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Abstract: In structural elements strengthened with Fiber Reinforced Polymer (FRP), debonding failure modes should be taken into 
consideration. Under specific circumstances, they may provoke a global, premature failure of the structural element. In other cases, 
they should be accounted for in the modeling in order to obtain more accurate results. Despite the large amount of research work 
carried out in this field in the last few decades, debonding failure modes are still not fully understood. This contribution is focused on 
a numerical procedure designed to model the progressive loss of bond action between FRP and concrete. The two-stage procedure is 
integrated into incremental, finite element analysis. The proposed algorithm uses experimentally obtained slip-stress relationship. 
Predefined failure criteria are used to predict the local bond failure. In the reported case study, an experimental set-up widely 
employed to investigate debonding is modeled. Results obtained by finite element analysis are discussed. 
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1. Introduction 

The accurate study of the mechanical response of 

concrete or Reinforced Concrete (RC) structural 

elements strengthened with Fiber Reinforced Polymer 

(FRP) implies modeling of the FRP/concrete interface. 

The mechanical response of the interfaces is 

complex: multiple interacting failure mechanisms 

should be taken into consideration. Most of the 

involved failure mechanisms related to the debonding 

failure modes require more research effort to be better 

understood. 

Local phenomena such as debonding, or 

delamination, could affect the overall response of the 

strengthened element. Thus, they may result in 

premature failure modes (e.g., the delamination of the 

FRP strip/plate bonded to the soffit face of a RC beam 

might prevent the full utilizations of the load-carrying 
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capacity of the external reinforcement in composite 

material since global failure could take place before 

the FRP resisting capacity is reached). 

The accurate modeling of the mechanical response 

of structural elements strengthened with internal FRP 

reinforcement also requires modeling of the possible 

loss of bond action between the FRP rods and the 

concrete. However, the use of such type of 

reinforcement without additional anchorage devices 

equipped with hardware for pre-tensioning is rare. It is 

often presumed that the contribution of the bond 

action to the overall resisting capacity can be 

neglected. In any case, the accurate assessment of the 

above-mentioned hypothesis requires quantitative 

evaluation of the bond action. 

In this paper, a numerical procedure aimed at taking 

into account the progressive loss of bond action in 

FRP-strengthened concrete elements is outlined.  

The procedure is designed to assess locally the 

bond action between FRP and concrete. For this 

purpose, the interface between these two materials 

should be explicitly defined. For the implementation 
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of the procedure coupled sets of nodes are created 

during mesh generation. For each coupled set one of 

the nodes is associated with the “FRP mesh” and the 

other with the “concrete mesh”. The state of nodes in 

each set can be changed from “coupled” to 

“uncoupled” in function of the predefined slip-stress 

relationship and the assumed failure criterion. 

Thus, the “coupled” state of nodes corresponds to a 

perfect bond. The state of a given set of nodes is 

changed to “uncoupled” if local failure occurs. 

The formulation of an experimentally-based 

slip-stress relationship for the FRP-concrete interface, 

has been the subject of numerous studies. The 

following models have been proposed: 

 Elasto-plastic model (see Refs. [1], [2]);  

 Bilinear model based on the interfacial fracture 

energy (see Ref. [3]); 

 Model based on Popovic’s expression (see Ref. 

[4]); 

 Shear softening model (see Ref. [5]). 

2. The Slip-Stress Relationship 

Constitutive relations meant to model the slip-stress 

relationship are discussed in this section. In all cases 

model constants should be calibrated on the basis of 

experimental data. 

The local slip-stress relationship can be 

approximated by a multilinear relationship calibrated 

to fit best some acquired experimental data (e.g., see 

Ref. [6]): 
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A bilinear slip-stress relationship can be defined  

on the basis of fracture energy equivalence with an 

empirical one Ref. [7] proposed in Ref. [8]. A trial  
 

 
Fig. 1  Slip-stress relationships. Bilinear constitutive law 
(in grey) and power law (in black).  
 

bilinear slip-stress relationship is plotted in grey in 

Figure 1. Bilinear slip-stress constitutive relations are 

often adopted for numerical simulations (e.g., see Refs. 

[9]-[12]). 

Alternatively, the relation between the slip (s) and 

the shear stress (τ) can be defined by a power law (Ref. 

[13]): 

 BsBs
f eeBG 22        . (5) 

In Eq. (5) Gf stands for the interfacial fracture 

energy and B is a material constant that is to be 

identified on the basis of experimental data (obtained 

for example by performing a pullout bond test).  

A “s-τ” curve obtained for B = 10.79 mm-1 and Gf = 

1.034 N/mm (see Ref. [6]) is plotted in black in Fig. 1. 

3. Modeling 

3.1 Experimental Set-Up  

A typical pull-pull set-up for standard FRP-concrete 

delamination test (see Ref. [7]) is simulated. The 

experimental set-up is sketched in Fig. 2. 

