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MODELLING OF CFRP STRENGTHENING ON THE BEHAVIOR 
OF RC SLENDER COLUMNS

1. Introduction

Considering that the major cause of construction collapse is column failure, specific retrofitting tech-
niques and design rules have to be established. In this context, the use of Fibre Reinforced Polymer (CFRP) 
has significantly increased in construction and civil engineering fields. Indeed, bonding of external CFRP 
reinforcements is now recognized as an effective technique for the strengthening of reinforced concrete (RC) 
structures, and it can be particularly useful for seismic retrofitting. Most studies conducted to date on rein-
forcement of existing RC columns using externally bonded CFRP have mainly been focused on confinement 
efficiency [1-3] and strengthening [4-6]. However, few experimental data are currently available regarding 
the behavior of reinforced concrete columns reinforced by associating a flexural strengthening, achieved by 
CFRP plates bonded longitudinally, with a confinement by wrapping. 

In this context, an experimental campaign in actual large scale reinforced concrete columns with dif-
ferent reinforcement configurations was completed and tested in the laboratory structures IFSTTAR located 
in Paris by [7] in the INPERMISE project. Its objective was to compare and quantify the specific contribution 
of each process, namely the action of CFRP confinement, the action of strips CFRP to bending, the action of 
the anchoring of these strips and the combination of these reinforcement methods. The experimental results 
were analysed by simple formulas to estimate the maximum strength of each column but the ductility and the 
significant drop in resistance when breaking the anchor are not reproduced. In this paper, numerical analysis 
by using different modeling technique will be used to reproduce the later behaviors of each column.

2. RC columns retrofitted by CFRP

A total of 8 representative scale RC column specimens were constructed. Specimens consisted of 
0.25×0.37×2.50m3 columns connected to 1.25×1.00×1.00m3 RC stubs (Fig. 1). Six 10mm steel deformed 
rebars were used for longitudinal reinforcement and 6mm ties spaced at 150mm, were used for trans-
verse reinforcement. For the 8 columns, four CFRP strengthening configurations were studied so: Without 
strengthening (reference specimens PRef1 and PRef2); confinement specimens PC1 and PC2 (8 strips 
CFRP dimension 300×1440 mm2); a combination of confinement and laminates for specimens PCL1 and 
PCL2 (10 lamellas of dimension 50×2500 mm2 and 8 strips CFRP dimension 300×1440 mm2); and a com-
bination of confinement and anchored laminates (PCLA1 and PCLA2) (10 lamellas of dimension 50×2500 
mm2, 8 strips CFRP dimension 300×1440mm2 and anchoring system on the large face). Those strengthen-
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ing configurations are summarized 
in (Fig. 2). Repeating the experi-
ments twice was an experimental 
choice to increase the confidence 
level in the results. 

These design details pro-
duce a longitudinal reinforcement 
ratio of 0.5%. Reinforcement bars 
showed yield stress and ultimate 
strength of 500 MPa and 610 
MPa respectively. The column 
was considered to have reached 
its ultimate condition when the 
specimen is unable to sustain an 
applied lateral load inferior to 50% 
of the maximum lateral capacity 
observed during the test.

The compression strength 
of concrete at 28 days was eval-
uated at 41.5 MPa. The wetlay up 
process was used for the CFRP 
confining jacket. Saturated car-
bon fibre sheets were wrapped 
around the column while flexural reinforcement was achieved by bonding pultruded CFRP plates. Charac-
teristics of CFRP reinforcements are summarized in Table 1 presented characteristics are those reported 
by the manufacturer.

Table 1. Manufacturer reported CFRP reinforcement 
(Freyssinet products)

Properties CFRP sheets (TFC©) Pultruded plates
Tensile modulus (MPa) 105 000 MPa 160 000MPa

Ultimate strain (%) 1.1 0.7

Thickness 0.48 mm 1.2 mm

Width 300 mm 50 mm

Figure 1. Column dimensions and test setup [7]

Figure 2. CFRP strengthening configuration [7]

Seismic load was simulated by applying cyclic lateral displacements gradually increasing (represen-
tative of a seismic loading), while the column was simultaneously subjected to a constant axial load (sim-
ulating gravity load). The constant axial load of 700kN was applied through a pair of hydraulic jacks linked 
to prestressing tendons, and displacement controlled lateral load was applied thanks to another hydraulic 
(Fig. 1). After the application of the axial load, the specimen was subjected to progressively increasing 
lateral displacement cycles. Two fully reversed cycles were applied for each displacement step. Those dis-
placement steps, referred here as “drift ratio”, were defined as a ratio of the column height: 0.25%; 0.5%; 
1%; 2%; 4%; etc. until failure. The column was considered to have reached its ultimate condition when 
the specimen is unable to sustain an applied lateral load inferior to 50% of the maximum lateral capacity 
observed during the test.

3. Modelling of CFRP strengthening

The current work deals to valid two different frame element formulations, namely the multifiber beam 
element and the multilayer shell element using the finite element code CAST3M [8] in order to compare 
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with the experimental results. The numerical model was developed with the same geometrical and loading 
characteristics previously presented. 

