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ABSTRACT: Fiber Reinforced Plastic (FRP) sheets are being used for strengthening existing reinforced
and prestressed concrete structures. The effectiveness of the strengthening relies on the load-transfer
between the concrete and the FRP. It has been shown that strengthened beams often fail due to shear
debonding at the FRP-concrete interface, which results in the delamination of the FRP from the concrete
substrate. The failure is caused by a crack, which forms and propagatesin a thin layer of concrete beneath
the FRP. Results from shear tests performed on concrete bl ocks strengthened with FRP sheets are presented
in this paper. The strain distributions in concrete and FRP were determined using an optical technique
known as digital image correlation. The results show that the debonding process can be described in terms
of crack propagation through the interface between concrete and FRP. The data provides information to
determine the stress versus rel ative displacement (cohesive fracture behavior) and the fracture parameter Ge

(fracture energy).
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1. INTRODUCTION

In typical flexura strengthening applications,
FRP sheets are bonded to the tension side of the
beam to act as external reinforcement. The FRP
sheets contribute tensile forces to the interna
moment resistance, which results in an increased
load carrying capacity of the beam. The stress
transfer from concrete to the FRP through the bond
generates tensile stresses in the FRP. Thus, the
bond between the concrete and the FRP becomes
an important factor that controls the leve of
strengthening achieved. In design applications, the
load carrying capacity of a strengthened beam is
evaluated considering the rupture mode of failure
for the FRP, in addition to the usua modes of
failure observed in a typica reinforced concrete
beam (Meler et a. 1991, Quantrill et a. 1996,
Saadatmanesh & Maek 1998, ElI-Mihilmy &
Tedesco 2000). However, it has been shown that
the total strength capacity of the beam is often not
attained due to premature failure caused by
debonding of the FRP from the concrete substrate
(Triantafillou & Pelvris 1990, Lopez Acevedo et a.

2000). To develop rationad models for predicting
the load response of strengthened beams, the
debonding behavior of the FRP from concrete has
to be understood. Material model's, which consider
the debonding mode of failure, can then be
developed and  incorporated  into  the
andytical/numerica analyses for predicting the
load response of strengthened beams.

Many researchers have developed fracture
mechanics-based models to predict the theoretica
load response for debonding falure of the FRP
atached to concrete (Taljsten 1996, Yuan et al.
2001, Wu & Niu 2000). Due to lack of data, these
models are based on an assumed cohesive fracture
law for the interface. The cohesive crack response
is the relationship between the interfacia shear
stress and the relative motion (dip) between the
concrete and the FRP. Taljsten (1996) devel oped
an approach for predicting the maximum force that
the composite layers can resist before debonding
by considering energy badance obtained from
fracture mechanics. Yuan & a. (2001) studied the
influence of the shape of the cohesive law on the
load capacity of FRP bonded to concrete. Wu &



Niu (2000) proposed a methodology for predicting
the initiation of debonding in reinforced concrete
beams using existing materid model and compared
the debonding load with that obtained from
existing experimental data.

Few detailed experimental investigations aimed
at determining the strains in the FRP and the
concrete during debonding have been conducted
(Taljsten 1997, De Lorenzis et a. 2001, Ueda et a.
1999, Bizindavyi & Nede 1999). In these
investigations, strains were measured using surface
mounted strain gauges. Some researchers have
attempted to establish the cohesive law using these
data (De Lorenzis et a. 2001, Savoia et a. 2003).
The strain obtained from strain gauges, however,
does not provide sufficient spatia resolution to
alow for an accurate determination of the cohesive
stresses. An innovative method for estimating the
cohesive law based on numerical inversion of
experimental data was developed by Leung &
Tung (2001). Nevertheless, direct experimental
determination of the cohesive shear stress transfer
between concrete and FRP and the cohesive
fracture law are currently not available in the
literature.

In this paper, the progressive debonding between
concrete and FRP is studied using an optical
technique known as digital image correlation
(DIC). DIC is a high-resolution technique, which
provides spatialy continuous displacement fields
during debonding. From the information provided
by DIC, a fundamental understanding of the load
versus globa dip response of the concrete/FRP
interface in terms of observed crack growth is
established. A nonlinear cohesive law for fracture
aong the FRP/concrete interface is developed
using the strain obtained from the optical
technique.

