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Abstract: In order to study the dynamic fracture properties of FRP strengthened concrete, the three-point bending experiment with different initial crack-depth ratios was carried out under dynamic loading. The effects of crack-depth ratios on the fracture parameters were analyzed. Combined with Pearson Correlation Coefficient formula, the correlation between crack-depth ratios and fracture parameters was quantitatively verified. The conclusions could be drawn that, there are three critical points in the damage process: the crack initiation point, first peak point and ultimate bearing capacity point. With the increase of crack-depth ratio, the crack initiation load decreases, but the first peak load and ultimate load increase first and then decrease. The stress intensity factors of three points also increase first and then decrease. The increment of critical crack-depth ratio and flexibility coefficient are related to crack-depth ratio, which could reflect the effect of crack-depth ratio on the deformation capacity of FRP strengthened concrete.
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1 Introduction
With the continuous development of economic construction, the construction industry has made considerable progress. However, due to low design grade, bad environment, aging structure, earthquake and improper construction, the damage of existing concrete structures such as houses and bridges has become increasingly serious, and a number of dangerous concrete buildings have appeared. Therefore, in order to strengthen and repair these concrete structures economically, efficiently and reliably, fiber reinforced plastic (FRP) bonding reinforcement technology has attracted much attention at home and abroad due to its advantages [1-4] of high strength, light weight, fatigue resistance, anti-corrosion and convenient construction. It mainly uses epoxy resin strong glue to bond surface of FRP-concrete, so as to achieve the purpose of enhancing concrete structure. 
Recently, more and more scholars have carried out a lot of research about the fracture mechanical properties of FRP strengthened concrete. Liu et al [5] described the constitutive relation of fracture damage process zone of FRP strengthened concrete with bilinear softening model, and the double-K fracture toughness of the criterion is studied based on the damage fracture mechanics of concrete. Zhang et al. [6] studied the long-term stress distribution of FRP-concrete through finite element analysis. Fan et al. [7-8] used acoustic emission technology to discuss the effect of acoustic emission parameters on the damage fracture process of FRP strengthened concrete, which provided an effective method and technical explanation for real-time monitoring of concrete structural cracks in practical projects. Hu et al. [9] studied the effect of loading rate on fracture toughness of FRP strengthened concrete through experiments. The experimental results indicated that the initiation fracture toughness linearly increased with the increase of loading rates. Kumar and Ruiz et al. [10-11] made a study on the influence of size effect on fracture toughness of FRP strengthened concrete. An experimental method based on K-WM curve was proposed to avoid using strain gauge to measure crack initiation load. Sucharda et al. [12] presented research of fracture properties of FRP strengthened concrete beams based on non-linear finite element analyses. Ooi et al. [13-14] used numerical simulation method to simulate the extension of FRP strengthened concrete cracks, which was pointed out that the effective redrawing algorithm combining quadtree decomposition function and simple Boolean operation can effectively solve the problem of crack extension.
Although many scholars at home and abroad have done a lot of research on the damage fracture properties of ordinary concrete, there are relatively few studies on the dynamic damage fracture mechanical properties of FRP strengthened concrete, and the theory is not mature enough. In view of this, this paper discussed the effect of five different initial crack-depth ratios on dynamic fracture properties of FRP strengthened concrete beams through three-point bending experiment based on the damage fracture mechanics theory [15-18]. The effects of different initial crack-depth ratios on the fracture parameters of FRP strengthened concrete beams were analyzed. In addition, the whole process of FRP strengthened concrete crack extension and FRP-concrete interface peeling failure of FRP strengthened concrete beams was described qualitatively.
2 Experiment
2.1 Experimental design
