive Elements

The four points of the FBS model shown in Fig. 2 repre-

sented the Mode 2 interfacial behavior in the region of

the U-wrap (Lee and Lopez 2019). Mode 2 interfacial

behavior indicates traction—separation (slip) deforma-
tion. Likewise, Mode 1 interfacial behavior can also
be described as traction—separation (normal displace-
ment). The detailed explanation has been illustrated in
Fig. 3. Accordingly, the FBS curves shown in Fig. 2 can
be incorporated into the cohesive elements (e.g. Hibbitt
et al. 2017) of Abaqus in the U-wrap region as material
properties. The cohesive elements can be used in large
displacement analysis since these elements undergo
finite displacement (Hibbitt et al. 2017). Since there are
large displacements (slips) between an FRP sheet and
a concrete beam due to anchoring effects, as the FBS
model shows (see Fig. 2), application of the cohesive ele-
ment between two debonded surfaces could be a proper
option. The cohesive elements can be applied for mod-
eling bonded interfaces. Both the continuum approach
and the traction—separation approach can be used for
constitutive response of the cohesive elements. In the
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Fig. 3 Traction-separation approach for cohesive elements.

current study, the traction—separation approach has
been utilized since the interface between the FRP sheet
and concrete beam can be considered to be of negligible
thickness and the FBS model shown in Fig. 2 can be sim-
ply described as a traction—separation form.

The cohesive element offers a variety of advantages for
applications into the concrete-FRP interfacial behavior. A
delamination between the concrete and FRP can be char-
acterized and the Mode 1 and Mode 2 damage behav-
jor (fracture mechanics) can be put into one element as
shown in Fig. 3. In other words, the cohesive element can
behave in both the normal and shear directions. Further-
more, the frictional part of the FBS model can be char-
acterized as tabulating the experimental data into the
input files. However, non-linear behavior until the onset
of damage is not possible for this element as the consti-
tutive law for this element is shown in Eq. 1. This linear
traction—separation law before the onset of damage can
be written as shown in Eq. 1.

ty Eun Eps Eng En
ts ¢ = | Ens Ess Eg Es (1)
L Ent Est Ey &t

where, t: Nominal stress (7: normal traction stress, s,
shear traction stress), E: Modulus that relates stress to
strain, e: Strain.

For uncoupled behavior, all shear components in the
matrix vanished. In our present study, An uncoupled
behavior and a quadratic equation were used to define
damage initiations after conducting a parametric study
considering the coupling effect.

Once it reached the maximum stress, the material
began to degrade, as shown in Fig. 3. To deal with this
softening behavior, the damage variable (D) was applied
to the cohesive elements. The relation between the dam-
age variable and stress for both direction are defined in
Eq.2and 3.

ty = (1 — D)ty (2)
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t; = (1 — D)ty 3)

where, t,;: Nominal stress in normal direction, t;: Shear
stress in shear direction, t,.: Maximum nominal stress in
normal direction, f,: Maximum shear stress in normal
direction, D: Damage variable.

More detailed information on the cohesive element and
applications of Mode 1 and Mode 2 mixed mode fracture
energy into the interface properties can be found in pre-
viously published papers (e.g. Yuan et al. 2004; Lee et al.
2010; Kishi et al. 2005; Niu et al. 2006; Wang 2007; Wang
and Zhang 2008; Kotynia et al. 2008; Baky et al. 2012;
Hibbitt Karlsson and Sorenson Inc 2017).

Figure 4 shows the conceptual drawing of the applica-
tion of the FBS model. An ordinary interface between
the concrete and the FRP can be modeled using Mode 1
stress-crack opening (disp.) behavior and Mode 2 shear
stress-slip behavior (e.g. Lee et al. 2010). However, in the
region of the U-wrap, the interface behavior between
concrete and FRP would be affected by the confine-
ment stress generated from the U-wrap, as described in
Fig. 2. Therefore, the FBS model should be applied in this
region, as shown in Fig. 4. The FBS model was imple-
mented using cohesive element and tabulated input val-
ues based on Lee and Lopez (2019).

