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Abstract

:

Due to the inconsistent geometric characteristics of reinforced concrete structures with composite materials, some echo signals have a lower degree of clarity, resulting in problems such as long time, small range, and low accuracy in identifying structural defects. Therefore, in order to improve the accuracy and efficiency of defect identification in composite material reinforced concrete structures, a multi-scale model based on the automatic defect identification method for composite material reinforced concrete structures is proposed. Using the interface connection method, based on continuous distribution coupling and the uniform weighting coefficient calculation method to weigh the interface nodes, we determined the interface connection mode and analyzed the stress–strain relationship. The impact echo method was used to analyze the degree of high-frequency stress wave scattering caused by internal non-uniformity in composite reinforced concrete, and the fast Fourier transform conversion algorithm was used to generate amplitude–frequency curves and resolved thickness or defect depth. The experimental results show that the multi-scale finite element simulation structure of this method is clear and accurate, and although there are errors, they do not affect the simulation results of the structure. The impact echo detection effect is obvious; it can automatically identify defects in composite reinforced concrete structures and quickly and accurately identify defects in different states and positions of composite reinforced concrete, with a recognition accuracy of 98%.
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1. Introduction


Reinforced concrete composite materials have become the most widely used building materials due to their strong manufacturability [1,2], strong environmental adaptability, high compressive strength [3], and good durability. However, this material cannot completely avoid defects caused by concrete pouring during use, which can affect the strength, durability, and normal performance of building structures [4]. Therefore, identifying and verifying defects in reinforced concrete composite structures is of great significance.



At present, reference [5] proposes an enhanced artificial neural network (ANN) to predict the displacement of composite materials pipelines under different velocities of falling hammer impacts. A composite pipe with a diameter of 54 mm was considered to investigate the damage caused by low-speed impact and the impact of these damages on its strength. Use Jaya and E-Jaya algorithms to enhance the ANN algorithm for good training, prediction, and complete damage detection. Reference [6] proposes a method for detecting structural damage detection by placing vibration sensors in carbon fiber-reinforced polymer (CFRP) composite structures. Considering the actual weight of the beam and the actual weight of the vibration sensor and connecting cable, a set of structural vibration experiments were conducted at different sensor positions. A teaching-based optimization algorithm (TLBO) was utilized to identify the optimal placement position of sensors, and a crack location formula was used to predict the severity of damage and crack depth. Wakata S et al. have studied an automatic identification method for concrete defects in infrastructure [7]. This method utilizes shock waves generated by laser-induced plasma (LIP) to detect defects in concrete structures through telemetry technology. LIP is generated by irradiating an Nd: YAG pulse laser near the surface of concrete. When LIP spreads to the surrounding area at an extremely fast speed, a spherical shock wave is generated. This shock wave achieves non-contact and non-destructive pulse excitation force on concrete structures. The response of concrete structures was measured using a laser Doppler vibrometer (LDV) to complete defect detection of artificial concrete structures. Michal Matysík et al. studied the use of a nonlinear resonance ultrasound spectrum to identify concrete damage [8] and calculated concrete damage based on the measurement speed and volume density of ultrasound pulses (linear acoustic method). Nonlinear resonance ultrasound spectrum monitoring responds to the shift of resonance frequency in response to changes in excitation frequency amplitude and measures concrete samples at different temperatures. Concrete damage is detected based on the measurement speed and volume density of ultrasonic pulses.



Chun PJ et al. studied an automatic crack recognition method for concrete surface images based on a two-step optical gradient enhancer [9]. In crack recognition, the pixel values of the target pixels and the geometric features of the cracks at the connection line are considered, effectively generating concrete structure feature images. Coleman Z W et al. proposed an automatic identification method for impact echo defects in uncovered reinforced concrete bridge decks [10] and completed the automatic identification of concrete structural defects by evaluating and using frequency profiles through improved receiver operator feature analysis. Zhang T et al. used concrete solid models to detect internal hole defects in concrete structures using acoustic methods, acoustic CT methods, and ground penetrating radar methods [11], effectively analyzing the accuracy of each method for identifying internal structural defects in concrete. Although the above methods can achieve recognition, they also have some drawbacks, such as a lack of non-destructive recognition, long recognition time, inaccurate recognition results, and a small recognition range.