2. OBJECTIVES

The objectives of this study are: (a) to study the
progressive debonding process at the interface
between the concrete and the FRP; (b) to determine
the stresses transferred between the adherents at
different stages of debonding; (c) to develop a
fundamental understanding of the load-dip
response of the FRP in terms of the crack growth
which produces debonding; and (d) to establish the
cohesive material law for the interfacia bond
between the concrete and the FRP.

3. EXPERIMENTAL TEST SETUP

A test setup was designed to perform direct shear

tests on FRP sheets bonded to concrete prisms. The
loading arrangement comprised of applying tensile
load to the FRP strip, which was attached to the
concrete block, while the concrete block was
restrained against movement. Concrete blocks of
nominal dimensions, length (330 mm), width (125
mm), and height (125 mm) were used. The
concrete mix proportion by weight were: 2(coarse
aggregates):  2(fine  aggregates):  1(cement):
0.45(water). The coarse aggregates comprised of
gravel with a maximum size equal to 10 mm while
river sand were used as fine aggregates.
The concrete specimens were demolded twenty-
four hours after casting and subjected to curing a
99% RH for 28 days. The twenty-eight day
compressive strength of concrete, determined using
compression cylinders, as per ASTM-C39 (2000),
was 38 MPa. The speci mens are then placed in the
laboratory environment until tested.

Unidirectional carbon fiber reinforced plastic
(CFRP) shesets with thickness equd to 0.167 mm,
supplied by Mitsubishi Chemical Corporation,
were used in this study. The tensile strength and
elastic modulus of the FRP sheets in the fiber
direction are 3.83 and 230.3 GPa respectively. The
FRP sheet was attached in the center on one side of
the concrete specimen following the procedures
specified by the vendor (Design Guidelines 2000).
The width and the bonded length of the FRP sheets
were equa to 50 mm and 150 mm respectively.
The details of the specimen are shown in Figure 1a

The loading fixture comprised of arigid stedl |-
beam which was anchored to the test machine (Fig.
1c). The concrete specimen was firmly attached to
the loading fixture. The load was applied to the
FRP sheet while the reaction provided by the sted
I-beam restrained the concrete block from
movement (Fig. 1b). Two linear vaiable
displacement transformer (LVDT) gauges were
atached to the concrete at the edge of the concrete
block. The dip between concrete and FRP was
determined by measuring the rel ative displacement
between the LVDTSs (attached to the concrete) and
athin plate bonded to the FRP surface at the edge
of the bonded area. The dip measured using
LVDTs is referred to as “globa slip” throughout
this paper to differentiate it from the dip used in
the cohesive law. In all tests, FRP sheets were
loaded in tension using a 223-KN capacity
hydraulic testing machine (Fig. 1c).
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Figure 1. Schematic sketch of the specimen geometry and the
loading arrangement: (a) specimen dimensions, (b) loading
fixture; (c) test setup.

The tests were performed using globd dlip asthe
control variable by increasing it at a constant rate
equal to 0.00065 mm/sec up to failure.

4. STRAIN MEASUREMENTS

Surface strains in the FRP and concrete were
determined using the Digita Image Correlation
(DIC) technique. DIC is a data analysis procedure
that uses the mathematical correlation method to
andyze digital images of a specimen undergoing
deformation. The test setup for DIC comprised of a
high-resolution  digitd camera, which was
controlled by a computer (Fig. 2). The specimen
was illuminated using norma white light to
provide uniform light intensity across the surface.

The surface preparation for the specimen
consisted of creaing a sprayed-on speckle pattern.
The FRP and concrete surfaces were initialy
sprayed with white paint and then a black mist of
paint was gpplied to create a speckle pattern.
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Figure 2. Schematic representation of the digitd image
correl ation test setup.

The correlation, between deformed and the
undeformed images, was obtained by tracking the
location of each pixel within small neighborhoods
called subsets. From the anadysis of the digital
images, a 2-D displacement field was obtained for
al points on the surface.

5. EXPERIMENTAL RESULTS

A typical load versus globa dip response is
shown in Figure 3. Asthe globa dip is increased,
the load response is initidly approximately linear
up to point A, after which it becomes nonlinear.
Point B corresponds to the peak load. There is a
dight drop in the load a point B, but the load
essentialy remains constant with increasing globa
dip up to failure.
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Figure 3. Typical load versus global slip response of the FRP
bonded to concrete.



