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Abstract: A grout layer between precast concrete components in an assembly structure is required 25 

to bear high axial loads and withstand significant shear forces during earthquakes. Since the grout 26 

layer usually exists in a narrow space, examining the quality of the layer, particularly detecting 27 

debonding at the interface, is a difficult task. However, a debonding defect at the interface is likely 28 

to significantly reduce the safety performance of structures. To address this problem, this paper 29 

presents a combined experimental and numerical study to detect the interfacial debonding based 30 

on the impact-echo theory. Two precast concrete shear walls assembled in a structure were tested 31 

by the impact-echo method based on two different boundaries. It is shown that the thickness 32 

frequencies near a free boundary are considerably lower than those near a fixed boundary, and the 33 

boundary effect disappears when the impact position is far away from the free boundary or the 34 

fixed boundary. Such characteristics can be used to identify a debonded layer (i.e., approaching 35 

the free boundary) in the grouted joint. A blind in-situ test was also conducted to validate the 36 

effectiveness of the proposed impact echo method in detecting debonded layers. 37 

 38 

Keywords: Precast concrete structures; Impact-echo method; Shear wall; Grout layer; Debonding 39 

detection40 
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1. Introduction 41 

Precast concrete structures made up of components prefabricated in factories have gained 42 

worldwide popularity. Ready-made loose components such as precast concrete shear walls, 43 

columns, beams and slabs are installed on site to form precast structures. The joints between the 44 

components, particularly the loadbearing ones (e.g., precast walls and columns) play an important 45 

role in maintaining the safety performance of structures. The gap in the joints which is required 46 

for alignment is usually filled with a dry pack grout [1] or a grout layer (see Figure 1) to bear high 47 

axial pressure and horizontal shear forces. Debonding defects at the interface between the grout 48 

layer and the adjacent member (see Figure 2) might be generated by the grout shrinkage or 49 

improper construction procedures, thereby compromising the overall performance of structures. 50 

Therefore, it is critically important to inspect and evaluate debonding at the interface in order to 51 

guarantee the safety and serviceability performance of precast structures. 52 

 53 

Figure 1. The connection details of a precast concrete shear wall 54 

Core sampling is a time-consuming and costly method for evaluating the internal conditions 55 

of concrete, and in fact it is not applicable for the above-mentioned situation. On the other hand, 56 

nondestructive testing (NDT) methods are appreciated for its cost-effectiveness and avoidance of 57 

damage. There are many kinds of NDT methods such as the conventional ultrasonic testing method, 58 

the ground penetrating radar method and the impact-echo (IE) method, which are often used to 59 
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inspect the conditions of concrete structures [2-5]. However, most of them cannot be operated in 60 

a narrow space and no application was reported for the working condition in the joint area of 61 

precast concrete shear walls, which is the focus of the present study.  62 

 63 

The IE method is one of the latest techniques that uses the principle of stress wave propagation 64 

induced by a short-term mechanical impact to rapidly detect voids or debonding in concrete 65 

elements [5, 6]. This method has been successfully adopted to detect flaws in concrete beams and 66 

columns [7], concrete blocks [8], prestressed concrete slabs [9], epoxy–concrete interfaces [10], 67 

bridge decks [11] and I-girders [12], voids in grouted tunnel lining [13] and voids in the grouted 68 

ducts of prestressed concrete structures [14-17].  69 

 70 

Flaws in concrete structures usually orient approximately in parallel to the impact surface. 71 

However, the orientation of the debonded interface of precast structures in this study is 72 

perpendicular to the surface (see Figure 2a), which makes the impact-echo response far more 73 

complicated. This paper thus aims to investigate the impact-echo responses of precast panels near 74 

the interface and proposes a method to detect debonding between the grout layer and the adjacent 75 

precast component.  76 

 77 

2. Research Methods 78 

2.1. Theoretical background 79 

IE is a nondestructive testing method based on analyzing the characteristics of reflected 80 

transient stress waves especially the primary wave (P-wave) at the surface near the impact point 81 

