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Abstract

The surface bond characteristics of Fiber-Reinforced Polymer
(FRP) sheets have been subject to research for more than two
decades. These sheets generally exhibit brittle performance
during direct shear and often delaminate prematurely before
they attain the full strength of the material. This paper reviews
the experimental testing configurations to investigate the direct
shear bond surface characteristics of FRP sheets on concrete
and masonry substrates. Additionally, it summarizes the data
acquisition methods and the observed behavior for surface
bond of FRP sheets on concrete and masonry. This review aims
to serve as a source for future experimental research studies in
the field. Further, an innovative testing configuration is sug-
gested to measure bond strength of FRP sheets on concrete and
masonry surfaces in direct shear.
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1 Introduction

Application of surface-bonded fiber-reinforced polymer
(FRP) sheets is an attractive retrofit technique to achieve defor-
mation control and improved strength in brittle masonry and
concrete vertical and horizontal structural members.

The surface bond characteristics of FRP sheets have been a
topic of research in last decades. The sheets exhibit brittle per-
formance and often delaminate prematurely before they attain
the full strength of materials.

Based on the previous research and observed behavior of
FRP bond failures, it may be concluded that following param-
eters affect the surface bond [1];

I. Base material characteristics: type, strength; and surface
roughness and condition [2, 3];

II. FRP sheet characteristics: type, mechanical properties,
thickness, number of layers, and width;

1.

Iv.

Epoxy resin properties: strength, elongation, and thickness;

type:
including the effects of seismic, fatigue, blast, etc. [4—6];

Loading monotonic/cyclic and static/dynamic;
V. Environmental conditions: temperature [7, 8], frosting and
Freeze-thaw [9], humidity [10], and pollution

Shadravan et al. (2007) hypothesized that the testing method
and setup in experimental studies changes the way that load-
ing conditions and the fracture mechanism are modeled in the
study, and thus, affects the interpretation of results. This paper
reviews available testing procedures and configurations and
proposes a new method for direct shear testing method [11].

2 Testing Methods and Configurations for Concrete
Substrates

Different testing setups and methods are available to investi-
gate the bond behavior and debonding failures of surface bonded
FRP sheets [7, 10-36]. These testing configurations can be clas-
sified into four categories on the basis of the type of stresses gen-
erated in concrete: ) tension; II) direct or pure shear; I1I) com-
bined shear and tension; and IV) flexure. The direct shear test is
the most effective method to evaluate the bond characteristics of
fiber-concrete interface. Shadravan et al. (2007) summarized the
direct shear tests [11], as shown in Fig. 1 (after [37-39]).
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Fig. 1 Types of direct shear bond tests [11] (after Yao et al. 2005[37], NakabaK et al. 2001b [38] and Chen et al. 2001 [39]

Test setups used for direct shear bond tests can be classified
into two groups: double lap type and single lap type. The dou-
ble lap type is implemented either as double shear pull (Double
Pull) tests, also called Far End Supported (FES) double-shear
tests; and double shear push tests (Double Push), also called
Near End Supported (NES) double-shear tests. Single lap type
tests are conducted either as single shear pull (Single Pull) tests,
which may also be called Far End Supported (FES) single-shear
tests; or single shear push tests (Single Push), which may also
be called near end supported (NES) single-shear tests. In all of
these test setups the FRP sheet is pulled directly by a tensile
force. Collectively, all these four tests may be referred to as pull
tests, as FRP sheet is always directly pulled by a tensile force.

The “double shear pull test” and the “single shear push test”,
shown in Fig. 1 (a) and Fig. 1(d), are the most commonly used
test methods among researchers because of their simplicity [4,
37-42]. However, the state of stress in the concrete in each
of these two test methods can be expected to be quite differ-
ent. Therefore, significant difference exists between these two
methods. The single shear push test offers savings in both
material and labor because only one coupon is bonded to the
concrete [39]. The double pull tests are more suitable for stand-
ard universal testing machines, which enable the application

of different loading procedures at different loading speeds,
including cycling loading and fatigue tests. This is one rea-
son why they are used commonly among researchers [13, 23,
42-52]. In this test setup, two FRP sheets are bonded on oppos-
ing sides of a concrete block with equal tensile forces applied
to each sheet. This pulling force may be applied either through
a steel bar embedded in concrete or through steel plates bonded
on the sides of the concrete block [39].

