Research Progress on Defect Detection Methods for Rebar Grouting Sleeve Connections
Abstract: Against the backdrop of the rapid development of prefabricated buildings, internal defects in rebar grouting sleeve connections pose a serious threat to structural safety and durability. This paper systematically reviews key research directions concerning grouting sleeve connections with defects, with a particular focus on defect detection technologies. The study organizes and comparatively analyzes current mainstream non-destructive and semi-destructive testing methods, including ultrasonic testing, impact echo method, embedded sensor method, X-ray testing, piezoelectric impedance method, embedded steel wire pull-out method, and drilled bore endoscopy method. The research indicates that each method has its own characteristics and applicable scenarios: the piezoelectric impedance method can achieve quantitative evaluation of defect severity and is suitable for monitoring critical nodes; the impact echo method is sensitive to density but its positioning accuracy is influenced by sleeve arrangement; X-ray testing provides intuitive imaging but is costly and limited to laboratory use; drilled bore endoscopy allows direct observation of defect location and size, guiding repairs; the embedded steel wire pull-out method is easy to operate but only allows qualitative judgment. The study points out that a single detection method is difficult to meet complex engineering requirements. It is necessary to select or combine multiple methods according to specific application scenarios to leverage their complementary advantages, providing theoretical basis and technical support for improving acceptance standards for grouting sleeves, determining defect repair thresholds, and ensuring the safe application of prefabricated structures.
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0 Introduction 
Against the backdrop of rapid development in industrialized construction and prefabricated buildings, the rebar grouting sleeve connection technology, as the core method for connecting steel bars in precast concrete structures, has been widely applied in various prefabricated buildings and bridge projects due to its ability to effectively transfer rebar stress and ensure structural integrity. Structurally, grouting sleeves are mainly divided into full grouting sleeves and half grouting sleeves, as shown in Figure 1. This technology fills the gap between the rebar and the sleeve with high-strength grout, forming reliable mechanical interlock and bond anchorage, thereby achieving mechanical continuity between adjacent precast components. However, during actual construction, factors such as insufficient grout flow, residual air in the sleeve, incomplete sealing, or improper construction operations often lead to local grouting defects inside the sleeve, resulting in a reduced effective anchorage length of the rebar and interrupted stress transfer paths. Extensive experiments and engineering practice have shown that such defects have become a critical hidden danger affecting the safety and durability of prefabricated structures. 

    Current defect detection methods are mainly divided into non-destructive testing (NDT) and semi-destructive testing. Non-destructive testing techniques indirectly characterize defects by capturing the propagation characteristics of physical signals such as light, electricity, and sound within the medium, including ultrasonic testing[1] , impact-echo testing[2] , embedded sensor methods[3] , X-ray testing, and piezoelectric impedance testing[4] . For example, ultrasonic testing identifies voids by differences in sound velocity between the sleeve wall and grout; impact-echo testing analyzes the reflection spectrum of stress waves to assess grout density; and piezoelectric impedance testing realizes quantitative defect evaluation through changes in electromechanical impedance signals. Semi-destructive testing methods (such as embedded rebar pull-out tests and borehole endoscopy) assess defects at the cost of local damage through direct mechanical responses or visual observation. Although various methods have made progress in theoretical research and engineering verification, there are significant differences in applicability, accuracy, and cost-effectiveness. 

