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ABSTRACT: Cracking behavior significantly affects the failure mode and strengthening performance of FRP 
sheets in FRP-strengthened concrete beams. The objective of this paper is to make an understanding on how 
the properties of concrete and bond interface influence the cracking behaviors through finite element simula
tions. Four material properties, concrete fracture energy, bond strength, interfacial fracture energy and stiff
ness of bond interface, are chosen as important parameters that are discussed in detail. Debonding behavior of 
FRP-concrete bond interface is described by interfacial fictious crack model. Cracks in concrete are modeled 
by smeared crack model. It can be concluded that a certain behaviors of FRP-concrete interfacial bond is a 
pre-required condition of FRP reinforcement and essentially determines whether premature debonding failure 
happens within the bond layer before the realization of strengthening performance. Concrete fracture energy 
has a significant effect on the status of crack distribution in concrete. Increasing concrete fracture energy 
could enhance the strengthening performance of FRP reinforcement. 

1 INTRODUCTION 

The application of fiber reinforced polymer (FRP) 
sheets, as an externally bonded reinforcement, is 
generally accepted as an effective technique of 
strengthening and upgrading structurally inadequate 
or damaged concrete structures. FRP sheets offer 
unique advantages, such as high strength-to-weight 
ratio and considerably good resistance to corrosion, 
over the conventional steel bars and plates that can
not provide satisfactory service life. 

In the past decade, FRP sheets have been widely 
applied to the strengthening and repairing of con
crete structures in service, such as buildings, bridges 
and tunnel linings. The FRP strengthening has been 
demonstrated remarkably efficient in practice. How
ever, the mechanical behavior of reinforced concrete 
structures, especially the FRP-concrete interfacial 
bond behavior, is still on the way of research. In re
cent years, much work has been done through theo
retical analysis, as well as the experimental ap
proaches. 

For a simple shearing case, the maximum load 
earring capacity of a FRP-strengthened concrete 
prism was theoretically derived by Taljsten (1996). 
It could be written as a function of interfacial fractu
re energy, Young's modulus and thickness of FRP 
composites. More investigations of the stress trans
fer in FRP-concrete bond interface were done by Ni
shida et al. (1999), Wu et al. (in submittal) and Yuan 

et al. (in press), in which several types of local shear 
stress versus relative displacement relations were 
proposed and the corresponding shear stress dis
tributions along the bond interface during debonding 
propagation were predicted. A methodology was de
veloped by Wu & Niu (2000) to evaluate the 
debonding failure load and the interaction between 
flexural concrete crack and interfacial shear stress of 
RC beams based on linear elastic beam theory. In 
the experimental aspects, a single-lap shear test was 
carried out to study on the bond strength and force 
transfer of FRP-concrete bond interface (Chajes et 
al. 1996). The similar experiments were done to 
identify the interfacial mode II fracture energy and 
the local shear stress versus relative displacement 
relationship was predicted indirectly from the FRP 
strain distribution along the bond interface (Yoshi
zawa et al. 2000). A series of tests of FRP
strengthened concrete beams were performed (Wu et 
al. 1998) to study the more complicated fracturing 
behaviors. The failure modes of both interfacial 
debonding and FRP sheets rupture with different 
cracking behaviors in concrete were observed. 

In this paper, fracturing behavior in FRP
strengthened concrete beam is further studied 
through finite element simulations. Referred to the 
experimental data (Yoshizawa et al. 2000) and finite 
element analysis of interfacial crack propagation 
(Yin & Wu 1999, Yin et al in press, Wu & Yin in 
submittal), a bilinear ascending-softening r-5, rela-
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tionship is used. By changing the properties of FRP
concrete bond interface and concrete, an intensive 
parametric study is carried to analyze how these 
properties take effect on the load carrying capacity, 
deformation and cracking behavior of FRP
strengthened beams. 