Digita images captured at different stages of
loading were used to generate displacement
contours on the FRP and the concrete surfaces. The
strain  digribution was then determined by
interpolating the displacement contours using a
quintic B-spline collocation method. The strain
distributions in the FRP at distinct points of the
load response are shown in Figure 4. These
contours correspond to the strains in the vertical
direction. The contours have varying gray scae
intensities; the darker contours indicate higher
strains. In Figure 4, the upper edge of the bonded
area corresponds to the loaded end of the FRP.
From the strain distribution a a typicd point
between points A & B of the load response (Fig.
4a), the lower portion of the FRP registers
approximately zero strain. On moving towards the
loaded end, it can be seen that thereis alarge stress
gradient in a small region close to the top. This is
typical of any stress riser, like a crack. The strain
distribution at point C in the post-peak part of the
load response (Fig. 4b) shows that the region of
high stress gradient moves further down aong the
length of the FRP.
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Figure 4. Strain contours corresponding to different points of the
load-dip response; (a) inthe region AB; (b) close to point C.

The measured strains seem to indicate that an
interfacial crack initiates in the pre-peak portion of
the load response. The analysis of the images
captured in the post peak confirmed that there is
progressive crack propagation as the rel aive globa
dip increases.

6. ANALYSISOF RESULTS

For the purpose of analysis, the strain variation
adong the length of the FRP was determined by
averaging the strains across the width of a one-inch
strip in the center of the FRP sheet (as shown in
Figure 4b by the dotted rectangl €).

The strain distribution corresponding to the point
C of the post-peak part of the load-dlip responseis
plotted in Figure 5. The observed strain
distribution along the FRP is essentialy equd to
zero close to the unloaded end. A rapid increase in
strain is observed as we approach the loaded end,
following which the value of the strain levels off a
goproximately 6500pe. The observed strain
distribution can thus be divided into three main
regions. (a) unstressed region; (b) stress transfer
zone; and (c) fully-debonded zone. Within the
stress transfer zone, the strain distribution is
goproximately “S’ shaped and has a distinctive
inflection point in the middle. The strain
distribution obtained anayticaly from linear
dastic theory is adso plotted in Figure 5 for
comparison (Tajsten 1997). It can be seen that the
strains predicted by the linear theory approximately
coincide with the observed strain initialy up to the
inflection point. The measured strain deviates
significantly from the linear elastic response as we
goproach the debonded zone. In the debonded
zone, the strains are essentiall y constant and remain
unchanged with continuing loading.

The fluctuations of strain observed aong the
length of the FRP sheet were found to be due to
loca material variations in the FRP sheet. Optica
measurements performed on debonded sheets
revedled tha the observed local variations
corrdated wel with locations of materid
inhomogeneities found in the FRP sheet. A locd
high in the strain distribution was observed at
points where fibers were bundled together. Also,
variations in the thickness of the FRP sheet and the
adhesive were found to contribute to the locd
variations in strain. The relative patern of the
relative strain distribution caused by these effects
however did not change with loading. The



nonlinear strain response in the stress transfer zone
produced by shear stress transfer, independent of
the local material variations, was approximated by
the following expression:

&(y)=a+ L @
1+(Y)"
C
where a b, ¢, and h were determined using
nonlinear-regression anaysis of the measured DIC
strains.

Figure 6 shows the strain distribution aong the
FRP (after removing the influence of local material
variations) at two different points in the post-peak
part of the load-global slip response. It can be seen
that as the globa dip increases, the length of the
fully-debonded zone increases and the stress
transfer zone exhibits a laera shift without
stretching towards the unloaded end. It can aso be
noticed that the size and the shape of the stress
transfer zone remains identica in the two cases.
The length of the stress transfer zone is constant at
approximately 80 mm. Therefore, it can be inferred
that the strain distribution in the stress transfer zone
corresponding to the post-peak part of the load
responseisidentical.

