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Abstract

The bond behaviour between FRP (fibre-reinforced polymer) and concrete is a consideration in the
design of FRP strengthening mechanisms for structurally deficient or functionally obsolete concrete
structures. In the past, 2 number of empirical models and fracture mechanics based theoretical models
have been proposed for determining the effective bond length and bond strength of FRP sheets/plates
bonded to concrete. However, these methods have yielded large discrepancies in the predictions of
effective bond length and bond strength. In this paper, the results of an experimental investigation into
effective bond length and bond strength are presenied. Comparison of experiments results with
predictions from three empirical and three fracture mechanics based theoretical models shows that a
recently proposed fracture mechanics based local-bond slip model provides a conservative prediction
of the effective bond length and an accurate prediction of bond strength.

1. Introduction

The bonding of external FRP sheets/plates
(referred to as plates only hereafler) to
reinforced concrete (RC) beam members to
provide increased sitrength is emerging as a
popular strengthening practice due to several
useful aspects of FRP such as high strength,
corrosion resistance, long ferm durability and
simplicity in application to existing structures'.
Daring the load distribution process, externaily
applied FRP plates act kke tension
reinforcement. A major concern in the use of
FRP in the structural design is the pre-mature
debonding or delamination of FRP plate from
the RC beam, caused by crack propagation
paraliel to the bonded plate near or along the
adhesive/concrete interface.

Previous research™ has shown that there are two
basic debonding types or modes in FRP
strengthened beam members: end debonding
and midspan debonding. ¥End debonding
originates near the plate end and propagates
along or near the bondline. Midspan debonding
originates at the intersection of the FRP plate
and a flexural crack or flexural shear crack in
concrete and then propagate along the bondline
towards the plate ends. For the two basic
debonding modes, the stress state of the
interface is similar to that in a pull test in which
a FRP plate is bonded to a concrete prist and is
subject to tension as shown in Figure 1. As a

result, a number of experimental and theoretical
studies™” have been carried out to investigate the
FRP-to-concrete bond behaviour in puil tests.
These studies suggest that there exists an
effective bond length beyond which an
extension of the bond length cannot increase the
ultimate joad (referred 1o as the bond strength
hiereafter) in FRP-to-concrete bonded joints.

In the past, a number of empirical models and
fracture mechanics based theoretical models
have been proposed for determining the
effective bond length and the bond strength.
However, the applicability of these strength
models in the design of the strengthening
systems is still not conclugive as different
models have vyielded significantly different
results for the effective bond length and the
bond strength. This paper presents the results of
an experimental investigation info effective
bond length and bond strength m pull tests in
which a Carbon fibre-reinforced polymer plate
{(CFRP) is bonded to a concrete prism. A
comparison of present experimental results with
predictions from three empirical and tlvee
fracture mechanics based theoretical models is
also presented.

2. Testing Program
Figure 1 shows the schematic diagram of the

pull test setup adopted in this study. The test
consists of a CFRP plate appropriately attached



1o a rectangular concrete prism of specified
dimengions (in this study 150x150x350 mm).
Degussa Construction Chemicals® in Australia
supplied all FRP malerals (je Mbrace CFRP
Laminate 150/2000, Mbrace Primer, Mbrace
Lamimate adhesive and MBT Thinner No. 1),
and  their puidefines were followed when
bonding the CFRP plates 1o concrete prisms.
The CFRP used had a modulus of clasticity of
165 GPa, a2 width of 50 mm and an average
thickness of 1.3 mm. The average concrete
cylinder strength was 32 MPa.
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Figure 1: Schematic Diagram of Pull
Test Sel-up (&) Elevation (b} Plan

In the test set-up, the concrete prism is
restrained in a vertical position inside an MTS
machine (Universal compressive and tensile
hydrautic testing machine) by a unique brace
and the overbang of FRP plate is attached to the
uppermest arm in the MTS machine. With both
the FRP plate  and the concrete prism
sufficiently  braced, the MTS machine
incrementaily applies an axial tensile load to the
FRP plate, resulting in a shear stress distribution
in the bond.

To determine the effective bond  length
experimentally, twenty five concrete prism
specimens were prepared and CFRP plates were
boaded to them in such a way that bond length
(L} was increased from 100 mm to 300 mm in
increments of 50 mm, giving 5 specimens of
CFRP plated concrele prisms for each bond
length. Then each specimen was tested in the
MTS imachine by gradually increasing the load
on the CFRP plate until the CFRP plate
dislodged from the concrete prism. The uitimate
failure tcad (bond strength) P,. for each
specimen was recorded.
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3. Strength Prediction Models

Several models have been proposed 10 predict
the effective bond length (L) and the bond
strength in FRP-to-concerete bonded joints. Some
of these are empirical models developed based
on the observed experimental results and athers
have been  deveioped  using  the  fracture
mechanics  theory. For bievity, only  three
empirical and three fracture mechanics theory
based modeis are presented here.