Multi-scale models can describe behaviors at different scales, not only expressing the complexity of the system but also providing more detailed results. Reference [12] established a multi-scale finite element failure analysis method for composite materials considering interface phases based on the three-phase representative bulk element of fiber–matrix interface, achieving low-temperature composite material structural failure prediction under thermal and mechanical loads. And use this method to conduct failure analysis on three typical composite laminates under five different temperatures. Reference [13] used a multi-scale finite element method to study the effect of two types of random source composite materials on the macroscopic mechanical properties of 20% SiCp/2009Al. By conducting quasi-static tensile simulations on a series of representative volume unit models containing random sources, the random distribution characteristics of material failure strain and fracture energy and their correlation characteristics were obtained. Then, combined with the macroscopic sample model, the characterization of the randomness of material performance in different regions within the actual material was realized.



In order to solve the problem of inaccurate identification results of defects in reinforced concrete structures, a multi-scale model was introduced, and an automatic identification method for defects in reinforced concrete structures was proposed. Firstly, a multi-scale finite element analysis was conducted on the reinforced concrete composite structure to establish a multi-scale model of the reinforced concrete steel frame composite structure and determine the interface connection method. Combine the constitutive model of a composite reinforced concrete frame with the implicit algorithm of the general finite element software ABAQUS to simulate the model. We simulated the defective reinforced concrete steel frame structure and automatically identified the defects in the reinforced concrete composite structure using the impact echo method.




2. Multi-Scale Finite Element Analysis of Concrete Structures Strengthened with Composite Materials


Multi-scale finite element analysis is an analysis method that relates models of different scales to each other. This method establishes a connection between macroscopic structure and microscopic material properties to model and analyze the response of structures at different scales. Among them, the macro scale includes the overall geometric shape of the structure, boundary conditions, external loading, etc. The finite element method will analyze the overall behavior of the structure at the macro-scale and the micro-scale, which includes the distribution of composite reinforcement, interface effects, and the constitutive relationship of the micro material. By establishing coupling relationships and model transfer rules at these scales, effective mapping from microscopic material characteristics to macroscopic structural responses is achieved, integrating multi-scale features and behaviors of composite material reinforced concrete structures and achieving recognition and monitoring of structural defects. When conducting multi-scale finite element analysis of composite reinforced concrete structures, using h-type finite element method for simulation analysis, because different elements are selected to simulate composite reinforced concrete [14], there are some differences in the selection of reinforcement simulation and concrete constitutive model [15,16], for example, the eight-node 3D solid reduced integral element C3D8R is used as the fine element of composite reinforced concrete; B31 steel frame model is used as the rough element of concrete strengthened with composite materials. At the same time, the degrees of freedom and accuracy of different element types of nodes in composite reinforced concrete structures are different. When different elements are used in a model to simulate different parts of composite reinforced concrete structures or components, the interface connection is related to the deformation coordination between elements.



Therefore, the Embedded command is used in the solid element to embed the rebar into the composite reinforced concrete. The reinforcement treatment in steel frames is slightly complicated: the interface connection method based on continuous distributed coupling is analyzed, and the section reinforcement is realized through the equivalent simulation method of superposition of the same type of steel frames. Use the * Elcopy command to divide the reinforced concrete and composite reinforced concrete into two steel frames of the same type, and then let these steel frames share nodes. Because the steel frames have the same type and share the same joint, it can ensure that the displacement coordination of any point in the steel frame and the assumption of the plane section are valid, and the equivalent simulation is carried out. The overall workflow of multi-scale finite element analysis is shown in Figure 1.



2.1. Interface Connection Method Based on Continuous Distributed Coupling


In multi-scale finite element analysis of concrete structures strengthened with composite materials, the technical threshold in the multi-scale analysis realizes the connection between macro rod elements, micro shell elements, solid elements, etc. There are three kinds of displacements that need to be coordinated between different scale models, namely, transverse displacement, longitudinal displacement, and angular displacement. The interface connection method based on continuous distributed coupling is adopted for the shell element, and the bar element of the concrete structure is strengthened with composite materials.