[5]. The stress wave stimulated by an elastic impact (usually using a small steel ball) propagates 82 

in solid objects mainly in the ways of P-wave, S-wave, and R-wave [5]. The P-wave is a pressure 83 

wave and travels faster than the others in solid structures. It will be reflected when encountering 84 
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external boundaries or internal defects such as voids, cracks or debonding, which can be evaluated 85 

through monitoring the surface displacements generated by the reflected P-wave using an 86 

acceleration transducer located close to the impact point [5]. The frequency spectrum of the 87 

recorded time-displacement signal can be obtained by the Fast Fourier Transform (FFT) technique. 88 

The frequencies with amplitude peaks in the resulting amplitude spectrum are typically used to 89 

estimate the thickness of objects and the existence of internal flaws [5]. 90 

 91 

The frequency with a peak amplitude in the obtained spectrum represents the dominant 92 

frequency in the waveform. This dominant frequency, also known as the thickness frequency, can 93 

be estimated as [18]  94 

                                    (1) 95 

where 96 

                              (2) 97 

K is a geometric correction factor that is determined by the geometrical shape of the structure [18]; 98 

T is the sectional thickness of structure; n is a constant factor either equal to 2 or 4 depending on 99 

the acoustic impedance [18]; β is a correction factor, the value is 0.96 [5] in a plate-like structure 100 

or 0.95 [19] while in a bar-like structure such as concrete beam and column, the value of β varies 101 

from 0.75 to 0.96 with the aspect ratios of the cross-section [5, 18]; Cp is the P-wave speed, where 102 

E, ρ, and ν are the elastic modulus, density, and Poisson’s ratio of the test object, respectively. In 103 

this study, K, β, and n are equal to 1.0, 0.96, and 2.0 for the precast panels, respectively [5]. The 104 

above values of β have been adopted by the ASTM standards and thus the engineering practice. 105 

For plate-like structures, however, the impact echo frequency has been fully explained based on 106 

Lamb wave theory in plates [20-24]. The actual impact echo resonance is a superposition of both 107 

P- and S-waves propagating in both directions along the plate [23, 24]. The theoretical β factor for 108 

the plate-like structures is only dependent on the Poisson’s ratio [22]. 109 
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Unlike plate-like and bar-like structures, the precast panels near the interface (see Figure 2) 110 

subject to a transverse impact have more profound impact responses for complex boundaries. If 111 

the grout layer is tightly attached with the wall, the stress wave passes the interface and the front 112 

P-wave is directly reflected from the opposite surface (see Figure 2a). On the other hand, if there 113 

is a debonding defect at the interface, the wave propagation pattern differs significantly from that 114 

in a sound interface. This is because the debonding defect is a concrete/air interface that reflects 115 

the stress wave to propagate outward from the boundary (i.e., the debonded interface, see Figure 116 

2b). This condition coincides with the contour vibrations of a thin rectangular plate [25] and the 117 

edge resonance of a plate in the previous studies [26, 27]. In the present work, the impact responses 118 

for the above-mentioned two different situations are investigated to compare various spectral 119 

responses, so that the debonding interface between the grout layer and the adjacent precast 120 

component can be recognized. 121 

 122 

 123 

(a) Tight interface              (b) Debonded interface 124 

 Figure 2. Two different propagating patterns of stress waves  125 

2.2. IE test method 126 

An IE test facility developed by Sichuan Central Inspection Technology Co. Ltd. was adopted 127 

for the experimental test. This facility has four primary components, including an impactor with a 128 

steel ball, an accelerometer with a model number of S21C (a frequency range up to 15 kHz), a 129 

signal amplifier, and a laptop with data processing system (see Figure 3). Selecting a proper 130 

impactor whose diameter exhibits a linear function of the contact time (tc) with the tested object is 131 
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crucial to achieve a frequency range matching with the frequencies of the generated stress wave. 132 

