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Abstract. CFRP has been widely used for strengthening reinforced concrete members in last decade.
The strain transfer mechanism from concrete face to CFRP is a key factor for rigidity, ductility, energy
dissipation and failure modes of concrete members. For these reasons, determination of the effective
CFRP bonding length is the most crucial step to achieve effective and economical strengthening. In this
paper, generalizations are made on effective bonding length by increasing the amount of test data. For this
purpose, ANSYS software is employed, and an experimentally verified nonlinear finite element model is
prepared. Special contact elements are utilized along the concrete-CFRP strip interface for investigating
stress distribution, load-displacement behavior, and effective bonding length. Then results are compared
with the experimental results. The finite element model found consistent results with the experimental
findings. 

Keywords: effective CFRP length; nonlinear finite element analysis; CFRP-concrete bonding.

1. Introduction

Increasing needs for rehabilitation of engineering structures have resulted in numerous researches

around the world for many years. Mechanical and environmental factors such as high load levels,

corrosion, chemical effects that reinforced concrete structure can face during its service life prevent

the structure from reaching its design performance.

There are many techniques that are used for strengthening reinforced concrete members such as

adding steel plates, adding additional reinforcement to the cross-section, adding external steel plates.

Among the methods, adding external steel plate is a general practice worldwide. However, maintenance,

transportation difficulties, additional dead load due to its weight and its sensitivity to corrosion are

general disadvantages of this method. Because of these drawbacks, use of CFRP (Carbon Fiber

Reinforced Polymer) has started to replace the older methods. CFRP is a composite material with

high rigidity and strength. Moreover, its low weight and resistance to external negative effects provide

important advantages. Thus, number of analytical and experimental researches on FRP reinforcement has

been increasing in past recent years. These researches generally focus on strain distribution along

concrete-CFRP interface, concrete failure modes, crack behavior and effective bonding length (Yao

et al. 2005, Yang et al. 2003, Lu et al. 2006, Camata et al. 2007, Yang et al. 2004, Yao and Teng
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2007, Teng and Yao 2007, Sharma et al. 2006, Lu et al. 2005, Yuan et al. 2005, Täljsten 1997, Smith and

Teng 2001, Teng et al. 2002, Anil and Belgin 2008, Guatam and Matsumoto 2009, Yang et al.

2009, Schilde and Seim 2007, Pham et al. 2006, Pham and Al-Mahaidi 2007, Garden et al. 2007).

The failure mode emerges as one of the most important factor for the success of reinforcement.

When the experimental studies in the literature are surveyed, three modes of failure are observed for

the concrete structures strengthened with CFRP. The observed failures are debonding of concrete

from CFRP, epoxy failure due to exceeding shear strength of adhesive concrete interface, and

rupture of CFRP. As CFRP has very high axial tension strength, rupture is seen very rarely. This

failure mode implies that whole capacity of the CFRP is used. In most cases, CFRP debonds from

the concrete surface, or the adhesive concrete interface reaches its shear strength capacity and fails

before the CFRP rupture. The most frequently seen mode of failure is debonding of CFRP strip

together with a thin concrete layer just a couple of millimeters above the contact surface. This

failure mode points out the importance of identifying the effective bonding length for preventing

premature debonding of CFRP from concrete surface to make a sound and economical design.

Thus, academic work on this subject is gaining importance. 

In recent literature, studies covering computer modeling of interface debonding with different

parameters investigate the conformity of finite element results to experimental findings using

different approaches for crack behavior and concrete-FRP interface interaction (Yao et al. 2005,

Yang et al. 2003, Lu et al. 2006, Camata et al. 2007, Yang et al. 2004, Lu et al. 2005, Teng et al.

2002, Guatam and Matsumoto 2009, Yang et al. 2009, Schilde and Seim 2007, Pham et al. 2006).

Studies focusing on different crack models, bond-slip characteristics and interfacial stresses point

out the importance of interface behavior on constructing a correct finite element model (Lu et al. 2006, Lu

et al. 2005, Teng et al. 2002, Guatam and Matsumoto 2009, Pham et al. 2006). Considering the previous

findings concerning the effect of different parameters on concrete-plate interface behavior, some

studies were aimed to constitute design criteria and predictive models for beam strengthening by

relating some well-know beam parameters to failure loads (Teng and Yao 2007, Sharma et al. 2006,

Smith and Teng 2001).