The continuous distributed coupling diagram is shown in Figure 2.



In Figure 2, the continuous distributed coupling allows the relative movement of each node on the constraint surface. By weighting the movement of each point on the constraint surface, the resultant force and the resultant force distance on this area are equivalent to the force and moment applied on the reference point to solve the problem of tangential overconstraint. Therefore, multi-scale finite element analysis of concrete structures based on continuous distribution coupling theory can theoretically avoid tangent overconstraints caused by multi-scale displacement coordination theories such as lateral displacement, longitudinal displacement, and angular displacement. ABAQUs continuous distributed coupling has four kinds of weighting coefficient calculation methods, including consistent, linear, quadratic, and cubic. After repeated trial calculation, the consistent weighting coefficient calculation method is used to weight the interface nodes. The calculation formula is as follows:


  Agreement :    ω i  = 1  



(1)






  Linear :    ω i  = 1 −    r i     r 0     



(2)






  Quadratic :    ω i  = 1 −        r i     r 0       2   



(3)






  Cubic :    ω i  = 1 − 3        r i     r 0       2  + 2        r i     r 0       3   



(4)




where,    ω i    is an interface node  i ’s weighting coefficient;    r i    is an interface node  i ’s radial distance to the reference point;    r 0    is the radial distance of the farthest point.




2.2. Simulation of Composite Reinforced Concrete Structure


After determining the interface connection mode, the constitutive model of steel frame concrete strengthened with composite materials is combined with the implicit algorithm of the general finite element software ABAQUS and simulated using the material subprogram PQ Liber of steel bar and concrete based on the fiber model.



The concrete constitutive relation is defined according to the concrete skeleton curve of the concrete specification, and the output state variables include the compressive residual strain (compressive strain when unloading to stress 0), unloading/reloading stiffness, yield state of the section, etc. The plastic damage constitutive model of concrete is selected as the solid element of concrete strengthened with composite materials. For stress hardening, two definition methods are provided in ABAQUS: the behavior based on stress–strain and the behavior based on fracture energy. From the analysis of Figure 2, it can be seen that the h-type finite element was selected during the finite element analysis process. Therefore, in the calculation process, the type of element is not changed, but the geometric size of the element is continuously reduced; that is, the mesh is encrypted to improve the calculation results. Based on the analysis principle of stress–strain characteristics in ABAQUS, numerical calculations are carried out on grids with different refinement levels using the inter-distance grid partitioning method. Compared with the analysis results, it can be seen that during the simulation process, as the mesh is refined, the error decreases. Therefore, this finite element analysis method has good convergence and controllability [17]. The performance of convergence can be visualized by comparing the simulation results with the analysis results. The stress–strain relationship is simulated according to Code for Design of Concrete Structures [18], and the tensile and compressive damage factors in this model    d c   ,    d t    and the calculation formulas are:


   d c  = 1 −    σ c   E 0  − 1      ε c  p l     1 /  b c  − 1   +  σ c   E 0  − 1      



(5)






   d t  = 1 −    σ t   E 0  − 1      ε t  p l     1 /  b t  − 1   +  σ t   E 0  − 1      



(6)




where,    ε c  p l     and    ε t  p l     are plastic strain in the compression and tension stages;    σ c    and    σ t    are compressive stress and tensile stress, and    b c    and    b t    are the ratio of plastic strain to inelastic strain under uniaxial compression and tension, respectively. The stress path is calibrated by unloading and reloading under cyclic load, which are 0.7 and 0.1, respectively.





