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Abstract

Application of Fiber-Reinforced Polymer (FRP) sheets for external strengthening of concrete structures is a common practice nowadays. One of the important parameters that affect the performance of FRP strengthening is the bond strength between FRP sheets and concrete surface, which is more important at the joint locations. Various relations have been proposed for estimating this bond strength in which the effects of different parameters such as width of the structural member cross-section, compressive strength of concrete, modulus of elasticity of concrete, width of FRP sheet, and FRP modulus of elasticity, are considered. In some of the available relations, in addition to the above-mentioned parameters, the ultimate bond strength is predicted as a function of the local bond stress. Accordingly, a parameter called width factor is included in the relations. Unfortunately, in spite of relatively large number of existing predictive models, the accuracy of most of these models is not satisfying yet. Therefore, the main objective of the present study is to design an Artificial Neural Network (ANN) in order to provide highly accurate estimations for the bond strength between FRP sheets and concrete members. For this purpose, a database of experimental results collected from the previously published researches is used. Comparison of the derived ANN with some of the existing models proves its higher accuracy. 
Keywords: Bond strength, FRP, Tensile pull-out test, Neural network, Model error.

1.
Introduction 
Application of FRP for strengthening and retrofitting of concrete structures, is a common method these days [1-3]. The favorable mechanical properties such as high tensile strength, corrosion resistance, light weight has resulted in utilization of FRP materials is strengthening of steel structures, as well [4-5]. Considering the important role of fibers in the load carrying capacity of FRP materials, in addition to the common fibers such as carbon and glass, utilization of the other types of fibers such as basalt and aramid for practical purposes has also grown in recent years [6-9]. One of the important aspects in design of FRP strengthening is considering the different failure modes, which include FRP sheet debonding, concrete cover spalling, flexural cracks, shear-flexural cracks and diagonal critical cracking. In the case of FRP debonding, the distribution of the surface stresses is similar to the specimens under the tensile test in which a FRP layer is bonded to the surface of a concrete prism (see Fig. 1) [10]. The debonding mechanics is determined by this test. It is also possible to estimate the ultimate bond strength and the relationship between the bond strength and slippage which is required for numerical modeling. 
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Fig. 1- Schematic view of the FRP bonding tensile test [10]

However, it should be noted that in addition to the tension test demonstrated in Fig. 1, there are other tests proposed by researchers, but the attained results showed that there are insignificant differences in the ultimate values [11-12]. Therefore, the previous studies on the bond strength and the effective bond length can be categorized in two groups of experimental and theoretical approaches. Extensive studies on the bond strength, energy release rate between concrete and FRP, failure modes and various debonding modes of the three-phase concrete-epoxy-FRP system shows the importance of developing accurate predictive models for the ultimate bond strength [13-15]. Pellegrino et al. [16] tested 39 experimental specimens and observed that the deformation of FRP strip is not uniform and the maximum deformation occurs at the center of the strip, while the sides experience minimum deformations. In this study, the influence of different parameters such as bond length, shear stress and maximum bond, the peak and ultimate slippage and FRP sheet stiffness of the bond behavior was investigated. Woo and Lee [17] conducted tests on specimens made of three different concrete mixtures with different length and width of FRP sheets to study the interface bond behavior between concrete and CFRP sheets, and verified the attained experimental results of failure load and strain distribution pattern with a finite element model. Bilotta et al. [18] performed single shear test on 34 specimens made of both CFRP sheets and plates and according to the experimental results proposed a modification factor for the design relation suggested by CNRDT200 standard [19] to accurately estimate the failure debonding energy. Hosseini and Mostofinejad [20] tested 22 concrete prisms strengthened using EBR method, in order to evaluate performance of the proposed methods by ACI440.2R-08 [21] and fib Bulletin 14 [22] for the effective bond length of FRP sheets at joints. They found that both relations overestimate the debonding load and the effective bond length. Accordingly, they proposed modification factors to calibrate the relations for CFRP sheets. Some of the researchers utilized the nonlinear fracture mechanics and nonlinear distribution of stresses to simulate bond behavior between reinforcing FRP sheet and concrete [23]. Dai et al. [24] proposed analytical models for nonlinear bond stress and slippage between concrete and FRP sheet. In addition to the previous experimental studies, various fracture mechanics-based models have been proposed for the bond strength of joint with limited length [25-27]. The available models for bond strength prediction are usually derived based on limited number of experimental results and are not usually very accurate. In 2001, Chen and Teng [11] proposed a simple predictive model using both experimental results and fracture mechanics relations. Nakaba et al. [26] proposed a local bond strength model using the Popovics theory. The evaluations proved appropriate agreement between the prediction of this model and the experimental outcomes. In some cases, however, the predictive models are not enough accurate, because most of the existing relations have empirical basis and validated using limited experimental results. Accordingly, some of the researchers have attempted to provide bond strength estimations based on soft computing approaches [27, 28].  