4 Modeling of the 2D Pull-Out Tests

Based on the previously developed 3D pull-out models
(Lee and Lopez 2019), 2D models were developed. A 3D
model, especially for beams strengthened with all the
U-wraps and FRP sheet, is not an effective model since
it requires a large number of elements to cover all the
interfaces between the concrete and FRP sheet as well
as the interfaces between the concrete and U-wrap. Fur-
thermore, relatively fine mesh should be used for entire
concrete body in order to consider cracked section prop-
erly. As previously explained, the 3D large scale T-beam
model with damage material model might require at least
6,000,000 elements and more than 400 h CPU compu-
tational time with a high-performance computer, which
has 2.6 GHz processors and 32 GB of ECC ram. Further-
more, a refined element is required for the concrete and
interface elements if the cracked region and local behav-
ior of the strengthened beam are the focus rather than
the global behavior.

Therefore, developing an effective 2D model of the
pull-out test is an important step toward modelling the
beam in the present study. This section will show the
developed 2D models and comparisons with the results
of the developed 3D models of pull-out specimens (Lee
and Lopez 2019).

Figure 5 shows the simplified 2D pull-out model devel-
oped in the present study and a 3D pull-out models



Lee and Lopez Int J Concr Struct Mater (2020) 14:1 Page 5 of 15
. 1 | .
! Steel rebar i
I Concrete Flexural 1
: Shear Uwrap !
1 1
L Z_ ~ crack TRP Interface ;
[ 1
Deformation ™~ " ?Z I AR [ — T
[ — —
f Normal 111 =
Stress Shear stress
A A
FBS model
o ;
@ @ B
g 2 g
5 & &
Mode 1(Gg )N Mode 2 (Gg)x Mode 2 (Gpp)\
Crack opening , w - Slip, s " Slip, s '
Fig. 4 Application of the FBS model.

introduced in Lee and Lopez (2019). First, simplifica-
tion was taken that the U-wraps attached to both sides
of the beams had the same dimensions and same behav-
ior. Therefore, the stiffness of the modeled interface
increased by two for considering 3D configuration in 2D.
Second, it was assumed that there was a perfect bond in
the portion of the U-wrap attached to the longitudinal
FRP sheet.

Figure 5 shows a detailed illustration of the developed
2D model for the pullout test. For modeling in 2D, a
plain strain element was adopted for the FRP sheet. For
the U-wrap in 2D model, a plain stress element was used
rather than a plain strain element since the U-wrap was
relatively thinner (1.0 mm/one layer) than the width of
the FRP sheet and the block of concrete. The interface
between the FRP sheet and the concrete was modeled
using a 2D cohesive model, in which two types of fracture
energies in Mode 1 and Mode 2 directions, as explained
previously, were implemented. It was located only
between the concrete and FRP sheet. For the interface
between the lateral side of the concrete beam and the
U-wrap, no cohesive element was used in the 2D models
since it was assumed that Mode 1 behavior between the
lateral side of the concrete and U-wrap does not exist in
the 2D models for simplicity of the model. Therefore, only
Mode 2 bond-slip behavior was considered for the con-
crete-U-wrap connection. The node of the U-wrap ele-
ment was connected to the nodes of the lateral side of the
concrete beam by a connector. The connector was a link

element which uses the Mode 2 constitutive law between
the concrete and the FRP. The proposed FBS model was
applied to the cohesive element between the concrete
and the FRP sheet under the U-wrap region and to link
the element at the lateral side of the concrete beam. At
the normal interface between the concrete and FRP (no
U-wrap region), ordinary bond-slip model was put into
the cohesive element as usual using fracture energy. The
stress concentration factor was also considered since 2D
models cannot generate the stress concentration at the
corner area. For estimation of stress concentration factor
in the corner region, equations by Campione et al. (2001)
were used.

