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ARTICLE INFO ABSTRACT

Keywords: Fiber Reinforced Polymer (FRP) anchors are an effective method to increase the bond strength and/or ensure
FRP load path continuity between FRP materials and the concrete substrate when FRP materials are used as

Strengthening Externally Bonded Reinforcement (EBR) to strengthen and/or repair existing structures. While advances in
Bogd lgf‘gth developing a design methodology have been made on the fiber rupture and concrete cone failure modes for FRP
FD;PO:ncllr:gr anchors, the FRP-to-FRP bond behavior has received limited research attention. In an effort to develop design

equations to calculate FRP-to-FRP bond capacity to be used by engineers, an extensive experimental program
was undertaken to characterize the behavior of adhesively bonded FRP-to-FRP lap joints. Two force-based
models to calculate the FRP-to-FRP bond capacity were proposed considering the influence of the critical bond
length on lap joint behavior. A study to characterize the statistical properties of the experimental data was
undertaken, and 95 and 99.87 percentile models were developed based on the statistical distribution of the
experimental data set. Main conclusions inferred from the study and ideas for future work are also presented.

FRP lap joint

1. Introduction

Externally Bonded Fiber Reinforced Polymer (EBR-FRP) systems are
widely used as a method for strengthening of existing structures. FRP
materials feature a high strength to weight ratio, which is one of the
main advantages of using FRP materials to improve the capacity of
existing structures. FRP sheets, consisting of a varying number of fiber
tows interweaved together, are one of the most commonly used pro-
ducts in EBR-FRP systems. The sheets are saturated with epoxy resins to
form a composite matrix and then adhered to the external surface of the
structure, but premature debonding of the FRP sheets from the concrete
substrate is one of the main drawbacks of EBR-FRP systems [1]. An-
other common problem is the obstructions caused by structural or non-
structural elements that prevent the complete wrapping of the struc-
ture. Both of these problems limit the FRP design strain that the en-
gineers can use when implementing EBR-FRP systems.

The use of FRP anchors has been identified as one possible method
to minimize premature FRP-to-concrete debonding [2,3], by transfer-
ring load from the FRP sheet directly into the RC structure. FRP anchors
(as shown in Fig. 1 [4]) consist of a bundle of fibers splayed in a fan
shape and bonded onto the FRP sheet at one end, with the bundle of
fibers being embedded into the structure at the other end. FRP anchors
typically feature a high concentration of stresses at the section where
the fan transitions into the dowel, commonly known as the key portion
of the anchor.
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The lack of a design methodology for FRP anchors is the main im-
pediment to their widespread use [2], although initial efforts have been
made to study the failure modes of FRP anchors. Studies can be found in
literature regarding the concrete cone failure mode [5] and fiber rup-
ture failure mode of FRP anchors [6], even considering nonlinearity of
fibers and concentration of stresses [7]. By contrast, the fan-to-sheet
failure mode has received limited research attention, and is simply the
debond failure between the anchor fan and the FRP sheet to which is
bonded. The fan-to-sheet failure mode can be assimilated to a simple
case of two fiber sheets debonding as a result of excessive shear load on
the FRP-to-FRP interface. The FRP-to-FRP bond behavior has been
studied by several researchers for different curing conditions [8,9], and
several adhesive failure-based stress models [10,11] for composite
(such as FRP-to-steel) lap joints have been developed. However, a
model with simple design equations that can be readily used by en-
gineers to calculate the design capacity of FRP-to-FRP bond was not
found. With reference to the fan-to-sheet failure in FRP anchors, a
project was undertaken by Kanitkar [12] with the aim being to develop
a simplified design equation to calculate the fan-to-sheet bond capacity
to be used by an engineer. In the model developed by Kanitkar the shear
strength of the resin is the governing parameter in the equation, but
unfortunately this parameter is typically not available to engineers,
which compromises the applicability of the equation. Additionally, the
limited number of specimens tested and the lack of consistency ob-
served in the failure modes compromises the reliability of the findings.
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Nomenclature

Appendix Notation

Ay lap joint measured bond area in mm?

CoV coefficient of variation in %

C, to C4 calibration factors for the developed FRP-to-FRP debond
capacity

Ey elastic modulus of FRP in the direction of the fiber in N/
mm?

E, elastic modulus of the resin in N/mm?

FC factor of confidence

G, shear fracture energy of debonding between fiber and
resin in N/mm?

L bond length in mm

Ly critical bond length in mm

L, normalized bond length in mm

Ly, measured bond length in mm

L, target bond length in mm

Noona calculate average debonding load capacity for a given lap
joint in kN

NS% calculate 95 percentile debonding load capacity for a
given lap joint in kN

N28%  calculate 99.87 percentile debonding load capacity for a
given lap joint in kN

P measured debonding load in kN

P average measured debonding load for a group of tests in
kN

SD standard deviation in kN

Su fiber deformability matrix component equal to 0.25 mm

W lap joint measured width in mm

b width of the concrete section in mm

by width of the FRP sheet in mm

Jod design FRP-to-concrete bond strength in N/mm?

Som concrete compressive strength in N/mm?

Sotm concrete tensile strength in N/mm?

fra design FRP-to-FRP bond strength in N/mm?

ky geometrical corrective factor

kg corrective factor

ty thickness of fiber sheet in mm

r design specific fracture energy in N/mm?

