Arnaud Rolland 
email: arnaud.rolland@cerema.fr
  
Pierre Argoul 
  
Karim Benzarti 
  
Marc Quiertant 
  
Sylvain Chataigner 
  
Aghiad Khadour 
  
Analytical and numerical modeling of the bond behavior between FRP reinforcing bars and concrete

Keywords: numerical modeling, Pull-out tests, Optical fiber sensors

Highlights

• An analytical bond-slip model of the concrete/rebar interface is first proposed

• The identified bond-slip law is then introduced in a finite element (FE) model

• FE model is used to describe the local interface behavior during pull-out tests

• Simulated strain profiles are compared to fiber optic sensor measurements • Good agreement is found in the interface damage domain at high load level

Introduction

Corrosion of steel reinforcing bars (rebars) is the main cause of degradation of reinforced concrete structures, and has large incidence on maintenance / reparation expenses. To prevent such degradations in new infrastructures, the use of corrosion-free reinforcements, such as Fiber-Reinforced Polymer (FRP) rebars is gaining interest. The main FRP products available on the market are made of glass (GFRP), carbon (CFRP), aramid (AFRP) or basalt (BFRP) fibers, and thermosetting matrices (vinyl ester or epoxy resins). Compared to conventional steel reinforcement, FRP rebars are lighter, stronger in tension, corrosion resistant and electromagnetically neutral (with the exception of CFRP rebars).

Bond properties between FRP rebars and concrete play a major role in the load transfer process at the local scale, and may also affect mechanical performance of the overall FRP-reinforced concrete structure. The bond behavior depends on many parameters, such as compressive strength of concrete, stiffness of the FRP reinforcement, surface geometry of the rebar, level of adherence between the surface layer (which is usually a sand coating) and the core of the rebar, type of polymer matrix, as well as fiber / matrix interface properties [1-7]. These bond properties can have a strong impact at the structural scale, especially when considering inservice deformations (deflections) and cracking of concrete cover [START_REF] Okelo | Bond strength of fiber reinforced polymer rebars in normal strength concrete[END_REF].

Up to now, there has been limited use of FRP rebars in construction due to various concerns regarding their long-term durability but also their bond characteristics in concrete. The present paper aims at investigating more specifically these bond characteristics and the mechanism of load transfer between the rebar and surrounding concrete. The present study proposes an original approach for modeling the mechanical behavior of FRP or steel rebars embedded in concrete and subjected to pull-out loading. It relies on previous experimental investigations [ [START_REF] Rolland | Comportement mécanique et durabilité de structures en béton renforcées par des armatures composites internes[END_REF][START_REF] Rolland | Experimental investigation and modelling of the bond between aramid fiber-reinforced polymer bars and concrete[END_REF][START_REF] Rolland | Experimental investigations on the bond behavior between concrete and FRP reinforcing bars[END_REF], in which pull-out tests were carried out on specimens equipped with distributed optical fiber sensors (DOFS). Such an instrumentation made it possible i) to collect continuous strain profiles along the bar/concrete interface, ii) to evaluate the effective development length of selected rebars from the market and iii) to determine the influence of various parameters (characteristics of the sand coating, size of the bar, nature of the fibers) on the bond-slip behavior at the FRP/concrete interface.

In the present research, a first part briefly recalls the outlines of the experimental program (types of bars, geometry of the reinforced concrete (RC) specimens, procedure used for the pull-out tests, DOFS instrumentation) that serves as basis for the present theoretical study. An original approach is then developed to model the bond-slip behavior of RC specimens under pull-out loading configuration:

-an analytical bond-slip law derived from a cohesive zone model is first introduced; its parameters are then identified from experimental data using a specific identification method.

-in a second step, pull-out tests are simulated using Abaqus® Finite Element (FE) code.

The interface between the rebar and concrete is modeled using cohesive elements associated with the previously identified analytical bond-slip law.

