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Abstract

This study examines the spectral responses resulting from the use of the impact-echo method for rockbolt length detection. A rockbolt is a thin long member that is often used in tunnels or slope protection works to fasten structures and soil/rock mass tightly together. It involves embedding a long steel bolt fully anchored to the original structure to resist strong pulling forces and stabilize the original structure or serve as a connecting member between two materials. Inadequate embedment length or poor grouting can prevent rockbolts from serving the function they were designed for and result in rockbolt failure. This study employed finite element analysis to conduct numerical simulation analyses of the stress wave signals in rockbolts and then used the impact-echo method to measure rockbolt length and grout integrity. Our results indicate that the impact-echo method can be used to determine rockbolt length but requires prior knowledge of whether the rockbolt is grouted. If not, then its detection signals will be similar to those of a bare steel bar. The rockbolt length can then be calculated using the theoretical wave velocity in a steel bar and the fundamental frequency derived from measurements. If the rockbolt is grouted, then the wave velocity in the grout material must be known so that the accurate length of the rockbolt can be derived.
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1. Introduction
A rockbolt is a thin long member that is often used in tunnels or slope protection works to fasten structures and rock masses tightly together and inhibit the deformation of nearby rock masses (Bobet and Einstein, 2011). It involves embedding a long steel bolt fully anchored to the original structure to resist strong pulling forces and stabilize the original structure or serve as a connecting member between two materials. Once embedded, their conditions are difficult to confirm, and if they are embedded in soil, their durability faces greater challenges than that of structures above ground due to the corrosive environments underground.
The most common issue in rockbolt quality is poor construction quality, which can result in inadequate embedment length and poor grouting. Most rockbolt quality checks use onsite pull-out tests (Martín et al., 2013; Chang et al., 2017; Teymen, 2017; Yu, 2019); the tensile strength at failure is used to determine whether the rockbolts meet strength requirements. However, this approach takes time and effort and is also destructive. Advances in nondestructive detection methods in recent years have seen a number of detection methods added to construction regulations (ACI Committee 228, 2013 and 2019), including the impact-echo method, ultrasonic methods, time-domain reflectometry (TDR), electromagnetic methods, and the cross-hole method. The use of nondestructive methods to test the construction quality of rockbolts has thus become increasingly valued and promoted. Among the many nondestructive detection methods, the impact-echo method is the most widely used in civil engineering. Developed by the National Bureau of Standards in 1983, it involves the use of low-frequency transient stress waves to detect flaws within concrete without the limitations of ultrasonic methods in testing concrete materials, such as the scattering and attenuation of high-frequency waves, insufficient excitation energy, and difficult signal recognition. After two decades of research and modifications, the impact-echo method is now used in the safety inspection and assessment of various engineering problems (Sansalone and Streett, 1997). According to the National Cooperative Highway Research Program (NCHRP, 2002), the impact-echo method can be used to detect multiple types of flaws in rockbolt-type structures, including rockbolt length inadequacies or fractures, reduced cross-section area caused by corrosion, and the formation of cracks between rockbolts and the anchoring medium, or grout, due to poor contact.
A study conducted by Beard et al. (Beard and Lowe, 2004) on rockbolts further specified that when stress waves with lower frequencies (0-500 kHz) are used to detect the remaining lengths and cross-sectional flaws of rockbolts, the response signals of these anchoring states can indeed be found via spectral analysis. In 2010, Zou et al. (2004) used ultrasonic waves with frequencies from 10 kHz to 100 kHz to conduct a large number of tests on rockbolts. The results indicated that air content and grout strength exerted a significant impact on the ultrasonic wave signals. The wave signals of stress waves in rockbolts anchored using low-strength grout were very clear, and the numerical analysis could be directly interpreted. If the grout had high compressive strength, then the wave signals became very complex and required filtering before signal analysis could be conducted. In a recent report, Yao et al. (2018) indicated that combining the impact-echo method and wavelet transform for signal analysis can effectively detect defects in the grout.
Aside from conducting experiments, even more studies have performed the numerical analysis of rockbolts. The vast majority of these numerical analyses employed suitable elements to simulate the rockbolts and the surrounding grout and the finite element method (FEM) or the finite difference method (FDM) to investigate the bearing stress and boundary signals in rockbolts (Mortazavi and Alavi, 2013; Nie et al., 2014; Zhou et al., 2016; Chen et al., 2018). Using a discontinuous element method (DEM), Shang et al. (2018) analyzed the behavior of the mortar-rockbolt interface and remarked that the mortar-rockbolt interface presented progressive debonding (Shang et al., 2018). He et al. (2018) proposed the use of discontinuous deformation analysis (DDA) to construct a rockbolt model (He et al., 2018). Yokota et al. (2018 and 2019) indicated that DDA is an effective tool for the simulation of crack formation and propagation (Yokota et al., 2018 and 2019).