5 Verification with the Experimental Data

The results of the 2D model were further compared with
the results of the experiments of Lee and Lopez (2016)
and the 3D model of Lee and Lopez (2019) for verifica-
tion. The FBS model was implemented in the cohesive
elements used between the FRP and concrete under
U-wrap. The load—displacement graphs of the loaded end
and slip distribution along the length of the FRP sheet, as
estimated by the FBS model (solid line), were compared
with the experiment results (dotted line). The developed
2D model with application of the FBS model predicted
the increased debonding strength (Fig. 6a, b) and slip
profiles of the FRP sheet (Fig. 6¢, d) well due to different
anchoring configurations and various U-wrap inclina-
tions (angles).
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Figure 6a shows comparisons of the load—displacement
graph of the 90° U-wrap (90) and 45° U-wrap (45) speci-
mens with the 3D model (Lee and Lopez 2019). The over-
all trends were similar to each other. However, the 2D
models seemed to predict a slightly lower load than the
3D model. Fig. 6b shows the load—displacement graph
of the 90° and 45° specimens compared with the experi-
mental results (Lee and Lopez 2019). Figure 6¢ shows a
comparison of slip profile with the 3D model just before
the onset of the debonding which is the maximum pull-
out load. Fig. 6d shows a comparisons of the slip profile
with digital image correlation (DIC) data (Lee and Lopez
2011).

These results showed that the 3D models predicted
the behavior of the 90° specimens better than the 2-D
model. By contrast, the 2D models were better at pre-
dicting the behavior of the 45° specimens. However, it
can be concluded that both the models could satisfacto-
rily predict the load—displacement behavior and showed
the strengthening effect by friction due to addition of
the U-wrap. Based on the obtained results from the 2D
model, two assumptions for simplification of the 3D to

the 2D model were adequate. The difference between the
2D and 3D models could be considered as negligible fac-
tor, while for conservative design, the 2D model was a
better option for the current study.

6 Verification of the FBS Model on a Large-scale T

Beam
In order to verify the application of the proposed FBS
model, a large-scale T-beam was designed and fabri-
cated. To select the geometry of the T-beam, the design
was based on typical RC bridge girders from U.S. in the
1950s. The cross-sectional design of the T beam has been
shown in Fig. 7. This beam did not have sufficient flex-
ural capacity to meet the current AASHTO LRED design
specification. In order to meet this standard, three lay-
ers of CFRP sheet were considered to be applied on its
soffit and a tested-T beam was specially designed for
the anchor effects, as 45° U-wraps were applied after the
application of longitudinal FRP sheet.

Specific design description for the T-beam itself could
be found in Lee et al. (2010), while the FRP strength-
ening and anchor design using a 45° U-wrap could be
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found in Lee (2010). To investigate the FBS behavior in
the U-wrap region of the beam under flexural load rather
than by simple pulling-out load and to observe the maxi-
mum anchoring effect simultaneously, the configura-
tion of a 45° U-wrap was selected for strengthening the
externally bonded FRP beam. Finally, the obtained results
from both the experiment and the model using the FBS
were compared. The effectiveness and suitability of using
the FBS model will be discussed in a later section.

The element size used for the concrete was 25.4 mm by
25. 4 mm. The interface between the FRP and the soffit
of the concrete was modeled by cohesive elements. These
types of elements were developed to model the behavior
of adhesives between two components using the fracture
properties, such as Mode 1 and Mode 2 fracture behav-
ior (Hibbitt et al. 2017). The cohesive element size used
for the interface between the concrete and the FRP sheet
was 1 mm by 1 mm. Since the selected element sizes for
concrete and cohesive zone were different, two surfaces
with different node spacings were tied. The calculated
stress concentration factors were applied to the U-wrap
in the 2D model of the large-scale T-beam test following
the recommended equations by Campione et al. (2001).

The frictional bond-slip curve for the region under the
45° geometry of the U-wrap was estimated and used as
the properties of the cohesive element in Mode 2 behav-
ior. Fig. 8 shows the models developed for the analysis of
the large-scale T-beam. The same modeling technique
was also used in the previous models of the two T-beams
(Lee et al. 2010) except the Mode 2 frictional bond-slip
curve in cohesive elements in the U-wrap region. If the
all concrete elements were modeled with damaged mod-
els, the concrete elements could be damaged even before
damage initiation of the cohesive elements. Therefore,
the first analysis was done to find the cracked location
and patterns inside the concrete beam, and the second
analysis was conducted after superimposing the cracked
pattern in the concrete beam. The cracked elements from
the first analysis were modeled using only the damage
plasticity concrete model (Lee and Fenves 1998). The
concrete element in non-cracked zone (no damage) was
modeled using simple elastic material model.