The single push tests in figure 1(d) are the second most pop-
ular tests after the double pull tests. This method was imple-
mented in various researches [4, 14, 24, 27, 30, 37, 46, 53—60].

In a double push test (Fig. 1b), the pushing force exerted
on the concrete block is usually applied through a hydraulic
jack ([61, 62]. The stresses generated in this setup are applied
through compressive forces applied on concrete, as opposed to
tensile forces applied on FRP, as in the case of Double Pull test.
This difference may lead to discrepancies among test results,
such as the observed mechanism of fracture [39].

The single pull test, shown in Fig. 1(c), has not been used
in the past, though the test set-up was mentioned by Chen et
al. (2001) [39]. In this case, only one FRP sheet is bonded on
one side of the concrete block. This leads, however, to a loss of
symmetry, unlike the double pull test.
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The ACI 440.2.R (2008) provides Guidance for the design
and construction of externally bonded FRP systems for strength-
ening concrete structure [63]. This reference uses well known
expressions for the direct shear bond behavior, but excludes
the pull-out test for investigation of direct shear behavior of
FRP on concrete. The standard tests recommended in Annex
P of the Canadian Standard Association’s CSA S806 (2002)
includes direct tension tests [64]. Fig. 2 shows test set-ups and
methods recommended by this reference. In this figure, Method
A and Method B depict a double shear pull-out test and a push
apart double shear test, respectively.

Shadravan et al. (2007) modified CSA testing method and
introduced an innovative double shear push test setup and
tested 12 specimens [11]. The specimen geometry is illustrated
in Fig. 3. In this method, the concrete is pushed away by the
steel plate. A relatively thick steel plate is welded to the rebar
to maintain the elastic rigidity for pushing load during testing.

The welded steel plates were added to the rebars in order to
avoid the anchorage rupturing of the rebars. The tests later
showed that the bond failure occurs in lower loads than imple-
menting of the anchorage failure. So the steel sheets were not
used anymore.
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Fig. 3 Schematic view of double shear push test setup by Shadravan et al.
(2007) [11]

Another pullout setup was implemented with U-shaped FRP
sheets. The FRP sheet is continuous on one side of the speci-
men, and allows two bond lengths to be tested at the same time.
This reduced the likelihood of introducing a defect (one in two)
and also reduces the instrumentation to be used per specimen,
while promoting a more accurate test procedure. Therefore,
the new test setup, referred to it as; “U-shaped Pull Test,” was
implemented for the remaining tests. Fig. 4 illustrates schemat-
ics of a typical U-shaped pull test (Shadravan 2010 [1]).

The results of numerical and experimental studies indicate
that testing configurations affect test results [37, 39]. Little dif-
ference can be expected between the double and single shear
push tests, and between the double and single shear pull tests
[39]. Furthermore, it has also been reported that small varia-
tions in test setups within a selected method, such as the height
of the support block, may also have significant effects on the
bond behavior [39].
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Fig. 4 The schematic view of test specimens with U-shaped FRP strips by
Shadravan 2010 [1]
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Fig. 5 Redrawn Double shear push bond test setup used by Haddad et al.
(2013) [2]. The method already used by Briccoli Bati et al. (2009) [73] for
testing brick specimens

Typical double shear testing method (both pull and push
test) is symmetric, such that the two substrates of concrete (or
masonry), is used for a test. So the weight of the typical double
shear test is twice of the similar single shear specimen. This
may lead to problems with handling, carrying, and the need
for additional data acquisition systems. Haddad et al. (2013)
used a testing configuration to reduce such problem for a dou-
ble push test, as shown in Fig. 5. In this testing setup, one side
of the concrete specimen is replaced by “a steel U-shaped arm
connected to an aluminum cylinder that raps the carbon fiber
reinforced polymer (CFRP) middle part to cause bond failure
between the FRP sheet and the concrete block fixed to the bot-
tom platen of the machine using special fasteners”. [2]

In addition to the unidirectional tests discussed above, beam
tests are conducted for the purpose of investigating the mecha-
nism of bond in flexural members, as shown in Fig. 6. One form
of a beam test set-up, illustrated in Fig. 6 (a) consists of two
pieces of concrete, connected together by a surface bonded mate-
rial (steel or FRP), forming a simply supported beam, subjected
to middle span loading. This set-up can simulate the effects of
moment and shear variations along the length of the member.