Outlines of the Experimental Program

Studied rebars

Various FRP rebars provided by different manufacturers and made of glass, aramid and carbon fibers were used in this study. Corresponding series are identified in the present paper as GLASS, CARBO and ARA respectively. For all these series, main information regarding the manufacturers, commercial brands, nature of fiber and matrix is listed in Table 1, whereas measured tensile properties are reported in Table 2 [START_REF] Rolland | Comportement mécanique et durabilité de structures en béton renforcées par des armatures composites internes[END_REF][START_REF] Rolland | Experimental investigation and modelling of the bond between aramid fiber-reinforced polymer bars and concrete[END_REF][START_REF] Rolland | Experimental investigations on the bond behavior between concrete and FRP reinforcing bars[END_REF]. Rebars of each series were supplied with different surface finishes, either sand coated or plain as shown in Fig. 1. Different studies have demonstrated that sand-coating has a strong influence on the bond properties between the bar and the concrete [10, [START_REF] Cosenza | Behavior and modeling of bond of RFP rebars to concrete[END_REF][START_REF] Bank | The effect of material degradation on bond properties of fiber reinforced plastic reinforcing bars in concrete[END_REF][START_REF] Tighiouart | Investigation on bond in concrete member with fiber reinforced polymer (FRP) bars[END_REF][START_REF] Rolland | Experimental investigations on the bond behavior between concrete and FRP reinforcing bars[END_REF]. It is to note that rebars commercialized for construction applications are systematically produced with a surface relief to improve the bond performance (sand coating, ribs, etc ...). Among the studied products, it should be mentioned that ARA bars are made from braided strands of aramid fibers, which gives them a specific geometry as shown in Fig. 1.

Moreover, various rebar diameters were considered in the experimental campaign for the preparation of the pull-out specimens. Sub-series of specimens are thus labelled xxx-S-yy and xxx-NS-yy, where xxx refers to the series (GLASS, CARBO or ARA), S or NS to the surface finish (sanded and not sanded respectively) and yy to the diameter expressed in mm (Table 3).

For the purpose of comparison, ribbed steel rebars of diameter 12 mm and made of high yield steel (classified as B500B according to EN 10080 standard [10]) were also considered in this this work and are denoted by STEEL-D-12. Their aspect is also depicted in Fig. 1. For each sub-series listed in Table 3, two pull-out specimens were tested. Samples of the same sub-series were thus labeled xxx-S-yy-1 and xxx-S-yy-2. Specimens reinforced by deformed steel rebars were also tested for the sake comparison.

Pull-out tests were performed using a universal testing machine; load was applied to the end of the bar by a hydraulic jack at a speed of 1.2 mm/min. During the test, the slip of the free end of the bar was measured by a laser sensor, as illustrated in Fig. 2.a. Besides, distributed strain measurements were made at different load levels using optical fibers, in order to determine the strain profiles along the concrete/rebar interface. This instrumentation is detailed in the following section.

Optical fiber sensor instrumentation

Prior to the tests, pull-out specimens were instrumented using Distributed Optical Fiber Sensors (DOFS). This technique allows measuring the strain distribution along the concrete/rebar interface with a high spatial resolution of about 1 mm. Such an instrumentation was successfully used in previous studies related to interface behaviors [START_REF] Quiertant | Deformation monitoring of reinforcement bars with a distributed fiber optic sensor for the SHM of reinforced concrete structures[END_REF][START_REF] Henault | Quantitative strain measurement and crack detection in RC structures using a truly distributed fiber optic sensing system[END_REF][START_REF] Khadour | Distributed strain monitoring of reinforcement bars using optical fibers for SHM[END_REF][START_REF] Marchand | Bond behaviour of reinforcing bars in UHPFRC[END_REF]. To enhance bonding of the optical fiber at the surface of the FRP bars, these latter were engraved over a length of 300 mm and at depth of 2 mm and the fibers were sealed in the groove using a special glue (Fig. 4). The acquisition of the strain profiles along the optical fiber was performed using an Optical The CZM model available in the finite element code Abaqus® was used in this study [START_REF]Abaqus 6.1 Analysis User's Manual[END_REF]. The traction-separation law associated with this model is expressed in the general form as follows:
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Where tn, ts, and tt correspond respectively to the normal stress(es) to separation plane (n mode: opening), and to the shear stresses in the two different modes (s mode: off-plan shear, t mode: in-plane shear). n, s, and t correspond to the separations (displacements) associated with each corresponding mode. The parameter D is the scalar damage variable (isotropic damage), ranging from 0 (no damage) to 1 (local failure).