The orthogonal properties of the U-wrap were also
considered using the failure criterion proposed by
Hashin and Rotem (1973). The orthogonal properties
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used for the U-wrap in 2D model could be found in Lee
et al. (2010). The longitudinal FRP sheet could be mod-
eled with isotropic material properties since it is located
in the longitudinal direction in the beam system in 2D
model. By contrast, since the U-wrap is deformed in the
transverse direction and is attached perpendicular to the
axis of the beam length, the transverse tension proper-
ties and the shear properties are important parameters of
this study. Accordingly, the transverse modulus of elas-
ticity (9.0 GPa), transverse tensile strength (38 MPa) and

shear modulus (1.66 GPa) of the FRP sheet were obtained
experimentally.

Figure 9 shows both the experimental and analytical
results in one graph. Three simulation results depicting
the condition of No-U-wrap, U-wrap without the FBS
model and U-wrap with the FBS model were conducted
and compared with the experimental results.

As expected, in the simulation results of “without
U-wrap’, the FRP sheet debonded much earlier than the
experiment. These results showed how effectively the

Displacement (mm)
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Fig. 9 Comparison of load-displacement of numerical analysis with experimental results.
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U-wrap in the numerical models arrested and delayed
the debonding propagations between the FRP sheet and
the soffit of the concrete beam. The debonding strain of
the model without a U-wrap was 0.006, which was close
to the calculated debonding strain (0.0056) based on the
equation of ACI 440-17. The debonding strain increased
almost up to the rupture strain (0.012) when the U-wraps
were only considered without the FBS model. Accord-
ingly, additional flexural strengthening effects (33%) were
obtained from the addition of the U-wraps. When the
frictional behavior was considered (if the FBS model is
used), the model showed a more ductile behavior com-
pared to the model with U-wrap and without the FBS
model (no friction). The maximum applied load did not
increase much due to the frictional effect. However, the
final failure took place at a larger mid-span displacement.
This indicated that the frictional effects from several
U-wraps could delay the debonding propagation, thereby
resulting in better ductile behavior. The final failure mode
was the debonding of the U-wrap after the debonding of
the FRP sheet. The same failure mode was also observed
from the experiments. This failure mode is the ideal
failure mode for externally bonded FRP system. This is
because the rupture of the FRP sheet and rupture of the
U-wrap before debonding of the U-wrap can be consid-
ered to be a catastrophic failure compared to the more
ductile sequence of debonding of the U-wrap after the
debonding of the FRP sheet. Even after the debonding of
ERP sheet, the U-wrap held the FRP sheet, reducing the
brittleness of the failure and resulting in a better ductile
behavior. This ductile behavior could prevent one of the
major disadvantages of the externally bonded FRP sys-
tem, the brittle failure. This indicates that the safety issue
and the conservative nature of FRP design code regarding
the externally bonded FRP system (ACI 440-17) can be
improved with appropriate U-wrap design.

Figure 10 shows both the experimental and numeri-
cal strain values along the longitudinal axis of the FRP.
The results showed that the strain distributions along
the longitudinal FRP sheet were well predicted at every
load level. It is also interesting to note that the strain
at non-U-wrap locations displayed a plateau, while the
strain at the U-wrap locations showed variations along
the length of the FRP sheet. It was thought that since
the area between the U-wraps was already debonded,
the unbonded behavior between the adjacent U-wraps
appeared as plateau in the graph.