Rockbolts are mostly structures comprising a combination of steel bars and concrete. The velocity at which stress waves travel within rockbolts varies with the geometric shape of the rockbolts, the composition and thickness of the grout layer, and the anchorage percentage. In this study, we performed nondestructive testing on rockbolts using the spectral responses of impact-echo tests. At the same time, we employed finite element software to conduct numerical analysis of the stress wave signals in rockbolts to clarify the spectral responses of stress waves in rockbolts and verify the feasibility of the impact-echo method in rockbolt quality assessment.
2. Theoretical background and analysis methods
2.1 Stress wave theory
When the surface of an object is subjected to mechanical impact from an external force, it generates transient stress fluctuations that propagate through the object. The stress waves can be divided into longitudinal waves (P-waves), transverse waves (S-waves), and surface waves (R-waves). P-waves and S-waves spread through the object in the shape of a hemisphere away from the impact source, whereas R-waves spread along the object surface in counterclockwise ellipses away from the impact source. In P-waves, the motion of medium particles is parallel to the direction in which the wave is propagating, and their displacement amplitudes are greatest directly below the impact source. In S-waves, the motion of medium particles is perpendicular to the direction in which the wave is propagating, and their displacement amplitudes directly below the impact source and at the impact surface are zero. In terms of propagation velocity, P-waves are the fastest, S-waves are the second fastest, and R-waves are the slowest.
When stress waves are traveling in an elastic, homogeneous, and semi-infinite solid medium, the velocity of the P-waves can be expressed as follows:
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where
E
: elastic modulus
ν
: poisson’s ratio
ρ
: density
However, actual structures generally have shapes and boundaries and are rarely infinite. Thus, the geometric shapes of the structures affect the wave velocities that are measured, which means that the actual wave velocities derived in tests will differ somewhat from the CP value in Eq. (2). The rockbolts investigated in this study are generally thin, long members. The stress wave theory holds that if the cross-section is extremely thin and long, the effect of Poisson's ratio is negligible. Thus, velocity of longitudinal waves in thin long members on Eq. (1) can be revised to
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The theoretical formula for the velocity of longitudinal waves in Eq. (2) is only applicable to thin long linear elastic members comprising a single material. As a rockbolt is externally wrapped in grout, the apparent wave velocities in the entire rockbolt will vary due to the influence of various factors. The theoretical solution is overly complex and generally relies on numerical analysis to simulate various shapes and boundary conditions to obtain an approximate solution.
When a transient impact load is applied to the top end (free end) of a rockbolt, the particles within the rockbolt member generate dilations and compressions in the longitudinal direction (P-waves), and these stress waves propagate forwards in a steady manner. When the stress waves encounter variable impedance interfaces, reflection and transmission take place, as shown in Fig. 1. We define the wave impedance as Z=ρCA, where ρ denotes the density of the medium, C is the velocity of the stress waves, and A represents the cross-section area of the medium. In the one-dimensional wave theory, reflection coefficient R and transmission coefficient F are as follows based on continuity and momentum conservation:

[image: image3.wmf]1

2

1

2

z

z

z

z

R

+

-

=


(3)