[K] is the cohesive stiffness tensor.

The matrix form of the behavior law is expressed as:
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For the concrete/bar bond behavior, the dominant mode is assumed to be in-plane shear, which leads to consider in the separation vector the value t only, subsequently noted . The interface constitutive law can then be written in the following simplified form (tt =, Ktt = KT):

( )

( ) 1 T τ δ = D K δ - (3) 
This law is finally governed by two parameters. KT corresponds to the initial stiffness of the shear interface, and D is the scalar damage variable, which can be written as follows:

( ) ( )
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To simulate as closely as possible the behavior of the bars during a pull-out test, the following paragraphs will focus on developing an analytical bond-slip constitutive law () adapted to describe the bond behavior between the selected bars and concrete. Then, the damage evolution law D() will be deduced from the proposed analytical law (note that ( )

( ) 0 T δ= dτδ K= dδ ).

Development of an analytical bond-slip model

Among These models describe the evolution of the shear stress  as a function of the slip of the bar s.

The response to an increasing monotonic load consists in a first non-linear ascending branch below the ultimate bond stress  at s = s1, possibly followed by a horizontal plateau extending up to s2 (in the case of BPE model only), then a linear descending branch up to s3, and finally a final plateau corresponding to a residual bond-stress  attributed to shear friction.

In the case of BPE model, the analytical expression of the ascending branch  (s) is:
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Whereas for CMR model, the ascending branch can be expressed as:
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, , and sr are constant parameters, generally extracted from experimental curves. These two models both lead to an undefined slope (i.e. infinite slope) at the origin point (s = 0), which may create convergence problems or instabilities when implementing the law in a numerical model (infinite initial stiffness KT). To overcome this difficulty, the following bondslip law is proposed:
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The bond-slip response associated with this model is shown in Fig. 6. It consists in a first linear ascending branch of finite slope KT = 0 / s0, followed for slip values above s0 by a non-linear branch (hyperbolic) reaching 1 when the slip is equal to s1, and finally a third descending branch (also of the hyperbolic type), with a horizontal asymptote tending to ∞. The two parameters  and  govern the curvatures of the ascending and descending branches, respectively.

Although the interface behavior may depend on characteristics of the constituent materials (FRP bar and concrete), the present approach is based on a phenomenological model and doesn't include explicit expression for the influence of material properties. As a result, the model parameters are only valid for specimens which served for their identification. In a future generalization of the model to other types of concrete and FRPs, it could be interesting to enrich the model by including parameters related to material characteristics. Considering n couples of values (si, i) with 1 ≤ i ≤ n, n being the number of experimental points of each curve, the identification procedure is divided into three steps:

1) The value of 1 is identified from the experimental curve as the maximum shear stress obtained during the test (i.e. the average bond strength, calculated from the ratio of the maximum load to the embedded surface area), and the value of s1 is determined by the corresponding slip value.

2) The five other parameters are gathered in a vector  = [s0 0 ∞  ] T . The optimum value of  is determined according to the least squares approach by minimizing the following cost function ():
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3) The minimization is then performed using the Leastsq® algorithm [START_REF]Scilab Online Help[END_REF] in Scilab® environment, by the iterative Quasi-Newton BFGS (Broyden-Fletcher-Goldfarb-Shanno) method [START_REF] Broyden | The convergence of a class of double-rank minimization algorithms[END_REF]. The initial values of parameters s0, 0, ∞,  and  to be optimized are respectively set to s0,0 = s1/2, 0,0 = ∞,0 = 1 and 0 = 0 = 1. The iterations end when the gradient norm of () becomes less than 10 -6 .