    Existing research mostly focuses on the optimization and verification of a single method, lacking systematic comparison of the applicable scenarios, technical bottlenecks, and complementary potential of different methods. Especially under complex engineering conditions (such as multi-row sleeve arrangements, large-volume components, or long-term health monitoring requirements), it is urgent to establish a multi-technology complementary detection strategy. This paper introduces the principles, characteristics, research progress, and application status of these detection methods, compares various methods, and provides prospects for future research, offering reference and guidance for quality control of sleeve grouting connections in practical engineering. [image: ]
Figure 1 Schematic Diagram of Grouting Sleeve Types
1 Nondestructive Testing Methods
1.1 Ultrasonic Method
The ultrasonic method utilizes the difference in sound velocity between the sleeve wall (fast) and the grout (slow) to identify voids. Jiang Shaofei et al. [5] proposed an ultrasonic probability fault detection method, which can be used for small-sample sampling of grout sleeve compactness testing. Yu Aiping et al. [5] established a defect correlation model through the proportion of wavelet packet energy, which can quantitatively analyze the completeness of horizontal grouting. Chen Zhijie et al. [7] used phased-array ultrasound to detect grout defects in sleeves, suitable for detecting grout defects in prefabricated structures, but the image resolution is insufficient for precise imaging. 
1.2Impact Echo Method
The impact-echo method generates stress waves by striking the surface and analyzes the frequency spectrum of the vibrations formed by the reflection of the stress waves within the structure, thereby determining the degree of grouting inside the sleeve. Wang Kuihua et al. [8] designed a device with a full-bridge strain gauge that can generate short pulse excitations on the rebar inside the sleeve, and then analyze the vibration signals in both time and frequency domains to achieve qualitative and quantitative assessment of sleeve grouting compactness. Geng Haojie et al. [9] found through field tests that moisture and dust have little effect on the results of the impact-echo method, whereas laitance and edge sleeves have a greater impact. Yi Jiasheng et al. [10] discovered that under free boundary conditions, smaller model sizes produce better simulation results in grouting defect detection methods. Wang Decai et al. [11] found through numerical simulations that the collection points should be 4–10 cm from the impact point; if the measurement line is offset by more than 2 cm, grouting defects in the sleeve cannot be effectively identified. The bottom surface testing method performs better than the side testing method in defect recognition. The sleeve grouting and internal rebar have minimal impact on thickness frequency, and the thickness frequency shift of double-row sleeves is basically the same as that of single-row sleeves.
1.3Embedded Sensor Method
By embedding vibration sensors at the grout outlet before grouting, the amplitude attenuates as the damping increases after the grout is filled. Zhao Jun et al. [12] conducted a qualitative analysis of the fullness of grouting inside the sleeve based on the variation of damping vibration amplitude in different media. Yu Ling et al. [13] quantitatively classified the vibration amplitude, further verifying the feasibility of the damping vibration method and achieving better detection of void defects.
1.4 X-ray Method
By reconstructing internal three-dimensional images through multi-angle X-ray penetration, grouting voids can be directly displayed. Guodong Xu et al. [14] found that digital X-ray imaging technology is suitable for detecting the density of grouting and the insertion length of steel bars when the concrete cover thickness is within 270 mm. Qiu Li et al. [15] incorporated 0–15% barite to replace part of the grout as an X-ray absorbing component to enhance the contrast between the grout and grouting defects in the X-ray images.
1.5 Piezoelectric Impedance Method
The piezoelectric impedance method attaches piezoelectric ceramic pieces to the surface of the grouting sleeve. The density of the grouting changes the mechanical impedance of the structure. By measuring changes in the electrical impedance signals of the piezoelectric pieces, the density of the grouting sleeve can be determined. Kang Zhuo et al. [16] verified the feasibility of in-embedded piezoelectric ceramic arrangements on engineering sites and achieved efficient defect identification by comparing signal differences in defective specimens. Xie Yannian et al. [17] further proposed a combined scheme of "annular piezoelectric ceramic with in-embedded arrangement," confirming that it can improve detection accuracy and indicating that the wavelet energy decomposition method has a higher precision advantage compared to the amplitude difference method. For signal processing and defect quantification, Du Yongfeng et al. [18] innovatively proposed the coefficient of variation index (CV/ECV), which integrates time-domain amplitude with frequency-domain wavelet packet energy to achieve multidimensional defect diagnosis. Zhou Shaojie et al. [19] established a quantitative evaluation system for defect severity based on electromechanical impedance measurements using surface-mounted sensors.
Regarding the intrinsic relationship between defects and signal responses, Zhu Hong et al. [20] found that grouting defects can cause the sensor amplitude to increase up to 293% of the fully grouted state, and that the wavelet packet energy index can quantitatively map the severity of the defects. Du Yongxiao et al. [21] proposed a critical determination threshold — a voltage ratio (after/before grouting) of less than 0.4 when fully grouted, providing a quantitative basis for engineering acceptance.
At the level of project implementation and process coordination, Li Junhua et al. [22] extended the piezoelectric impedance method to complex structures such as frame columns and shear walls, achieving gradated evaluation of sleeve fill levels; Guan Yongqiang et al. [23], through the resistivity method and response surface analysis, indicated that using high-strength, non-shrink grouting material and controlling the grouting temperature at 25°C and flow rate at 30 mL/s can significantly enhance grouting density, thereby reducing defect risks from the source.
2 Micro-Damage Detection Methods
2.1 Embedded Steel Wire Pulling Method
By embedding steel wires before grouting and pulling them out after hardening, the density can be judged based on the resistance during extraction. Wu Jianliang et al. [24] studied the effects of factors such as steel wire diameter, anchorage length, slurry water-cement ratio, curing age, and steel wire inclination on the results of the steel wire pull-out test. They conducted correlation studies on the influencing factors of the steel wire pull-out method based on simulated test experiments. By combining construction information such as water-cement ratio and curing age, they proposed a relative value method for evaluating the ultimate pull-out load of steel wires, which can effectively improve the accuracy of judging the fullness of sleeve grouting.
2.2 Endoscopic Method
The endoscopic method involves inserting an endoscope probe through a drilled hole to directly observe defects. Yan Qianxun et al. [25] used an industrial endoscopic system and, through the pre-formed hole method, conducted on-site in situ tests to examine the compactness inside the observation sleeve along the borehole. They inspected single-row, double-row symmetrical, and "plum blossom" three arrangement types of sleeves and proposed a calculation formula for grouting compactness, providing a quantitative evaluation of the test results. The results indicate that for single-row, double-row symmetrical, and "plum blossom" sleeve arrangements, the pre-formed hole endoscopic method can be used for sleeve grouting compactness inspection and clear imaging, and sleeves with grouting defects can be quantitatively analyzed using the measurement function of the endoscope.
3 Comparison of Testing Methods
The above text introduces the principles, characteristics, research, and current application status of detection methods used for quality control of sleeve grouting. Each method has its advantages and disadvantages, and the applicable conditions vary. Overall, the pre-embedded sensor method, borehole endoscopy method, X-ray digital imaging method, and pre-embedded steel wire pull-out method are the four methods that have been well-researched, are relatively easy to use, and provide good detection results. The characteristics of these four methods are shown in Table 1.

