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The Hong Kong Polytechnic University, Hong Kong, China
*Technische Universitat,, Germany

ABSTRACT

This paper presents a finite element (FE) study into the peel behavior of FRP reinforcement
externally bonded to a concrete substrate where the peel force leads to a mixed-mode loading
condition for the FRP-to-concrete interface. A mixed-mode cohesive zone model is employed in the
FE model to represent the interaction between Mode | and Mode 11 loading actions. The focus of the
FE study is on the full-range mixed-mode debonding behavior of the-FRP-to-concrete interface (i.e.
covering both an unstable debonding stage and a steady debonding stage). The FE results allow the
effects of various geometric, material and loading parameters to be examined in the paper, where
particular attention is paid to the effect of the peel (loading) angle. It is shown that the mechanism
of interaction between Mode | and Mode 1l varies with the peel angle and the Mode | component
has a significant effect on the interfacial debonding process even when the peel angle is small.
Keywords: FRP-to-concrete interface, mixed-mode loading, debonding, peel test.

1. INTRODUCTION

In concrete members strengthened with externally bonded fiber reinforced polymer (FRP)
composites, debonding of FRP-to-concrete interfaces usually is a dominant failure mode
particularly in bond-critical applications (i.e. flexural and shear strengthening). A good
understanding has been achieved on the various debonding failure modes in FRP-strengthened
reinforced concrete (RC) beams (e.g. Teng et al. 2002). These failure modes were usually defined
based on the failure mechanisms/appearances of FRP-strengthened RC members. According to the
stress conditions to which FRP-to-concrete interfaces are exposed, the debonding failure in fact can
be simply classified into three categories: mode I, mode Il and mixed-mode failure (e.g. Ueda and
Dai 2005), which correspond to an FRP bonded to a concrete substrate subjected to a pull action
(i.e. parallel to the FRP plane), a peel action (i.e. perpendicular to the FRP plane) and a combined
peel and pull action, respectively.

Recently, increasing work has been conducted both experimentally and analytically on the
mixed-mode failure of FRP-to-concrete interfaces (e.g. Wan et al. 2004; Yao et al. 2005; Wu et al.
2005; Dai et al. 2007; Pan and Leung 2007). The analytical work has been based upon either
closed-form solutions (e.g. Wang 2007; Pan and Leung 2007; De Lorenzis and Zavarise 2008; Dai
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et al. 2009) or finite element (FE) analyses (e.g. Kishi et al. 2005; Niu et al. 2006; De Lorenzis and
Zavarise 2008; Lee et al. 2010; Tayyebeh et al. 2010). However, two major issues still remain
controversial on the debonding failure of FRP-to-concrete interfaces subject to mixed-mode
loading. The first issue is the quantitative relationship between the peel angle, which is the angle
between the peeled FRP and the concrete substrate, and the mode Il debonding strength of FRP
particularly when the peel angle is small (i.e. usually the situation in FRP flexurally-strengthened
RC members). The second issue is the identification of the most suitable normal separation and
tangential traction laws for FRP-to-concrete interfaces subject to a mixed-mode loading condition.
The objective of the present paper is to further understand the above-mentioned two issues through
a careful FE analysis of a typical peel test for the FRP-to-concrete interface.

2. PEEL TEST AND LINEAR ELASTIC FRACTURE MECHANICS (LEFM) ANALYSIS

The peel test is a conventional test method for which a thin film is bonded to a substrate and pulled
from it at a certain angle (referred to as “peel angle”) as shown in Fig.1. As a result the interface is
subjected to both normal and shear stresses, leading to a mixed-mode interface fracture condition.
For the particular case of the FRP-concrete interface, previous studies have shown as a large peel
angle corresponds to a dominant mode | fracture and a small peel angle is involved with a high
degree of mode mixity (De Lorenzis and Zavarise 2008). Based upon the linear elastic fracture
mechanics (LEFM) assumption, the mode | and mode Il energy release rates, G; and Gy, during the
mixed-mode debonding of FRP-to-concrete interfaces in a peel test can be calculated as follows
(Thouless and Jensen 1992):
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where Fo, My are the mode Il force component and the moment in the FRP at the tip of the interface
crack (Fig.1), respectively; Fyeel is the peel force (Fig.1); E is the elastic modulus of FRP; t is the
thickness of FRP; and @ is the peel angle between the FRP and the concrete substrate.