3.1 Empirical Models
Model | ~Maeda er al. Mode!

Maeda et al."’ proposed an empirical mode! for
effective bond length and bond strength based
on test results. Their mode! is represented by

G.13-0.58 0001 E 1y
L. =e MU ()

p - 1102“ £
10°

(Ja)

(N) (1b)

where £ is the Young’s modulus of FRP plate

in MPa and all length terms are as defined in
Figure 1. Length units of mm should be used in
this equation.  This model is valid for
Lz L, only.

Model 2 -Khalifa et al. Model

Khalifa et al' modified Maeda model to
inciude the effect of concrete compressive
strength by replacing equation (1b) with
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where f, is the cylinder concrete compressive

strength in MPa and effective length is given by
equation (1a).

Model 3 —iso Model

iso® proposed the following bond strength
model:
L, =0325(E,0, " (mm) (3a)




7, =091 (71" oo (3b)

where L, =1L if L >L. Hewin, £, isin

MPa and all length terms are in mm,

Z

3.¥ Fracture Mechanics based Models

Model 4 — Neubauer and Rostasy model

Through the use of nonlinear fracture mechanics
Holzenkampfer®  studied the  relationship
between steel plate reinforcement and concrete,
He atiempied to derive the ultimate faijure ioad
expression based on the knowledge of the
effective bond length dependency, resulting in
two separate expressions forL z L andL < L

Later, Neubauer and Rostasy'' modified this

model for the use of both steel and FRP
reinforcement. The modified expressions for L,

(mum) and P, (N) are given by
E1,
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where £ is in MPa and all length terms are in
mm; f, (MPa) is the surface tensile strength,
and fcp describes a relationship between the
width of the reinforcing plate b, (mm) and the

width of concrete prism &, {mm) expressed as
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Model 5 - Chen and Teng Model

Based on acquired knowledge from previous
studies and an in depth analysis of single and

i

double shear tests, Chen and Teng® developed a
model based on cylinder concrete compressive

strength f( as opposed 1o the surface tensile
strength 7, model 4. This model
provides a more practical analysis due 1o the fact
that 7 is more readily available than f,. In this

adopled in

maodel, L,(mm)and 7, (N} are given by
L, = (5a)
P, =04278 B, 1,1, (5b)
2-b » / b,
where  f§ = T n b, /b, ; (5¢j
and A =1 LzL, (5d)
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In these expressions £ and " are in MPa and

all fength terms are in mm.
Model ¢ — Lu et al. Model

Recently, Yuan et al.’ presented an analytical
solution, based on & bi-linear bond-slip model,
for the full range behaviour of FRP-o-concrete
bonded joints. Later, Lu et al® presented a
refined model, which is essentially a hybrid of
Cheng and Teng model (model 5} and analytical
sotution of Yuan et al. In this refined model, P,

(N}is given by

B, = b, JIE1.G, (62)

where f; is given by equations (5d) and (5S¢},
and the interfacial fracture energy G, is given

by
= (.30857 y/’\/’“ (6b)

where
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The effective bond length L, (mm) is given by

L = a-+~—Li;1 A, + A, tan(A,a) 6d)
24, A, — A, tan(4,q)

where
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5, =0.01954 1, (61)
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$p = e (6]}
rmax
In equation (6), £,, /, and 7,,, arein MPa,

and all length terms are in mm.
4. Results and Discussion

Experimental  values of bond strengihs
corresponding 1o different bond lengths are
reported in Table 1. To determine the effective
bond length, the mean bond strength for each
bond length has been plotted against the bond
Jength in Figure 2. This figure shows that as the
bond length increases, so too does the
corresponding bond strength up to L=200 mm.
However, for bond lengths beyond 200 mn
there is not much variation in the bond strength.
Therefore, for the specific geometry considered
here, the experimental effective bond length can
be taken as approximately 200 mm, which

produces a bond strength of approximately 30
kN,

Table 1: Experimental bond strength P,

v
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for diffcrent values of bond length L.