LFRP is the bond length, hFRP is the thickness of the 

FRP plate and F is the applied load. It should be noted 

that the value retained for the FRP plate thickness is 

conventional.  

3.2 Material Properties 

3.2.1 FRP 

Generally speaking, the three-dimensional model of 
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Fig. 2  The modeled experimental set-up (see Ref. [7]). 
 

the unidirectional FRP material implies the definition 

of an elasticity matrix corresponding to a medium of 

transverse isotropy. However, within this study, the 

FRP material is modeled as a homogeneous and 

elastic medium of linear mechanical response until 

failure. 

3.2.2 Concrete 

The mechanical response of the concrete is modeled 

by postulating a multilinear isotropic hardening rule 

(Fig. 3). 

The relevant mechanical properties of the employed 

materials are summarized in Table 1. 

3.3 Finite Element Mesh 

The general-purpose finite element code ANSYS is 

employed to build the solid model and to generate the 

finite element mesh. 

The generated finite element mesh is displayed in 

Fig. 4.  

A pre-meshing with the Mesh200 finite element is 

performed in order to obtain a uniform mesh. Then, 

the finite element Solid185 (a 3-D structural solid 

defined by eight nodes having three degrees of 

freedom at each node: translations in the nodal x-, y- 

and z-directions) is used to generate the finite element 

mesh in the solid model. 

The finite element model contains 1,240 finite 

elements having a total of 1,522 nodes.  

As already stated, sets of coincident nodes are 

defined on the FRP-concrete interface. For every 

coupled set, one of the nodes is attached to the “FRP 

mesh” and the other-to the “concrete mesh”. All degrees  

 
Fig. 3  Stress-strain relationship for concrete. The strain 
softening response is simulated using multilinear isotropic 
hardening model. 
 

Table 1  Mechanical properties of FRP and concrete. 

FRP elasticity modulus EFRP  8,400 MPa 

FRP Poisson’s ratio νFRP  0.35 

Elasticity modulus of concrete Ec 29,075 MPa

Poisson’s ratio of concrete νc 0.2 
 

 
Fig. 4  Finite element mesh. 
 

of freedom (translations in x-, y- and z-nodal 

directions) of the coincident nodes on the interface are 

coupled together. Sets of coupled coincident nodes are 

schematically shown in Fig. 2. In Fig. 4, green 

symbols denote the coupled degrees of freedom of the 

coincident nodes.  

The model is constrained by restraining all degrees 

of freedom of nodes on the bottom surface of the 

concrete block. These boundary conditions are 

depicted with blue symbols in Fig. 4. They are also 

schematized in Fig. 2. 

3.4 Modeling the Loss of the Bond Action  

For each value of the driving force parameter (i.e., 

the applied load) a two-stage analysis is performed. 
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(a) 

 
(b) 

 

(c) 
Fig. 5  Modeling of the loss of bond action; (a) all coincident nodes are coupled before any load is applied; (b) some of the 
initially coupled sets are no longer coupled in function of the stress distribution obtained by finite element analysis; (c) shear 
stress distribution obtained for the current applied load by finite element analysis. 
 

Each step of the incremental solution contains a 

predictor step followed by a secondary analysis. 

In the first stage (i.e., the predictor step), the 

expected mutual node displacement for each set of 

coincident nodes is predicted on the basis of the 

current stress distribution. Technically, this is 

achieved by inverting the function defining the chosen 

slip-stress relationship. As already pointed out, these 

predictions are taken into account in the second stage: 

the constraint equations are modified before the 

non-linear static analysis is repeated (before the 

secondary analysis is performed). The positions of 

nodes associated with FRP finite elements are updated, 

taking into account the results obtained by finite 

element analysis done in the predictor step for the 

current increment of the driving force parameter. 

The assumed failure criterion is checked for each 

coupled set. If the maximum shear stress is reached in 

a given set the nodes that belong to this set are 

uncoupled, i.e., their displacements are no longer 

considered as mutually dependent in the subsequent 

steps of the incremental analysis. In sake of simplicity, 

the post-peak bond resistance (see for example the 

bilinear model depicted in Fig. 1) is neglected. 

4. Results 

As already discussed, the local loss of bond action 

is modeled by uncoupling the initially coupled 

coincident nodes in regard to the chosen interface 

constitutive law (i.e., slip-stress relationship), to the 

assumed failure criterion and on the basis of the stress 

distribution obtained by finite element analysis for the 

current value of the applied load (see Fig. 5).  

Fig. 6 shows displacements of the monitored nodes 

conventionally labeled 1, 2, 3, 4 and 5. Their positions 

are depicted in Fig. 4. 