The mixed-mode fracture propagation of FRP-to-concrete interfaces is governed by a fracture
energy-based failure envelope. Two typical types of failure criteria have been adopted by previous
researchers for FRP-to-concrete interfaces subjected to mixed-mode loading (De Lorenzis and
Zavarise 2008; Lee et al. 2010) as follows:
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where Gi; and Gy are the interfacial fracture energies under pure mode | and mode Il
conditions, respectively. With a combined use of Egs.1 to 4, the relationship between the peel



force and the peel angle can be obtained without difficulties, see De Lorenzis and Zavarise
(2008) for all details.

Figure 1: Schematic of a peel test.

3. FINITE ELEMENT MODELING OF THE PEEL TEST

The closed-form solutions presented above can only be used to predict the steady state peel force of
the FRP-to-concrete interface as explained later. In addition, the nonlinearity of FRP-to-concrete
interfaces, which has been proven to be very significant particularly when the mode 1l loading
effect is predominant, cannot be appropriately considered in such analyses. Therefore, a
2-dimensional (2D) FE model is deployed in the present paper to simulate the peel test thereby
overcoming the limitations of the closed-form solutions. In the FE model, the FRP is modeled using
plane stress elements and as an orthotropic material whereas the substrate concrete is treated as a
rigid body. Cohesive interface elements are incorporated along the nodes between the FRP and the
concrete at the same geometric locations.

A bilinear model is used to describe the cohesive behavior of the FRP-to-concrete interface in both
normal and tangential directions (Fig.2). Two different criteria are used to evaluate the debonding
initiation of the FRP-to-concrete interface. One is to assume that the mode | and mode 1l debonding
initiations are independent from each other (De Lorenzis and Zavarise 2008). As a result, the
debonding initiation law (DIL) of the FRP-to-concrete interface can be expressed as:

max{g—gr—g} =1 (%)
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where onand 7, are the peak normal stress and shear stress at the interface at the initiation of the
mixed-mode debonding, respectively; i’ and z° are the peak normal stress and shear stress at the
interface at the debonding initiation of the interface under a single mode | and mode Il loading,
respectively. The other is to assume that the normal and shear stresses have coupled effects and the
mixed-mode interface debonding will initiate when the following stress condition is reached:
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Similarly, two different types of debonding propagation law (DPL) (i.e. Eq.3 and Eq.4) are used in
the FE analysis for comparative purposes.
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(@) Traction law in normal direction (mode I) (b) Traction law in tangential direction (mode I1)
Figure 2: Cohesive zone models for Mode | and Mode Il interface debonding.