3. Automatic Detection and Verification of Defects in Composite Reinforced Concrete Structures


In order to achieve multi-scale finite element analysis of reinforced concrete structures reinforced with composite materials, it is necessary to verify the identification results based on the identification of defects in reinforced concrete structures to quantitatively and qualitatively analyze the defect damage in reinforced concrete structures and ultimately use the analysis results to solve the degree, type, and impact on the structural performance of defects. In the identification process, consideration is given to the need to detect and identify non-destructive cavities, cracks, and other non-uniformity in non-destructive reinforced concrete structures. The impact echo method can evaluate the quality and integrity of materials by measuring the reflection and propagation time of sound waves propagating through them. Therefore, it is used to detect and identify concrete quality, voids, cracks, and other issues in reinforced concrete structures, providing an important data basis for structural defect identification. The impact echo method is also used to identify defective composite reinforced concrete structures. Based on the principle of resonance generated by the interaction between elastic waves and the internal structure of the object, the thickness, defect location, and surface crack depth of the composite reinforced concrete structure are calculated based on the resonance frequency [19,20,21].



Due to the use of low-frequency longitudinal wave, the depth measurement is large, and it is less affected by the difference between the material composition and the structural condition of the concrete strengthened by structural composite materials; the indirect determination method is used to conduct impact echo test on the solid plate with known thickness T and obtain the thickness frequency    f T   . The P-wave velocity can be obtained indirectly by using Equation (7).



There is a direct relationship between stress waves and flaw impact echo detection. The flaw impact echo detection is a common non-destructive identification method, which uses the characteristics of shock wave propagation in materials to identify the flaws in materials. Some parameters in the process of generation and propagation of stress waves, combined with wave velocity, will directly affect the propagation behavior of shock waves in materials and the characteristics of flaw impact echo. The stress wave is related to three important parameters: impact duration, hammer diameter, and hammer impact kinetic energy. Part of the kinetic energy of the impact hammer is converted into the elastic wave energy propagating inside the composite reinforced concrete, and the displacement of the particle generating the stress wave is proportional to the impact force. Shock duration    t c    is a linear function of the diameter of the impact hammer and has little relationship with the kinetic energy. If the impact hammer falls freely from the height  h  to the flat composite reinforced concrete slab, the impact duration    t c    is approximately as


   t c  =   0.0043 D    h  0.1      



(7)







Usually the value of  h  ranges from 0.2 to 4 m, so the results of    h  0.1     ranges from 0.85 to 1.15. Therefore, the falling height  h  impact duration    t c    the impact of is small and can be ignored. There is a non-linear relationship between the impact duration    t c    and the diameter of the impact hammer  D . By utilizing the operation of hammerhead mass  κ  and impact angle  τ , the recognition process is endowed with automated attributes, as shown below:


   t c  = 0.0043   κ  D   τ   



(8)







The stress wave generated by impact contains rich frequency components, which depend on the impact time function. Experience shows that for impact echo test, the frequency is     1.25    t c     . The amplitude of the stress wave can meet the requirements.



The identification process is shown in Figure 3 and Figure 4.



In Figure 3 and Figure 4, the stress waves generated by the impact hammer striking the surface of composite reinforced concrete have three forms (see Figure 5): P wave (longitudinal wave), S wave (transverse wave), and R wave (surface wave). The R wave propagates along the surface from the disturbance, and the P and S waves propagate in the form of spherical waves. However, the P wave is related to normal stress propagation, and the S wave is related to shear stress propagation. The low-frequency (≤70 kHz) stress wave generated by the impact hammer striking the composite material reinforced concrete surface propagates to the structure and reflects at the defect or external interface. The reflected wave reaches the striking surface and produces a typical vibration displacement, which is recorded by the sensor and forms a voltage–time signal wave. In order to clarify the types and size ranges of defects in composite reinforced concrete structures and achieve multi-scale finite element analysis of structural defects, X-ray detection technology can be used to transmit and verify the voltage–time signals recorded by sensors; the specific content is as follows. Based on the preliminary results of impact echo detection, X-ray detection technology has selected a detector with an activity of 10–30 Ci. This detector is based on high sensitivity and purity germanium emission X-ray reconstruction images and signal data analysis to obtain quantitative and qualitative information on defects. The specific verification process is:




	
Combining Figure 3 with Equations (7) and (8), the intensity    A D    of the incident X-ray is 100 mGy/cm2/s. The X-ray energy range    B h    is between 50–10 kilovolts (kV).