The analysis of the results obtained by the used 

model shows that nodes on the FRP reinforcement are 

gradually “activated” in function of their position, i.e., 

the nodes that are situated closer to the applied load 

are “activated” before the nodes that are situated 

farther from the applied load. 

Moreover, on the basis of a qualitative analysis of 

the results depicted in Fig. 6 it can be concluded that 

the nodes which are situated closer to the applied load 

show softening behavior. Most likely, the softening 

response can be qualified as a state preceding the local 

bond failure. 
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Fig. 6  Displacements of the monitored nodes. 
 

It should be also noted that the analysis of the 

displacement evolution in the time domain is well 

motivated only for the case of a quasi-static loading 

(in which a one-to-one correlation between time and 

applied load magnitude is presumed). 

5. Concluding Remarks and Further 
Research 

A numerical procedure designed to simulate the 

loss of bond action between FRP and concrete in 

FRP-strengthened concrete elements has been presented.  

This publication continues the research work 

reported in the previously published conference paper 

“Modeling the Behavior of the Interfaces in 

FRP-Strengthened Structural Elements.” 

The proposed procedure is to be integrated in a 

finite element analysis of concrete or reinforced 

concrete structural elements strengthened with internal 

or external reinforcement in composite material. 

The future application of the procedure in practice 

would require a calibration of the chosen slip-stress 

relationship on the basis of empirical data. Other 

possibilities for further research and, respectively, 

enhancement of the procedure are the accurate 

assessment of the interfacial fracture energy or, 

alternatively, the development of a damage-based 

model designed to take into account the loss of bond 

action. 

References 

[1] Sato, Y., Kimura, K., and Kobatake, Y. 1997. “Bond 

Behavior between CFRP Sheet and Concrete (Part 1).” J. 

of Structural Construction Engineering, AIJ 500: 75-82. 

[2] Lorenzis, L., Miller, B., and Nanni, A. 2001. “Bond of 

Fiber-Reinforced Polymer Laminates to Concrete.” ACI 

Material Journal 98 (3): 256-64. 

[3] Yoshizawa, H., Wu, Z., Yuan, H., and Kanakubo, T. 

2000. “Study on FRP-Concerte Interface Bond 

Performance.” Journal of Materials, Concrete Structures 

and Pavement, JSCE 49 (662): 105-19. (in Japanese) 

[4] Nakaba, K., Kanakubo, T., Furuta, T., and Yoshizawa, H. 

2001. “Bond Behavior Between Fiber-Reinforced 

Polymer Laminates and Concrete.” ACI Structural 

Journal 98 (3): 359-67. 

[5] Sato, Y., Asano, Y., and Ueda, T. 2000. “Fundamental 

Study on Bond Mechanism of Carbon Fiber Sheet.” 

Concrete Library International, JSCE 37: 97-115. 

[6] Rossetti, V., Galeota, D., and Gimmatteo, M. 1995. 

“Local Bond Stress-Slip Relationships of Glass fibre 

Reinforced Plastic Bars Embedded in Concrete.” 

Materials and Structures 28: 340-4. 

[7] Chajes, M., Finch Jr, W., Januska, T., and Thomson Jr, T. 

1996. “Bond and Force Transfer of Composite Material 

Plates Bonded to Concrete.” ACI Struct. J. 93: 208-17. 

[8] Ferracuti, B., Savoia, M., and Mazzotti, C. 2007. 

“Interface Law for FRP-Concrete Delamination.” 

Composite Structures 80: 523-31. 

[9] Monti, G., Renzelli, M., Luciani, P., and Tan, K. H. 2003. 

“FRP Adhesion in Uncracked and Cracked Concrete 

Zones.” In Proceedings of the Sixth International 

Symposium on FRP Reinforcement for Concrete. 

Structures (FRPRCS-6), Singapore, 183-92. 

[10] Wu, Z., Yuan, H., and Niu, H. 2002. “Stress Transfer and 

Fracture Propagation in Different Kinds of Adhesive 

Joints.” J. Eng. Mech. ASCE 128 (5): 562-73. 

[11] Neto, P., Alfaiate, J., Almeida, J., Pires, E., and Vinagre, 

J. 2004. editors. “Inverse Analysis for Calibration of 

FRP—Concrete Interface Law.” In Proceedings 

FraMCoS, 2, Vail, Colorado, USA, 781-6. 

[12] Yuan, H., Teng, J., Seracino, R., Wu, Z., and Yao, J. 

2004. “Full-Range Behavior of FRP-to-Concrete Bonded 

Joints.” Eng. Struct. 26 (5): 553-65. 

[13] Dai, J., Ueda, T., and Sato, Y. 2005. “Development of the 

Nonlinear Bond Stress-Slip Model of Fiber Reinforced. 

Plastics Sheet-Concrete Interfaces with a Simple Method.” 

Journal of Composites for Construction, ASCE 9 (1): 

52-62. 

 