The experimentally obtained strains from several
U-wraps during the flexural behavior of the strength-
ened T-beam was compared with the results from the
developed numerical analysis (see Fig. 11). The experi-
mentally obtained strains from the U-wrap were aver-
aged from both sides of the beam and compared with
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Fig. 10 Strain profile on longitudinal FRP sheets with
U-wrap locations indicated.

the results of axis-symmetric numerical models.
Experimentally, it was observed that the debonding
propagated from the mid-span toward the anchor zone,
and one of the U-wraps was debonded before local-
ized failure of the FRP due to rupture. This indicated
that the transferred load from the strained FRP sheet
was beyond the limitation of the anchor capacity of the
U-wraps. Accordingly, the magnitudes of strain in the
U-wrap (0.0015-0.007) obtained from this test were
much larger than that obtained from the previous two
T-beams (0.00008-0.001) (Lee et al. 2010), indicating
that the tested T-beam in the current study was under
much larger anchoring effects. In Fig. 11 each location
of the strain gage could be found. As shown in Fig. 11,
U-wrap 4 through U-wrap 7 were activated. It should
be noted that U-wrap 6 was debonded due to the signif-
icantly strained FRP sheet in its vicinity. The U-wraps
near the supports showed a small level of strain, which
indicated that the U-wraps at those locations were not
activated as anchors. The U-wraps (U5 and U6) near the
loading point showed five times larger strain than the
U-wraps (Ul and U10) near the supports. These trends
were well captured by our developed models. The levels
of strain at each U-wrap were well predicted. The two
U-wraps (Ul and U10) which were close to the sup-
ports were not predicted accurately by the models since
they were in the disturbed regions (D-regions). How-
ever, the overall trends were predicted satisfactorily.

In the test, it was observed that U-wrap 6 (U6) was
completely debonded, and U-wrap 5 (U5) was about
to be debonded. The rest of the U-wraps did not com-
pletely debonded before the rupture of the longitudi-
nal FRP sheet. Had the FRP sheet not been fractured,
the rest of the U-wraps would had also been completely
debonded. On the other hand, in the numerical analy-
sis, the failure mode obtained was the debonding of
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Fig. 11 Locations of strain gages at each U-wrap and comparisons of the strain values.

all the U-wraps before the rupture of the FRP. When
the U-wraps were debonded in the numerical analy-
sis, the strain of the FRP sheet at mid-span was 0.0115.
However, the rupture strain in the numerical analysis
was set to 0.012. This indicated that the test condi-
tion was close to the balanced condition between the
debonding of the U-wrap and the rupture of the FRP
sheet. Accordingly, in the numerical models, all the
U-wraps were debonded before the rupture of the FRP
sheet. However, experimentally, some of the U-wraps
were debonded, followed by partial rupture of the FRP
sheet. This was due to the local stress concentration
effect along the FRP sheet before all the U-wraps were
debonded.

7 A Comparison of Debonding Strain Values

at Longitudinal FRP Sheet with U-wraps
The debonding strain of the longitudinal FRP sheet is an
important parameter for comparing the anchoring effects
of the U-wrap configuration. As ACI 440-2R (2017)
indicated, every design done for externally bonded FRP

system should be based on estimated debonding strain
of the longitudinal FRP sheet (7). Therefore, in this sec-
tion, the debonding strain of the longitudinal FRP sheet
from both the experiment and the FBS model will be
compared, as shown in Fig. 12a. From the experiment of
T-beam with 45° inclined U-wraps in the current study,
&fg was 1150 pe, whereas the obtained result based on the
FBS model showed 1075 pe. The variation of applied load
with FRP strain curves was also well predicted. Therefore,
the debonding strain due to the addition of U-wrap could
be predicted satisfactorily within a margin of 8.0% error.
The developed FBS model was also applied to the results
of other comparable studies (Fu et al. 2016) for additional
verifications. For that study, three different configurations
were considered and models were developed following
the FBS model. Both VIL1W60 and V2L2W60 indicated
90° U-wrap (vertical U-wrap with no inclination). The
other beam, [1L1W90 referred to a 45° inclined U-wrap.
The detailed geometries can be found in Fu et al. (2016).
The obtained results using the FBS model for three differ-
ent configurations, VILIW60, V2L1W60, I1IL1W90 were
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Table 1 Model description for parametric study.