The maximum frequency of a wave with a sufficient fluctuation amplitude is approximately 1.25/tc 133 

[5]. The impact force and the contact time have a relationship defined as a half-cycle sinusoidal 134 

function [5]. An impactor with a 6-mm steel sphere which has a contact time of approximately 25 135 

μs with the concrete [5] was adopted in the present tests. By positioning the receiver next to the 136 

impact source, signals were detected to be proportional to the vertical surface acceleration. The 137 

waveforms captured by the transducer were stored in a portable computer-based data-acquisition 138 

system and exported for signal processing and analysis. As a result, the waveform consisted of 139 

4096 data and had a time interval of 2 μs, which can generate a spectral resolution of 0.122 kHz.  140 

           141 

          (a) Impact-echo test on site                (b) Cross section at the test location         142 

Figure 3. Impact-echo test  143 

 144 

A precast wall was assembled on site to investigate two different boundaries. As shown in 145 

Figure 4, the wall is 2900 mm in height, 3500 mm in width and 200 mm in thickness, respectively. 146 

The free boundary is defined in Figure 4a to simulate a typical concrete/air interface and the fixed 147 

boundary was formed at a well grouted joint space (see Figure 4b). To conduct the in-situ test, 10 148 

test lines in the direction parallel to the free and fixed boundaries were marked with a spacing of 149 

1cm (see Figures 4a and 4b). The results of the testing points (numbered from 1 to 9 and from 10 150 

to 18) were measured by different technicians in order to rule out of human errors.  151 
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 152 

Figure 4. Experimental test scheme 153 

2.3. Numerical analysis 154 

Three-dimensional models (C3D8R element in ABAQUS) subject to a transverse impact force 155 

were developed here to study the patterns of IE responses by varying distance (d) between the 156 

impact point and the free boundary. The interface contact type was set to be “bond”. The thickness 157 

of the shear wall was 200 mm. Figure 5 illustrates the dimensions of the numerical models, in 158 

which the 8-node linear brick element was adopted and the reinforcement of the panels was ignored 159 

as they have little effect on the response frequencies [5]. A 5-mm meshing size was used for the 8-160 

node linear brick element in accordance with a convergence study. The relationship between the 161 

impact force and the contact time used in the numerical model followed a half sine curve and the 162 

contact time (tc) of the impact was 25 μs.    163 
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  164 

(a) Near the free boundary         (b) Near the fixed boundary 165 

Figure 5. Configuration of numerical models  166 

The material properties of concrete used in the numerical models are summarized in Table 1, 167 

the value of Cp can be calculated by Eq. (2).  168 

Table 1. Material properties 169 

Parameter Concrete Grout material 

Mass density, ρ (kg/m3) 2440 2400 

Young's Modulus, E (GPa) 44.0 30.6 

Poisson’s ratio,  ν 0.2 0.2 

P-wave speed , Cp (m/s) 4476.2 3763.9 

 170 

3. Results and Discussion 171 

3.1. Test results 172 

Figure 6 shows the impact response frequencies varying with different test numbers and 173 

locations from the boundaries. As shown in Figure 6a, the test results remained stable at the same 174 

distance from the free boundary regardless of the testing points and frequency change when the 175 

distance to the boundary increases up to around 6 cm. Unlike the responses near the free boundary, 176 

there are some random shifts in the IE frequencies near the fixed boundary (see Figure 6b) because 177 
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of the complexity around the boundary. However, the values of frequencies are around the control 178 

frequency of 10.620 kHz which is obtained from the center of the precast concrete shear wall, 179 

where the boundary effect is removed.  180 

 181 

  