YD corrective factor equal to 1.25

of tensile strength of the FRP in N/mm?

oy tensile strength of the resin in N/mm? and

shear strength of the resin in N/mm?.

Due to a lack of literature regarding FRP-to-FRP bond behavior,
widely studied and accepted FRP-to-concrete literature can be used to
understand the FRP-to-FRP bond behavior. Chen and Teng [13] in-
vestigated FRP-to-concrete bond behavior and observed that the load
applied to an FRP sheet bonded to concrete was linearly correlated to
the bond area up to a certain limit, with the bond area being equal to
the effective bond length multiplied by the width of the FRP-to-concrete
interface. Beyond that limit, which was defined as the effective bond
length (hereafter referred to as the critical bond length), the applied
load did not increase, although a more ductile response could be
achieved because the debonding process spanned for a longer period of
time. This behavior has since been observed in many studies and
adopted in international design guidelines such as ACI 440 [14] and
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Fig. 1. Attributes of FRP anchors [4].
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CNR-DT-200 [15]. A similar behavior is expected to occur at the FRP-
to-FRP interface but a comprehensive study of FRP-to-FRP behavior is
paramount to verify the presence of a critical bond length in FRP-to-
FRP joints and to develop an associated description of the bond beha-
vior. Therefore, 30 FRP-to-FRP coupons with a single bonding surface
(single lap joints) and 25 FRP-to-FRP coupons with two bonding sur-
faces (double lap joints) were tested until debonding occurred, with the
objective being to characterize the FRP-to-FRP critical bond length and
associated bond behavior. It should be noted that the reported study
represented a trial effort to investigate the FRP-to-FRP bond behavior
and that further verification of the test results with FRP anchors as used
in a realistic application such as strenthening of columns [16] is ne-
cessary before a correlation between FRP coupons and FRP anchors can
be established.

2. Experimental program

The material properties, the test matrix, the preparation of the
specimen and the testing set-up are described in detail in this section.

2.1. Materials

Unidirectional carbon fiber sheets [17] and the corresponding im-
pregnating epoxy resin [18] were used throughout the experimental
program. The physical and mechanical properties of both cured lami-
nate and impregnating resin are reported in Table 1, where all the
material properties specified are as provided by the manufacturers.

2.2. Test matrix

The experimental program was designed following the approach
that bond length was the only varying parameter while all other
parameters were maintained constant to determine the critical length
for both single and double FRP-to-FRP lap joints. All the dimensions
were in accordance with ASTMD5868 [22] and ASTMD3528 [23] for
single and double lap joints respectively, as shown in Fig. 2. Five spe-
cimens for each bond length and a constant width of 25 mm of both
single and double lap joints were tested, with the nomenclature being
reported in Table 2. For example 1S represents a single bonding surface
and 25a-25e represents the five specimens tested with a bond length of
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Table 1
Material properties

Cured laminate properties of FRP sheet" Mechanical properties of resin*

Laminate thickness 1.0mm Average flexural modulus 2.8 GPa
Average tensile modulus 75.7 GPa Average tensile modulus 3.5 GPa
Average tensile strength 968 MPa Average tensile strength 45 MPa
Rupture strain 1.0% Rupture strain 1.5%

* The resin properties were obtained after a 7 days curing period at 23°C.
Average flexural modulus value based on testing carried out in accordance with
ASTMD790 [20], whereas average tensile modulus, tensile strength and rupture
strain were obtained in accordance with ASTMD638 [21].

T Values obtained in the longitudinal direction of the fibres in accordance
with ASTMD3039 [19]

25 mm.

2.3. Specimen preparation

A preliminary study of the effect of curing time on resin strength in
accordance to ASTMD638 was undertaken, with the results being re-
ported in Fig. 3. No significant variation of tensile capacity was ob-
served in the resin after three days curing, with the average strength
being 34.2 MPa. Hence, the curing period for all the specimens was set
at a minimum of three days to accelerate the testing program.

The first step in the preparation of test coupons was to cut two small
rectangular sheets from a larger FRP fabric roll and soak the sheets in
impregnating epoxy resin. Then a specific lap splice length (or bond
length) was targeted for bonding the two sheets. For example, for the
1S-25 specimens the target bond length was 25 mm while bonding the
two FRP sheets. The bonded sheets were designed to provide five FRP-
to-FRP bonded coupons, each having a width equal to 25 mm with a
specific bond length (25 mm in the 1S-25 example). Similarly, for the
double lap joints an extra sheet was bonded using the same target
length. For example, for the 2S-25 specimen, two bonding surfaces with
a 25 mm overlap was targeted. With the entire specimen preparation
process being manual, actual bond lengths differed slightly from the
intended bond lengths. The use of thicker tabs at the ends of the spe-
cimens was deemed unnecessary, as the debond failure mode was
predominant over fibre rupture failure mode. An environmental
chamber (Contherm Biosyn series Model 6800CP8- 800Lt) maintained
at 23 degrees Celsius and 50% relative humidity was used for curing all
the specimens, as well as eight resin coupons to correlate the test results
with the resin strength. After at least three days of curing, the FRP-to-
FRP bonded sheet was removed from the chamber and cut into five
coupons, each being 25 mm wide, by using a hand-held electric cutter
and a cutting guide built specifically for this purpose. An average de-
viation of 5.9% from the targeted 25 mm width of the coupons was
observed despite the cutting being mechanized and guided. A speckle
pattern for measuring displacements and strains using the Digital Image
Correlation technique was prepared on the FRP coupons by painting the
cured sheet in two layers, the first one being a black matte layer and the

min 38mm
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second layer being white sprayed dots. After the paint dried, the spe-
cimens were ready for testing.