Specimen Angle Number Layers FBS model
of U-wrap of U-wrap of FRP sheet
No U-wrap NA NA 3 X
U-1-45 45 1 3 O
U-3-45 45 3 3 O
U-5-45 45 5 3 O
U-1-90 90 1 3 O
U-3-90 90 3 3 o)
U-5-90 90 5 3 O

3040, 3313 and 3920 pe, respectively, while the obtained
experimental results were 3258, 3472 and 4292 e,
respectively, as shown in Fig. 12b. The average absolute
different ratios were calculated to be 7% when the FBS
model was used to predict the debonding strain of the
longitudinal FRP sheet. The obtained results indicated
that the frictional effect after debonding between the FRP
and soffit of the concrete are the key parameters to con-
sider when a U-wrap is used for anchoring effects.

8 Parametric Study of the Externally Bonded FRP

Beam with U-wrap
After conducting the model verifications, a paramet-
ric study was performed in order to understand the
effects of the numbers and angle of U-wrap in the
load—displacement behavior. A total of six different
cases were considered based on two parameters, viz.
the number of U-wraps and the angle of U-wrap. The
details of the 6 cases have been summarized in Table 1.
Specimen nomenclature was named as U-“number of
U-wraps”-“angle of U-wrap”.

The specific locations of the U-wraps are shown in
Fig. 13. The same moment span and shear span were
used for this parametric study. The distance between

" " Symmetric

172m ” 133m !

U-1-45

1 584.cm

U-3-45

U-5-45

\
s
AN

U-1-90

U-3-90 \45 degree U-wrap

I 90 degree U-wrap

L
L
JELEE

Fig. 13 Number of U-wrap and locations for parametric study.

U-5-90

the two adjacent U-wraps were kept the same and sym-
metric about the neutral axis. The specific geometries
of the 45- and 90° U-wraps and the distances between
the U-wraps can be found from Fig. 7 since the spacing
between the U-wraps was constant.

Figure 14a shows the obtained load-displacement
graph from 45° U-wraps. The load displacement graphs
were obtained from the loading point shown in Fig. 13.
The results indicated that an increasing number of
U-wraps can delay the debonding propagation of the
FRP sheet. However, the models for No-U-wrap and
U-1-45 showed a similar behavior. This indicated that
if the anchor capacity of the U-wrap is not enough, the
U-wraps could not carry the load from the released
strain energy generated from the debonding of the FRP
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Fig. 14 Parametric study of the influence of number of U-wraps.

sheet. This released energy generated from the debond-
ing of the FRP sheet could be arrested by installing
more anchors (U-wraps) intermittently. This is the rea-
son why the U-1-45 showed the same behavior as that
of the No-U-wrap, while U-3-45 and U-5-45 showed
increments in the maximum loads and maximum dis-
placements in comparison with the No U-wrap. Fur-
thermore, the ductile behavior was obtained from both
the U-3-45 and U-5-45 as the debonding propagation
was delayed due to anchoring effect of the U-wraps,
indicating that ductility of the externally strengthened
concrete structure with FRP sheet could be improved
by adding more U-wraps.

Figure 14b shows the load—displacement graph from
the 90° U-wraps. A 90° U-wrap could allow more slips
than a 45° U-wrap. The shear strained 90° unidirectional
U-wrap allowed much larger displacement than the
tensile strained 45° U-wrap. However, the strengthen-
ing effects were smaller than that of the 45° U-wrap. For

the 45° U-wrap, the tensile strain in the fiber was more
active than the shear strain, and so, the anchoring effects
could be maximized. Therefore, the strengthening effects
obtained from the U-3-90 and U-5-90 were less than that
obtained from the U-3-45 and U-5-45. However, the duc-
tility of U-3-90 increased more than that of the U-3-45 as
there was an increase in the maximum displacement.
Figure 15 shows the obtained anchoring effect and
improved ductility due to the installation of the U-wrap.
The applied load and displacement at debonding failure
without U-wrap were 214.9 kN and 46.8 mm, respec-
tively. Accordingly, strengthening ratios due to the
anchoring effects of the U-wraps are summarized as
shown in Fig. 15(a). The maximum strengthening ratio
due to addition of the U-wraps was 33% for U-5-45. It was
also found that the ductility ratio could also be improved
significantly as the more U-wraps were installed, as
shown in Fig. 15(b). The ductility ratio was calculated as
a displacement at ultimate debonding of the FRP sheet
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divided by a displacement without U-wrap. The maxi-
mum improvement in the ductility ratio obtained from
this study was 88% from U-3-90.

