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Since the advent of the use of fibre-reinforced polymers (FRP) to strengthen reinforced concrete (RC) and
its employment in civil engineering in the early nineteen nineties, much of the research has concerned
the enhancement of bending capacity. Failure modes are well understood and can be predicted with some
accuracy. The models adopted by the most highly reputed international standards for the specific case of
inter-crack (IC) debonding are based on limiting the strain on the laminate. These methods, an offshoot of
fracture mechanics analysis, are calibrated with the results of point load beam tests. This paper proposes
a new interfacial fracture energy model by characterising the FRP-concrete interface with beam-type
tests. The existing fracture energy models, as well as the proposed model, were applied to an existing
stress increment-based formulation, in which no calibration was conducted with experimental results
and yet proved to predict inter-crack debonding failure moderately better than the models in use. The
performance of each IC debonding model is assessed through an exhaustive statistical analysis with
experimental data of point load RC beams tests gathered from literature. The behaviour of the models

in uniformly loaded RC beams is discussed and the implications of each approach are drawn.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The vast majority of IC debonding models are based on fracture
mechanics analysis of pure shear (mode II). In Taljsten’s [1] early
proposals based on linear elastic fracture mechanics and assuming
no deformation in the concrete substrate, the maximum transfer-
able force is given by Eq. (1).

Frax = by /2GsEpt,, (1)

where Gy is the interfacial fracture energy and by, t, and E, are
width, thickness and modulus of elasticity of the FRP material
respectively. Shear stress distribution in debonding has been
studied by a number of researchers. Teng et al. [2] analysis is
particularly significant, for it envisages tensile stress acting on both
sides of the laminate between two adjacent cracks, which can be
used as a proxy for crack-induced debonding failure. In that
analysis, expressions for interfacial shear stress, tensile stress on
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the FRP laminate and interfacial slip are defined for each stage of
debonding. Shear stress distribution can be readily calculated by
numerical analysis, however, where the FRP-concrete interface is
modeled using spring elements whose mechanical behaviour is
defined by the bond-slip relationship [3]. Teng et al. [2] analyses
assume a linear bond-slip relationship, while the numerical solution
accommodates analysis of different shapes of the descending branch
of this function. Chen et al. [4] conducted a simpler analysis that
addresses the descending branch of the bond-slip relationship only.
That simplification gives an explicit expression for ultimate load: by
assuming no deformation in the concrete substrate the expression
adopts the form of Eq. (1) multiplied by the term which accounts
for the effect of bonded length and load ratio of debonding:
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In the above equations, v is the ratio between the lowest and
highest FRP force, L, is the bonded length (i.e. crack spacing), Lg
is the characteristic softening length and Tny.x is the maximum
shear stress.

Comparisons of IC debonding models have shown that strain
limitation-based models have greater prediction power [5]. In this
paper, the existing interfacial fracture energy models, as well as
the proposed model, were applied to the Chen et al. [4] formula-
tion. In this formulation no calibration was conducted with exper-
imental results; however, it proved to predict IC debonding failure
moderately better than the models in use.

2. IC debonding models

Three major approaches to predicting IC debonding can be
defined: limitation of strain in the FRP laminate at the cross-
section where the bending moment is highest; mean bond stress
(expressed as the difference in the tensile forces on the FRP
laminate divided by the bond area); and the allowable increment
in stress on the FRP composite.

2.1. Strain limitation approach

Earlier studies suggested limiting the strain in the FRP laminate
to a value ranging from 0.0065 to 0.0085 (fib [6]). However, and
since IC debonding depends on a number of variables, a fixed value
could lead to uneconomical solutions. Later methods were based
either on calibrating Eq. (1) (e.g. ACI-440.2R-08 [7], Eq. (4)) or
developing empirical models, as proposed by Said and Wu [5]
(Eq. (5)).

£pg = 041 rf £ < 0.9 (4)
fO.Z
P*p

In the above equations, f. is the concrete compressive strength,
which is a significant variable of the interfacial fracture energy.

2.2. Mean bond stress approach

This approach is described in fib Bulletin 14 [6] as an alternative
method for verifying tangential bond stress, whose mean value,
Tha, is limited to 1.8f ., /7.. However, inasmuch as this model yields
highly scattered results, and is overly optimistic in most cases
[5,8], it has not been included in the present comparative study.

2.3. Stress increment limitation approach

Both Japanese standard [9] and fib Bulletin 14 [6] address
this approach. In the Japanese code, the limitation is defined by
Eq. (1), expressed as stress on the laminate (Eq. (6)), using a design
length of 150-250 mm. In the absence of tests, the standard
suggests using Gy = 0.5 N/mm.

AO'pd =

2615, 6)

p

Wau and Niu [10] proposed finding the rise in stress in a given length
as the greater of the double of the effective bond length and the dis-
tance between the critical section and the end of the yield region at
the debonding load, L,. Based on the results from double-face shear
type tests conducted by Nakaba et al. [11], the aforementioned
authors suggested calculating the interfacial fracture energy and
the effective bond length with Eqgs. (7) and (8), respectively.

G = 0.644f>" (7)
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In the more complex procedure described in fib Bulletin 14 [6],
the allowable stress increment depends on the lowest value in the
area studied. As might be intuitively expected, this procedure calls
for iteration and is consequently too complex for practical applica-
tions. It consists of three main stages. In the first one, the least
favourable crack spacing is calculated from the following expres-
sion, assuming mean bond stress for both the internal steel rein-
forcement and the external strengthening:

M, 1
Sm=27" <Z Tomby + 5. rsmd5n> ®)

where d; is the diameter of the steel bars. M, is the cracking
moment, z, is the mean lever arm of internal forces, Ty, and Tpm
are the mean bond stress of the internal steel reinforcement and
the external strengthening respectively. These parameters are cal-
culated as follows:

Me = 2f s005bh’ /6 (10)
B hE,A, + dEA;

Tom = 1.85f ;im (12)

Tpm = 0.44f i (13)

where f 005 is the upper bound characteristic tensile strength of
concrete, f,, is the mean value of the tensile concrete strength,
A, is the cross sectional area of the FRP reinforcement, A; is the area
of the longitudinal steel reinforcement, E; is the modulus of elastic-
ity of the steel reinforcement and d, b and h are the effective depth,
the width and the total depth of the beam respectively.

In the second stage, the stress on the laminate at each crack is
found via force equilibrium and strain compatibility, which entails
applying the shift rule to the law of moments as per EC-2 [12]. The
maximum allowable stress increment is calculated as shown
below:
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Ao — AT
AO—Pd - Aal(;.‘max - %O—Pl (14)
p

If 6,1 > 0
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where
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fo 1s the characteristic value of the concrete compressive strength,
7. is the material safety factor for the concrete and o, is the lowest
stress in the area studied. The values of constants c1, c2, c3 and c4
are 0.23, 1.44, 0.185 and 0.285, respectively. These constants are
related to the stress-slip relationship as follows:
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