The number of analytical works being low compared to experimental researches, there is not a

generalized approach for finite element modeling of CFRP-concrete interaction. This paper intends

to construct a simplified finite element model, which is in good harmony with real behavior. In

order to achieve this, finite element analyses are carried out for beams taken from the experimental

study realized by Anil and Belgin (2008), which contains strain and load displacement behavior of

CFRP sheets bonded to concrete. ANSYS software is utilized for finite element modeling purposes.

ANSYS being widely used in academic literature has special finite element types for modeling

concrete-FRP interface with material nonlinearities. Finite element results are compared to

experimental data for verification. This way, the weak and powerful sides of the finite element

model are revealed. The interface parameters are then investigated for a certain bonding length and

bonding width. After defining suitable interface contact parameters, model simulation of beams with

different CFRP bonding lengths is performed to determine effective bonding length. In addition to

this, load-displacement relation and interface behavior are simulated for beams without experiment.

The amount of test data being increased this way, it became possible to gain a deeper insight into

the effective CFRP length which sustains shear strains.
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2. Experimental study 

2.1 Test specimens and materials 

Sixteen notched concrete beams were casted and tested under monotonic loading. Experimental

program details are given in Anil and Belgin (2008). No reinforcement was used in the beams. The

geometrical dimensions of the test specimens are given in Fig. 1. The beams were casted with a 20

mm wide and 50 mm deep notch to evaluate the effect of cracks on the stress distribution between

CFRP and concrete. The notch was placed at the midpoint of the span, on the symmetry axis. The

cross-section of the concrete beams was 150×200 mm and the span length between the supports

was 1200 mm. The load was applied monotonically with a four point loading arrangement.

The properties of the test specimens are given in Table 1. Sixteen beams were casted (2×4×2)

with two different width and four different CFRP bonding lengths. Concrete compressive strength

was chosen to be 15 MPa and 25 MPa. The compressive strengths of the test beams found from

standard cylindrical compression test are given in Table 1. 50 mm and 100 mm wide CFRP strips

were used with 120 mm, 180 mm, 240 mm, and 300 mm bonding lengths.

The bonding procedure of CFRP’s was carried out according to CFRP and epoxy manufacturer’s

application guide. For strengthening, unidirectional CFRP named Sikawrap 230C was used together

with two component epoxy Sikadur 330. The properties of these materials are given in Table 2.

These values are supplied by the manufacturer.

Before bonding CFRP members on the concrete surface, special consideration was given to beam

surface preparation. Bottom surface of the beam web was roughed by a mechanical grinding

machine until the aggregate was exposed and the surface was vacuumed to remove loose particles

and dust. After a smooth and dust free surface was obtained, the epoxy resin was mixed as per

manufacturer’s instructions. Mixing was carried out in a metal container until having a uniform

Fig. 1 Details of test specimens
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color. The prepared epoxy resin (Sikadur 330) was applied to the surface of the concrete where the

CFRP will be bonded. Then the Sikawrap230C was laid on to the epoxy resin and pressed

thoroughly to assure absorption of the resin by fiber material and to obtain bubble free interface

between CFRP and concrete. Finally, CFRP is covered with another layer of epoxy resin with a

thickness of 0.5 mm for protection. Temperature during the application was 20±2°C. The beams

were tested after 14 days.

Table 1 Properties of specimens

Specimen # Average compression strength 
of concrete fC (MPa)

CFRP strip width
bP (mm)

CFRP strip bonding
length L (mm)

1 15.2

50

120

2 14.8 180

3 14.4 240

4 15.6 300

5 15.8

100

120

6 14.2 180

7 14.7 240

8 15.3 300

9 25.0

50

120

10 26.0 180

11 24.0 240

12 25.2 300

13 24.8

100

120

14 24.4 180

15 25.6 240

16 25.0 300

Table 2 Properties of CFRP and resin

Properties of CFRP Remarks of CFRP*

Construction Warp : Carbon fibers (99% of total areal weight) 
Weft : Thermoplastic heat-set fibers (1% of total areal weight)