2.4. Test set-up

An Instron 50 kN and an Instron 100 kN universal testing machines
were used to test the coupons following the loading protocol from
ASTMD5868 [24], which recommends a constant ramp rate of 2 mm/
min. As reported in Fig. 4, a pair of DSLR cameras, together with ar-
tificial white lights, were installed in front of the specimen to record
displacements and strains using the Digital Image Correlation (DIC)
technique.

3. Results

The peak load, recorded when the FRP-to-FRP debonding occurred
and therefore referred to hereafter as the debonding load, is reported in
Table 3 for all the specimens, together with the measured bond length
and specimen width. Because the actual width of the specimens differed
slightly from the targeted 25 mm, the bond lengths had to be normal-
ized according to the actual width. To normalize the bond length, the
bond area of the coupon measured post-test was divided by the nominal
width (25 mm) as per ASTMD5868 [22].

3.1. Critical length

The debonding load for all the tested coupons is plotted against the
normalized bond lengths using non-linear least squares curve fitting
method in Fig. 5. The debonding load increased linearly with respect to
the bond length until a certain length, after which no significant change
in load was observed, as can be seen in Fig. 5. This behavior confirmed
the hypothesis that a critical bond length (or critical bond area) exists,
with the behavior of both single and double lap joint specimens being in
accordance with this hypothesis. The effective bond length of double
lap joint specimens was observed to be larger than that of single lap
joint specimens, with the debonding load of double lap joints being
almost double the debonding load of single lap joints when the bond
length surpassed the effective bond length.

3.2. Strain patterns

The photographs acquired during the tension test described in
Section 3 were processed using a Matlab [25] GUIL, MODEM [26,27],
developed by the Centre for Advanced Composite Materials (CACM) at
the University of Auckland. Fig. 6 shows the strain variations on the
FRP surface, with the strain variations along both the transverse and
longitudinal direction being depicted according to the strain % ranging
from —2% to 2%. The regions with high tensile strains are represented
by a red colour, while the regions with high compressive strains are
represented by a blue colour. A concentration of tensile strains in the
longitudinal direction of the FRP fibers was observed at the end of the
lap area, with the strains in the lap area being significantly lower than

FRP Coupon

FRP Coupon

e

25 mm

Fig. 2. Specimen dimensions according to ASTMD3528 [23].
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Table 2
Test matrix.
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Single lap joints

Bond length (mm) No of surfaces Coupon name

Double lap joints

Bond length (mm) No of surfaces Coupon name

25 1 1S25a to 1S25e 10 2 2S10a to 2S10e
37.5 1 1S37.5a to 1S37.5e 25 2 2S25a to 2525e
50 1 1S50a to 1S50e 50 2 2S50a to 2850e
62.5 1 1S62.5a to 1S62.5e 75 2 2S75a to 2S875e
75 1 1S75a to 1S75e 100 2 25100a to 25100e
100 1 1S100a to 1S100e
Total of 55 specimens
60
_ 50 .
: - ;
~ 40
E ' ;
§ s Uitk ks Fe <
7 30 4 . s .
2 : .
£ 20 -
é _____ Mean resin strength
10 (34.52 MPa)
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Curing Time (Days)

Fig. 3. Effect of curing time on resin strength in using ASTMD638[21].

the strains at the end of the overlapping area. The reason for the low
strains observed in the bonded area was attributed to the presence of
two overlaying FRP sheets instead of a single sheet, which resulted in
doubling of the cross sectional area of the coupon in the bonded region
when compared with the rest of the coupon. The compression strains
observed in the transverse direction were in accordance with the in-
fluence of the Poisson effect, which resulted in a reduction of transverse
width (compression) as a consequence of an increment in longitudinal
length (tension) originating from the tensile load applied to the cou-
pons.

3.3. Failure mode

A thin layer of resin between the FRP sheets constituted the FRP-to-
FRP bond. Only minimum damage was observed in the FRP sheets after
testing, which indicated shear failure of the resin layer between the two
FRP sheets. The FRP-to-FRP debonding failure observed for the test
coupons was sudden and brittle, without any preliminary signs of
failure in the coupons. This behavior was observed to be consistent for
all bond lengths with both single and double lap joints, indicating that
neither an increase in bond length nor an additional bonding surface (as
for the case of double lap joints) affected the ductility of the bond area
and the debonding failure mode.

4. Design models

Multiple models have been proposed to characterize the behavior of
adhesively bonded joints, with da Silva having compiled a compre-
hensive review and concluded that the bond strength and behavior of
lap joints with different materials cannot be characterized adequately
by a single model, and that different models for different materials are
required [28]. The observed relationship between debonding load and
bond length when testing FRP-to-FRP coupons is summarized in Fig. 5
and corresponds with previously reported metal-to-metal bond
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Fig. 4. Effect of anchor properties on fiber rupture strength of straight anchors.

behavior [29] and with previously reported FRP-to-concrete bond be-
havior [13]. However, a model based on critical bond length for FRP-to-
FRP bond behavior has not previously been reported, emphasizing the
need for a simple model that is suitable for use by practicing engineers.
Therefore, accepted FRP-to-concrete models [30,13,15] were adapted
for FRP-to-FRP bond to develop design equations consistent with the
results summarized in Table 3.
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Table 3
Debonding loads for both single and double lap joints.