2 EXPERIMENTAL REVIEW 

Figure I. Specimen dimension and test arrangement 

As described in the tests of FRP-strengthened con
crete beams under 3-point bending load (Wu et al. 
1998), FRP sheets were externally bonded on the 
tension surface through epoxy adhesive. The dimen
sion and loading conditions of tested beams are de
scribed in Figure 1. 
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Figure 2. Crack patterns of different failure modes 

From the experimental observation, there are two 
typical failure modes, the interfacial debonding of 
FRP sheets from the bond interface and the rupture 
of FRP sheets. In the tested beams that failed in in
terfacial debonding, there are three types of 
debonding forms. The first type happens in adhesive 

layer due to ill-bonded condition and initiates from 
the root of mid span. The second one takes place in 
concrete with formation of micro-cracks along the 
bond interface. It also starts to propagate from mid 
span. The corresponding cracking patterns of con
crete are presented in Figure 2a and Figure 2b, re
spectively. A common point of these two types of 
debonding failures is that only one dominant flexural 
crack locally occurs and develops at mid span. The 
third form of debonding initiates from the root of a 
diagonal crack that has formed near the first flexural 
crack at mid span. Then, it follows micro-crack de
velopment along the bond interface, as shown in 
Figure 2c. 

On the other hand, for the beams of FRP rupture 
failure, there are also two representative cracking 
behaviors. One dominant flexural crack at mid-span 
with multiple diagonal micro-cracks near the bond 
interface as shown in Figure 2d, and multiple flex
ural cracks are distributed along the bond interface, 
as shown in Figure 2e. The load capacity of the 
beams that failure in FRP rupture is universally 
higher than that of beams in de bonding failure. 

3 FRACTURE MODELS 

In the tested concrete beams, there exist three types 
of fracturing behaviors, 1) FRP sheet rupture 2) 
cracks in concrete and 3) debonding along bond in
terface. To simulate these fracturing behaviors, the 
corresponding fracture models are introduced. 

The mechanical property of the FRP sheet is rela
tively simple. Different from the conventional rein
forced steel bars, FRP sheet does not yield and is as
sumed to be elastic until rupture where the tensile 
strength is exceeded. And it can not carry any com
pression. Therefore, the stress-strain can be ex
pressed as, 

(1) 

in whichfFRP' EFRP' aFRP and &FRP are tensile strength, 
elastic modulus, tensile stress and tensile strain of 
FRP sheets, respectively. 

Crack in concrete is assumed as mode I fracture . 
Smeared crack model is used to simulate the crack 
propagation in concrete matrix, in which a linear 
softening relation of concrete stress and strain after 
crack is adopted. 

Interfacial debonding is an important fracturing 
behavior in FRP-strengthened concrete members. It 
resembles the bond-slip in steel bar reinforced con
crete. But it also differs from bond-slip since rein
forcement of FRP sheets are achieved by the stress 
transfer, but not by mechanical friction due to bond-

1080 



slip. Herein, the debonding is modeled as a mode II 
cohesive crack. The mechanical behavior can be de
scribed as a relationship of local shear stress, r, ver
sus the relative shear displacement, °', between FRP 
sheets and concrete. A bilinear ascending-softening 
r-°' relationship is adopted, as presented in Figure 3. 

Figure 3. r-5, relationship for bond interface 

This r-0 curve could be uniquely determined by 
bond strength, J;,, initial bond stiffness, Kb, and inter
facial fracture energy G11• The interfacial fracture 
energy, G11 , is defined as the energy required to gen
erate complete debonding per unit bond area. The 
area below r-0 curve denotes the value of G11• In 
general cases, G11 should be calculated by integrating 
shear stress rover displacement °'o· But for the bi
linear r-0 relationship used in see Figure 3, G11 can 
be obtained as 

(2) 
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Figure 4. Debonding propagation along bond interface 

Figure 4 schematically shows the interfacial 
debonding process. Before the shear stress exceeds 
the bond strength J;,, the distribution of shear stress 
along the bond interface gradually increases from 
the far end. Then, shear stress starts to decrease, 
where debonding is initiated. With increase of rela
tive displacement between FRP sheets and concrete, 
the shear stress finally drops to zero and the com
plete debonding is formed. 
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4 NUMERICAL SIMULATION AND 
DISCUSSION 

Considering the symmetry of load condition and 
structure dimension, half of the FRP-strengthened 
beam is chosen with proper boundary conditions, as 
shown in Figure 5. 