The review of the previous studies shows the importance of accuracy in predicting bond strength parameters between concrete and FRP sheet. Accordingly, in the present study, using the artificial neural network and a database of experimental results of concrete prisms strengthened with FRP sheets, a predictive network for the ultimate bond strength is proposed. The accuracy of the model is compared with some of the other existing models using the model error proposed by Mota et al. [29]. Based on this error measure, a predictive model is deemed more accurate if its average ratio of the experimental results to the model predictions is closer to 1 and has the lowest standard deviation.
2.
The existing predictive models and database of experimental results
As mentioned in the introduction section, various bond strength models have been proposed, which can be categorized in three categories of empirical, semi-empirical and numerical models. These models are developed based on regression of experimental results, principles of fracture mechanics and soft computing, respectively. Accuracy of some of these models have been evaluated by Arabshahi et al. [15]. Four of these models with the lowest error measures and higher coefficients of determinations are used in the present study for comparison. These models are presented in Table 1.
Table 1- Some of the existing models for the bond strength

	Model
	Refrence
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These relations are function of different parameters, which are introduced in Table 2.
Table 2- The effective parameters on the bond strength

	Definition
	Input Parameter
	Definition
	Input P÷arameter

	Concrete cylinder compressive strength
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	Bond length
	L

	Width of prism
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	Width of FRP
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	Bond strength
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	Thickness of FRP
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	Concrete cylinder tensile strength
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	Modulus of elasticity of FRP
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Moreover, to develop the predictive model using ANN, a database of experimental results is required. A summary of the collected experimental results used in the present study are given in Table 3. It should be noted that 30% of these data, selected randomly, have been set aside for accuracy evaluation of the developed model.
Table 3- Summary of the variation range of effective parameters of the collected experimental results
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	Reference

	30.4-38.02
	160-300
	165-300
	1.2
	50
	100
	29.7,35.8
	Sharma et [32]

	7.78-13.95
	70-130
	97,235
	0.11-0.338
	50
	100
	37.6
	Tan[33]

	2.4-16.25
	65-700
	230
	0.11-0.22
	10,50
	100
	29.74-55.51
	Ueda et al.[34]

	8.3-9.3
	100-300
	230
	0.17
	40
	100
	26.66,28.88
	Takeo et al. [35]

	5.24-19.07
	75-240
	256
	0.17
	25-100
	150
	18.9-27.1
	Yao[36]

	11.8-25.68
	250,300
	23900-390000
	0.083-1
	10,40,100
	100
	58.85,73.85
	Wu et al. [37]

	8.46-19.03
	76.2,100
	108.47,110
	0.495-1.016
	25.4,50
	200,228.6
	36.1-61.5
	Toutanji et al.[38]

	4.61-22.64
	60-150
	83030,207000
	0.3-0.507
	20-80
	150
	58.7-55.5
	Ren[39]

	5.15-34.4
	50-300
	152200
	1.4
	10-50
	200
	30-50
	Woo and li[17]

	9.34-12.81
	76.2
	108.47
	1.016
	25.4
	228.6
	24-43.7
	Chajes et al.[40]

	8.5-15.1
	160-320
	29200,75700
	0.33-2
	25.4
	150
	42.5
	Bizindavyi and Neale[41]

	20.04-54.48
	43.6-134.1
	124500-522500
	0.165-0.193
	50
	100
	23.8-57.6
	Nakaba et al.[26]

	5.78-29.74
	145-200
	80000,270000
	0.111-0.169
	10-90
	100
	34.9-75.5
	Kamiharako et al.[42]

	8.9-15.68
	50-320
	29200,75700
	0.33-2
	25.4
	150
	42.5
	Ebead et al.[43]

	20-42.8
	60-220
	209000
	0.352,1.056
	100
	140
	55.6
	Pham and Al-Mahaidi[44]

	12.5-68.6
	75-700
	230000
	0.11-0.55
	10-100
	100-500
	24.7-45.9
	Sato et al.[45]

	8.99-30.15
	30-400
	238.1-248.3
	0.167-0.501
	50
	150
	25.42-59.02
	Wu and Jiang[46]


3.
The Artificial Neural Network
The concept of neural networks was formed because of the scientific interest about Artificial Intelligence (AI) during the 1950s. Artificial neural networks (ANN) are inspired by the configuration of the central nervous system of humans that includes a large number of neurons working in parallel to facilitate decision-making. Electrical stimulate called synapse plays the role of connections for the neurons. The same structure is copied in the ANN, in which a matrix of numerical values simulates the synapse activity and the numerical values are updated through a learning-like process. The process begins by assuming initial weights and then adjusting the weight values by a learning-like method to achieve the minimum errors in estimations, and there is no need to program the neuron-like computing devices. The mentioned learning-line process in usually entitled learning algorithm. Similar to the human brain, ANN suggests a numerical weight matrix and a bias for each neuron in which transformation formulae are solved to adjust the matrix. 