In this experiment, the initial crack-depth ratio was designed to be 0.2, 0.3, 0.4, 0.5 and 0.6 respectively. The initial design strength grade of concrete specimens is 30 MPa, which is made of drinking water, P·O32.5 ordinary portland cement, natural river sand and 5～20mm grade gravel. And the mixture ratio of concrete is 0.44 : 1 : 1.225 : 2.485. The concrete specimens were cast with 100mm × 100mm × 400mm wooden molds. Initial cracks were formed by embedded steel sheets during pouring. After 24 hours of pouring, the wooden molds were removed. The manufacturing process of concrete specimen is shown in figure 1. The experiment was started after 28 days of regular sprinkling of linen cloth on the cover of the laboratory. In addition, owing to the main variable in this experiment is initial crack-depth ratio, the FRP strengthened concrete beam specimens for five different initial crack-depth ratios are numbered as FRP-0.2, FRP-0.3, FRP-0.4, FRP-0.5 and FRP-0.6, respectively.
2.2 Experimental content
The dynamic fracture three-point bending experiment of FRP strengthened concrete beams was carried out through the MTS-810 hydraulic servo experiment machine Nanjing Hydraulic Research Institute. The monotonic loading mode with displacement controlled was adopted, and the loading rate was 0.01mm/s. The experimental device was shown in figure 2.
According to the reference [19], the FRP was cut into a rectangle of 100mm × 400mm, and a rectangular hole of 15mm × 40mm was opened in the center so that steel sheets can be bonded on two sides of concrete crack opening, as shown in figure 3. FRP was bonded on the bottom of concrete beam through epoxy resin strong adhesive. The crack opening displacement (COD) meter was installed at the edge of steel blade to directly measure the crack mouth opening displacement (CMOD) of specimen beam during different loading. As shown in figure 4, the spacing of experiment device is 300mm and the prefabricated crack depth is 40mm. The 2lu (30mm) represents the unbonded area on two sides of the notch of concrete specimen to avoid the conical failure caused by local stress concentration near the crack of the concrete in the middle span. In consideration of the inevitability of some errors under the dynamic load, and for the sake of reflecting experiment results more truthfully, three concrete beams are repeated in each working condition to discuss the effect of initial crack-depth rations on the dynamic fracture properties of FRP strengthened concrete.
3 Analysis of experimental phenomena
According to the experiment data, the load-crack mouth opening displacement (CMOD) curves of each group of two typical FRP strengthened concrete beams were measured, as shown in figure 5.
According to the load-CMOD curves in figure 5, it could be seen that with the increase of the initial crack-depth ratios, the peak load of FRP strengthened concrete beam increases first and then decreases. When initial crack-depth ratio is 0.4, the peak load of FRP strengthened concrete beam reaches the maximum value, which indicates that the reinforcement effect of single-layer FRP with this initial crack-depth ratio is the best under dynamic load. The load-CMOD curves of FRP strengthened concrete beam are different from that of ordinary concrete beam, and the curve exists in a wave section. The main reason is that there is a debonding stage between the bottom of concrete specimen and FRP during the loading process. The longer the debonding process is, the longer the fluctuation section of load-crack opening displacement curves are. Therefore, with the increase of initial crack-depth ratios, the fluctuation section of load-CMOD curves of FRP strengthened concrete beam also increases first and then decreases. When initial crack-depth ratio is 0.4, the fluctuation section is the longest.
[bookmark: _Hlk49504753]Furthermore, according to the load-CMOD curves of FRP strengthened concrete beam, the whole damage fracture process could be divided into five stages (i.e. taking the load-CMOD curve with initial crack-depth ratio of 0.5 as an example). Stage-1: The load-CMOD curves of FRP strengthened concrete beams are basically a straight line at the beginning of loading, and FRP-concrete interface is equivalent to the on-line elastic stage. Stage-2: With the increase of external load, the load-CMOD curves change into nonlinear, and the interface changes from linear elastic stage to elastic-plastic stage. Stage-3: With the continuous increase of external load, the nonlinear characteristics of the load-CMOD curves become more obvious, gradually increasing to the first peak, and then began to decrease until softening phenomenon. Stage-4: With the increase of CMOD, the load fluctuates, which indicates that the interface between FRP and concrete begins to peel off, and the elastic-plastic stage changes into plastic stage. Due to the difference of bonding between FRP and concrete at different positions, the expansion of the interface fluctuates in different degrees. Stage-5: The fluctuation of load-CMOD curves ends, and the load shows a downward trend with the increase of CMOD, which indicates that FRP-concrete interface is completely peeled off, and the effect of FRP on the mid span crack of beam disappeared, and the whole specimen is fractured.