The load response of the specimen can now be
interpreted in terms of the observed crack growth.
Initidly, the materid response in the linear portion
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Figure 5. Experimental strain distribution along the FRP sheet
corresponding to point C in the post-peak part of the load
response.

of the load response is linear. As the crack initiates
and begins to grow, the load response becomes
nonlinear. The peak load is reached when the
interfacial crack length becomes equa to a critica
vaue. Subsequently, the crack grows in a sdlf-
similar manner a a constant load. As the crack
advances, the compliance of the specimen (inverse
of the stiffness) increases, which manifestsitself in
increased global slip. The self-similar crack growth
is associated with a characteristic length, which
corresponds to the stress transfer zone. As the
crack advances, the stress transfer zone, which is
similar in shape, moves aong the bonded length of
the FRP and a longer stretch of the FRP is
compl etel y debonded.

The cohesive law for shear fracture at the
interface between the FRP and concrete can be
determined using the measured strain distribution
in the FRP. The cohesive law defines the
relationship between the shear stress at the
concrete/FRP interface and the relative motion
between two points, one located in concrete and the
other in the FRP (Figure 7). The following
assumptions were made in the analysis:

-The FRP sheets are homogenous and linear

elastic.

-The thickness and the width of the FRP sheets

are constant along the bonded length.

-Theinterface is subjected only to shear loading.

-The interface between the FRP and the concrete

is assumed to be of infinitesimal thickness.

The interfacial shear stress can be obtained from
the measured strain distribution using the following
relationship (Taljsten 1997):

r(y)=t><E><:—§ )

where 7 (YY) = shearing stress distribution along the

interface of FRP and concrete; E = e astic modulus
of the FRP sheet; t = thickness of the FRP

sheet; £(Y) = strain distribution at the FRP level.

From Equation 2, it can be seen that the magnitude
of the shear stress depends upon the gradient of the
axid straininthe FRP.

The relative dip between FRP and concrete a a
given location on the FRP was obtained by
integrating the strain along the length up to that
point. The concrete substrate was implicitly
assumed to be rigid in this andysis. The
relationship between the shear stress as calcul ated
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Figure 6. Strain digtribution along the FRP sheet corresponding
to two different points in the post-peak part of the load-dip
response.

using Equation 2 and the relative dip were then
obtaned. The interfacial materid behavior
obtained in this manner is known as the cohesive
law and is shown in Figure 7. The two continuous
curves in Figure 7 correspond to the cohesive law
obtained from two different pointsin the post-peak
pat of the load response. A close agreement
between the cohesive materia law determined from
two different crack locations corresponding to
different points on the load-global dip response is
observed. This further confirms the self-similarity
of the crack propagation process.

It can be seen that the cohesive law exhibits a
softening behavior. It is initidly approximately
linear up to 40% of the maximum shear stress, after
which it is nonlinear up to the peak stress. From the
experimental data, the maxi mum shear stress (Tmax)
and the corresponding slip (S,) were determined to
be 5.65 MPa and 0.065 mm respectively. After the
peak stress, a softening is observed where increas-
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Figure 7. Cohesive crack relati onship.

-ing dip results in a decreasing stress. From the
material cohesive law, the area under the “t-s”
curve represents the fracture energy Gr. G was
determined to be 0.82 MPamm for interfacid
shear fracture between concrete and the FRP.

G = _[ rds ©)

Given that concrete beams strengthened with
FRP sheets often fails by debonding between the
two materias, the determination of the fracture
energy using the method described in this paper
provides a method for predicting the effectiveness
of strengthening concrete members with FRP
sheets.

7. CONCLUSIONS

Based on the results presented in this paper, the
following conclusions can be drawn:

1) The progressive debonding of the FRP is
produced by a crack which forms and
propagates dong the interface between the
concrete and the FRP,

2) The load versus globa dlip response of the
FRP/concrete bond can be divided into pre and
post-peak parts;

3) The observed crack initiatesin the pre-peak part
of the load response;

4) Once the crack initiates at the interface, it
propagates in a self-similar manner at a constant
load in the post-peak part of the load response.
This steady crack growth is responsible for a
constant increase in the globa dip of the FRP,

5) In the post-pesk part of the load response,
where the crack propagates, there is a constant
stress transfer length between the concrete and
the FRP sheets, which was found to be
approximately equal to 80 mm. The stress
transfer zone advances aong the bonded length
of FRP as the crack propagates;

6) The fracture energy, which is required for
cracking one unit of area, was found to be
constant and independent of the location of the
crack along the interface; and

7) Using the digita image correlation alowed for
the mapping of the complete strain field which
resulted in accurate estimation of the bond
fracture strength as represented by the cohesive
law and the fracture energy rel ease rate.
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