	
Measure the transmitted radiation intensity by passing X-rays through the reinforced concrete structure  S .



	
Using the transmission formula, calculate the thickness  T  of composite reinforced concrete by measuring the transmission radiation intensity and the known parameters obtained in Equations (7) and (8). The specific calculation process is as follows:


  S =  A D    exp   − μ T      B h     



(9)




where:  T  is the broadband radiation absorption coefficient of the material.








According to the transmission formula, if the measured transmission radiation intensity    A D    is low, it indicates that the material thickness  T  is correspondingly large, and there may be large crack defects or strong absorption capacity of the material. On the contrary, if the measured transmission radiation intensity    A D    is high, it indicates that the material thickness  T  is correspondingly small, and there may be no large crack defects or the material’s absorption capacity is weak, which can help us achieve achieve quantitative and qualitative analysis and verification of defect damage in reinforced concrete structures.



In order to achieve automatic solution verification of  T , the fast Fourier transform conversion algorithm is applied to generate amplitude–frequency curves (frequency domain diagrams), and then the resonance frequency is obtained. The automatic solution result for the thickness or defect depth of composite reinforced concrete is:


  T =   b  C p   d t   d c    s  f T     



(10)




where:    C p    is the speed of P wave propagation;  s  is the thickness frequency corresponding to the maximum wave peak in the frequency domain diagram;    f T    is the geometric structure shape coefficient, and for plate structures. The value of  b  is 0.96.




4. Experimental Analysis


4.1. Analysis of Multi-Scale Modeling Effect


In order to test the accuracy of the multi-scale model used in this method for the modeling of composite reinforced concrete structures, the multi-scale model was tested with various identification methods.



Taking the reinforced concrete four-story three-span plane frame structure of a certain construction project as an example, carbon fiber and epoxy resin were used to reinforce the concrete structure, forming a composite reinforced concrete structure as an experimental object for automatic defect identification. The framework structure monitors the distributed environment using the Hadoop framework configuration, builds a Hadoop node cluster, and implements cluster communication based on the MPI library. The monitoring dataset is written to HDFS.



The specific size of the frame is as follows: the concrete column is 450 mm × 450 mm, the beam Section is 600 mm × 300 mm, the bottom layer is 4.2 m high, the other layers are 3.6 m tall, the spans are 7.2 m, 2.4 m, and 7.2 m respectively, the concrete strength grade is C30, and the steel strength is HRB335.



Carbon fiber includes high-strength and high-elasticity models. The tensile strength of high-strength carbon fiber is 10 times greater than that of reinforcement. The elastic modulus is basically the same as that of reinforcement. The tensile strength of high elastic model carbon fiber is 5 to 10 times larger than that of steel bar. The elastic modulus is 2 to 3 times larger than that of reinforcement, and the properties of carbon fiber materials are shown in Table 1.



The performance of adhesive is the key factor for the success of carbon fiber reinforcement. Generally, three kinds of epoxy resins are used as binders, and their properties are shown in Table 2.



Reinforced with carbon fiber, the material composed of synthetic resin is called carbon fiber composite. Because of the excellent properties of carbon fiber and epoxy resin, only in this way can carbon fiber composites have such excellent mechanical properties, fatigue resistance, and designability.



The main parameters of the frame structure are: the column spacing is 5000 mm; The floor height is 3000 mm; The size, height, and width of the box steel column are 400 mm, and the thickness is 10 mm; The size of the I-shaped steel beam is 300 mm at the edge, 500 mm at the web, and 10 mm at the flange and web. The elastic-plastic analysis software NosaCAD assembles three models of different scales and generates inp files into the finite element analysis software ABAQUS. S4R is used for shell elements of models of different scales, and B31 is used for beam elements. The box steel column and I-shaped steel beam adopt the double broken line follow-up hardening model. The steel yield strength adopts the standard strength value of 345 MPa, and the initial elastic modulus is 206 GPa, which decreases to 1% of the initial elastic modulus after yielding. The calculation models of different scales are shown in Figure 5.