According to the above five stages of fracture damage process of FRP strengthened concrete beam, it could be seen from the load-CMOD curves that there are three critical points in the fracture damage process of FRP strengthened concrete beam. Point A (CMODini, Pini) is the crack initiation point, Point B (CMODfcs, Pfcs) is the softening point of concrete, a wave peak (i.e. the first wave peak) appears when the virtual crack fully expands, and Point C (CMODul, Pul) is another wave peak (i.e. the ultimate bearing capacity point) when the FRP restraint is fully exerted. 
The average values of load at three critical points (Pini, Pfcs and Pul) and corresponding crack middle opening displacement (CMODini, CMODfcs and CMODul) are shown in table 1. The load at the crack initiation point of FRP strengthened concrete is between 1.9961 ~ 6.9381kN, the load of the first wave peak point is between 8.011 ~ 14.5907 kN, and the load of ultimate bearing capacity point is between 15.6199 ~ 19.0159 kN.
In addition, in order to intuitively analyze the load variation law of the three critical points, the critical point load values of five different initial crack-depth ratios are plotted in the form of scatter plot in figure 6. It could be found that the crack initiation load of FRP strengthened concrete beams decreases with the increase of initial crack-depth ratios, while load values of the first wave peak point and the ultimate bearing capacity point increase first and then decrease with the increase of the initial crack-depth ratios. When initial crack-depth ratio is 0.4, load value of the first wave peak point and the ultimate bearing capacity point of FRP strengthened concrete beam is the largest, which indicates that the combination of FRP and concrete could play a better role in this initial crack-depth ratio. This main reason is that when initial crack-depth ratios are large, the bearing area of FRP strengthened concrete specimen is too small, and the specimen will crack quickly after loading, which can be seen from the change trend of load value at the crack initiation point. However, due to the limited bearing area, load values of the first peak and ultimate bearing capacity point are lower than that of the concrete specimen with crack-depth ratio of 0.4. When initial crack-depth ratios are small, load values of the cracking point of concrete are larger because of the larger bearing area. After crack initiation and failure, combined with the load-CMOD curves in figure 5, it could be found that the fluctuation section of FRP strengthened concrete beam under the action of low initial crack-depth ratios is shorter, which shows that toughness of the combination is poor, and FRP does not play its role well.
4 Fracture parameter analysis
4.1 Stress intensity factor
In view of the above-mentioned load-CMOD curves of FRP strengthened concrete beams, three critical points are found in the fracture process. The stress intensity factors (SIFs) corresponding to these three critical points are named Kini, Kfcs and Kul. Based on the damage fracture mechanics theory of concrete [20-23], the following methods are used for calculation.
4.1.1 Basic assumptions
(1) The crack surface has been in a linear state during the whole process of crack extension.
(2) According to virtual crack model [24-25], it is assumed that the rise of load-CMOD curves are approximately linear to non-linear, which are caused through virtual crack extension at the front of concrete crack tip. The effective crack length of FRP strengthened concrete consists of macro fracture and crack process zone.
(3) The effect of FRP on concrete beams is regarded as a set of concentrated forces applied at the bottom of concrete beam, and it is considered that the action of FRP is the same as that of cohesion in virtual crack zone.
(4) The tensile strength of the adhesive layer is not considered.
4.1.2 Calculation formula
（1）Calculation of Kini
According to the " Specification for fracture experiment of hydraulic concrete " (DL/T5332—2005), the SIF K1 produced through external load at the initial crack tip of FRP strengthened concrete beams could be calculated by the formula (1):