It was employed by Van Gemert (1980) to investigate the bond
behavior of surface bonded steel plates on concrete beams [43].
Ziraba et al. (1995) also used a similar setup to investigate the
effects of concrete compressive strength on steel-concrete bond
strength [65]. In this case, the researchers used a solid beam,
cut a certain depth to create a weak section, with a steel sheet
surface bonded over the cut as shown in Fig. 6 (b). They found
no dependence of surface joint failure on concrete strength and
concluded that the concrete-glue-plate interface behavior was
rather a surface phenomenon. However, this contradicted with
other experimental observations [14, 51, 66, 67].

Load

Concrete Initial Crack
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Bond Length Bond Length
(a) Chen et al. (2001) [39]

Hinge

I

Saw Cut

; MONITORED
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(b) Lorenzis et al. (2001)[66]
Fig. 6 Modified beam bond test method re drawn

Detailed beam specimens are also used for direct shear bond
tests simulated by the modified beam tests. These tests were
conducted by Chen et al. (2001) [39] and Yao et al. (2005) [37],
and reported by Chen et al. (2012), demonstrated in Fig. 7. [68]

Some of the researchers tested the specimens that did not
bond the FRP sheet near the loaded end that is called the free
zone [8, 69, 70]. Fig. 8 shows this configuration. Most of the
researchers tested specimens without the free zone [4, 37, 71].
Mazzoti et al. (2008) compared the behavior of the two testing
methods by both experimental and analytical approaches [72].
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Fig. 7 Classification of direct shear bond tests simulated through beam tests
(Chen et al. 2012) ([68]

They suggested that the free end setup is slightly better to
achieve data for the bond-slip behavior of the interface. If the
free zone is not considered or is small, a triangular piece of
concrete near the loaded end will be pulled off the concrete
prism in the failure time, but this variation in detail does not
have a significant effect on the bond—slip behavior on a dis-
tance as long as the bond length is not too short [72].

In addition to the above setups and methods of testing, sev-
eral other techniques were reported in the literature for sub-
jecting interfaces to out-of-plane tension and combination of
tension with shear [31, 37-39].

Free end L Loaded end
Adhesive FRP Free zone
P
Concrete

Fig. 8 Schematic of pull test with free zone
(Redrawn from Lu et al. 2005b [20])

A new testing setup is suggested in Fig. 9 for double shear
pull test. The suggested method is designed to reduce the
weight and length of the specimen, while improving the han-
dling of the specimens compared to the typical double shear
test using universal testing equipment. The concrete section
and the steel assembly are prepared separately. That allows
using the steel assembly in multiple tests. In this method the
U shape FRP sheets connects the concrete to the thick steel
plate welded to a rebar. The bonding load is applied by the pull-
ing force on the bar welded to the steel plate, and the second

rebar anchored inside the concrete specimen. The setup allows
double shear testing with universal testing machines. The open
range of the universal machine may not be appropriate for con-
ventional double shear testing, but can be tested with this setup.
The lower weight of the specimen results to ease of handling
which is very important in testing. Another benefit of the sug-
gested setup is that smaller concrete form mold is needed for
each specimen. The failure is dictated to the concrete side, and
the effect of the cracking of concrete in the second side will
be eliminated. It also reduces the error of the weight of the top
section of the concrete in testing.

Steel Plate

FRP

Concrete

H

Fig. 9 Suggested double shear pull test setup

3 Testing Methods and Configurations for Masonry
Substrates

The method shown in fig. 5 was based on the method
already used by Briccoli Bati et al. (2009) [73] for testing brick
specimens.