Areal weight (g/m2) 220±10

Density (g/m3) 1.78×10−6

Thickness (mm) 0.12 

Tensile strength (MPa) 4100

Elastic modulus (MPa) 231000 

Ultimate tensile strain (%) 1.7% 

Properties of resin Remarks of resin*

Tensile strength (MPa) 30

Elastic modulus (MPa) 3800 

*These values are supplied by the manufacturer
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2.2 Experimental setup

The tests were carried out in a closed frame with a capacity of 400 kN. Monotonic load was

applied with a 300 kN capacity hydraulic jack. Experimental and measurement setups are given in

Fig. 2 Test setup and instrumentations
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Fig. 2. Load controlled displacement was applied to the beams. In all specimens the ratio of shear

span length (a = 400 mm) to the effective depth (d = 200 mm) was (a/d = 2) identical. A load-cell

with a capacity of 400 kN was used for measuring applied load during the experiments. The vertical

displacements of the supports and the midpoint deflections were measured by displacement

transducers (Linear Variable Differential Transformers (LVDT)). Beam midpoint net displacements

due to bending were calculated using the vertical displacements of the supports. The tests were

carried out observing the load-midpoint displacement graphic sketched simultaneously on the

monitor. Load was increased until the beams failed. Strain measurements are taken along CFRP

strips up to notch for measuring stress distribution at concrete-CFRP interface (Fig. 2).

2.3 Observed behavior and failure modes of specimens

A typical example of the load-displacement graphics of the test specimens are given in Fig. 3.

The main parameter affecting the ultimate load capacity of the specimens is found to be the CFRP

strip width when the load-displacement graphics are examined. It is noted that the CFRP strip

bonding length and the compressive strength of concrete hardly had a contribution on the ultimate

load capacity of the specimens. 

Two types of failure modes are observed during the experiments. The first mode is debonding of

CFRP with concrete layer just a couple of millimeters above from the contact surface and the

second one is failure of the adhesive concrete interface. Observing the specimens, it can be seen

that the thickness of concrete layer which is debonded from the surface together with the CFRP

strip decreases and becomes uniform as CFRP strip length increases. This thickness increases with

increasing CFRP strip width. In order to evaluate the changes in strain distribution during loading,

strain values of five different load levels are given in Fig. 4.

3. Finite element modeling

ANSYS modeling, which forms the backbone of this study, consists of three parts. In the first

part, some specimens are selected from Table 1 for finite element modeling. In this selection, beams

with different concrete compressive strength and CFRP strip width are considered to represent the

Fig. 3 Examples of load-displacements graphs of the specimens
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experiment parameters better. ANSYS finite element model results are compared to experimental

findings to check the accuracy and applicability of the finite element model.

In the second part of the study, the contact surface modeling parameters are determined by trying

different values for maximum interface stress (τMAX) within various finite element analyses. Using

these contact surface parameters to represent the interface behavior, CFRP bond length is increased

progressively on verified computer models to investigate strain distribution generated between

concrete and CFRP strip. 

The third part includes modeling Specimens 13, 14, 15, and 16 with 25 MPa concrete compressive

strength and 100 mm CFRP strip width using the contact surface parameters identified in the

previous step. Later, analysis for beams having 360 mm and 420 mm CFRP length, for which no

experiment was conducted, are implemented. The increased number of data enables to reach more

accurate conclusions. Eventually, it has been possible to determine effective bonding length from

the increasing number of ANSYS finite element analyses that are made for beams with and without

experimental results. 

3.1 Physical finite element model

Increasing the number of finite elements provides better approximations but increases the computational

time considerably (ANSYS User’s Manual 2005). After some limit, however, increasing the number

of finite elements does not improve the analysis results and unnecessarily increases time required

for solution (ANSYS User’s Manual 2005, Moaveni 1999). For the sake of effectiveness, analyses

are run to monitor changes in failure loads with different mesh sizes. The results are given in Fig. 5.

Fig. 4 Examples of strain distribution graphs of the specimens
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When Fig. 5 is analyzed, it can be seen that increasing the amount of finite element beyond 6930

does not affect failure load results. When number of finite elements is decreased, problems emerging from

convergence difficulties hinder the process and the solution ceases in early steps. Actually, there is a

little difference between 5200 and 6930 finite elements but model with 6930 elements comprising

15×15×25 mm prismatic elements represents the beam geometry better than the model with 5200

finite elements with dimensions of 15×20×25 mm.