[image: image4.wmf]1

2

2

2

z

z

z

F

+

=


(4)

where

Z1: wave impedance of first member section

Z2: wave impedance of second member section
2.2 Spectral analysis
Using the above wave behavior, the physical phenomenon that occur when the waves encounter different media can be used to locate the interfaces. The principle of spectral analysis is based on the fact that the P-waves directly below the impact surface have the greatest displacement amplitudes. A receiver is placed near the impact source, and normal P-waves are applied for the measurement basis. The P-waves produced by the impact travel back and forth between the top and bottom ends of the rockbolt, thereby creating periodic responses. The path traveled by a P-wave in a single trip is twice as long as the rockbolt length L. The resulting periodic wave equals the path 2L divided by the apparent wave velocity CP,apparent of the rockbolt. As frequency f is the reciprocal of the period, the frequency of the unique displacement waveform can be calculated using the following formula:
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Once a digital displacement waveform is recorded, a fast Fourier transform (FFT) can be used to obtain the amplitude spectrum. This technique is based on the fact that any waveform can be represented by the sum of a series of sine waves of different amplitudes, frequencies, and phase angles. The apparent wave velocities of the rockbolt show that the length of the rockbolt is as follows, based on Eq. (5):
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If the apparent wave velocity of a P-wave is known, then the rockbolt length can be obtained using the dominant frequency of the waveform. In contrast, if the dominant frequency f and length L of a rockbolt are known, then the equation below can be used to derive the apparent wave velocity of the rockbolt:
CP,apparent = 2 f L
(7)

3. Numerical analysis
We first employed a finite element program to conduct the numerical simulation and analysis of the spectral responses of the stress wave signals in rockbolt-type structures and identify the various factors that may affect the propagation of stress waves within rockbolts.
3.1 Simulation parameter settings
During the simulations of the numerical analyses, a transient half-sine force in introduced. In accordance with onsite conditions, the stress waves were applied at the center of the top surface, and a receiver is also placed on the top surface. The material properties of the steel bar at the center of the rockbolt were density (ρ) = 7850 kg/m3, elastic modulus (E) = 2.1×1011 N/m2, and Poisson's ratio (ν) = 0.273. Using Eq. (2), we can derive that the wave velocity in the rockbolt is 5172 m/sec. The outer grout layer was adjusted depending on the materials used in the analysis. The contact time of the force system applied (tc) was 24 μs. The wavelength (λ) of the stress waves created by this force system could be calculated using Eq. (8) below:
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In the equation above, fint is known as the effective frequency of the force system; its magnitude is associated with the duration of its contact with the force system, and the relationship can be estimated as follows:
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Using Eq. (9), we can derive that the effective frequency is approximately 62.5 kHz. If a thin long round steel bar with wave velocity 5200 m/sec is used, then Eq. (8) shows that the wavelength of the applied stress waves is 8.32 cm, which, substituted into the formula below, gives the minimum size of the elements needed for the numerical analysis:
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Thus, the elements must be smaller than 0.832 cm so that wave propagation within the elements can be described. We therefore set the elements to be 0.625 cm in size to ensure adequate precision and then calculated the time intervals of the analysis based on element size:
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In the formula above,
Leff
: effective length
C
: wave velocity
Based on Eq. (11), the time intervals must be shorter than 1.202 μs; otherwise, divergence will occur.
The spectral resolution is the reciprocal of the total waveform duration (the time intervals of waveform records×the number of records). Longer total durations in the analysis mean higher spectral resolution. A reasonable spectral resolution should coordinate with the response frequency of the rockbolt to be tested. Generally speaking, it is best that the spectral resolution be less than 5% of the response frequency of the rockbolt to be tested.
3.2 Influence of grout layer thickness on wave velocity
In onsite testing, only the top of a rockbolt is exposed for instrument placement. We therefore installed the impact source within the rockbolt at the top of the steel bar and placed a receiver on the same cross-section. We define the area of the steel bar as As, and the area of the grout layer as Am, as shown in Fig. 2. The wave velocity in the grout layer is generally lower than that in the steel bar, and when the stress waves travel in the rockbolt, the apparent wave velocity in the rockbolt is lower due to the grout layer.
To determine the influence of grout layer thickness on the apparent wave velocity in the rockbolt, we conducted a series of numerical analyses, from a bare steel bar with no grout to a grout layer with an area 78 times that of the steel bar. The diameter and length of the steel bar were 2.5 cm and 75 cm, respectively. The wave velocity in the grout layer (Cp, m) was set as 3848 m/sec (ρm=2000 kg/m3, Em=2.96×1010 N/m2). The spectral resolution was set as 28 Hz.
Fig. 3(a) displays the acceleration response spectrum derived from the numerical analysis of a bare steel bar (Am/As=0), in which the dominant frequency (f1) was 3444 Hz. Using Eq. (7), we obtained the wave velocity in the steel bar, which was 5166 m/s. Figure 3(b) presents the acceleration response spectrum derived from the numerical analysis of a steel bar anchored within 3.2cm-thick grout (Am/As=11.7), in which the dominant frequency (f1) was 2660 Hz. Using Eq. (7), we derived that the apparent wave velocity in the steel bar was 3990 m/s. In addition, the peak frequencies that subsequently appear after the first dominant frequency (f1) were all multiples of the first dominant frequency, a phenomenon that was consistent with that derived by Kim et al. (2002). Thus, we can revised Eq. (5) to Eq. (12) and obtain all corresponding modal frequencies:
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A comparison of the results in Figs. 3(a) and 3(b) show that when the grout was included, the apparent wave velocity in the overall rockbolt decreased and that a thicker grout layer results in lower wave velocity. Based on the analysis results above, we can compile a relationship curve, as shown in Fig. 4. Once the area ratio of the grout and steel bar (Am/As) exceeds 10, the changes in the wave velocity slow down, thereby indicating that the apparent wave velocity of the overall rockbolt is already close to that of the grout layer (wave velocity of grout layer 3848 m/sec). When the area ratio of the grout and steel bar (Am/As) exceeds 20, the apparent wave velocity of the overall rockbolt equals that of the grout layer.
3.3 Influence of grout material properties on wave velocity
Stress waves are steadier in steel bars but more variable in the cement mortar of the grout layer. We thus began our numerical analysis by designing a series of models to examine the relationship between wave velocities in the grout layer and those in the overall rockbolt. Suppose that the length of a fixed rockbolt is 75 cm and that the area ratio of the grout layer and the steel bar (Am/As) is 11.7. Poisson's ratio (ν) equals 0.2, and density (ρ) is a fixed value equaling 2300 kg/cm3. Using Eq. (2), we can obtain the elastic modulus (E) corresponding to different wave velocities. The wave velocities in cement mortar generally range from 3000 m/sec to 4100 m/sec, so we used these velocities as the lower and upper velocity limits in our analysis.
Figs. 5(a) and 5(b) display the acceleration spectra resulting from wave velocities of 3600 m/sec and 4100 m/sec in the grout. The peaks marked with f1 show the frequencies of the waves reflected off the bottom end of the steel bar, and the subsequent peaks all appeared at multiples of f1. By substituting the frequencies 2441 Hz and 2848 Hz in Figs. 5(a) and 5(b) into Eq. (7), we can derived that the apparent wave velocities in the rockbolts were 3662 m/s and 4272 m/s, respectively. Fig. 6 presents the relationship between wave velocities in the grout layer and those in the overall rockbolt, clearly showing that higher wave velocities in the grout layer will result in higher apparent wave velocities in the overall rockbolt.
3.4 Influence of anchorage percentage on wave velocity
Regarding the influence of the coverage ratio of the grout along the entire length of the rockbolt on wave velocity, we also planned a series of rockbolt models with different anchorage percentages. The area ratio of the grout layer and the steel bar (Am/As) was set at 11.7, and the wave velocity in the grout layer (CP,m) was 3848 m/sec.