\
Hydraulic Jack Load Cell
Side View Substrate
Masonr
Hydraulic Jack |‘L’| Y
Strain

|- Gauge

Steel
Platf orm

Fig. 10 Setup for testing Brick Specimens, Redrawn from Casareto et al.
(2003) [13]
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Casareto et al. (2003) tested standard hollow concrete blocks
and clay brick specimens to investigate the bond behavior of
Aramid FRP (AFRP) sheets on different types of masonry
surfaces with a double shear push test (Fig. 10) [13]. Ghiassi
et al. (2012 and 2013) tested bond behavior of FRP on brick
specimens by single shear pushing method and analyzed the
behavior [70, 74]. Their setup was single shear pull test simi-
lar to the model shown in Fig. 8, with the difference that the

substrate material in this setup is brick. Konthesingha et al.
(2009), and Liu et al. (2005) used similar approach for test-
ing masonry specimens of brick and concrete block [75, 76].
Briccoli Bati et al. (2009) used the method shown in Fig. 5 for
testing brick specimens [73]. Some researchers tested the wall
bond behavior of brick walls. Xia and Oehlers (2006), Kashyap
et al. (2012), Carloni and Subramanium (2010), and Oliveira et
al. (2010) used the single shear push test as demonstrated in
Fig. 11 [77-80]. The U-shaped double shear pull test setup was
also designed and applied to concrete block and clay brick tests.
Fig. 12 shows schematic masonry test specimen setups as pre-
pared and tested by Shadravan (2010) [1]. The method showed
to be appropriate for the brick specimens used, but the shape
of the low strength concrete block affected the cracking pattern
to tensile failure, and could not be used for investigation of the
bond behavior.

4 Data Acquisition Systems

The experimental data not only provided much needed
information for the derivation of analytical expressions for
bond length, bond stress and ultimate bond force, but also pro-
vided the insight for the development of a complete bond-slip
model. Local bond-slip curves from pull tests are commonly
determined in two ways; (a) from axial strains of the FRP
plate measured with closely spaced strain gauges (e.g. Nakaba
et al. 2001a [71]); or (b) from load-displacement (slip at the
loaded end) curves (e.g. Ueda et al., 2003 [32]). Most of the
researchers use both methods to control the errors and improve
the accuracy of results. In the first method, the bond stress of
a particular location along the FRP-concrete interface can be
found from strain readings, while the corresponding slip can
be found through numerical integration of measured longitudi-
nal strains of the plate. The strain gauges are used in the cen-
troidal axis of FRP sheet to receive output from the bond-slip
behavior using the typical arrangement of strain gauges. This
method appears to be simple, but it cannot produce accurate
local bond-slip relationships. This is because the axial strains
measured on a thin FRP plate generally show drastic variations
as a result of the discrete nature of concrete cracks, the hetero-
geneity of concrete and the roughness of the underside of the
debonded FRP plate. For example, a strain gauge located above
a crack will have a much greater strain than that sitting above a
large aggregate particle region. Consequently, bond-slip curves
found from different tests may differ substantially. The second
method is an indirect method and has its own problems as well.
In this approach, a local bond-slip curve is determined indi-
rectly from the load-slip relationship. It is easy to show that
different local bond-slip curves may lead to similar load-dis-
placement curves [1, 20]. The pullout load-versus-deformation
data are provided by the universal testing machines in double
shear tests. Alternatively, most of the single shear bond tests,
and some of the double shear testing methods are not tested
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using the universal testing machine. In these testing methods,
a loading frame is designed. The load and deformation data
can be recorded using load cells and “linear variable differen-
tial transformers” (LDVTs) respectively. LVDTs are used to
record FRP slip. Fig. 13 demonstrates the typical arrangement
of the specimen for single shear push test setup using LVDTs
to record slip [60].

1 mm thick Q-shaped
aluminum plate glued to
the FRP sheet

FRP

Adhesive ||Restrai

Steel
I-beam

Restraint
h

I Machine base I

NG 1 mm thick
Q-shaped aluminum
R R plate glued to the
B— FRP sheet
°
o S

E :

OO0 LVDT support Beginning of
mounted on the bonded area
concrete

]
| Machine base I

Fig. 13 Specimen dimensions and loading arrangement by using LVDTs [60]

Some researchers use additional strain gauges in the width
of FRP sheets to investigate the distribution of the FRP strain
and stress in the width [1, 59]. Other researchers recorded more
detailed and accurate surface deformations and strains results
using high precision digital camera image acquisition or digital
image correlation method on the FRP sheet [81, 74]. Zhao et al.
(2007) conducted pull out and beam flexure tests and measured
local slip at the interface between concrete and FRP [36]. They
used fiber optic sensors with 1 mm resolution for measure-
ments of local slip at the interface. In flexure, the long gauge
distributed sensors were found to provide more precise data,
especially during deformation reversals.