The geometrical restrains are taken into account in mesh dimension selection. Finite element mesh

is generated with 6930 elements. Taking advantage of symmetry, only one quarter of the beams is

modeled and convenient joint restrains are used in the direction perpendicular to symmetry axis. In

the early steps of the analysis, formation of local cracks at support and load application points

created convergence problems. This was handled by using SOLID 45 finite element (ANSYS User’s

Manual 2005) defined within ANSYS software and by assigning boundary conditions allowing

Fig. 5 Failure load and element amount

Fig. 6 Finite element model
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rotation in support points. In order to prevent concrete cracks around load application point, total

beam load is distributed to 4 nodes (Fig. 6).

So as to prevent abrupt changes in element dimensions, there exists a pre-defined limit in ANSYS

for elements being connected to each other by their nodes. For this reason, 0.12 mm thick CFRP

layer is modeled with 10 mm thickness and to compensate for this increase in cross section, its

elastic modulus is modified accordingly. To ensure that its nodes are properly connected to concrete

nodes, CFRP element dimension is defined as 10×15×25 mm.

Table 3 Material properties

Material Element type Material properties

1 Solid65

Linear isotropic hardening

EX (MPa) 2,1E+4

PRXY 0.3

Multi linear isotropic hardening

Strain Stress (MPa)

1. Point 0.0003 06.7

2. Point 0.0004 08.7

3. Point 0.0008 15.6

4. Point 0.001 18.3

5. Point 0.001718 24.3

6. Point 0.002068 25

7. Point 0.0038 21.25

Concrete 

ShrCf-Op 01

ShrCf-Cl 01

UnTensSt(MPa) 003.2

UnCompSt(MPa) -1

BiCompSt 00

HydroPrs 00

BiCompSt 00

UnTensSt 00

TenCrFac 00

2 Solid 46

Linear isotropic

EX(MPa) 2770

PRXY 0.22

3 Solid 45

Linear isotropic

EX(MPa) 2,1E+5

PRXY 0.3

4
Targe170
Conta173

Linear isotropic

EX(MPa) 3800

TAUMAX τMAX (MPa) 20
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3.2 Material models

In this study, Hognestad model for unconfined concrete is used together with William and Warnke

triaxial failure surface. Concrete tension strength is taken from experiments for concrete under two

point loading (Ersoy 2000) to simulate stress conditions during experiments. Regarding the behavior

of concrete after cracking, it is assumed that all shear forces are transferred. In addition to this,

crushing of concrete is neglected to prevent convergence problems. 

For ANSYS modeling of concrete, Solid 65 element is selected. This finite element has ability to

make plastic deformations, can demonstrate crushing and cracking behavior in the direction perpendicular

to principal stress and comprises concrete failure criteria under triaxial loading condition. As CFRP

layer is studied under indirect tension forces, only properties along fiber direction will be used. For

this reason, isotropic linear elastic material model is assigned to CFRP. Solid 46 elements is selected

in ANSYS software for CFRP layer assuming that the fibers are distributed uniformly within the

binding material, there are no voids in the composite CFRP layer, forces act in the fiber direction

and a perfect bond exists between fibers and epoxy. In order to facilitate convergence by preventing

local effects in the vicinity of loading and supporting points, plates made up of totally elastic Solid

45 finite elements are used at these points. For some analysis, a contact surface between concrete

and CFRP is created using special Targe 170 and Conta 172 elements (ANSYS User’s Manual

2005).

Aforementioned material properties are summarized in Table 3. Investigations made on interface

CFRP strain distribution for defining contact surface parameters will be presented in following

sections. 

3.3 Contact surface

In contact problems, variables like Coulomb friction coefficient (µ), cohesion (C), axial-shear

rigidity and maximum shear force that can exist between two surfaces (τMAX), which is the most

important property in this study, can be defined within ANSYS software. Shear yield of the

contacting surfaces places a physical limit to how large shear stress can be transmitted. Thus, real

constant τMAX is used in contact surface modeling (ANSYS User’s Manual 2005).