Based on the parametric study, some important con-
clusions can be derived. First, there is a threshold value
for the number of effective U-wrap. As observed in this
research, one anchor was not sufficient to carry the sud-
den release of the strain from the FRP sheet. For this
study, three U-wraps could effectively arrest or delay the
debonding propagation of the FRP sheet. Second, the
number of U-wraps installed intermittently could effec-
tively delay the debonding propagation from the load-
ing points to the supports. Third, better ductile behavior
could be obtained from the 90° U-wraps. However, for
maximizing the strengthening effects, a 45° U-wrap was
a better choice. To sum up, the ductile behavior of the RC
beam with externally bonded FRP sheet could be con-
trolled by using various U-wrap designs.

9 Conclusion and Principal Findings

The frictional bond-slip (FBS) model was developed
for the first time (Lee 2010) and applied to the concrete
blocks with attached FRP sheets (Lee and Lopez 2019). In
this present study, that model was also applied to model
large-scaled RC beams and was further verified with
experimental results. Analytical models were developed
to evaluate the effect of the U-wrap on the externally
bonded FRP system using the FBS model and the fracture
mechanics (Mode I and Mode II fracture energy). Based
on the obtained results from the 3D models of the pull-
out specimens, more efficient 2D models were developed
using the FBS model and cohesive elements which also
considered both mode I and II fracture energy. The
developed 2D model was compared with 3D model as
well as the experimental results from other studies (Fu
et al. 2016) for verifications. These findings were used
to successfully predict the behavior of a large scale FRP
strengthened beam with various U-wrap designs. The
following conclusions were derived from the numerical
study.

a. The developed 2D model using the FBS model accu-
rately predicted the increased debonding strengthen-
ing effect, slip profiles and frictional effect of pull-out
specimens in the U-wrap region.

b. The developed analytical 2D model using the FBS
model (Lee and Lopez 2019) with orthogonal prop-
erties of the U-wrap was able to predict the flexural
capacity and strain of the FRP sheet at debonding.
The model also predicted the sequences of the exper-
imental failure modes of a large scale FRP strength-
ened T-beam with U-wraps.
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c. Strain distributions in the FRP sheets were well pre-
dicted by the 2D analytical models with 7% of an
average absolute different ratio. The use of the FBS
model with cohesive elements added the capabil-
ity of capturing the anchoring effects in the U-wrap
regions.

d. The ductile behavior obtained from the use of
U-wraps as anchorage for the FRP longitudinal
sheets could prevent one of the major disadvantages
of the externally bonded FRP system, viz. the brittle
debonding failure. This results indicates that the cur-
rent ACI FRP design guideline regarding the exter-
nally bonded FRP system (ACI 440-17) could recom-
mend appropriately designed U-wraps in order to
reduce the likely hood of brittle failure modes.

e. In the modeling of the T-beam with the U-wraps
for anchoring effect, additional flexural strengthen-
ing capacity (33%) was obtained due to the addition
of the U-wraps (45°).

f. Results showed that if the installed U-wrap had less
capacity than the threshold value defined by the anal-
ysis, the U-wrap could not carry the load from the
released strain energy generated from the debond-
ing of the FRP sheet, thereby resulting in a no-anchor
effect.

g. Multiple U-wraps more than three -effectively
delayed the debonding between FRP and soffit of
the concrete. However, it should be mentioned that
the effective number of U-wrap for delaying debond-
ing is dependent to beam geometries and loading
conditions. It was confirmed by this study that a bet-
ter ductile behavior was obtained from the multiple
use of 90° U-wrap. However, for the goal of maximiz-
ing the strengthening effects, a 45° U-wraps would be
the better choice.

h. The ductile behavior of the RC beam with exter-
nally bonded FRP sheet was obtained by using vari-
ous types of U-wrap designs. In this study, an 88%
improvement in ductility was obtained using the 90°
U-wraps.
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