5 Test Observations

The bond characteristics of surface mounted FRP sheets have
been a source of controversy in the past, since lack of suffi-
cient bond between the high-strength FRP sheets and relatively
low strength concrete substrate posed challenges in practical

applications. A number of experimental research programs have
been undertaken to assess the adequacy of bond strength. This
section provides a summary of previous experimental findings,
while also providing explanation of some of the behavioral
aspects of surface bonded FRP sheets on concrete.

It is well established through previous experimental
researches that higher stresses are taken up near the critical sec-
tion while stresses decrease exponentially with distance [10].
A very important aspect of the behavior of these bonded joints
is the concept of effective bond length beyond which an exten-
sion of the surface-bonded material length cannot effectively
increase the ultimate load resistance. This is the fundamental
difference between externally bonded reinforcement (as in the
case of surface bonded FRP) and internal reinforcement (as in
internal rebars embedded in concrete) for which a sufficiently
long anchorage length can always be found to attain the full
tensile strength of reinforcement. Tensile stresses in FRP are
transferred to concrete mainly via bond stresses that develop
in the adhesive (epoxy) within a short length near the applied
force [16]. Also, the existing studies suggest that the main fail-
ure mode of FRP-to-concrete joints is the bond failure of sur-
face concrete that occurs generally within a few millimeters
depth from the concrete-to-adhesive interface [33]. Therefore,
some of the analytical studies and the resulting bond strength
expressions concentrated on concrete fracture mechanics and
rupture energy. Bond stress-slip models play a significant role
in such studies [19]. The ultimate load (i.e. the maximum trans-
ferable load) and the effective bond length of the joint depend
on concrete strength. Concrete strengths; including compres-
sive, tensile, and bond strength are used as parameters in some
bond models. Indeed, the tests confirmed that the effective bond
length tends to decrease with increasing concrete strength. The
parameters related to FRP and the dimensions of the substrate
(concrete) are considered to be less pronounced. In addition,
the FRP sheet-to-substrate width ratio was found to affect bond
performance. [11, 17, 20-22, 27, 31-33]

Previous research has also indicated that the shift in the
active bond zone can occur under increasing tensile forces. This
means that as cracking in concrete propagates, the bond resist-
ance gradually diminishes in regions near the load application
point, but in the meantime, it is cracked farther away from the
loaded end, as confirmed experimentally [14, 23, 18, 30, 35, 34].
However, a longer bond length may improve the ductility of
failure process. This phenomenon is believed to be the primary
reason for the observed low stresses in bonded plates at anchor-
age failure. Existing studies have been mainly concerned with
the prediction of ultimate load and the effective bond length, but
much less attention has been given to the prediction of the entire
debonding process of such bonded joints [16].
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Fig. 15 Concrete surface scaling of dental cracking due to pull-off of the
FRP strip [24]

The experimental research in the past have resulted in two
major models describing FRP debonding failure in concrete
structures; I) cohesive failure in the concrete surface layer, and
IT) adhesion failure at the adhesive/concrete interface [28]. In
general, the debonding of FRP occurs within a thin layer of
concrete adjacent to the concrete-to-adhesive interface unless
the adhesive is weak. The thickness of this concrete layer is
about 2~5mm [21]. McSweeney and Lopez (2005) investigated
the sensitivity of FRP-concrete bond failure load to changes
in geometric and material parameters [24]. They illustrated
the propagation of failure through gradual deterioration of
bond. During the initial stages of loading, the specimens do
not display signs of distress until the load becomes sufficiently
high to cause cracking. At this stage popping sounds can be
heard as the load continues to increase. As the final bond fail-
ure is approached, cracking sounds become louder and occur
at shorter intervals. On occasions, just prior to complete fail-
ure, the cracking sound can be heard in a continuous string,
analogous to unzipping sound in larger bond lengths. This has
been observed in other tests, such as those conducted by Lopez
(2000) [25]. These cracks appear at regular intervals, and never
propagate significantly inward from the loading end. The angle
of cracks suggests an edge effect, affecting the crack propaga-
tion, as seen in the crack front of a GFRP strip bonded to steel