The interaction between CFRP and concrete is different from a classic Coulomb friction model, in

which mobilization of friction depends on axial compression. The maximum shear resistance

between surfaces becomes the key parameter in this study because a bonded contact analysis was

conducted without axial confinement. In addition to this, assuming zero friction along the interface

under pure bending conditions represents the experimental results better (Guatam and Matsumoto

2009). Empirical data is suggested to be the best source for MAX, but an upper limit is specified by

Eq. (1) as; (ANSYS User’s Manual 2005).

(1)

Fy stands for axial strength of FRP material in this equation. To model the contact surface closer

to real behavior, some analyses are carried out with and without contact surfaces. Distance from

Notch vs. CFRP strain curve obtained without utilizing a contact surface for beam 16 is compared

with strain distributions obtained by using different MAX values (Fig. 7). These curves suggest that

strain distribution changes considerably when a contact surface is introduced. The maximum and

minimum values of shear strain remains very close to each other in both cases. In effect, the most

τMAX F
y

1 3⁄×=
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important feature of this graph is the abrupt change in strain distribution around τMAX =25-30 MPa.

This was also observed in previous studies on FRP debonding, sudden change in curvature of the

strain vs. distance from notch graph corresponds to debonding just before or during the application

of failure load (Lu et al. 2005, Täljsten 1997, Yang et al. 2009, Pham et al. 2006). However, for the

current test specimens, this debonding was not explicitly observed (Anil and Belgin 2008). Contact

surface analysis run on beam 16 points out that using interface shear strength (τMAX) around 20

MPa represents strain distribution just before debonding, close to real behavior.

4. Finite element modeling results 

4.1 Analysis for verification of FEM model

For verification purposes, analyses are run without contact elements; that is to say, CFRP and

concrete nodes are directly interconnected assuming a perfect bond. Each analysis will be viewed

from below perspectives; 

1. Failure load

2. Beam mid point deflection during failure 

3. Stress-strain relationship

4. Maximum CFRP axial strain

5. Strain distribution along bonded CFRP length.

Comparison of analysis and test results is presented in Table 4 at which beam failure load is about

10% more than experimental results. This difference is acceptable for engineering analysis in

general. However, when mid point deflections before failure are studied, it is noted that experimental

values exceed computer analysis results by 56%, which means that finite element model has not

been successful in predicting beam ductility.

Maximum values of CFRP shear strain are above the test results for 50 mm CFRP width but are

below the test results for 100 mm wide strips. The mean difference is between 6% and 25% which

stays within acceptable limits.

Fig. 7 Strain distribution for different interface maximum shear strength (τMAX) values for beam-16
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Aiming to interpret differences between the experiment and finite element model findings, their

load displacement curves are compared. Some sample load-displacement curves are given in Fig. 8.

Initial stiffness of ANSYS models is generally greater than the experiments. The general characteristic of

load displacement curves of ANSYS models is such that they have a notable horizontal plateau

portion after the end of elastic region. Load steps were held small enough during analysis to capture

this behavior. In finite element analyses, dramatic rigidity changes are occurred after crack

formation. As a result of this, beam behavior shifts from linear to nonlinear. The horizontal portion

in load displacement curves of ANSYS analyses indicates the beginning of this rigidity change right

after the cracks are formed. Limits of linear behavior in computer models are in good agreement

with experimental findings.

Realistic results for ductility have not been acquired in ANSYS computer modeling. Reasons for

this can be counted as abrupt nature of crack formation, complex crack distribution before ultimate

load and fixed angle crack model not being able to represent crack patterns accurately (Lu et al.

2005, 2006). In addition to above, increasing CFRP length or width introduces some ambiguity to

the model and thus increases divergence between experiment and ANSYS results. 

Table 4 Comparison of experiment and FEM results

Specimen 
#

FEM 
ultimate 

load 
(kN)

Experimental
 ultimate 
load (kN)

%
 Error

FEM Max. 
deflection 

(mm)

Experimental
Max. 

deflection 
(mm)

%
Error

FEM 
Max. 
CFRP 
strain

Experimental
Max. CFRP 

strain

%
Error

3 8.71 8.92 -2 2.9 4.1 -29 5500 5213 6

7 12.74 14.08 -10 2.38 3.52 -32 4269 5668 -25

11 10.53 9.32 13 2.52 3.3 -24 6573 5919 11

13 14.66 14.54 1 1.15 2.62 -56 4545 5558 -18

14 15.36 14.43 6 1.64 3.18 -48 4829 6027 -20

15 15.82 16.96 -7 2.12 3.81 -44 5039 5499 -8

16 16.43 14.62 12 2.63 6.03 -56 5349 5880 -9

Fig. 8 Comparison of load-displacement curves
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4.2 Analysis on strain distribution along the interface