Specimen L Py(kN) | Mean
{(mm) P, (kN)
1A 2344
133 22.30
1C 100 19.27 22.1
10 22.55
IE 23.20
2A 27.90
28 27.55
2C 150 28.45 274
2D 28.07
2E 2521
A 32.50
38 3036
3C 200 30.02 30.7
D 28.49
3 32.25
4A 28.95
4B 29.04
4C 250 29.62 29.4
4D 30.18
4E 29.02
5A 27.78
5B 29.86
5C 300 2957 28.9
5D 28.63
S5E 28.52

Note: For all specimens, b, = 50 mun,
be = 150 mm and {, =1.3 mm.

Predictions of effective bond length and bond
strength were made using the three empirical
models { model 1 to 3) and the three fracture
mechanics based medels (model 4 to 6)
presented in the previous section. In these

caleulations, the tensile strength /, was taken as
the flexural tensile strength determined from

ASI600" (e f, = 0.6,7,

strength units are in MPa). A comparison of
experimental  effective  bond length  with
predictions from six models is given in Table 2.
This tabje shows that first two empirical models
grossly underestimate the effective bond length
whereas third empirical model {(ic model 3)
underestimates the effective bond length by
around a third. All three fracture mechanics

where  both



based models (models 4 to &) predicts the
effective bond length reasonably accurately
while Teng and Cheng model has produced
more accurale results. The more comprehensive
Lu et al. model {mode} 6) has overestimated the
effective bond length by 19%. However, the
prediction from model ¢ is conservative and
thus it is suitable in the design process.
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Figure 2: Experhmental Bond Strength Vs Bond
Length.

Table 2: Comparisen of effective bond length 1,
from various methods.

Method L. (mum)
Experimental 200 (0%)
Model 1 (Maeda el al) 20 (-90%)
Modei 2 (Khalifa et al.} 20 (~90%)

Model 3 (Iso)

Model 4 (Neubauer and Rostasy)
Model 5 (Teng and Cheng) 195 (-3%)
Modej 6 (Lu et al) 238 (19%)
Note: Percentage difference with respect to
experimental value is given within parenthesis.

137 (:32%)
178 (-11%)

Table 3 shows the predictions of bond strength
from six models along with experimental values
for different values of bond length. A graphical
representation of the same results can be seen in
Figure 3. 1t is secn that empirical model 3
predicts the bond strength fairly accurately
whereas other two empirical models {models 1
and 2) do provide satisfactory predictions.
However, it is noted that model 3
underestimated the effective bond length by
32%. Out of the fracture mechanics based
models, the MNeubauer and Rostasy model
(model 4} significantly overestimates the bond
strength. The other two fracture mechanics
based models (models 5 and 6) closely predict
the bond strength but model 6 (Lu et al. model)

€

scems 1o provide more accurale resulis
Moreover, i1 has been found by other
researchers that the ratio of FRP width 10
concrefe width has some influence on the
behaviowr of fhe FRP-to-concrete joinis. The
three  fracture  mechanics  based  models
considered here take this width ratio into
account whereas the three empirical models do
not have the concrete prismn widih coming, mto
their prediction equations. Overall, model ¢
provides a conservative estimate of effective
bond length and an accurate prediction of the
bond strength,

Table 3: Comparison of bond strength P, from
various methods,

Method Pu{kNy
Bend Length L (mm
100 1 150 | 200 | 250 | 300
Experimenial { 22.1 1 2741 30.7 | 294 | 289
Model 1 24112431243 12411241
Mode] 2 208 12013201 12001 20.]
Moaodel 3 21.412072472921292 1292
Model 4 2851344 1352713527352
Model 5 19012461263 1263 1263
Model 6 1183 (25012891299 12996
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Figure 3. Bond strength from various methods
Vs. bond length.
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A. Conclusions

In this study, the authors investigated the
behaviour of FRP-to-concrete bonded joints in
reinforced concrete applications. The main focus
was to assess the accuracy of the effective bond
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length and bond strength prediciions from three
empirical and three fracture mechanics based
models by comparing  with  authors
experimental results.  Twenty five conerete
prisms with carbon fibre-reinforeed polymer
plates bonded on to a longitudinal side surface
of the prisms were tested ina pull test set-up (o
determine the experimental values of effective
bond length and bond strength.

Comparison  of  experimental  results  with
theoretical  predictions  indicated that three
empirical models considered in this work did
not previde an accurale prediction of the
effective bond length. However, one of the
empirical models closely predicted bond
strength. Two of the fracture mechanics based
theoretical models provided close predictions of
both effective length and bond strength. One of
these two models {the Lu et al. moedel) appear
10 be suitable for use in the design of FRP
strengthening  mechanism, as it provides a
conservative prediction of effective bond length
and an accurale prediction of bond strength.
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