For the multifiber beam element approach, the uniaxial behavior of concrete was adopted for describ-
ing the nonlinear behavior of the fiber type beam elements. The uniaxial behavior of concrete was adopted 
for describing the nonlinear behavior of the fiber type beam elements [9].

For the multilayer shell element, an elasto-plastic concrete model that provides acceptable represen-
tation of the cyclic inelastic behavior of reinforced concrete under cyclic loading was used. This model Mera-
bet & Reynouard [10], adopts the concept of a smeared crack approach with a possible double cracking only 
at 90°. It is based upon the plasticity theory for uncracked concrete with isotropic hardening and associated 
flow rule. Two distinct criteria describe the failure surface: Nadai in compression and bi-compression and 
Rankine in tension. Hardening is isotropic and an associated flow rule is used. When the ultimate surface is 
reached in tension, a crack is created perpendicularly to the principal direction of maximum tensile stress, 
and its orientation is considered as fixed subsequently. Each direction is then processed independently by a 
cyclic uniaxial law, and the stress tensor in the local co-ordinate system defined by the direction of the cracks 
is completed by the shear stress, elastically calculated with a reduced shear modulus modulus, to account for 
the effect of interface shear transfer. The model has been described in detail and verified elsewhere [11-12].

For steel, a cyclic model that can take into account the Bauschinger effect and buckling of reinforcing 
bars has been adopted. The cyclic behavior is described by the formulation proposed by Giuffré and Pinto 
and implemented by [13].

The behavior of reinforced concrete structures retrofitting by the CFRP bonding technique outside 
the section, in the form of thin plates or sheets, is often dominated by three effects: the debonding between 
CFRP and concrete; the bend strength of CFRP stirrups and the behavior and effectiveness of CFRP wrap 
in the confinement.

It’s important to note that the specimens have characteristics of the old constructions, not submitted 
to the general principles of seismic design. Therefore, the confinement effect of the horizontal reinforcement 
is not considered in the concrete model.

3.1 Debonding Behavior
Despite the extensive research that has been carried out, there are still significant uncertainties and 

difficulties in finite element modeling of CFRP detachment due to the complex behavior of cracked concrete. 
In general, there are two approaches to simulate this type of ruin. The first is to introduce interface elements 
between the CFRP and concrete [14], and the ruin corresponding to the breakdown of these elements. The 
success of this approach depends on the behavior law specified for the interface elements but in general 
the numerical scheme presents difficulties of convergence. Concerning the second approach, the use of 
interface elements is avoided, and the debonding is directly simulated by the modeling of the cracking of the 
concrete adjacent to the adhesive layer. [15] proposed an approach of this type: the carbon fiber elements 
are directly connected to concrete elements that make up the adjacent concrete, taking concrete element 
sizes well below the physical thickness of the layer of concrete that loosens (of the order of a few mm). This 
method makes it possible to translate correctly the behavior of the detachment without problem of numerical 
convergence but the resolution becomes very heavy in the practical cases where the number of elements 
is important.

Figure 3. Modeling of CFRP stirrups
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For the prediction of the debonding, the use of a coefficient of efficiency of the CFRP is necessary. 
This coefficient depends on the configuration of the reinforcements. It has been the subject of several re-
search studies have been carried out [16]. In the case of non-anchored reinforcements, this value is equal to 
the elastic strength of the CFRP multiplied by the efficiency coefficient of 0.9, whereas for the anchorages it 
is considered the elastic strength of the CFRP. In order to reproduce the observed debonding while account-
ing for the tensile force in the CFRP strips due to the anchorage, an elastoplastic model has been proposed 
(Figure 3). This approach permits to avoid the introduction of an interface element between the concrete and 
the CFRP strips and turns out to be efficient for modeling the CFRP-retrofitted RC slender column.

3.2 Bend strength of CFRP stirrups
In the case of reinforcement with respect to the bending, the CFRP is oriented axially (parallel to the 

axis of the element). The presence of the CFRP on one or more faces of an element plays a role similar to 
that of additional longitudinal reinforcements. The modeling strategy adopted therefore consists in repre-
senting the reinforcement by additional layers in the section of the multilayer element and of the additional 
fibers within the section of the multi-fiber beam element. The section of the element is then composed of 
layers or fibers of concrete, steel and CFRP (Fig. 4). This modeling technique does not present any signifi-
cant difficulties and can therefore be simply integrated into a finite element code without excessively adding 
to the calculation process.