The FRP-strengthened concrete beam is discre
tized by three types of finite elements: 4-node plane 
stress element for concrete matrix, line-to-line inter
face element (DIANA 1998) for FRP-concrete bond 
interface and truss element for FRP sheets. 

Figure 5. Mesh discritaztion and boundary condition 

Some material properties used in finite element 
simulations are chosen as follows. For concrete, 
Young's modulus is Ee 2.5 x 104 MPa, Poisson ra
tio is v = 0.15, tensile strength is J; 3.31 MPa, 
which are obtained from the test data. The mode I 
fracture energy of concrete, Gh is thought as an un
known material property. For FRP sheets, Young's 
modulus is EFRP= 2.3 x 105 MPa, tensile strength at 
rupture O",. = 3.35 x 103 MPa~ thickness is 0.11 mm, 
all of which are according to the manufacturer
provided specifications. For the FRP-concrete bond 
interface, few experimental data are available. Also, 
the bond interface properties, such as interfacial 
fracture energy G11, bond strengthh and initial stiff
ness Kb, greatly depend on the FRP-concrete bond 
conditions influenced by bonding techniques, for ex
ample, the surface processing and use of different 
adhesive, and the environmental temperature. There
fore, these three properties, plus with the fracture 
energy of concrete G1, are considered as variable pa
rameters. 

A case analysis on how these four properties take 
effect on the PPR-strengthened beam's load carrying 
capacity, deformation and fracturing behaviors is 
carried out and intensively discussed in the follow
ing sub sections. 

4 .1 Effect of interfacial fracture energy G11 

As studied in the previous works of FRP bonded 
concrete prism under simple shear load (Taljsten, 
1996, Wu et al in submittal, Yuan et al in press), the 
interfacial fracture energy G11 is an important 
parameter to describe the stress transfer capacity of 
FRP-concrete bond interface. It determines the load 



carrying capacity of the bond, if Young's modulus 
and thickness of FRP sheet are kept unchanged. 
How this parameter affects the mechanical behavior 
in FRP-strengthened concrete beams is discussed in 
the following cases. 

With the same concrete fracture energy G1 = 0.25 
N/mm, bond strength J;, = 1.0 MPa and initial bond 
stiffness K" = 160 N/mm3

, in which the value of ini
tial bond stiffness K" is referred to the experimental 
results by Yoshizawa et al. (2000), the interfacial 
fracture energy is varied with Gu= 0.5, 1.2 and 2.0 
N/mm. The simulation results of load-displacement 
curves and crack patterns are compared in Figure 6 
and Figure 7, respectively. 
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Figure 6. Load-displacement curves with different G11 
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Figure 7. Crack patterns with different G11 

All three beams are subjected to interfacial 
debonding. As shown in Figure 7, there are no other 
flexural cracks in concrete except the one at mid 
span because the bond strength Ji, = 1.0 N/mm2 is 
rather low. But with increase of interfacial fracture 
energy Gu, the load carrying capacity is enhanced 
and it finally approaches to constant values in each 

case. Two tested beams in debonding failure that 
happens in adhesive layer show the similar results. 

Therefore, it is considered that there should be a 
relationship between the ultimate load carrying ca
pacity of FRP-strengthened concrete beam and the 
interfacial fracture energy Gu if interfacial debond
ing happens. 

4.2 Interfacial Bond Strength J;, 

Interfacial bond strength is defined as the maximum 
shear stress that the FRP-concrete bond interface can 
bear. When the shear stress exceeds the bond 
strength, the interfacial debonding is initiated and 
local shear stress starts to decrease. In experiment, 
the debonding failure was observed both in adhesive 
layer and in concrete near the bond interface. 
Herein, the bond strength is assumed as the property 
of adhesive. The debonding that happens in concrete 
should be related to the material properties of con
crete, such as fracture energy. This discussion will 
be made in later sub-section. 