4. FE ANALYTICAL RESULTS

As the first step, the FRP-to-concrete interface is assumed to be linear elastic in both normal and
tangential directions to validate the FE model through comparisons with the LEFM based
closed-form solutions as discussed in Section 2. In other words, both the normal and tangential
traction laws are assumed to be of linear brittle type. Major parameters used for the analysis are
given the following values: Gi1= 0.IN/mm; Gy = 0.4AN/mm; o,’=2MPa; andz" = 4MPa. Only Eq. 3
is applied to govern the debonding propagation of the FRP-to-concrete interface. Other details about
the analysis can be found in Dai et al. (2013). Fig.3 presents the peel force vs. displacement
relationships at the loaded ends of FRP in cases of different peel angles. It is shown that the
load-displacement response generally consists of two significant stages: an ascending branch up to
the first peak peeling load and a flat branch. The constant peel force maintained at the latter stage is
denoted as the steady state debonding load. A descending branch may exist after the first peak
peeling load if the peel angle is relatively large (e.g. 4°, Fig.3). It is also shown that the steady state
debonding load decreases with the increase of peel angle (Fig.4). When the peel angle increases
from 0 to 4°, the steady state peeling load decreases down to about one quarter of the pure mode I1
debonding load (i.e. the peel angle is 0°). The closed-form solutions on the steady-state peeling
loads at different peel angles are also given in Fig.4. Two other lines obtained by assuming that
Eq.3 is replaced by G=G,+G;=Gy; or G=G,+G; =G are provided as well in Fig.4 for references. It
is seen that the FE analytical and the closed-form solutions lead to consistent prediction of the
steady state peeling loads for all the peel angles. It is also seen that, when the peel angle increases to
4° both the FE prediction and the closed-form prediction all approach the curve obtained by
assuming G=Gy;, indicating that the debonding failure of FRP-to-concrete interfaces is mode |
dominant.

Results from the above FE analyses and closed-form solutions provide useful information for
understanding the change of the mode-mixity and the steady state peeling load with the peel angle.
However, they do not provide an insightful investigation into the mixed-mode debonding
mechanisms of the FRP-to-concrete interfaces under different peel angles due to the limitations of
the LEFM-based assumption. Therefore, further numerical experimentations were conducted to
investigate effects of various geometric, material and loading parameters on the full-range
debonding behavior of the FRP-to-concrete interfaces. Two typical peel angles were chosen for the



numerical experimentations: one is 2° and the other is 8°, representing typical small and large peel
angles, respectively.
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Figure 3: Peeling load vs. displacement. Figure 4: Steady state peeling load vs peel angle.

For the LEFM analyses, once the properties of the FRP (i.e. the elastic modulus E and the thickness
of t), the mode | and mode Il interfacial fracture energies (i.e. Gis, G2r) and the debonding
propagation law (i.e. Eq.3 or Eq.4) are given, the steady state peel load of the FRP-to-concrete
interface can be determined. However, besides the interfacial fracture energies, there are many other
parameters influencing the configuration of the mixed-mode cohesive zone models and
consequently the full-range debonding behavior of the FRP-to-concrete interface subjected to
mixed-mode loading. To investigate the effects of these parameters, the bilinear traction law of the
FRP-to-concrete interface in the normal direction is described with two parts (Fig.2): an ascending
part and a descending part. The areas underneath these two parts are respectively denoted as Gig
and Gyp. The crack openings of the interface corresponding to the peak local normal stress and the
free local normal stress are denoted as 6,° and &', respectively. Similar denotations are applied for
the tangential direction of the FRP-to-concrete interfaces while the corresponding symbols are
denoted as G,a, Gan, & and &', respectively. Given the value of Gy (G), the shape of the normal
(tangential) traction law of the FRP-to-concrete interface can be determined with the value of o’
(z°) and the ratio of G, to Gip (Gza to Gay). A larger ratio means a more significant nonlinearity of
the interface.

Figs.5a and 5b present the effects of the shape of the cohesive zone models on the steady state peel
loads. In these parametric analyses, only the two-node beam elements are used for simulating the
FRP and the DPL and DIL are described with Egs.3 and 5, respectively. In these figures, only the
effects of the configuration of the mode | traction law on the peel force are presented for simplicity
while the tangential traction law is fixed (i.e. G2a/Ga = 1:9 and z° = 4MPa), since the effects of the
configuration of mode | and mode Il traction laws are believed to be similar due to their similar
shape. Analytical results show that the peak normal stress just has a slight influence (Fig.5a) while
the ratio of Gi5t0 Gyp has influences significantly the steady state peel load (Fig.5b). When such a
ratio is 1:9, the FE prediction based upon the cohesive zone models (i.e. an NLFM approach)
deviates significantly from the LEFM approach prediction and the FE prediction tends to approach
the curve obtained by assuming G=G, (Fig.5a) when the peel angle is small. In other words, the