In Figure 5, the first three order periods of the structure are calculated based on this, and by comparing the calculation scales of different models in Figure 5a–c, the content of Table 3 is further obtained. See Table 4 for the comparison results of model quality at different scales.



According to the analysis of the results in Table 3, in the first stage, the cycle time of the rod-system model is 0.701 s, the cycle time of the multi-scale model is 0.694 s, and the cycle time of the fully refined model is 0.671 s. In the second stage, the cycle time of the rod-system model is 0.359 s, the cycle time of the multi-scale model is 0.376 s, and the cycle time of the fully refined model is 0.0392 s. In the third stage, the cycle of the rod-system model is 0.209 s, the cycle of the multi-scale model is 0.215 s, and the cycle of the fully refined model is 0.219 s. Therefore, it can be seen that as the cycle stage deepens, the cycles of all three models continue to shorten. The maximum difference between the period calculated by the multi-scale model and that of the member system element model and the fully refined model will not exceed 5.0%, and the calculation results are basically between the member system element model and the fully refined model. In addition, according to the quality of each scale model listed in Table 4, the difference in size is not more than 1.0%, and the difference is very small. In view of the above two points, it can be basically determined that the connection mode of the multi-scale finite element analysis of the composite reinforced concrete structure constructed in this paper does not affect the overall stiffness of the structure, which can provide a theoretical basis for the automatic identification of defects in composite reinforced concrete structures.



In response to the calculation ideas and analysis perspectives of the above model, reference [7] and reference [8] are introduced as comparative methods for comparative testing and analysis with the method presented in this paper. Three methods were used to construct the model. Reference [7] is Comparative Model 3, reference [8] is Comparative Model 2, and this article’s method is Comparative Model 1. Two points were selected from each of the three models for linear normal stress time history testing, and the results are shown in Figure 6. The normal stress time history curves and free end longitudinal displacement time history curves of the three models under irregular loads are shown in Figure 7 and Figure 8, respectively.



From Figure 6, it can be seen that the time history curve trend of the multi-scale model proposed in this article is very close to that of the fine-scale model, with the time and magnitude of stress reaching yield being basically the same. From Figure 7 and Figure 8, it can be seen that the overall curve changes of the multi-scale model proposed in this article are not significantly different from those of the fine-scale model. The trend of time history curve changes is basically stable, and the parameter values of each node on the multi-scale model are in good agreement with the parameter values set in the experimental environment analysis. However, Model 2, constructed in reference [7], and Model 3, constructed in reference [8], exhibit unstable trends in the time history curve and poor node matching. Therefore, for the purpose of multi-scale analysis of structures, the multi-scale finite element analysis of composite reinforced concrete structures constructed in this paper can effectively ensure the calculation accuracy of key components.



The above three sets of experiments have proven that the model designed in this paper can not only accurately calculate real composite concrete structures but also adapt to irregular loads in actual environments with robustness.




4.2. Analysis of Defect Identification Effect of Concrete Structure Strengthened with Composite Materials


Four finite element models of reinforced concrete composite slab structures with a length of 1000 mm, a width of 600 mm, and a thickness of 200 mm have been established. One group is normal, while the other three groups have cracks, square cavities, and circular cavities, respectively. The length of the crack, the side length of the square cavity, and the diameter of the circular cavity are 10 mm, and the width of the crack is 5 mm. The finite element model of each defect with a buried depth of 200 mm is shown in Figure 9. Apply shock loads to the model and extract the time history waves of nearby nodes for shock echo testing. However, during the testing process, due to the presence of defects (cracks or cavities), the node time history wave signal may be attenuated during propagation, leading to a weakening of the echo signal and resulting in deviation in the final test results. Moreover, if there are multiple defects, the echo signal may reflect and scatter at different defects, which may lead to echo superposition and mutual interference, making it difficult to accurately identify the characteristics of each defect. Considering the possible issues mentioned above, a fast Fourier transform was used during the testing process, and tests were conducted on both symmetrical sides of the model specimen. Therefore, the testable depths of defects were 200 mm, 300 mm, and 400 mm (without considering the joint width), and the unit grid size was 5 mm. Apply a semi-sinusoidal impact load to the unit at the top center of the plate, as shown in Figure 10.