Four cases with bond strengthJ;, = 1.0, 1.8, 2.5 and 
3.0 MPa, are simulated. Other material prope1iies 
are chosen as, Concrete fracture energy G, 0.25 
N/mm, interfacial fracture energy Gu = 1.2 N/mm 
and stiffuess of bond interface Kh = 160 N/mm3

• 
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Figure 8. Load-displacement curve with differentft, 

As shown in Figure 8, the peak load increases 
with the increasing bond strength. Noticing the r-5i 
relationship used to model the interfacial debonding, 
before shear stress in FRP-concrete interface ex
ceeds the bond strength, the higher the shear stress 
can reach, the more stress can be transferred from 
FRP sheets to concrete so as to cause more concrete 
to crack. Since the external load need to do more 
works to create the cracks, the peak load increases. 

Afterwards, the load decreases and approaches to 
a constant value. The ultimate loads of cases f,, = 1.0, 
1.8, 2.5 MPa are very close because the interfacial 
fracture energies are chosen the same value and in-
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terfacial debonding mainly happens in the bond 
layer. The ultimate load of case J;, = 3.0 MPa is 
higher than the previous three cases. This may be 
due to much more cracks in concrete caused by 
stress transfer. Also, interfacial debonding partly oc
curs in concrete near the bond interface, as seen in 
Figure 9. Hence, the extra works done to create more 
cracks in concrete keeps the ultimate load higher. It 
is, to some extent, related to the concrete properties 
such as concrete strength and fracture energy. 
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Figure 9. Crack patterns with different.th 
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Figure 10. Stress distribution of FRP sheets 

From the comparison of FRP sheets stress dis
tributions in Figure 10, the maximum stress of case 
f~ 3.0 MPa is about 3200 MPa, apparently higher 
than that of other cases, and is near to the rupture 
stress of FRP sheets. 

Compared to the experiments in Figure 8, it is 
found that the beam of high bond strength withJ;, = 

3.0 MPa is similar to the tested beam of FRP rup
ture, while the one of low bond strength withJ;, =1.0 
MPa is close to the tested beam in interfacial 
debonding failure. 

It is suggested that the bond strength affects the 
peak load of FRP-strengthened concrete beams. The 
ultimate load capacity mainly depends on the inter
facial fracture energy G11 if interfacial debonding 
happens. 

4.3 Concrete Fracture Energy G1 

Fracture energy is considered as a key material 
property of concrete to describe the brittleness of 
concrete in crack propagation. Cracks that happen in 
concrete beam include both the flexural cracks 
caused by bending and the crack along the bond in
terface. It significantly influences the structural re
sponse ofFRP-strengthened concrete beams. 

The effect of concrete fracture energy, with G, = 
0.1, 0.25, 0.35 and 1.0 N/mm, is discussed under 
two types of situations: (1) weak interfacial bond 
withJ;, = 1.0 MPa and G11 = 1.2 N/mm, and (2) good 
interfacial bond withJ;,= 2.5 MPa, G11 = 2.0 N/mm. 
For both situations, the initial stiffness of bond inter
face is Kb= 160N/mm3

• 

Figure 11. Load-displacement curve for situation (I) 

For situation (1), concrete fracture energy only af
fects the crack propagation at mid span. Because the 
interfacial bond is very weak, when interfacial crack 
is initiated from the root of mid span, it propagates 
rapidly and leads to final debonding failure. Hence, 
simply increasing concrete fracture energy does not 
improve FRP strengthening effect if FRP-concrete 
interface is originally weak, in Figure 11. 

For situation (2), both bond strength};, and interfa
cial fracture energy G11 are increased. From the crack 
pattern of G1 = 0.1 N/mm, as shown in Figure 12, a 
diagonal concrete crack occurs near the flexural 
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crack at mid span. Finally, debonding failure hap
pens and propagates from the root of the diagonal 
crack. When G1 is increased to 0.25 N/mm, a second 
flexural crack occurs at 130 mm away from the first 
one at mid span. In the load-displacement curve, 
there is a second unloading at displacement 3.5mm, 
reflecting the local stress release due to localized 
crack propagation of the second flexural crack. The 
load level is also enhanced. The maximum stress of 
FRP sheets reaches the rupture stress, r7,. =3.35xl03 

MPa, marking the FRP sheets rupture as shown in 
Figure 13. With fmiher increase of G1= 0.35 and 1.0 
N/mm, no apparent localized flexural cracks are ob
served from crack patterns. Cracks tend to be dis
tributed along the bond interface. And ultimate fail
ure also becomes the FRP rupture, noticing the 
maximum stress in FRP sheets exceeds the rupture 
stress. 