                     （1a）

                （1b）

In the formula, W is the dead-weight between the supports of the FRP strengthened concrete beams; t, h and S are the width, height and span of the FRP strengthened concrete beams respectively; P is the applied load Pini when crack initiation occurs; a0 is the initial crack length of the FRP strengthened concrete beams, =a0/h.
According to the reference [15], due to the effect of FRP on concrete is regard as a set of concentrated forces applied at the bottom of concrete beam specimen, the formulas for calculating the SIF K2 produced through FRP at the initial crack tip of concrete beams at the beginning of crack propagation are as follows:

                           （2a）

                  （2b）


In the formula, is the tensile stress of FRP when concrete crack begins to expand unstably, and is the thickness of FRP material.

 So,                                              （3）
（2）Calculation of Kfcs
When calculating Kfcs, it is necessary to first calculate the equivalent crack length afcs. Then, according to the measured load Pfcs at the critical point, K1 and K2 are determined by formula (1) - (2). Kfcs are superimposed by K1 and K2. According to the reference [26], afcs could be calculated by the formula (4):

                             （4）
In the formula, c is the flexibility corresponding to the first wave peak and E is the calculated elastic modulus.
（3）Calculation of Kul
According to the load Pul of the ultimate bearing capacity point measured by the experiment, the equivalent crack length aul at the critical state is calculated by the same calculation method as Kfcs, and then Kul is calculated by substituting the formula.

4.1.3 Result analysis
According to the above calculation method, the average values of three stress intensity factors are plotted in figure 7. For ordinary concrete beams with cracks, the first wave peak point and ultimate bearing capacity point are the same point (i.e. peak point), while FRP strengthened concrete beams are divided into two points. So, for the convenience of analysis, Kfcs and Kul are put in figure 7 (b). It could be seen that the SIFs of three critical points of FRP strengthened concrete beams are basically the same. When initial crack-depth ratio changes from 0.2 to 0.6, the SIFs increase first and then decrease. When initial crack-depth ratio is 0.4, the three SIFs reach the maximum value, which indicates that FRP and concrete could play a better combination effect in this initial crack-depth ratio, and the whole FRP strengthened concrete beam specimens have better toughness, and the experimental effect is the best.
4.2 Increment of critical crack-depth ratio
The increment of critical crack-depth ratio mainly reflects the effect of initial crack-depth ratio on deformation capacity of concrete specimens, which could be calculated according to the subcritical crack propagation △ac. Based on the calculation formula and related research methods in DL/T5332—2005, the relevant calculation formula of subcritical crack growth △ac applicable to various span height ratios is adopted in this paper. The increment of critical crack-depth ratio of the ultimate bearing capacity point is calculated, and the change curve between the average value of the increment and the initial crack-depth ratio was drawn, as shown in figure 8.
It could be seen from figure 8 that when initial crack-depth ratio of concrete specimen is 0.2 and 0.3, the average increment of critical crack-depth ratio changes slightly, which is about 35mm. The reason is that there is a certain cohesion at the crack tip of concrete, which can hinder the expansion of cracks. On the one hand, the cohesion is affected by the strength of concrete material itself, on the other hand, it is affected by the bearing area. Therefore, the subcritical crack extension can be regarded as not changing with the change of initial crack-depth ratio under this experimental condition, and the length of micro fracture zone is fixed. When the tip force of concrete specimen exceeds its cohesive force, the instability failure will occur. When initial crack-depth ratio of concrete specimen is 0.4 and 0.5, the average increment of critical crack-depth ratio decreases to about 31mm, which is mainly owing to small size of concrete beam used in this paper, and the increment of critical crack-depth ratio can be affected by the size boundary effect. When initial crack-depth ratio is 0.6, the increment of critical crack-depth ratio decreases greatly, which is mainly caused by the small bearing area. Therefore, by analyzing the relationship between the subcritical crack extension and the initial crack-depth ratio, it could be found that initial crack-depth ratio has a great influence on the increment of critical crack-depth ratio, reflecting that initial crack-depth ratio has a great effect on the plastic deformation of FRP strengthened concrete specimens. In addition, according to reference [27-29], the equivalent crack length of FRP strengthened concrete beam is smaller than that of ordinary concrete under the same conditions, indicating that its fracture performance is better than that of ordinary concrete.
4.3 Flexibility coefficient
The flexibility coefficient generally reflects the elastic deformation ability of materials. The flexibility parameter is introduced in the damage fracture experiment of concrete beam. The crack-depth ratio of material can be determined by calibrating the compliance parameter, which is called flexibility calibration method. The compliance of FRP strengthened concrete beam specimens with different initial crack-depth ratios were calibrated in this section. And the calibration results were shown in figure 9. 
It could be seen from figure 9 that with the increase of initial crack-depth ratio, the flexibility coefficient of FRP strengthened concrete beams increases greatly. And when initial crack-depth ratio is large, the calibration results have certain discreteness. The relationship between the flexibility coefficient and initial crack-depth ratio of FRP strengthened concrete beams under this loading rate is constructed based on the following boundary conditions.