in Fig. 14. As the bonding failure progresses, small diagonal
cracks begin to form along the edges of CFRP strips, as shown
in Fig. 15. Each new crack in CFRP strip appears when a shift
in crack front occurs as the substrate bond fails. McSweeney
and Lopez (2005) reported that as the failure is approached,
86% of the 42 specimens that they tested developed cracks in
the concrete substrate that ran from the edge of the FRP strip
up to a point at the leading edge of the concrete block as shown
in Fig. 15 depicts these cracks, which resulted in a tooth-like
appearance in concrete, near the surface [24]. Rarely did the
tooth approach the edge of the shim plate used in the restraint
setup — thus, the unrestrained edge distance of 25mm between
the shim plate and the bonding surface was sufficient to prevent
an unrealistic restraint of concrete against failure. The tooth
was not visible during testing, but upon final bond failure, the
tooth remained bonded to the FRP strip. The concrete cover
failure, as part of overall bond failure, has been noted by sev-
eral researchers [26, 12].

~ F
Cracks i@ \

concrete Adhesive-to-concrete
interface

Meso-cantilever
column

Crushing
caused
by Fn N 3
s
Flexural failure TEL
caused by Ft

Fig. 16 Meso-cantilever column and its failure modes [83]

The final bond failure of CFRP on concrete was reported by
Arduini et al. (1997) and McSweeney and Lopez (2005) to be
extremely brittle, and it was accompanied by a large release
of energy [82, 24]. Some of the FRP strips in test specimens
were damaged by the energy released at the final failure stage;
exhibiting splitting in the longitudinal (fiber) direction, while
the epoxy of other strips had post failure transverse cracking.
Fragments of concrete often broke loose from the block when
the strip broke free (Fig. 15). Increased bond length, width, and
thickness led to longer time to failure, but changes to the bond
width had the greatest impact on time to failure. For the short
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bond length, there was little warning before the final failure.
All other FRP strips provided some warning prior to final bond
failure in the form of cracking sounds. While a few specimens
experienced pull-out of an additional tooth of concrete at the
end of bond length during failure, the vast majority only lost
concrete tooth at the leading edge as discussed previously. The
remainder of the bonded region, past the leading edge, was free
of epoxy after failure, and the FRP strips did not exhibit a sig-
nificant amount of paste left, clinging to the strip. However,
the concrete surface was rough, with numerous microcracks
oriented in a manner indicative of the direction of bond failure.
A pattern of regularly spaced microcracks was visible through-
out the bonded area, with small pieces of paste peeled back
by the propagation of bond failure as shown in Fig. 16. This
pattern of concrete surface bond cracking is referred as tooth
shape, dental cracking, interfacial micro cantilever columns, or
micro columns, meso cantilever columns, and microcracks by
different researchers (Fig. 16) [24, 22, 83,1]. Other researchers
observed similar failure behavior [57]. Shadravan (2010) found
loose micro column concrete that could not only be observed,
but separated from the failure surface in the specimens tested
under cyclic loading [1, 84]. The test results showed that the
concrete absorbed more energy and load when the cyclic load-
ing was applied [85].

6 Conclusions
The following conclusions can be derived from the review

of experimental investigation presented in this paper:

» Different test setups are used for investigation of the bond
shear test of FRP sheets on concrete and masonry. They are
summarized as single shear, and double shear tests. Each
can be pulling or pushing test.

» The different test setups result to slight differences in the
results.

* The methods of U shape FRP with one loading side used by
steel sheet is suggested for future studies. This pull double
shear test has benefits of less weight and ease of handling in
comparison to similar testing methods.

* Depending on the test setup, however, some specimens
experienced diagonal tension cracking of corners at the criti-
cal section. To avoid such failure, longer bond length testing
is suggested. Also a free zone is suggested in the loading end
of FRP by some researchers to avoid the triangular diagonal
tension cracking in shorter bond lengths.

» All of the bond test setups result to the bond cracking which
happens in the substrate surface layer adjacent to FRP sheet.
The cracking pattern is well known as dental cracking or
cantilever micro columns.

* The universal loading machines, and load cells can be used
to record the test loading data. Strain gauges, digital cam-
era image acquisition, LVDT, and optic fibers can detect the
deformation and slip.
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