(a) (b) 
Figure 6. 3D frequency contours of the test results: (a) IE responses near the free boundary; 

and (b) IE responses near the fixed boundary                        
 182 

The mean response frequency values are listed in Table 2. In the case near the free boundary, 183 

the frequency values fluctuate around 9.385 kHz when the distance between the impact point and 184 

the free boundary is less than 4 cm. When the distance increases further to 8 cm, the predominant 185 

peak frequency is stabilized at a higher value of 10.620 kHz which is close to the fundamental 186 

thickness frequency of the precast concrete shear wall (i.e., 10.742 kHz) as calculated by Eq.(1). 187 

However, when the distance increases from 4 cm to 8 cm, the predominant peak frequencies 188 

increase with the distance. In the case of responses near the fixed boundary, the frequencies 189 

declines slightly with the increase of the distance while overall the values approach the 190 

fundamental thickness frequency of 10.742 kHz. Figure 7 illustrates the tendency of the response 191 

frequencies near the two different boundaries for better comparison.     192 

 193 

  194 
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Table 2. Experimental frequency responses 195 

Distance from the boundary 
(d, cm) 1 2 3 4 5 6 7 8 9 10 

Frequency  
near the free boundary 

(kHz) 
9.379  9.385  9.385  9.440  9.419  9.684  10.206  10.620  10.620  10.620  

Frequency near the fixed 
boundary 

(kHz) 
10.511 10.592 10.525 10.511 10.484 10.525 10.470 10.477 10.437 10.470 

 196 

 197 

Figure 7. Comparison of testing results between free and fixed boundary  198 

3.2. Numerical results 199 

 Table 3 shows the numerical simulation results. In the case of values near the free boundary, 200 

the predominant peak frequency is about 9.763 kHz when the distance between the impact point 201 

and the boundary varies between 1 cm and 4 cm. When the distance exceeds 6 cm, the predominant 202 

peak frequency tends to be stabilized at 10.739 kHz which is in reasonable agreement with the 203 

calculated fundamental thickness frequency of 10.742 kHz. This phenomenon can be explained by 204 

the variation of spectrum with distance near the free boundary, as shown in Figures 8a and 8b, 205 

which illustrate the spectra of frequencies predicted at the locations of 5 cm and 6 cm from the 206 

free boundary, respectively. When the distance is 5 cm, the predominant peak frequency of 9.763 207 

kHz appears accompanying the frequency of 10.739 kHz, while the distance is increased to 6 cm, 208 
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the frequency of 10.739 kHz becomes dominant. Indeed, the propagation of stress wave is affected 209 

by boundary conditions due to the interference between the incident and diffracted modes [27]. 210 

 211 

Table 3. Simulated frequency responses 212 

Distance from the boundary 
(d, cm) 1 2 3 4 5 6 7 8 9 10 

Frequency  
near the free boundary 

(kHz) 
9.763 9.763 9.763 9.763 10.251 10.251 10.739 10.739 10.739 10.739 

Frequency near the fixed 
boundary 

(kHz) 
13.546 13.546 13.546 13.546 12.508 12.508 11.471 11.471 10.861 10.861 

 213 

 214 

  

(a) d = 5 cm (b) d = 6 cm 

Figure 8. Numerical spectrum near the free boundary 
 215 

 In the case near the fixed boundary in Table 3, the predicted response frequencies at all the 216 

locations were larger than the fundamental thickness frequency of 10.742 kHz. When the distance 217 

between the impact point and the fixed boundary was within 5 cm, the predominant peak frequency 218 

appeared at 13.546 kHz. Beyond that the frequency of 11.471 kHz became dominant. Figures 9a 219 

and 9b illustrate the spectra of frequencies predicted at the locations of 5 cm and 6 cm from the 220 

fixed boundary, respectively. 221 
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(a) d = 5 cm (b) d = 6 cm 