Results of the identification

The identification procedure of the model parameters was applied to 17 experimental bond-slip curves made of n  1000 points per curve (see Fig. 89101112). For each point, the bond stress is calculated at every loading step as the average shear stress, moy, corresponding to the current loading force exerted on the loaded end of the bar, divided by the surface of the bar embedded in concrete:

πdL F = τ moy (9)
Results of the identifications are all gathered in It should be noted that all specimens tested in the framework of this experimental campaign exhibited pull-out type failure mode (see Fig. 7).

Note also that the experimental slip of ARA-S-9-2 specimen could not be recorded due to a breakdown of the laser sensor, hence no simulation could be achieved for this peculiar test specimen. whatever the type of bar considered.

Some differences can be noted between specimens of a same series, both for experimental and fitted curves. This may be due to the inhomogeneous nature of concrete which can affect the initial stiffness and strength of the concrete/rebar interface, hence the values of several related parameters of the model. s0 and s1 are among the most affected parameters.

In order to model the concrete/bar interface behavior more accurately (i.e., at the local scale)

and compare theoretical simulations to the continuous strain profiles provided by DOFS, the identified bond-slip laws can now be implemented in the numerical cohesive zone model previously introduced in section 3.1.

Numerical modeling

Finite element mesh and loading conditions

Numerical analyses of the pull-out tests were carried out using Abaqus® finite element code.

Given the geometry of the problem, a 2D axisymmetric model was adopted in which the rebar is positioned along the axis of symmetry, thus reducing the number of elements of the mesh (Fig. 13). Close to the cohesion layer, the size of the mesh elements was refined to accurately describe the deformation and stress gradients, whereas in the other concrete regions, a coarser mesh was used to reduce the computational cost. The concrete and the reinforcement domains were discretized using 4 nodes Continuous AXisymmetric quadrangular elements (CAX4 [28]).

A row of COHesive AXisymmetric quadrangular elements with 4 nodes (COHAX4 [28]) was intercalated between the concrete and rebar domains, in order to permit a bond-slip effect.

The loading condition consisted in applying an axial displacement (in the pull-out direction) to 
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Ef, f and Gf are the longitudinal Young's modulus, the Poisson's ratio and the shear modulus of the fibers, and Em, m and Gm are the Young's modulus, the Poisson's ratio and the shear modulus of the matrix. Vf and Vm are the volume fraction of fibers and matrix, respectively.

Values of material's properties that were computed in the model are listed in Table 5. In order to implement the analytical bond-slip model previously proposed into the numerical CZM model, the initial stiffness of the shear interface KT (see Eq. (3)) should be set to KT = 0 / s0. Concerning the damage evolution law, D() can be directly expressed for a monotonic loading by replacing () in Eq. (4) by the expression proposed in Eq. (7). In each curve, the damage initiation threshold corresponds to the displacement s0, obtained for the shear stress 0. For each calculation involving a particular kind of rebar, the corresponding identified damage evolution law has been introduced in Abaqus® FE code via a table of values (i, Di)

Table 5. Properties of concrete and rebars used for the numerical modeling

Material

f V L E (GPa) f E (GPa) f ν m ν T E (GPa) LT G (GPa) LT ν TT ν GLASS 0.
describing the evolution of D() (with a minimum step of 0.01 mm for ). An example of damage evolution curve (deduced from the analytical law obtained from the pull-out test on GLASS-S-12.7-1 specimen) is shown in Fig. 14. 

FE simulations based on the identified bond-slip laws

A first series of numerical simulations were performed using the mesh presented in Fig. 13, the elastic parameters reported in Table 5 and the analytical bond-slip laws previously identified in section 4.2 for the various bars.