Specimen  Target Measured Measured Measured Normalized Load

name length  length L, width W}, area Ay length L, P
Ly (mm) (mm) (mm?) (mm) (kN)

(mm)

1S25a 25 20.4 23.5 480.0 19.2 11.5
1S25b 25 23.1 25.2 580.3 17.7 11.7
1S25¢ 25 27.3 25.2 688.6 27.5 13.5
1S25d 25 27.0 26.7 718.9 28.8 13.6
1S25e 25 22.9 27.7 633.8 25.4 13.4
1S37.5a 37.5 42.9 22.2 950.5 38.0 21.5
1837.5b 37.5 40.3 22.4 904.0 36.1 11.6
1837.5¢ 37.5 39.1 22.5 882.3 35.2 13.8
1837.5d 37.5 40.4 23.2 937.7 37.5 22.6
1S37.5e 370.5 41.4 22.4 926.3 37.0 14.3
1S50a 50 48.5 24.5 1188.41 47.5 23.3
1S50b 50 52.0 24.9 1294.5 51.7 27.8
1S50c¢ 50 48.9 25.0 1221.9 48.8 20.9
1S50d 50 50.6 25.1 1266.9 50.6 27.2
1S50e 50 50.2 24.8 1244.0 49.7 26.2
1S62.5a 62.5 63.4 22.6 1430.6 57.2 21.8
1S62.5b 62.5 62.2 22.7 1410.3 56.4 31.8
1S62.5¢ 62.5 62.9 22.7 1429.5 57.1 19.1
1S62.5d 62.5 63.2 22.2 1402.7 56.1 21.1
1S62.5e 62.5 62.8 22.4 1406.2 56.2 23.9
1S75a 75 76.0 24.2 1834.6 73.3 26.7
1S75b 75 75.6 23.2 1755.0 70.2 27.3
1S75¢ 75 75.6 24.3 1835.5 73.4 25.6
1S75d 75 75.4 23.9 1800.8 72.0 26.6
1S75e 75 75.3 24.4 1834.7 73.3 33.8
1S100a 100 103.3 24.7 2552.8 102.1 28.2
1S100b 100 100.5 22.8 2292.3 91.6 25.6
1S100c 100 103.5 24.1 2495.5 99.8 31.9
1s100d 100 100.7 23.7 2383.6 95.3 28.6
1S100e 100 100.0 22.5 2254.2 90.1 27.0
Specimen  Target Measured Measured Measured Normalized Load

name length length L,, width W, area A, length L, N
L (mm) (mm) (mm?) (mm) (kN)

(mm)

2510a 10 16.5 19.2 315.8 12.6 14.0
2S10b 10 15.9 20.5 325.8 13.0 16.6
2510c 10 15.6 22.5 349.9 14.0 16.8
2S10d 10 15.2 19.3 293.2 11.7 12.5
2S10e 10 15.8 20.1 316.0 12.6 12,5
2S25a 25 25.5 23.5 601.1 24.0 17.5
2525b 25 26.2 24.1 629.7 25.1 18.7
2525¢ 25 25.9 23.6 610.7 24.4 20.7
25825d 25 25.5 24.0 611.9 24.4 17.4
2525e 25 26.3 23.8 624.7 25.0 21.8
2S50a 50 54.0 22.8 1230.0 49.2 31.1
2S50b 50 53.0 22.8 1208.9 48.3 30.0
2550c 50 53.1 22.8 1211.6 48.4 29.6
2850d 50 51.7 22.7 1171.1 46.8 34.2
2S50e 50 54.0 23.2 1250.1 50.0 30.6
2S75a 75 73.6 26.0 1914.3 76.5 50.6
2S75b 75 75.8 25.8 1952.5 78.1 59.0
2S75c 75 80.0 25.1 2005.3 80.2 45.2
2875d 75 76.9 24.7 1899.4 75.9 55.8
2575e 75 71.8 25.2 1812.0 72.4 46.6
25100a 100 104.3 25.9 2698.4 107.9 48.8
25100b 100 103.8 23.1 2398.0 95.9 55.0
25100c 100 102.9 26.1 2686.7 107.4 55.0
25100d 100 106.7 25.6 2736.8 109.4 57.9
25S100e 100 104.2 26.2 2733.1 109.3 56.6

*The targeted width was 25 mm in all cases.
4.1. Fracture energy model

The fracture energy model was based on the principle that bond
failure occurs only if the rate of applied energy is greater than a critical
fracture energy rate. The strength model for FRP-to-concrete bond de-
veloped by Chen and Teng [13] is a widely accepted model that has
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been adopted by CNR-DT 200 [15], and was used as the basis of the
present study to provide a fracture energy model for FRP-to-FRP bond
behavior. CNR [15] defines the fracture energy for the FRP-concrete
interface (reported in Eq. (1)) to be dependent on the concrete com-
pressive strength (f,,) and concrete tensile strength (f,,,), as well as a
geometrical corrective factor (kj):

kypkg

I= ﬁj;mf;tm @
Where T is the design specific fracture energy in N/mm, k;, is a geo-
metrical corrective factor defined in Eq. (2), k, is an additional cor-
rective factor (0.023 mm for pre-cured lay-up and 0.037 mm for wet
lay-up), [, is the mean compressive strength of concrete in N/mm?, f,,
is the mean tensile strength of concrete in N/mm?, and FC is the con-
fidence factor.