Fig. 7(a) exhibits the analysis model of anchorage from the bottom. Figs. 7(b) to 7(g) present the acceleration spectra obtained from the analyses of various anchorage percentages (anchored length divided by rockbolt length). For each spectrum, we identified the frequency of the first peak as the fundamental frequency. The second frequencies were twice the first frequencies in the conditions with a bare steel bar and with complete anchorage, but not so in the other conditions. This means that incomplete anchorage will alter spectral characteristics.
We substituted the fundamental frequencies obtained in Figs. 7(b) to 7(g) into Eq. (7) to derive the apparent wave velocities in the rockbolts and then plotted the relationship curve of anchorage percentage and apparent wave velocity in Fig. 8. As can be seen, the apparent wave velocity of rockbolts does not follow a simple increasing or decreasing trend as the anchorage percentage rises; both increases and decreases take place. This unique phenomenon should therefore be taken into account in practical applications. For instance, when over 10% of the rockbolt length is exposed, the apparent wave velocity in the rockbolt increases significantly; when 20% of the rockbolt is exposed (anchored length 80%), the apparent wave velocity in the rockbolt reaches 4704 m/sec, which is already 91% of the wave velocity in the steel bar. In practical applications, approximately 10 cm of rockbolts is generally exposed. If the entire length of the rockbolt is greater than 100 cm, then the anchorage percentage from the bottom will be greater than 90%, and the apparent wave velocity will be closer to the wave velocity in the grout layer with a difference less than 8%.
3.5 Influence of incomplete grout layer on spectral responses
This section examines the influence of flaws resulting from incomplete grouting on wave velocity and determines the influence of the location, quantity, and percentage of incomplete grouting (hereafter referred to as flaws) on the spectrum. Our conditions included rockbolt length 75 cm, a fixed area ratio of the grout layer and the steel bar (Am/As) equaling 11.7, and wave velocity in the grout layer (CP,m) being 3848 m/sec. Fig. 9 displays the analysis model with flaws simulated as absences of the grout layer.
We first investigated the influence of flaw location. With flaw length set at 30 cm (40% of total rockbolt length), Figs. 10(a)~(c) show the spectra derived from three flaw locations, and the analysis results are presented in Table 1 and Fig. 11. As can be seen, when the flaw is within the rockbolt structure, the fundamental frequency is only 60% that of a bare steel bar. Thus, the phenomenon in which the apparent wave velocity reverse calculated from the fundamental frequency of the rockbolt is lower than the wave velocity in the grout layer can be used to confirm the existence of flaws within the rockbolt. Figs. 10(a) to 10(c) also show that the second frequency is not twice that of the first frequency, thereby indicating that incomplete grouting alters the spectral characteristics.