The numerical bond-slip curves (average shear stress versus global slip) are displayed in 

Optimization of the FE calculations

In the previous sections, the local parameters of the bond-slip law for the cohesive elements were identified from non-local data (average bond stress and slip at the free end of the bar), which resulted in a significant gap between the simulation of the FE model and that of the analytical model (it should be recalled that this latter was identified from experimental data).

To improve the response of the FE model, a possible solution is to determine the model parameters by an iterative back-analysis method involving iterative numerical simulations.

However, considering that such type procedure remains costly in terms of computing time, a simplified optimization method was preferred, as detailed below.

In order to calibrate the FE model, additional simulation were conducted in Abaqus® taking into account, for the interface elements, a modified analytical law which is expressed by: ( ) ( )

δ γτ = δ τ * (12) 
 is a modulation coefficient equal to the ratio between τ1 (resulting of parameter identification procedure of the analytical model see Table 4) and the maximum bond stress max,num raised by the first run of numerical simulations (i.e. results shown in Fig. 1516171819). The modulation factor is then calculated as follows:

num max τ τ = γ , 1 (13) 
Values of modulation factors  determined for the various test specimens are reported in Table 6.

Another series of FE numerical simulation was then carried out, in which the interface law was modified by taking into account this modulation factor. Theoretical bond-slip curves provided by this optimized FE model are also displayed in Fig. 15-19 for the various types of specimens, with the label "numerical simulation (optimized)". This time, a good agreement is found between the optimized FE simulations and the analytical model, suggesting that the calibration procedure has been successful.

Since different values of experimental strength were generally found for the two specimens of each series (attributed to the heterogeneous nature of concrete), it is to note that significant differences were also provided by numerical simulations. 

FE simulation of the interfacial strain profiles and comparison with experimental

DOFS measurements

As the FE model has been calibrated, it can now be used to describe the bond behavior at the local scale, and more particularly, to determine the strain profiles along the concrete/rebar interface.

Figs. 20-26 display the interfacial strain profiles simulated using the optimized FE model (in dashed lines) for the various specimens, and for load levels corresponding approximately to 20 and 80 % of the ultimate bond capacity. In these graphs, the abscissa origin corresponds to the point of the interface located at the end of the embedded section of the rebar (see Fig. 13.b).

For the sake of comparison, interfacial strain profiles collected by the DOFS instrumentation are also plotted on the same graphs. In addition, theoretical strain profiles obtained by considering a perfect bond between the rebar and concrete in the FE calculations (i.e., without cohesive elements at the interface) are also presented in these figures to highlight the role of the cohesive elements in the FE modeling. Note that the strain profiles could not be measured From these curves, it can be noticed that strain profiles obtained from FE simulations using the cohesive elements (curves denoted "Numerical model" in the graphs) exhibit a quasi-linear strain distribution along the embedded length, decreasing from the loaded end to the free end.

Differently, FE simulations that consider a perfect bond (curves denoted "Perfect Bond" in the graphs) provide interfacial strain profiles with an exponential shape.

Globally, a good correlation was found between numerical profiles calculated using the cohesive model with optimized parameters and the experimental data for load levels around of 80 % of the ultimate capacity, i.e., when the interface is already significantly damaged.

Differently, at lowest load level (around 20 % of the ultimate capacity), experimental strain profiles show a better agreement with the theoretical profiles calculated by considering a perfect interfacial bond, than with simulations from the cohesive zone model.

This result suggests that the initial interface stiffness (KT = 0 / s0) considered in the proposed bond-slip model may be too low. Therefore, further development is suited to refine the parameter identification method, and especially the capture of this initial interface stiffness.

This parameter may indeed affect significantly the stress distribution at the bar/concrete interface and consequently the development length of the rebars in the FE modeling.

Conclusions

The objective of this study was to propose a numerical model capable of simulating the bond behavior between FRP rebars and concrete for specimens subjected to pull-out tests. In this context, an analytical bond-slip model based on a variant of the CMR model was first proposed.