In the fixed angle crack model (FACM), the cracks form in the direction perpendicular to

principal stress and their direction remains the same. As shear forces occur along the interface, to

account for shear force transfer after crack formation, a coefficient between 0 and 1 is utilized. The

shear stress being increased even after cracking, this fixed angle crack model does not provide

satisfying results for debonding behavior which is in fact shifting of effective stress transfer zone

(Lu et al. 2006). For this reason, a special contact surface is developed to investigate in detail the

strain behavior of CFRP along concrete interface.

To determine strain distribution, CFRP bonding length is increased for constant 100 mm strip

width and 25 MPa concrete compressive strength. Firstly, beams 13, 14, 15 and 16 are modeled

with and without special contact surface. Then, this analysis is extended further for untested beams

having 360 mm and 420 mm bonding lengths. Strain distributions for these four beams are

presented in Fig. 9.

Fig. 9 points out that for short bond lengths, strain distributions do not change much, but with

increasing strip length the slopes of curves change considerably. It is worth noting that use of

contact surface and the increase in CFRP strip length have a little effect on maximum and minimum

strain values. 

The difference between shapes of strain distribution curves at two load stages, namely the time of

debonding initiation and failure, resembles the difference between the analysis run with and without

contact surfaces. Total applied load at these two load levels, where the sign of the slope of strain

distribution curve tends to change suddenly due to debonding, are in fact very close to each other.

This abrupt variation of strain distribution in these very close load levels was also observed in

Fig. 9 Comparison of strain distribution along the CFRP strip
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previous studies (Lu et al. 2005, Täljsten 1997, Yang et al. 2009, Pham et al. 2006). 

Assigning a special contact surface between CFRP and concrete is a better approach in finite

element modeling as it simulates a load level very close to cause total collapse, just before the

initiation of debonding. Moreover, it disperses local strain fluctuations and provides a smooth

parabolic strain distribution, which proves to ease of determination of effective bonding length. 

Experimental strain graph given in Fig. 4 shows that strain values are nearly constant before the

sudden drop. However, in lower loading levels, this constant part does not exist. This means that as

load increases towards its ultimate value, a sudden drop occurs in strain-distance from notch graph

after the constant portion, which implies debonding of CFRP from concrete surface (Sharma et al.

2006, Täljsten 1997, Yang et al. 2009). The CFRP strip length resisting the stress changes, and with

the start of debonding, some variations of abrupt nature are observed. The position of this dramatic

change provides an idea on the effective portion of total bonded CFRP strip length.

As bond-slip relation cannot be modeled close enough to real behavior in finite element analysis,

differences in strain distributions may sometimes be more than expected (Lu et al. 2005). Also,

inhomogeneities of concrete material and singularities because of aggregate interlock cause

differences in strain values along the interface.

4.3 Effective bonding length

Strain distributions for different bonding lengths are presented in Fig. 10. When CFRP bonded

length increases, far end strains quickly decrease as slope of the graph decreases. Increased strip

length does not effectively resist strain. These remarks point out the existence of an effective

bonding length for CFRP in ANSYS finite element model.

In order to investigate this effective length, the portion of CFRP strip which attain 90% of

maximum strain is regarded as effective working length and change of this effective length versus

total bonded length is plotted in Fig. 11. As can be seen in the graph, for short bonding lengths,

working CFRP length is very close to total bonded length. The graph increases linearly until the

working length reaches to 240 mm. After 240 mm, working CFRP length remains constant. This

point is the effective bonding length after which increasing total length of CFRP strip will not

Fig. 10 Comparison of strain distribution along the
interface for different bonding lengths

Fig. 11 Change of effective CFRP length with total
bonding length
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improve strain carrying capacity. Experimental results indicate that the effective bonding length is

270 mm for specimen-16, in which strain-distance from notch graph vertically drops after a constant

portion.