In view of the fact that flaws within rockbolts have a significant impact on the fundamental frequency, we next investigated the influence of the number of flaws in the middle on the spectrum. Fig. 12 shows the influence of the number of flaws on spectral responses. The frequency of the first peak f1 was regarded as the fundamental frequency. Analysis of the frequency of the second peak f2 revealed abnormally low frequencies whether there were one or more flaws in the middle of the rockbolt. The reversely calculated wave velocities were lower than that in the grout layer. Several frequencies appeared after the flaws, so the later frequencies were not multiples of the fundamental frequency.

Next, we examined the influence of the percentage of the middle of the rockbolt occupied by flaws on the spectrum. Fig. 13 displays the analysis results. As can be seen, when there were flaws in the middle of the rockbolt, abnormally low frequencies were detected no matter how much of the rockbolt the flaws occupied. The reversely calculated wave velocities were lower than that in the grout layer. Several frequencies also appeared after the flaws, so the later frequencies were not multiples of the fundamental frequency. Fig. 14 presents the influence of flaw percentage on the spectrum. As can be seen, the frequency resulting from complete grouting (0% flaws) is dominated by the wave velocity of the grout layer (3848 m/sec), which is approximately 74% (3848/5172) of that of the fundamental frequency of pure rockbolt (100% flaws). However, the presence of any flaws within the rockbolt will noticeably shift the fundamental frequency in the spectral responses to lower frequencies.