Although numerous material parameters may actually influence the bond behavior [1-7], an advantage of this phenomenological approach is to describe such behavior with a reduced set of parameters.

The cohesive law was then identified from experimental data and successfully applied to describe the "global" bond behavior of the specimens during pull-out tests (i.e., the evolution of the average bond stress versus the global slip at the free end of the bar). Since the identification procedure was carried out on each curve of a same series, it made it possible to reproduce each curve, but also the experimental dispersion between samples of the same series.

In the case of predictive calculations, an average approach (by averaging the experimental results) would then be necessary.

As the identified bond-slip law had a finite initial slope, it was directly implemented in a FE model (CZM model). A first series of numerical simulations showed significant gap with experimental results, mainly attributed to the fact that parameters of the local bond-slip law of cohesive FE elements are identified from non-local measurements (average shear stress / freeend slip). A simple numerical calibration of the bond-slip law was thus carried-out to optimize the model so that it can describe the non-uniform distribution of the shear stresses at the concrete/bar interface.

Finally, the optimized model made it possible to compute the local strain profiles along the bar / concrete interface. These simulations were then compared with experimental data collected by the DOFS instrumentation at different loading stages, as this innovative technology based on Rayleigh scatter provides continuous strain profiles related to the local interface behavior.

In view of the results, the proposed model seems able to simulate the local bond behavior at high load levels, when the interface is significantly damaged. Differently, the comparison shows less agreement at low load levels (i.e., in the case of an undamaged or slightly damage interface) and additional refinement of the model is needed to capture the initial interface stiffness more accurately. Nevertheless, the proposed modeling approach gives promising results and could be extended to other studies. This model is a first step towards the development of a robust numerical tool dedicated to the design of FRP reinforced concrete structures.

  Experimental methods commonly used to assess the bond behavior of rebars with concrete are the direct pull-out test and the bond beam test. Described in ACI 440.3R-04 [8], Rilem recommendations [9] and EN 10080 [10], the direct pull-out test is generally considered as the most easy to perform, and was usually adopted in previous studies dedicated to the bond performance of FRP rebars [1-3, 5, 7, 11-15]. As regards theoretical approaches, several analytical models were proposed in the literature to describe the bond-slip behavior of steel or FRP rebars embedded in concrete [12, 16-17]. Numerical modeling based on the finite element method was also conducted to better understand load transfer processes between FRP bars and concrete under specific test configurations [4-6, 18-19].
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Fig. 14 .

 14 Fig. 14. Example of damage evolution law obtained for specimen GLASS-S-12.7-1

Fig. 15 -Fig. 15 . 7 specimensFig. 16 . 7 specimensFig. 17 .Fig. 18 .Fig. 19 .

 15157167171819 Fig. 15-19 and compared with results of the analytical calculations. A significant gap is found

Fig. 20 .Fig. 21 .Fig. 22 .Fig. 23 .Fig. 24 .Fig. 25 .Fig. 26 .

 20212223242526 Fig. 20. Experimental (DOFS) and theoretical strain profiles for (a) GLASS-S-9.5-1 and (b) GLASS-S-9.5-2 specimens

  

Table 1 . Types of FRP rebars selected for the test program Sample series Commercial brand Manufacturer Type of fiber / matrix

 1 

	GLASS	V.Rod ®	Pultrall ®, Canada E-glass / vinyl ester
	CARBO	Carbopree ® Sireg ®, Italia	Carbon / vinyl ester
	ARA	Fibra ®	Fibex ®, Japan	Kevlar 49 ® Aramid / epoxy

Fig. 1. Surfaces of FRP rebars considered in this study Table 2. Tensile properties of the FRP bars [22] Sample series Bar diameter (mm) Ultimate load (kN) Tensile strength (MPa)

  

					Elastic
					modulus
					(GPa)
	GLASS	9.5	81.0 ± 3.0	1137 ± 48	53 ± 2
	CARBO	7.5	96.0 ± 9.0	2167 ± 196 139 ± 4
	ARA	5.0	36.6 ± 0.6	1865 ± 29	80 ± 3