5. Conclusions

In the scope of this study, a finite element model has been constructed and nonlinear finite

element analyses of 7 experimental beams were implemented for verification purposes. These test

beams were selected among the experiments conducted by Anil and Belgin (2008) for concrete

beams under indirect tension with different CFRP bonding length, width and concrete compressive

strength. No reinforcement was used in the beams. In order to model the concrete-CFRP interface

strain distribution, contact surface analyses were run with different interface shear strength values.

Comparing the strain distribution with data from previous studies, the computer model was

improved. In the next stage, CFRP length was increased to monitor strain behavior along the

interface while its width was kept constant. For longer bonding lengths which are not covered by

the experiments, model simulation was realized and by the help of increased data, some remarks

were done for effective bonding length. Findings obtained by comparing experiment and finite

element results are listed below. 
● In analyses done for verification, there has been an average difference of 10% between

experiments and computer models for failure load. This difference rose to 20% for maximum

CFRP strain. It is concluded that computer model is in accordance with experimental results.
● When load-displacement relations in ANSYS model are reviewed, the plateau portion after the

end of elastic behavior can easily be noted. After cracking of concrete in ANSYS model,

rigidity changes considerably and behavior becomes nonlinear. This change can be tracked on

load-displacement curve. Initial rigidity, yield load, yield point displacement and in general load

displacement curves of computer models are in good agreement with experimental results.
● Computer models do not satisfactorily represent midpoint deflections and ductility of test beams.

It is deemed that the reason for this is the crack model used in ANSYS software. In the fixed

angle crack model (FACM) which is used in the software, the cracks form in the direction

perpendicular to principal stress and its direction remains the same. But when the direction of

principal stresses change to form shear stress along the interface, the shear strength of cracked

concrete is generally modeled with a shear transfer coefficient between 0 and 1. The shear stress

being increased even after formation of cracks, this fixed angle crack model does not provide

satisfying results in identifying debonding behavior which is in fact shifting of effective stress

transfer zone. For this reason, a need emerged on developing a contact surface to investigate in

detail the strain behavior of CFRP along concrete interface.
● In order to determine effective bonding length from strain distribution of model tests carried out

by increasing CFRP strip length, it is necessary to use a smooth, parabolic shaped distribution

for a state of strain immediately before debonding. This is possible by assigning special type

contact surface elements defined within ANSYS and by limiting the maximum shear stress than

can be sustained between CFRP and concrete. 
● When no contact elements are used between concrete and CFRP nodes, maximum CFRP strain

and failure load results improve, but debonding of CFRP layer can not be clearly distinguished

as there is no abrupt change in interface strain distribution. 
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● For the purpose of defining interface strain distribution more accurately, it is necessary to define

a maximum stress value (τMAX) along the interface and run contact analyses. The strain

distribution obtained this way gives important information on effective bonding length.
● Using verified finite element models, the amount of data is increased by making model

simulation of untested beams. Strain distribution along the concrete-CFRP interface is

determined for different bonding lengths. CFRP strip length after the point where strain value

falls below 10% of total strain is assumed not to sustain shear stress. CFRP strip length carrying

practically all effective stress is determined.
● Working CFRP length increases linearly with increasing bonding length, but remains constant

after some limit. It is revealed that after this stage, strain is not transferred effectively by CFRP

even if bonding strip length is increased. It is also proven that effective bonding length is in

conformity with experimental findings. 

This paper includes finite element investigations to determine effective bonding length for 100

mm wide CFRP strip which is extensively used in strengthening works. For future studies, running

numerous nonlinear finite element analyses by changing some modeling parameters like CFRP strip

width, concrete compressive strength, width of concrete beam and stress conditions would be an

important step towards determination of generalized formulas, rules and recommendations for CFRP

design. Besides, effective CFRP length investigations can be extended for single shear tests, modeling the

debonding behavior of concrete-CFRP interface by computer finite element analyses. A correlation

between indirect tension, direct tension and experiment results can then be shaped to introduce

design recommendations for CFRP strengthening of reinforced concrete beams. 
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NB

Notations

bCFRP : Width of CFRP strip

Ec : Modulus of elasticity

fy : Tensile strength of CFRP 

ft : Tensile strength of concrete

fc : Compressive strength of concrete

LCRFP : Length of CFRP strip

P : Applied force

PRXY : Poisson ratio of CFRP

C : Cohesion

τMAX : Maximum shear strength of interface

µ : Friction coefficient
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