                        （5a）

                          （5b）
In the formula, c0 is the initial flexibility coefficient of FRP strengthened concrete beam specimens; k is the shape parameter.
5 Correlation analysis on fracture parameters of FRP strengthened concrete beams
[bookmark: _Hlk50883698]In order to quantitatively analyze the correlation between the initial crack-depth ratio and different fracture parameters of FRP strengthened concrete beams, Pearson Correlation Coefficient formula is used in this section. The formula is as following:
[image: ]            （6）
The calculation results are shown in table 2.
The absolute value of correlation coefficient between 0.8 and 1.0 is very strong correlation, between 0.6 and 0.8 is strong correlation, between 0.4 and 0.6 is medium correlation, between 0.2 and 0.4 is weak correlation, between 0 and 0.2 is extremely weak correlation or no correlation. 
It could be seen from table 2 that there is a strong correlation between the initial crack-depth ratio and the load value at the crack initiation point, the increment of critical crack-depth ratio and the flexibility coefficient of FRP strengthened concrete beams, which indicates that the increment can reflect the influence of initial crack-depth ratio on the deformation capacity of concrete specimens, and the rationality of the flexibility calibration method is verified. However, the initial crack-depth ratio is weakly related to peak load of the first wave, the point load of the ultimate bearing capacity and the stress intensity factors corresponding to the three critical points. The main reason is that the fracture parameters increase first and then decrease as the increase of initial crack-depth ratio. There are some limitations in using Pearson Correlation Coefficient formula for overall analysis, so it is impossible to directly judge the accurate positive and negative correlation.
6 Conclusions
The fracture properties of FRP strengthened concrete beams under dynamic loading were studied in the paper, and the effects of different fracture parameters on FRP strengthened concrete beams were analyzed. The conclusion is as follows under the experimental conditions:
（1）According to the load-CMOD curves analysis, it could be found that there are three obvious critical points in the damage fracture process of FRP strengthened concrete beams: the crack initiation point, first peak point and ultimate bearing capacity point. When initial crack depth ratio changes from 0.2 to 0.6, the crack initiation load of FRP strengthened concrete beam decreases, but the first peak load and ultimate load increase first and then decrease, and reach the maximum value when initial crack-depth ratio is 0.4.
[bookmark: _Hlk49677562]（2）The SIFs of three critical points of FRP strengthened concrete beams are calculated according to this virtual crack model. It is shown that the change of SIF under this experimental condition is nonlinear. When initial crack-depth ratio is 0.4, the three SIFs all reach the maximum value, indicating that the experiment influence of FRP strengthened concrete is the best under this initial crack-depth ratio, the FRP and concrete can play a better combination role, and the whole FRP strengthened concrete beams have better toughness.
（3）Combined with the experiment results and correlation analysis, the increment of critical crack-depth ratio and flexibility coefficient of FRP strengthened concrete beams are related to initial crack-depth ratio. It is shown that the increment of critical crack-depth ratio could be used to reflect the effect of initial crack-depth ratio on the deformation capacity of FRP strengthened concrete specimens, and the crack-depth ratio of materials can be determined by calibrating the flexibility parameters.
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