The input quantities are processed through consecutive layers of neurons. In addition to the input and output layers, a number of hidden layers are also provided. Commonly only one hidden layer is considered; however, the use of two or more hidden layers can sometimes significantly improves the performance of the ANN. Trf also designates type of the utilized transform functions.  
4.
The attained results and performance evaluation
The details of the developed network in this study will be presented in this section. The structure of the utilized ANN in this study is as follows: A/[B,C]/D/trf, in which A is the number of inputs of the neural network, B and C stands for the number of hidden layers and neurons, and D is the number of network output. It should be noted that 70% of the collected data were used for the learning process (selected randomly), and the rest 30% of the data were used for test and evaluation of the developed network. Considering that the number of hidden layers and neurons are effective in the accuracy and correlation of the resulting network, different combinations have been considered in this study and the resulting networks were compared to find the highest accurate ANN model. However, it should be noted that the number of the hidden layers higher than certain optimum value has no influence on the accuracy of the resulting network. The considered structures in this study are listed in Table 4.
Table 4- The structure and Performance of different ANN for bond strength

	Test performance
	Training performance
	structure
	No.

	4.6E-4
	2.6E-4
	(8/([1,5]/1/purelin)
	1

	8.7E-5
	4.7E-5
	(8/([1,8]/1/purelin)
	2

	1E-2
	2.3E-4
	(8/([1,12]/1/purelin)
	3

	2.4E-4
	1.06E-7
	(8/([1,5]/1/logsig)
	4

	3.1E-3
	8.3E-5
	(8/([2,5]/1/logsig,purelin)
	5

	6E-2
	3E-2
	(8/([3,5]/1/logsig, logsig,purelin)
	6


Based on the results presented in Table 4, it is obvious the network number 4 has the lowest error for predicting the FRP-to-concrete bond strength based on the training data. Although, this network does not have the lowest test error, yet considering the random basis of data selection for training and test process, this network is selected as the desired ANN for FRP-to-concrete bond strength prediction in this study. Fig. 2 demonstrates the performance of network No. 4 in test and validation of experimental data. 

Fig. 2- Performance of network No. 4 in test and evaluation based on the experimental results
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Fig. 2- Performance of network No. 4 in test and evaluation based on the experimental results

Moreover, Fig. 3 shows the error histogram of the selected ANN, that the concentration of the errors around zero in a relatively symmetrical form once more verify accuracy of the developed network. 
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Fig. 3- Error histogram of convergence performance of the selected ANN

In addition to the presented figures, to compare accuracy of the proposed network with other reviewed models presented in Table 1, the error measure proposed by Mota et al. [47] is used. Based on this error measure, a predictive model is considered more accurate provided that the mean and standard deviation of this measure for that model be closer to 1 and 0, respectively. Based on the presented results in Table 5, it is evident that the proposed ANN in this study provide more accurate estimation for the FRP-to-concrete bond strength compared to the other four predictive models.
Table 5- Evaluation of the proposed ANN and other existing models based on Mota et al. error measure
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	Model

	1.59
	1.51
	CNR-DT [19]

	0.82
	1.83
	Holzenkämpfer[23]

	1.71
	1.49
	Niedermeier[30]

	0.008
	0.76
	Yang et al.[31]

	0.36
	1.07
	Proposed ANN
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Conclusion
The bond strength is an important factor in modeling and performance evaluation of FRP retrofitted RC structures. Until now, various predicting models have been proposed for the bond strength between FRP sheets and concrete surface that consider different parameters including concrete compressive strength, width of the RC member and FRP sheet, modulus of elasticity of concrete and FRP and etc. The existing models in general can be classified in three groups of empirical, semi-empirical and soft computing-based models. In this study, a new predictive models based on ANN was developed for the FRP-to-concrete bond strength at joints, using a database of experimental results from the literature. Considering different structures for the assumed ANN, an accurate network is developed, which is proved to possess higher accuracy compared to some of the other existing best-performed predictive formulae. 
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