Figure 9. Numerical spectrum near the fixed boundary 
 222 

3.3. Discussion  223 

 Overall, the experimental results near the free boundary are in reasonable agreement with the 224 

numerical ones (see Table 4) although there are some gaps (see Figure 10a) for the locations 225 

between 5 cm and 8 cm. Both numerical and experimental results demonstrate that the existence 226 

of free boundary may significantly affect the frequency response within the distance of 5 cm from 227 

the boundary. The IE response characteristic near the free boundary is between those of a bar-like 228 

structure and a plate-like structure, since the shape factor β near the free boundary can be obtained 229 

as 0.897 in the numerical study and about 0.883 in the experimental test, both values fall within 230 

the range of 0.87 to 0.96 [5]. This abrupt frequency variation phenomenon can also be interpreted 231 

by the generation of zero-group-velocity (ZGV) and edge modes [25, 26]. When the distance from 232 

the boundary comes to the thickness of the plate, the amplitude of the ZGV resonance vanishes 233 

while the edge mode resonance appears at a lower frequency [25, 26]. 234 
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Table 4. Summary of the experimental and numerical frequency responses 236 

Distance from the boundary 
(d, cm) 1 2 3 4 5 6 7 8 9 10 

Frequency  
near the free 

boundary 
(kHz) 

Experimental 
results 9.379  9.385  9.385  9.440  9.419  9.684  10.206  10.620  10.620  10.620  

Numerical results 9.763 9.763 9.763 9.763 10.251 10.251 10.739 10.739 10.739 10.739 

Frequency 
near the fixed 

boundary 
(kHz) 

Experimental 
results 10.511 10.592 10.525 10.511 10.484 10.525 10.470 10.477 10.437 10.470 

Numerical results 13.546 13.546 13.546 13.546 12.508 12.508 11.471 11.471 10.861 10.861 

 237 
 238 

  
(a) (b) 

Figure 10. Comparison of numerical and experimental frequency responses: (a) frequency 
responses near the free boundary; and (b) frequency responses near the fixed boundary 

 
 239 

 240 

Figure 10b shows a comparison between experimental and numerical results in terms of the 241 

frequency responses at different positions from the fixed boundary. It is seen that, the experimental 242 

frequencies tend to converge to a level of 10.525 kHz beyond 14 cm from the fixed boundary, 243 

which is approximately the same as the predicted control frequency (i.e., 10.620 kHz). However, 244 

a quite big difference exists between the experimental and numerical results within a relatively 245 

short distance (i.e., about 4 cm) in the fixed boundary case. It is probably due to the real boundary 246 

condition of the precast shear wall does not fully satisfy the fixed boundary condition adopted by 247 

the numerical model whose stiffness is larger than the actual stiffness. Therefore, to validate such 248 
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an assumption, another piece of a cast-in-place shear wall (i.e., no grouted layer joint, as shown in 249 

Figure 10b) was prepared and the measured experimental frequencies within the distance of 20 cm 250 

from the fixed boundary are also presented in Figure 10b for comparison. It is clearly seen that 251 

experimental frequencies of the cast-in-place wall which is also higher than the control frequency 252 

decrease with the distance from fixed boundary until 14 cm, In other words, it is possible to judge 253 

whether there is a debonding defect in the grouted joint using the IE method through observing the 254 

change of patterns of response frequencies with the distance from the possible debonded layer, 255 

particularly within a distance of 15 cm. An obvious jump of the frequency from a lower value to a 256 

higher value (e.g., Figure 10a) may reveal the existence of a free boundary, i.e., a debonded layer.  257 

4. Blind Study on Site 258 

4.1. Procedures 259 

Field studies were conducted on two precast concrete shear walls (denoted as A and B) to 260 

verify the effectiveness of the proposed impact-echo scenario in detecting the debonded layer. The 261 

test was performed as a blind study in which the operators did not know in advance the grouting 262 

conditions of the two specimens. As the above analysis has revealed, the frequency will shift to a 263 

lower value due to the influence of free boundary when the distance between the impact point and 264 

the free boundary is within 6 cm. This means the existence of debonding in the grout layer can be 265 

found through the IE method because it may introduce a free boundary effect. To realize this, firstly 266 

it is important to select a suitable impact distance. In this study, the distance between the impact 267 

point and the precast concrete shear wall’s boundary was controlled at 3 cm (see Figure 11). The 268 

reference control frequency was obtained by impacting the center of the solid precast wall panels.  269 
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 270 