Table 1 Comparison of Grouting Connection Quality Inspection Methods for Rebar Couplers
	Detection Method
	Detection Principle
	Advantages
	Limitations
	Applicable Scenarios

	Ultrasonic Method
	Sound Velocity Difference
	Fast, Full-Field Scanning
	Large Boundary Interference, Difficult to Quantify
	Preliminary Screening on Construction Sites

	Impact Echo Method
	Frequency Drift
	Sensitive to Compactness, Portable
	Ambiguous Positioning of Double Rows of Sleeves
	On-Site Density Verification

	Pre-Embedded Sensor Method
	Sensor Variation
	Simple and Convenient
	Local Micro-Damage Required
	Actual Engineering Verification

	X-ray Method
	Ray Penetration Imaging
	Intuitive Results, High Precision
	High Cost, Limited to Small Components
	Laboratory Fine Detection

	Piezoelectric Impedance Method
	Mechanical-Electrical Impedance Coupling
	Quantifiable, Real-Time Monitoring
	Pre-Embedding Required, Dependent on Equipment
	Long-Term Monitoring of Key Nodes

	Pre-Embedded Steel Wire Pull-Out Method
	Pull-Out Resistance
	Simple Operation, Low Cost
	Qualitative Only, Local Destruction
	On-Site Sampling Inspection

	Borehole Endoscope Method
	Direct Visual Observation
	Accurate Results, Measurable Dimensions
	Micro-Damage, Drilling Required
	Defect Localization and Repair Guidance


4 Conclusion
(1) Defect detection requires multiple methods to work in coordination and complement each other. Current detection technologies are divided into non-destructive (ultrasonic method, impact echo method, embedded sensor method, X-ray method, piezoelectric impedance method) and minimally destructive (embedded steel wire pull-out method, borehole endoscope method) types.
(2) In non-destructive methods: the piezoelectric impedance method quantitatively evaluates defect severity through electromechanical impedance signals (voltage ratio threshold < 0.4), suitable for long-term monitoring of critical nodes; the impact-echo method is sensitive to density but has insufficient positioning accuracy for double-row sleeves; X-ray imaging is intuitive but costly and limited to small components in laboratories.
(3) In the micro-damage method: the borehole endoscope can intuitively observe the defect's location and size, making it suitable for repair positioning; the embedded steel wire pull-out method is simple to operate but can only provide qualitative assessment. A comprehensive comparison indicates that the choice or combination of methods should be based on the engineering scenario (such as on-site preliminary screening, laboratory fine inspection, or repair guidance) to leverage complementary advantages.
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