—

’2— bf/b

Ky= | ———
"1+ b/b ©)

where by is the width of fiber sheet in mm and b is the width of concrete
section in mm.

CNR [15] defines the optimal (or critical) bond length as the length
which when exceeded does not lead to any increase in the force
transferred between concrete and FRP. This critical length, given in Eq.
(3), is proportional to the elastic modulus (E;) and thickness (t;) of FRP
coupon and the fracture energy of the concrete-to-FRP bond (I').

Lcr -
Yrafoa

1 \/ 71’2Ef th
2 3

Where L., is critical bond length in mm, y; is a corrective factor equal
to 1.25, f,, is the design bond strength between FRP and concrete in N/
mm? as defined by Eq. (4), E; is the elastic modulus for FRP in the
direction of force in N/mm?, ty is the thickness of each cured FRP sheet
in mm, T is the design value of specific fracture energy for FRP-to-
concrete bond in N/mm.

2r

fbd:?u

(€3]
Where S, is the fiber deformability matrix component and is equal to
0.25mm

Finally, using the critical length from Eq. (3) and the fracture energy
from Eq. (1), the debonding load capacity of concrete-to-FRP bond as
given by CNR [15] can be calculated using Eq. (5).

by L L
b SR
Vfd ) (5)

As inferred from Eq. (1), the concrete compressive and tensile strengths
are the governing parameters for fracture energy at the FRP-to-concrete
interface because concrete is the weaker material governing bond
failure. Similarly, the adhesive (in this case epoxy resin) used to bond
the FRP sheets is the material dictating the characteristics of the FRP-to-
FRP bond. Therefore, for an effective adaptation of the FRP-to-concrete
bond model described in CNR [15] into a fracture energy model for
FRP-to-FRP bond, the fracture energy necessary for the FRP-to-resin
interface to fail should be specified instead of the fracture energy as-
sociated with failure of the FRP-to-concrete interface. The model by
Outwater and Murphy [31], already available in the literature, can be
used to specify the FRP-to-resin interface shear failure strength given by
Eq. (6). Outwater and Murphy [31] defined the FRP-to-resin interface
shear failure strength to be dependent on the tensile strength (o) and
the elastic modulus (E,) of the resin, being the material dictating the
characteristics of the FRP-to-FRP bond. This assumption directly cor-
relates with the failure mode observed in FRP coupons as discussed in
Section 3.3, and also relates the fracture energy to the characteristics of

L>2L,
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the weaker material.
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Where G, is the shear fracture energy of debonding between fiber and
resin in N/mm, o, is the manufacturer tensile strength of resin in N/
mm?, E, is the elastic modulus for the resin in N/mm?, by is the diameter

Strain s
(%)

Strain variation in direction
transverse to applied load

of the filament in mm (in this experimental program, by is the width of
the fiber coupon).

The critical length for FRP-to-FRP bond can be calculated using Eq.
(7) by adapting the fracture energy equation from Outwater and
Murphy [31] and introducing a coefficient (C,) to calibrate the original
expression using the experimental data.

20

Strain variation in direction
longitudinal to applied load

cale

Fig. 6. Strain variation in FRP coupons tested according to ASTMD5868 [22].
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| T2Ef t; G,
Ly = 1 \/#

Cafp 2 )

Where f, is the design FRP-to-FRP strength in N/mm? and is equal to
2G,/Sy.

Similar to the approach from CNR [15], the expression for the FRP-
to-FRP debonding load can be derived by using the fracture energy and
critical length equations given in Egs. (6) and (7) respectively. There-
fore the FRP-to-FRP bond capacity for different bond lengths can be
given by Eq. (8) with a calibration factor (C.,), similar to the one in Eq.
(7), being incorporated into the expression.

Cabr2GEjty - L < Lo
Cubf 2G.Eft; L3> Ly ®

Where Njyonq is the maximum load capacity for the lap joint for a given
bond length in kN.

The factors C.; and C,, in design equations Egs. (7) and (8) re-
spectively were calibrated with the test results given in Table 3 using
the non-linear least squares curve fitting method with 95% confidence
bounds. The ratio between the model value and the experimental value
was 0.95, with a coefficient of variation of 17.7%. The final equation
with the calibration coefficients required to calculate the average ca-
pacity of FRP-to-FRP single lap joints exhibiting the debonding failure
mode are reported in Egs. (9) and (10).