interface tends to shift to a mode Il dominant debonding failure. If the ratio of Gi4to Gyp increases
from 1:9 to 2:3, that is, the proportion of the elastic fracture energy consumed during the debonding
increases, the FE prediction on the steady state peel load almost coincides with the closed-form
solution prediction based on the LEFM.
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Figure 5: Effects of the cohesive zone behavior on the steady state peel loads
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Figure 6: Coupled effects of mode I/mode Il loading on the peel load-displacement response

To further understand the coupled effects of the mode | and mode 1l loadings on the debonding of
FRP-to-concrete interfaces, parametric analyses were also conducted based upon the FE model
using two different DILs (Egs.5 and 6) and DPLs (Egs.3 and 4). The analytical results are presented
in Figs.6a and 6b, in which the peel force vs. displacement relationships are given for a small peel
angle and a large peel angle, respectively. It is shown that with a small peel angle (i.e. 2°), both the
DIL and the DPL influence significantly the steady state debonding load However, for a large peel
angle, both the DIL and DPL just have marginal effects on the initial peel and steady state peel
loads. For a small peel angle, if the interfacial fracture energies Gisand Gy¢ are kept the same, the
use of Eq.5 as the DPL or Eq.4 as the DIL leads to a conservative prediction of the steady state
debonding load. Figures 7a and 7b present the analytical results on the effects of Girand G on the
peel force vs. displacement relationships. Given a small peel angle, both the first peak peel load and



the steady state peel load increase with the Gis and Gy (Fig.7a). However, in case of a large peel
angle, only Gz influences the first peak peel load and the steady state peel load, while Gy only has
very little influence on them (Fig.7b). These analytical results have further demonstrated that the
debonding of FRP-to-concrete interface has completely become mode | dominant once the peel
angle reaches a relatively large value (e.g. 8°).
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Figure 7: Effects of Gi1r and Gy on the peel load-displacement response

5. CONCLUSIONS

This paper has conducted a finite element study on the mixed-mode bond behavior of
FRP-to-concrete interfaces subjected to peel force. Extensive parametric studies have been
conducted for FRP-to-concrete interfaces with two peel angles, 2° and 8° representing a typical
small peel angle and a typical large peel angle, respectively. The following conclusions can be
drawn according to the analytical results:

1. The peel force decreases significantly with the increase of the peel angle. Once the peel angle
increases from 0° to 4°, the debonding failure of FRP-to-concrete interfaces has shifted from a
pure mode Il failure to a mode | dominant failure. A high degree of mode mixity exists in the
FRP-to-concrete interface at a small peel angle, under which circumstance the mode |
component has a significant effect on the mode Il debonding strength of FRP.

2. The peel force vs. displacement relationship of FRP-to-concrete interface under mixed-mode
loading usually has a first ascending branch, followed by a descending and then a steady-state
branch.

3. Given a small peel angle, when the mode I/mode 11 interfacial fracture energy is kept constant,
the peak normal/shear stress in the mode | separation/mode Il traction law influences slightly
the steady state peel load. Instead, the ratio of the mode | fracture energy consumed at the
elastic stage to that consumed at the softening stage influences greatly the steady state peel load.
At a large peel angle, the mode I/mode Il interfacial fracture energy is the only influential
parameter.

4. For a small peel angle, the prediction of the peel load largely depends on the configuration of
the mixed-mode cohesive zone model, in terms of both the debonding initiation criterion and the
debonding propagation criterion. The coupled effects of mode | and mode Il loadings on these



two criteria influence significantly the prediction of the whole range debonding behaviour of the
FRP-to-concrete interface. However, for a large peel angle, it is no longer important to consider
such coupled effects and the initial peak and steady-state peel loads just increase with the mode
| interfacial fracture energy.
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