After obtaining the fundamental frequencies of various rockbolts containing flaws, the apparent wave velocities of the rockbolts could be derived using Eq. (7). However, the apparent wave velocities obtained were lower than the wave velocity in the grout layer. These unreasonable wave velocities indicate that the presence of flaws in the middle alter the mode shape of the rockbolt and that the dominant mode shape was not produced by reflections off the bottom end of the rod. The wave velocities derived using Eq. (7) were also inaccurate. Thus, if the fundamental frequency of the rockbolt shifts to lower frequencies and the second frequency is not twice the first frequency, it means that there are flaws within the rockbolt.
4. Experiments
To determine the effectiveness of the impact-echo method in rockbolt testing, we conducted a series of experiments. Considering the fact that rockbolts may be grouted or ungrouted in actual applications, we designed grouted and ungrouted specimens.
For one ungrouted specimen, we embedded a rockbolt with diameter 2.5 cm and length 1 m in soil with 25 cm exposed. The experiment results were compared with those of a rockbolt not embedded in soil. We then placed another rockbolt with length 2.8m in a hollow casing and filled the casing with gravel. The rockbolt and gravel were not adhered together to simulate ungrouted rockbolts anchored with only sandy backfill and no grout.
For the grouted specimen, we used a #8 rebar with length 1.1 m as the rockbolt. The area ratio of the grout layer and the rebar (Am/As) was 11.7, and the rebar was surrounded by cement mortar, that is, the material of the grout layer was cement mortar.
4.1 Experiment results of ungrouted specimens
Figs. 15(a) and 15(b) present the spectral responses of rockbolts with length 100 cm in air and embedded in soil. The frequencies of the peak marked with f1 in the figures were the fundamental frequencies, and f2 and f3 were the frequencies of the second and third peaks, which were multiples of the fundamental frequencies. Fig. 15(a) clearly shows that the fundamental frequency of the bare rod was 2590 Hz. By substituting these frequencies and known steel bar length 1 m into Eq. (7), we derived that the wave velocity in the steel bar was 5180 m/s (quite close to the theoretical value 5172 m/s). The spectral responses of the rockbolt embedded in soil were as shown in Fig. 15(b). As can be seen, the fundamental frequency was 2620 Hz, which differs from the fundamental frequency of a bare steel bar in Fig. 15(a) by 1.2%. We could thus assume that the soil had almost no impact on the spectral responses of the soil, mostly because the stiffness of soil is far lower than that of the steel bar. Furthermore, almost no adhesion existed between the two materials, so the transient stress waves that were applied remained in the rockbolt, like with the interface between the steel bar and air.
Fig. 16 shows the spectral responses of the ungrouted rockbolt with length 2.8 m and embedded in gravel. The frequency of the peak marked with f1 in the figure was the fundamental frequency, and f2 and f3 were the frequencies of the second and third peaks, which were multiples of the fundamental frequency. By substituting the fundamental frequency in the figure, 894 Hz, and the theoretical value of the wave velocity in the steel bar, 5172 m/s, into Eq. (7), we can derive that the length of the rockbolt is 2.89 m, which differs from the actual length of 2.8 m by 3.2%.
4.2 Experiment results of grouted specimens
Before the rockbolt length experiment, we had to first obtain the wave velocity in the grout material. This was done by measuring the wave velocity in actual cylindrical specimens. Frequency domain measurements were obtained using instruments installed on the top. In other words, the impact source and the receiver were on the same side, as shown in Fig. 17(a). Using FFT, the acceleration waveforms received by the receiver were converted into the spectrum in Fig. 17(b), which shows a distinct dominant frequency, 11045 Hz. Using Eq. (1), we calculated the wave velocity in the grout layer. With the wave velocity measurements in cylindrical specimen No. 1 as an example, the results were as shown in Fig. 17(b). With spectrum peak value (dominant frequency) 11045 Hz and specimen length (L) 0.15 m, we derived that the wave velocity in the grout material was 3306 m/sec. Using the same procedures, we obtained measurements from cylindrical specimen No. 2, the spectrum of which is as shown in Fig. 17(c). Calculations revealed the wave velocity to be 3381 m/sec, so the average wave velocity in the grout material was 3344 m/sec.
Fig. 18 displays the spectrum derived from a rockbolt anchored using cement mortar. In the figure, f1=1538 Hz is the fundamental frequency. As derived previously, the area ratio of the grout and steel bar exceeding 10 will produce an apparent wave velocity in the overall rockbolt close to that of the grout layer (Please refer to Fig. 4). With the wave velocity in cement mortar being 3344 m/sec, we substituted the fundamental frequency in this example, 1538 Hz, and the apparent wave velocity 3344 m/sec into Eq. (6) and derived that the rockbolt length was 1.09 m, which is quite close to the actual length of 1.1 m.
5. Conclusion
Most rockbolt length inspections are conducted using pull-out tests. However, this approach cannot be used for comprehensive inspections, and it is a destructive test method. The results of this study demonstrate that the impact-echo method can be used to determine rockbolt length but requires prior knowledge of whether the rockbolt is grouted. If not, then its detection signals will be similar to those of a bare steel bar. The rockbolt length can then be calculated using the theoretical wave velocity in a steel bar, 5172 m/sec, and the fundamental frequency derived from the spectral responses of measurements. If the rockbolt is grouted, then the thickness of the grout layer and the wave velocity in the grout material must be known. Cement mortar is the most common grout material. If the area ratio of the grout and steel bar (Am/As) exceeds 10, the wave velocity in cement mortar (approximately between 3200 m/sec and 3500 m/sec) can serve as the apparent wave velocity of the rockbolt. Then, the accurate length of the rockbolt can be derived.
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