Figure 4. CFRPs in the multi-layer shell element (left) and the multi-fiber beam element (right)

3.3 Effectiveness of CFRP wrap in the confinement 
Over the last three decades, the behavior of confined concrete has been extensively studied by many 

researchers, and the main mechanisms behind the containment are now well known and established. De-
spite extensive research, an analytical tool suitable for predicting the behavior of CFRP confined concrete 
has not yet been established for the diversity of reinforcement configurations. Most of the available models 
are empirical in nature and have been calibrated to available experimental data. In the first category, com-
pressive strength, ultimate axial strain and stress-strain behavior of CFRP confined concrete are predicted 
using analytical equations based directly on the interpretation of the experimental results. In the second cat-
egory, stress-strain curves of confined concrete are generated using an incremental numerical procedure. In 
this second approach, an active confinement model is used to evaluate the axial stress and the stress of the 
concrete, passively confined under a given confinement pressure. In this context, the interaction between 
the concrete and the confinement material is clearly represented by the equilibrium of forces considering the 
compatibility of the radial displacement.

In order to reflect the effect of confinement, the concrete behavior law must be modified in order to 
take into account the following modifications: tensile and compressive strength, post-peak tensile slopes and 
compression by modifying the concrete failure energy due to the presence of the CFRPs, the cyclic opening 
and reclosing laws of cracks. In this work, the principle of modeling the behavior of confined concrete is 
similar. The compression failure strain are summarized in the study by [17]. For this work, the compressive 
strength and failure strain adopted by Eurocode 8 [18] has been used:

							                (1)

							               (2)
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The unconfined concrete strain (εc0) corresponding to the maximum compression strength was tak-
en as 0.003 while the value for the confinement factor was 1.16 for the confined concrete and 1.0 for the 
concrete cover. The modeling parameters for the columns are presented in the Table 2.

Table 2. Numeric parameter for the columns

Definition PRef PC PCL PCLA
E0 Young Modulus [GPa] 28.0 28.0 28.0 28.0

fc Compressive strength [MPa] 40.0 45.0 45.0 45.0

ft Tensile strength [MPa] 3.2 3.6 3.6 3.6

εtm Cracking strain 4.5E-03 4.5E-3 5.5E-3 5.5E-3

εrupt Fracture strain in compression 20.0E-03 45.0E-3 50.0E-3 50.0E-3

4. Comparison between experimental and numerical results

The load-lateral displacements envelope curves of Pref, PC, PCL and PCLA are presented in Figs. 5 
and 6. Concerning the resistance to lateral force, it can be observed that the load maximum recovery by the 
specimen reference (Pref) is essentially identical to that given by the retrofitting specimens (PC and PCL).  
If the composite strengthening often has demonstrated a performance in terms of increasing the support 
capacity of the column, even in the case of the composed flexure [19-20], retrofitting configurations tested 
on PC and PCL (respectively confinement and confinement coupled to the laminate single) does not allow 
to take a larger lateral force, even when it is accompanied by a confinement reinforcement bending (PCL). 
The configuration combining the confinement and the laminate anchored to the bending (PCLA) provide a 
net increase of the maximum lateral resumed (37% compared to the force absorbed by PCL).   

Concerning the ductility behavior, the ultimate lateral displacement of specimens retrofitted is about 
twice this once of reference specimen. Indeed, the composite confines the compressed concrete, including 
the plastic hinge, will delay the damage and limit the crack width, both in the tension part and compressed 
part. Overall, the confinement allows delay breaking capacity and to increase the lateral displacement of the 
columns, making them more efficient.

Figure 5. Multilayer shell element (*_Num: numeric result; *_Exp: Experimental result)

Figure 6. Multifiber beam element (*_Num: numeric result; *_Exp: Experimental result)
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The two numerical pushover curves are very close to the experimental data, with a slight overestima-
tion of the strength. In particular, the loss of sudden resistance of the PCLA specimen is due to the rupture of 
the anchored CFRP bands. In addition to the load–displacement curves, the failure modes predicted by the 
numerical approaches are confronted with the observed failure modes in pushover tests.

If we compare the cracking patterns predicted by numerical calculation, we can see that the cracks 
are more distributed in the case of the reference column without strengthning (Pref) and more concentrated 
towards the critical section in the case of strengthning. In order to investigate the confinement effect, the 
damage pattern corresponding to a 50 mm displacement of the Pref and PCL are shown in Figs. 7 and 8. For 
the Pref column, the cracks develop first in the critical section between the current part of the column and the 
foundation, and then they propagate over the column height. For the reinforced columns, the damage area 
remains more localized at the bottom of the column.

5. Conclusion

In this paper, the CFRP strengthening on the behavior of RC slender columns were simulated by 
different modeling techniques. Consideration of confinement and flexural reinforcement was also discussed. 
CFRP reinforcement is taken into account by modifying the parameters of concrete behavior laws, such as 
tensile and compressive strengths and softening slopes by modifying the failure energies. The CFRP bend-
ing reinforcement strips without anchoring were modeled by bar elements having a resilient behavior up to 
90% of the CFRP strength, while the anchored CFRP strips have an elastic behavior up to the resistance of 
the CFRP. A nonlinear finite element method is used, based on multilayer shell element and multifiber beams 
with plasticity and damage models. The pushover curves and the ruin modes found are very consistent with 
the experimental results. In this study, we validated the approaches and assumptions adopted in order to 
correctly predict the behavior of reinforced structural elements. This is a first step before dealing with the 
case of complete structures.
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