Figure 11. Test line for an in-situ joint 271 

4.2. Results of IE Test  272 

Figure 12 shows the test results of specimen A and specimen B. Test numbers 11 to 13 were 273 

located around the center of each wall, through which the control frequency was found to be 10.375 274 

kHz and 10.253 kHz, respectively. The test frequencies of other 10 measurement points on the 275 

specimen A were almost the same as its control frequency while the frequency responses of the 276 

specimen B were obviously lower than the control value, indicating the existence of debonding in 277 

the grout layer, i.e., a free boundary at the bottom of the shear wall. As shown in Figure 12, the 278 

presence of an interfacial debonding was discovered after the grouted layer was chiseled. 279 

 280 

Figure 12. Experimental results in the blind test 281 
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Figures 13 and 14 illustrate the typical acceleration waveforms and frequency spectra obtained 282 

from the tests on specimen A and specimen B, respectively. The main duration time and its 283 

corresponding frequency are labeled in the figures. As shown in Figure 13, the first wave arrived 284 

was the R-wave [5]. The elapsed time t1 (about 0.096 ms) is the distance where the P-wave traveled, 285 

corresponding to the frequency of 10.375 kHz. The large amplitude peak at 2.808 kHz, 286 

corresponding to the duration time of t2 (about 0.356 ms), was excited by the flexural vibration of 287 

the wall section [5]. In Figure 14, the frequency values of the second peak are different, implying 288 

that there was an interfacial defect in the specimen. Indeed, the project workers verified that 289 

specimen A was carefully grouted while specimen B was only partially grouted. Therefore, the 290 

proposed IE scheme proved its success in detecting debonding adjacent to the grout layer.  291 

 292 

 
(a) d = 3 cm 

   
(b) Center of the wall 

Figure 13. Acceleration waveform and frequency spectrum of specimen A 
 293 
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(a) d = 3 cm 

 
(b) Center of the wall 

Figure 14. Acceleration waveform and frequency spectrum of specimen B 
 294 

5. Conclusions 295 

A detailed investigation into the typical impact-echo responses near the free and fixed 296 

boundaries of precast concrete shear walls has been conducted. Through a field study conducted 297 

on two precast concrete panel wall joints containing a perfect and a deficient grout layer, 298 

respectively, the effectiveness of the impact-echo method in detecting debonding at the joint 299 

interface has been demonstrated.  300 

The experimental and numerical tests showed that, if there is debonding between the grout 301 

layer and the adjacent precast concrete shear wall, the IE test results are apparently influenced by 302 

the free boundary condition. A shift of the predominant control frequency to a lower value reflects 303 

the existence of debonding defect next to the grout layer. For precast concrete shear walls with the 304 

thickness of 20 cm, the above difference may be observed within a distance of 5 cm from the free 305 

boundary, beyond which the influence of the free boundary tends to disappear. The results also 306 

showed that the fixed boundary of the precast concrete shear wall may lead to higher frequency 307 
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responses as compared to the control frequency. In actual construction conditions, the testing 308 

response frequencies may vary around the control frequency. The effect of the fixed boundary 309 

tends to vanish when the test line is about 15 cm away from the fixed boundary.   310 

6. Recommendations for future study 311 

Despite the effectiveness of the impact-echo test method in detecting the debonding defect in 312 

the grout layer of precast concrete shear walls has been validated through the present study, the 313 

geometry of the specimens was fixed and the test boundary conditions were ideally defined. In 314 

engineering practice, the resonance frequency of the tested panel should be less than the 315 

accelerometer’s dominant frequency. In the future study, the effect of boundary conditions should 316 

be further investigated. Case studies with different wall thicknesses, particularly with more 317 

complex field conditions, will be conducted. 318 
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