Gi=0.35N/mm 

Gi=l.ON/mm 

Figure 12. Crack patterns for situation (2) 
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Figure 13. Load-displacement curves for situation (2) 

It can be concluded that if good interfacial bond is 
guaranteed, increasing concrete fracture energy may 
result in different failure modes, from interfacial 
debonding to FRP rupture, and affect the cracking 
behavior in concrete. FRP strengthening effect is 
highly improved. The interfacial fracture energy is 
no longer the only factor to determine the load car
rying capacity when cracks in concrete become dis
tributed. 
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Figure 14. FRP stress distributions for situation (2) 

4.4 Initial Stiffness of Bond Interface K" 

Stiffness of bond interface used in present FE simu
lation is considered as an average property of con
crete and adhesive. With different bond conditions 
and concrete Young's modulus, the value of K,, may 
be changed. In this sub-section, the simulation re
sults of four bond stiffness, with Kb= 320, 160, 80 
and 40 N/mm3

, are compared. The constant material 
properties areJ;,= 2.5 MPa, G11 = 1.2 N/mm and G1= 

0.1 N/mm. 

25 
P(kN) i 

20 

15 

--¢-- Kb=40N/mm3 
10 

-0- Kb=80N/mm3 

-fr- Kb= 160N/mm3 

--0- Kb=320N/mm3 

u(mm) 

Figure 15 Load-displacement curves with different Kh 

From Figure 15 of load-displacement curves, the 
bond stiffness does not affect much on load carrying 
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capacity. But the cracking behavior in concrete is 
relatively much influenced, as shown in Figure 16. 
The higher bond stiffness provides quicker increase 
of shear stress in the bond interface. The quick stress 
transfer from FRP sheets to concrete makes the con
crete stress level increase near mid span earlier. That 
is why the diagonal crack occurs near the first flex
ural crack in higher bond stiffness K,, = 320 and 160 
N/mm'. In case of K,, = 80 N/mm3

, the secondary 
flexural crack happens away from the first one. If 
bond stiffness is too small, with K,, = 40 N/mm3

, the 
stress transfer can not be well achieved. Therefore, 
cracks in concrete do not continuously propagate 
upward after initiation, and interfacial debonding 
failure occurs ultimately. 

Kb=40N/mm3 

Kb=80N/mm3 

Figure 16. Crack patterns with different K1i 

5 CONCLUSIONS 

A comprehensive FE study on the cracking behavior 
of FRP-strengthened concrete beams is performed. 
Through the parametric numerical simulations, the 
following conclusions could be obtained: 

(1) The ultimate load carrying capacity is quanti
tatively related to interfacial fracture energy Gu if 
concrete cracks are localized with ultimate debond
ing failure. Small G11 would lead to easy interfacial 
debonding propagation. But for the case that distrib
uted cracks occur, the load carrying capacity would 
be also affected by concrete fracture energy G,. 

(2) Bond strength, in a certain scope, affects the 
peak load. But the propagation of debonding is also 
related to the interfacial fracture energy and concrete 
fracture energy. 

(3) Under good interfacial bond, the increase of 
concrete fracture energy G, results in distributed 
crack in concrete, thus improving FRP strengthening 
performance. 

( 4) Stiffness of bond interface does not affect 
much of load carrying capacity, but has an influence 
on the cracking behaviors in concrete. 

In summary, the reinforcement of FRP sheets can 
be well performed by ensuring the FRP-concrete in
terfacial bond. In this paper, interfacial fracture en
ergy, bond strength and initial bond stiffness are 
chosen to describe the bond properties. It is also 
found that increasing concrete fracture energy can 
further enhance the FRP strengthening effect. This 
finding is helpful to the design of future concrete 
structures. 

Further works are needed to describe interactions 
among the discussed properties in this paper so as to 
propose more practical model to deal with the inter
facial fracturing in FRP-strengthened concrete 
structures. 
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