Table 3 . List of rebars used for preparing pull-out specimens Designation Material Surface geometry Diameter (mm) GLASS-S-9.5

 3 

		GFRP	Sand-coated	9.5
	GLASS-S-12.7	GFRP	Sand-coated	12.7
	GLASS-S-15.9	GFRP	Sand-coated	15.9
	GLASS-NS-12.7	GFRP	Smooth	12.7
	CARBO-S-10	CFRP	Sand-coated	10.0
	CARBO-NS-10	CFRP	Smooth	10.0
	ARA-S-9	AFRP	Braided / Sand-coated 9.0
	ARA-S-15	AFRP	Braided / Sand-coated 15.0
	STEEL-D-12	Deformed steel Ribbed	

Table 4 .

 4 The graphs plotted in Figs. 8-12 compare the experimental curves (plain lines) recorded during the pull-out tests on specimens reinforced with the various rebars, to the simulations (dotted lines) provided by the model considering the identified sets of parameters.

Table 4 . Results of the identification procedure for the various pull-out specimens Rebar Sample no.

 4 

		s	0	τ	0	1 s	1 τ	τ		α	β
		(mm)	(MPa)	(mm)	(MPa)	(MPa)	
	GLASS-S-9.5	0.20 5.35	1.14 6.95	-14.25 0.47 0.03
		0.05 6.99	0.13 7.88	3.52	10.93 0.03
	GLASS-S-12.7	0.29 6.79	1.24 9.28	3.83	2.37 0.19
		0.31 6.50	1.26 11.13 -0.31 3.39 0.08
	GLASS-S-15.9	0.31 5.10	1.53 9.70	6.85	3.43 0.63
		0.19 5.20	1.36 11.06 8.20	4.31 0.60
	GLASS-NS-12.7	0.08 0.99	2.75 1.90	-17.28 27.82 0.01
		0.12 0.77	4.75 1.88	-16.62 8.76 0.02
	CARBO-S-10	0.12 6.13	0.38 6.60	73.12 7.78 2.3 x 10 -4
		0.25 5.55	7.46 7.79	-2.34 0.47 0.08
	CARBO-NS-10	0.11 2.17	3.59 7.10	-46.14 3.99 9.6 x 10 -3
		0.03 1.01	6.54 5.69	3.36	12.93 0.68
	ARA-S-9	0.08 4.83	1.03 6.37	5.62	1.11	0.56
		-		-		-	-	-		-	-
	ARA-S15	0.23 7.25	3.96 8.91	-6.28 19.61 0.04
		0.04 4.16	8.01 7.53	-27.09 13.22 0.04

STEEL-D-12 0.05 2.91 1.50 8.21 -3.23 4.25 0.15 0.03 1.70 1.51 11.28 -5.87 4.19 0.17

Table 6 . Determination of the modulation coefficient γ for the different rebars
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	Bar	No.	1 (MPa) max, num (MPa)	γ
	GLASS-S-9.5	1	6.95	7.63	0.91
		2	7.88	8.85	0.89
	GLASS-S-12.7	1	9.28	9.97	0.93
		2	11.13	11.95	0.93
	GLASS-S-15.9	1	9.70	10.23	0.95
		2	11.06	11.67	0.95
	GLASS-NS-12.7	1	1.90	2.06	0.92
		2	1.88	2.04	0.92
	CARBO-S-10	1	6.60	7.26	0.91
		2	7.79	8.59	0.91
	CARBO-NS-10	1	7.10	7.79	0.91
		2	5.69	6.30	0.90
	ARA-S-9	1	6.37	7.07	0.90
		2	-	-	-
	ARA-S-15	1	8.91	9.53	0.93
		2	7.53	8.09	0.93
	STEEL-D-12	1	8.21	8.87	0.93
		2	11.28	12.23	0.92
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