From Figure 9, it can be seen that in Figure 9a, the abnormal situation of the stress or strain field can be observed by checking whether there is a sudden change or abnormality in the stress or strain field at the boundary of the square cavity, observing the abnormal stress or strain distribution corresponding to the length of the square cavity, and identifying the defect. In Figure 9b, abnormal stress or strain fields can be observed using stress or strain observation points to check for localized stress or strain concentration areas. Based on the length and width of cracks, abnormal stress or strain distributions corresponding to these sizes can be found to identify the crack location and identify the defect. In Figure 9c, observe the abnormal situation of the stress or strain field, check whether there is a sudden change or abnormality in the stress or strain field at the boundary of the circular cavity, observe the abnormal stress or strain distribution corresponding to the diameter of the circular cavity, and identify the defect.



Firstly, the impact echo test was carried out on the composite reinforced concrete steel frame without defects; the stress equivalent of the internal stress wave of the material after 55  μ s is shown in Figure 11.



It can be seen from Figure 11 that the stress wave can spread evenly in the composite reinforced concrete steel frame without defects, and it can be seen from the continuous stress wave that the composite reinforced concrete steel frame has no defects.



The impact response time history wave of a node near the impact point on the upper surface of the finite element model is extracted, and the corresponding frequency spectrum curve is obtained by fast Fourier transform, as shown in Figure 12.



Figure 12a shows 1000 μs of the impact echo response waveform within 1s can be clearly seen in its spectrum (Figure 12b) that there is only one significant peak, that is, the thickness frequency peak that appears at 8.53 kHz. According to Equation (7), the frame thickness identified by the impact echo method is 206 mm, and the actual frame thickness is close to 200 mm. The deviation of simulation calculation results is in a reasonable range.



Impact echo testing was carried out on the composite reinforced concrete steel frame with defects. The stress wave cloud diagram of the three defects is shown in Figure 13.



It can be seen from Figure 13 that the stress wave reflects and diffracts when encountering the structural surface of the above three defects. Among them, the square cavity has the largest reflection and diffraction amplitude and the most obvious phenomenon, followed by the crack, and the circular cavity has the smallest phenomenon. This is because the transverse reflection surface of the crack and the square cavity are the same, so their impact echo response is similar. The reflection surface of the circular cavity is curved, and its ability to reflect stress waves will be reduced compared with the plane reflection surface of the square cavity and the crack. However, three kinds of defects can be accurately identified by this method.



In order to verify the application effect of this method, the infrastructure concrete defect detection method based on laser-induced plasma shock wave in reference [7] and the concrete damage detection method based on nonlinear resonance ultrasonic spectroscopy analysis in reference [8] were used as comparative methods. The accuracy of different structural defect identification methods was evaluated by identifying defects and simulating thickness. The comparison results of the accuracy of structural defect identification using different methods are shown in Table 5.



From Table 5, it can be seen that different types of defects are set at different positions in the reinforced concrete composite steel frame. The accuracy of using this method to identify defects has reached 92%, while the accuracy of the reference [7] method is 92%, and the accuracy of the reference [8] method is only 89%. From this, it can be seen that the method proposed in this article can accurately identify defects in reinforced concrete composite structures, with good defect detection performance and excellent practical application results. This is because the method in this article uses the interface connection method based on continuous distribution coupling and the uniform weighting coefficient calculation method to weight the interface nodes, facilitating the determination of the interface connection method and improving the accuracy of stress–strain relationship analysis; The impact echo method was used to analyze the degree of high-frequency stress wave scattering caused by the internal non-uniformity of composite concrete, and the fast Fourier transform algorithm was used to generate amplitude–frequency curves, ultimately improving the accuracy of defect identification.