0.33by [2G Erl; -~ L < Ler

Nyona =

Npona =
0.33b; J2GEjt; L > L ©
_ 1 \/ ﬂzEf[fGr
cr = 45
0.30f}, 2 (10)

Similarly, the design equations for the double lap joints is given by
Egs. (11) and (12)

0.63by [2G,Erty— L < Ler

0.63b[2G,Esty L 2 L an
L 1 \/ 7T2Eftf G,
o — I
0.20f}, 2 (12)

4.2. Modified Adams model

Despite the comprehensive nature of the fracture energy model
described in the previous section, the complexity of the model may
compromise the applicability by practicing engineers. In order to re-
duce this complexity, the Adams et al. [32] model was used instead,
which defines the lap joint behavior depending on the adhesive and the
adherend property while also considering a critical bond length. For lap
joints, adherend is defined as any substance bonded to another by an
adhesive. For example, epoxy resin was the adhesive while the FRP
sheet was the adherend for the FRP-to-FRP lap joints investigated in the
reported experimental program (as described in Section 2). Most of the
models found in the literature [10,33,11] assume adhesive failure to be
the governing factor for debonding failure in the case of composite
joints (such as the FRP-to-FRP joints investigated herein). However,
Adams [32] hypothesized yielding of the adherend to be a limit factor
for the bond strength, instead of adhesive failure, but only after a cer-
tain point. The Adams model [32], graphically represented in Fig. 7,
assumes a pure adhesive failure when the bond length to thickness ratio
(L/t) is less than 20. Once the L/t ratio exceeds 20, adherend yielding
instead of adhesive failure governs the bond load capacity. For the FRP-
to-FRP bonded test coupons under study, FRP sheet (adherend) failure
was not observed, which is in disagreement with Adams’ assumption of
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adherend failure limiting the bond strength of adhesively bonded joints.
However, the results reported in Table 3 and the corresponding re-
gression curve reported in Fig. 5 indicated a bond behavior similar to
the Adams model reported in Fig. 7. Therefore, an approach similar to
the approach followed by Adams et al. [32] was adopted to develop
simple design equations for FRP-to-FRP adhesively bonded joints, with
the epoxy resin being the adhesive (the resin properties are reported in
Table 1).

Similar to the approach followed by Adams et al. [32], a pure ad-
hesive failure in FRP-to-FRP specimens was assumed for short bond
length, but as the bond length increased the assumed adherend failure
(FRP sheet) governed the bond capacity instead of adhesive failure
(Point B in Fig. 8). Adhesive failure was assumed from point A to point
B and fiber failure was assumed to limit any increase in FRP-to-FRP
bond capacity beyond point B, despite increasing the bond length. The
bilinear curve ABC in Fig. 8 represents the variation of FRP-to-FRP bond
capacity.

In the modified Adams model, the FRP-to-FRP bond capacity is in-
itially assumed to increase linearly with bond length, represented by AB
in Fig. 8 (adhesive failure). After a certain bond length, the FRP sheet
was assumed to fail instead of the adhesive, causing the bond to fail in
shear. Hence the bond length at which the fiber fails instead of the
adhesive is referred to as the critical bond length. This definition is
adopted because beyond that length, any increase in bond length would
have no effect on the debonding load as the fiber will still fail at the
same load. The linear variation AB in Fig. 8 corresponding to pure
adhesive failure is directly proportional to the adhesive (epoxy resin)
strength and bond length and can be specified as Eq. (13)

P = g.byLforL < L, 13)

Where 7, is the shear strength of resin in N/mm?.

However, the shear strength of the resin is not usually provided by
manufacturers, and hence the typically provided value of resin tensile
strength (0,) was used to specify the adhesive failure. A calibration
coefficient C.;, calculated from the experimental results reported in
Table 3, was introduced in order to adjust Egs. (13) to form (14).

vaond = CﬂO}bfoOVL < Lcr (14)

Where g, is the resin tensile strength in N/mm?, Ly, and L is the overlap
length of the bond in mm.

The bond capacity for the case of a pure adhesive failure is specified
in Eq. (14) but, similar to Adams’ approach, the adherend (the FRP
sheet in this study) was hypothesized to contribute to the debonding
behavior and hence limit the debonding load to the rupture capacity of
the FRP sheet. Therefore, the FRP-to-FRP bond capacity (based on
rupture capacity of the fibers) for bond lengths greater than the critical
bond lengths can be specified using Eq. (15). A calibration coefficient
(C.4) was introduced to correlate the FRP-to-FRP bond capacity data
with the FRP tensile strength.

A
Adhesive Failure
3
3 B =1,bl
)
2
%
o B = 0y,bt Adherend Failure
B ¥ oybt/4 !
L
i ==20
I <
A 7

Overlap Length

Fig. 7. Adams model for adhesively bonded joint failure.
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Fig. 8. Adams modified mode.
]vbond = Cc4afbftfforL 2 Ly (15)

Where o is the FRP tensile strength in N/mm?.

Eq. (14) and Eq. (15) were calibrated with the test results given in
Table 3 using the non-linear least squares curve fitting method with
95% confidence bounds. The average ratio of the model value to ex-
perimental value was 0.95 with a coefficient of variation of 27.25%.
The final equation with the calibration coefficient required to calculate
the average capacity of FRP-to-FRP bond capacity of single lap joints is
given by equations Egs. (16) and Eq. (17).

_ va,md = 0.40'rbfL L< L,
Npona =

]vbond = Oﬁafbftf L2 Ly (16)
_ 3Uftf
7 20 a7

Similarly for double lap joints, the design equations are given by Egs.
(18) and (19).

N ]vbond = 0~6UrbfL L< L,
bond = \ —
01 Npond = 1.2c7fbftf L>L, as)

ZGftf
or = T

o (19)

4.3. Comparative study between the two models

A comparative study between the two proposed models was un-
dertaken to assess and compare the effectiveness of the two models. The
smaller coefficient of variation of the fracture energy model (17.70%)
compared to the modified Adams model (27.25%) renders the fracture
energy model more accurate than the modified Adams model. A com-
parison between the experimental debonding load and the predicted
debonding load for both the fracture energy model and the modified
Adams model is reported in Fig. 9. Both models were found to have a
good correlation between the experimental and the predicted data sets,
with an r? value of 0.99 and 0.95 for the fracture energy model and the
modified Adams model respectively. While the fracture energy model
provides a more complex and detailed characterization of the FRP-to-
FRP bond behavior and load capacity, the modified Adams model
provides simple, easy to use design equations albeit with a lower ac-
curacy than for the fracture energy model.

4.4. Characteristic values

Safety factors are typically used in engineering design to provide
further assurance to engineers regarding the reliability of a design. One
example of such safety measures is the use of 99.87 and 95 percentile
values, with these values being dependant on the statistical distribution
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and the standard deviation (SD) of the test results. The average de-
bonding load, standard deviation, and coefficient of variation for each
set of specimens with the same targeted bond length have been reported
in Table 4. The standard deviations for single lap joint specimens with
bond lengths of 37.5 mm and 62.5 mm were uncharacteristically high,
rendering them to be outliers. Hence, the standard deviation for these
bond lengths was assumed to be the average of the standard deviations
for the rest of the specimens while calculating the final equations with
99.87 and 95 correction factors.

The debonding loads for single lap joints reported in Table 3 were
normalized by dividing the debonding loads by the average debonding
load for the specimens with the same targeted bond length, with the
normalized data being reported in Table 5. For example, the debonding
loads for 1S-25 specimens were normalized by dividing each of the five
debonding loads by the average debonding load of the five specimens.
The normalized data was tested for a normal distribution by using the
most common normality tests i.e. the Kolmogorov-Smirnov (K-S) test,
the Anderson-Darling (A-D) test and the Chi-Squared (X?) test. The
three tests compare the normalized data with an assumed statistical
distribution (normal distribution in this case) using a critical value a
that defines the sensitivity of the tests and hence specifies the sig-
nificance levels at which the hypothesis might be rejected. For example,
an a value of 0.01 implies that the hypothesis is rejected 1% of the time.
The test was passed for all the critical values as shown in Table 6 and
Table 7 for single and double lap joints respectively. These tables also
report a statistic value which defines the likelihood of the hypothesis
being rejected, with rejection being less likely as the value approaches
zero. The statistic values for the A-D and K-S tests were close to zero,
while the value for the X? test digressed farther from zero. The tests
also specify a p-value which provides the probability of the data fitting
the assumed statistical distribution. For example, a p-value of 1 re-
presents a 100% probability that the data fits the normal distribution.
The p-value of the K-S test was closer to 1 as compared to the X? test
(the A-D test does not provide a p-value). Overall, the data passed all
the three normality tests with a good correlation between the data set
and a normal distribution for both single and double lap joints. More
information on normality testing can be found in the literature [34,35].

With the normality of the data set verified, the 95 percentile and
99.87 percentile equations were obtained by using the same data fitting
method as for Egs. (7)-(10). However, the debonding load was sub-
stituted by ‘debonding load minus 1.645 times the standard deviation’
for the 95 percentile equations and by ‘debonding load minus 3 times
the standard deviation’ for the 99.87 percentile equations. Conse-
quently, the 99.87 and 95 percentile equations for both fracture energy
and modified Adams model are specified below.
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0

20 25
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Fig. 9. Comparison between experimental and predicted results for Fracture
energy and Modified Adams model.
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Table 4
Standard deviation (SD) and coefficient of variation (CoV) among specimens
grouped by bond lengths.

Single lap joints Double lap joints

Bond P (kN) SD(kN) CoV (%) Bond P (kN) SD (kN) CoV (%)
length length
(mm) (mm)
25 2.0 12.1 16.4 10 14.5 1.9 13.0
37.5 4.4 16.8 26.4 25 19.2 1.7 9.1
50 2.6 25.1 10.3 50 31.1 1.7 5.3
62.5 4.4 23.5 18.7. 75 51.4 5.3 10.3
75 2.9 28.0 10.5 100 54.6 3.1 5.7
100 2.1 28.2 7.5
Table 5
Normalized test data.
Single lap joints Double lap joints
Specimen  Failure Normalized Specimen  Failure Normalized
load debonding load debonding load
(kN) load (kN)
1S25a 11.5 0.91 2S 10a 14.0 0.97
1S25b 11.7 0.92 2S5 10b 16.6 1.15
1S25¢ 13.5 1.06 25 10c 16.8 1.16
1525d 13.6 1.07 2S 10d 12.5 0.86
1S25e 13.4 1.05 2S 10e 12.5 0.86
1S37.5a 21.5 1.28 2S 25a 17.5 0.91
1837.5b 11.6 0.69 2S 25b 18.7 0.97
1837.5¢ 13.8 0.82 28 25¢ 20.7 1.08
1837.5d 22.6 1.35 2S 25d 17.4 0.91
1S37.5e 14.3 0.85 2S 25e 21.8 1.13
1S50a 23.3 0.93 2S 50a 31.1 1.00
1S50b 27.8 1.11 2S 50b 30.0 0.96
1S50c 20.9 0.83 2S 50c 29.6 0.95
1850d 27.2 1.08 2S 50d 34.2 1.10
1S50e 26.2 1.04 2S 50e 30.6 0.98
1S62.5a 21.8 0.93 2S 75a 50.6 0.98
1562.5b 31.8 1.35 2S 75b 59.0 1.15
1S62.5¢ 19.1 0.81 2S 75¢ 45.2 0.88
1562.5d 21.1 0.90 2S 75d 55.8 1.09
1862.5e 23.9 1.01 2S 75e 46.6 0.91
1S75a 26.7 0.95 2S 100a 48.8 0.89
1S75b 27.3 0.98 2S 100b 55.0 1.01
1S75¢ 25.6 0.91 2S 100c 55.0 1.01
1875d 26.6 0.95 2S 100d 57.9 1.06
1S75e 33.8 1.21 2S 100e 56.6 1.04
1S100a 28.2 1.00
1S100b 25.6 0.91
15100c 31.9 1.13
1s100d 28.6 1.01
15100e 27.0 0.95