5. Conclusions


This paper establishes a multi-scale model of reinforced concrete steel frame composite structures. The continuous distribution coupling method was used to determine the interface connection mode, and simulation was conducted on reinforced concrete steel frame composite structures with different defects. The use of the impact echo method for automatic identification of structural defects can accurately identify various defects in simulated composite reinforced concrete steel frames, with an accuracy rate of up to 98%, ensuring high accuracy without affecting subsequent calculation results. However, the precise localization and boundary extraction of defects in composite reinforced concrete structures requires a significant amount of data training. In order to better adapt this study to the current environment, deep learning methods, especially convolutional neural networks and recurrent neural networks, can be used in subsequent research. By training a large amount of structural data, multimodal data fusion can be carried out, further improving the accuracy of defect boundary extraction.
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Figure 1. Overall workflow of finite element analysis. 
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Figure 2. Continuous distribution coupling. 
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Figure 3. Principle of impact echo detection. 
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Figure 4. Stress wave generated by the impact on a concrete slab. 
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Figure 5. Computational models at different scales. 
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Figure 6. Linear dynamic load normal stress time history curve. 
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Figure 7. Irregular load node 1 Irregular normal stress time history curve. 
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Figure 8. Free end under irregular loading longitudinal displacement time history curve. 
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Figure 9. Finite element models of reinforced concrete slabs with different defect composites. 
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Figure 10. Shock load time history curve. 
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Figure 11. Stress wave cloud diagram subjected to impact for 55  μ s. 






Figure 11. Stress wave cloud diagram subjected to impact for 55  μ s.



[image: Coatings 13 02005 g011]







[image: Coatings 13 02005 g012] 





Figure 12. Impact echo of reinforced concrete steel frame with no defect composite material. 
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Figure 13. Stress wave cloud maps of three kinds of concrete defects. 
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Table 1. Properties of carbon fiber materials.






Table 1. Properties of carbon fiber materials.





	
TypeW

	
Carbon Fiber Material




	
Fiber

	
High Tensile Carbon Fiber

	
High Elastic Modulus Carbon Fiber






	
Fiber weight (g/cm2)

	
FTS-C1-20

	
FTS-C1-30

	
FTS-C5-30

	
FTS-C6-30

	
FTS-C6-30




	
Fiber density (g/cm2)

	
200

	
300

	
300

	
300

	
300




	
Design thickness (mm)

	
1.8

	
1.8

	
1.8

	
2.1

	
2.2




	
Design tensile strength (Mpa)

	
0.11

	
0.17

	
0.17

	
0.14

	
1.1




	
Design tensile elastic die (Mpa)

	
2.35 × 105

	
2.35 × 105

	
3.8 × 105

	
5.0 × 105

	
5.5 × 105











 





Table 2. Binder Performance.
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	Resin Class
	Tensile Strength
	Bending Strength
	Compressive Strength
	Tensile Shear Strength
	Positive Tensile Bonding Strength





	Base resin
	
	
	
	
	>1.9



	Leveling material
	
	
	>34.0
	>9.0
	>2.0



	Impregnated resin
	>29.0
	>39.0
	
	>9.8
	










 





Table 3. Model cycles at different scales.
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Cycle/s

	
Model




	
Bar Element

	
Multi-Scale

	
Full Refinement






	
The first stage

	
0.701

	
0.694

	
0.671




	
The second stage

	
0.359

	
0.376

	
0.392




	
The third stage

	
0.209

	
0.215

	
0.219











 





Table 4. Model quality at different scales.
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	Model
	Bar Element
	Multi-Scale
	Full Refinement





	Quality/t
	9.677
	9.611
	9.603










 





Table 5. Test results of different defects.
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	Test Method
	Frame

Thickness/mm
	Top of Defect Distance/mm
	Thickness

Frequency/Hz
	Defect

Frequency/Hz
	Recognition

Accuracy/%





	Proposed method
	200
	100
	9531.8
	19,050.6
	98



	Reference [7] method
	200
	100
	9523.4
	19,205.8
	92



	Reference [8] method
	200
	100
	9496.1
	18,904.2
	89
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