4.5. Fracture energy model

The final 99.87 and 95 percentile equations for the fracture energy
model were obtained by recalculating the calibration factors (C,; and
C.; in Egs. (7) and (8)) according to the reduced debonding loads. The

Table 6
Statistical values from the normality tests for single lap joints.
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general form of the FRP-to-FRP debonding critical length and bond
capacity expression according to the fracture energy model as discussed
in Section 4.1 and described by Egs. (7) and (7) were recalibrated using
the non-linear least squares curve fitting method with 95% confidence
bounds as described previously. The summary of all the calibration
coefficients for 99 and 99.87 percentile equations for both single and
double lap joints are reported in Table 8. Incorporating the coefficients
from Table 8 into Egs. (7) and (8) gives the 95 and 99.87 percentile
equations for both single and double lap joints.

4.6. Modified Adams model

The final 99.87 and 95 percentile equations for the fracture energy
model were obtained by recalculating the calibration factors (C.3 and
C.4) in Egs. (14) and (15), from the design equations for the Adams
modified model as discussed in Section 4.2. The general form of these
equations is given by Egs. (14) and (15). Similar to the fracture Energy
model, the equations from the Adams modified model were also re-
calibrated according to the reduced debonding loads to calculate the
calibration coefficients (C,; and C.). The coefficients, reported in
Table 9, can be incorporated into Egs. (14) and (15) to obtain the 95
and 99.87 percentile equations for the modified Adams model.

The effectiveness of the equations was verified by plotting the Q-Q
plots for single lap joints in Fig. 10 and Fig. 11. Almost all the data
points were above the dotted line, which indicates that the predicted
loads were reduced by a certain degree when compared to the Q-Q plots
for the average models and hence make the 99.87 and 95 percentile
equations more reliable to be used by engineers for design purposes.

5. Conclusions and recommendations

A comprehensive characterization of FRP-to-FRP bond behavior was
compiled using a set of small scale experiments. The main conclusions
have been summarised below:

1. The existence of an effective lap length has been confirmed for FRP-
to-FRP bond connections, beyond which there is no increase in the
debonding load, as can be seen in Fig. 5. The existence of an ef-
fective lap length was previously observed in FRP-to-concrete bond
connections, but it has never been reported for FRP-to-FRP bond
connections. Contrarily to FRP-to-concrete bond connections, the
increase of lap length in FRP-to-FRP connections does not increase
the ductility of the connection.

2. Two theoretical models were developed and further calibrated with
the available experimental data, one being more accurate than an-
other but the latter being simpler that the former. Lower bound
characteristic equations were also reported.

3. Shear strength of commercially available resins is not typically given
by manufacturers and distributors but is the primary failure mode in
the FRP-to-FRP joints. It would be advisable that manufacturers
specify shear strength values of resins obtained using standard tests.

4. Typical straight coupons were used in the research, while one of the
most common uses of FRP-to-FRP bond connections is the use of FRP
anchors. The behavior of the bond connection between the anchor

Test Statistic P-value Critical value

0.2 0.1 0.05 0.02 0.01
K-S 0.126 0.678 0.19 < 1.07 0.22 < 1.22 0.24 < 1.36 0.27 < 1.51 0.29 < 1.63
A-D 0.603 - 1.37 > 1.29 1.94 > 1.93 2.50 > 2.49 3.29 > 3.07 3.90 > 3.86
X2 3.812 0.282 4.64 6.25 7.81 9.84 11.34

*Six degrees of freedom used in X? test.
Bold numbers are threshold for hypothesis to pass the normality test.
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Table 7
Statistical values from the normality tests for double lap joints.
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Test Statistic P-value Critical value
0.2 0.1 0.05 0.02 0.01
K-S 0.126 0.678 0.19 < 1.07 0.22 < 1.22 0.24 < 1.36 0.27 < 1.51 0.29 < 1.63
A-D 0.679 - 1.37 > 1.29 1.94 > 1.93 2.50 > 2.49 3.29 > 3.07 3.90 > 3.86
x? 3.813 0.282 4.64 6.25 7.81 9.84 11.34
*Six degrees of freedom used in X? test.
Bold numbers are threshold for hypothesis to pass the normality test.
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