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Before the rock in engineering projects such as mining, tunnel excavation, steep road construction, 
and oil and gas extraction undergoes failure, macroscopic and microscopic cracks will appear. The 
management or utilization of these cracks is inseparable from the application of crack detection 
technology. Some of these cracks are located below the rock surface and have a certain depth, 
which hinders the application of standard techniques. Therefore, based on the microwave resonance 
vibration model and using a low-power microwave source along with an enhanced transmission 
voltage amplitude, this paper proposes a microwave resonance detection method for the depth of 
hidden rock cracks. Experimental verification was conducted on cement mortar material samples and 
granite material samples with different preset internal crack depths. The propagation and reflection 
characteristics of cement mortar and granite material samples were analyzed, and the detection range 
of hidden crack depth was assessed. The results show that using this method, both cement mortar and 
granite samples have real-time detection capabilities at the central frequency of 3.667 GHz microwave 
magnetic field. The method has a fast response speed, and the relative error of the measurement 
results is within ± 5%. The theoretical maximum penetration depth for cement mortar material samples 
is 83–263 mm, and for granite material samples, it is 8311–83,107 mm. By comparing the actual test 
results of the cement mortar samples with the theoretical prediction results, it is evident that the 
microwave resonance crack depth detection device detected a maximum depth of 82 mm, which 
is consistent with the calculated range. The aforementioned method provides a new means for the 
detection of cracks below the rock surface.
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In mines, tunnels, hillside roadways, and oil and gas reservoirs, rock failures can occur due to high stress or 
external disturbances1–4. Cracks, both microscopic and macroscopic, start to appear before the rock fails5. 
Preventive measures should be taken during mining, tunneling, and roadway construction to avoid these 
cracks6. However, in oil and gas extraction, these cracks are used intentionally7,8. In fact, whether it is to avoid 
these cracks or to utilize them, the application of crack characterization technology is indispensable.

Non-destructive testing (NDT) technology can diagnose rock fractures without damaging the rock 
structure9,10. Guo et al.11, Shi et al.12, and Wang et al.13 used X-ray computed tomography (CT) technology to 
analyze the fracturing process of soil-rock mixtures, rock shotcrete composite materials, and shale. Li et al.14 and 
Liu et al.15, on the other hand, conducted nuclear magnetic resonance (NMR) porosity analysis on frost-thawed 
rocks and micro-weathered tuff. However, X-ray CT devices and NMR devices cannot perform real-time or 
in-situ testing on samples. Real-time fracture characterization techniques or methods include acoustic emission 
(AE) monitoring16–18, induced thermography19–21, eddy current testing (ECT)22–24, microwave waveguide 
detection25,26, ground-penetrating radar (GPR) detection27,28, and electromagnetic radiation detection29–33, 
among others.

The aforementioned crack characterization techniques mainly focus on identifying surface cracks or detecting 
the fracture depth of cracks. However, some cracks are located beneath the rock surface and have a certain depth 
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of burial, which poses a challenge to the use of standard techniques such as thermal imaging technology. By 
using ultrasonic monitoring to track cracks, or employing AE monitoring technology to locate cracks, we can 
obtain the depth at which cracks are buried, thereby enriching the information on crack characterization34.

Zhang and colleagues35 studied the rock cracking process through AE technology and P-wave velocity 
measurements, finding that AE can detect micro-cracks at an early stage, P-wave velocity is sensitive to 
macro-cracks, and the location of micro-cracks can be determined by AE sensors. Veltmeijer and colleagues’ 
experiments found that in Red Pfaelzer sandstone, ultrasonic waves can detect impending failures 40–70% 
before the occurrence of the failure, and robustly predict the failures through analytical methods36. Podymova et 
al.37 proposed an acoustic technique for non-destructive testing of the degree of local microcracks in laboratory 
mineral samples based on laser-generated ultrasound. Zhang et al.38 conducted uniaxial loading and unloading 
tests on coal and roof sandstone through ultrasonic monitoring, combined with energy damage analysis and 
ultrasonic characterization, establishing a quantitative relationship between wave velocity and stress, energy, and 
damage. Zhang et al.39 developed a novel method capable of creating ultrasonic images in a single measurement 
by combining the linear and nonlinear properties of concrete, and tested four samples containing different 
inclusions, analyzing the characteristics of the acoustic nonlinear coefficient as it varies with angle. da Costa 
et al.40 studied the behavior of ultrasonic waves in synthetic rock composed of alternating layers of sand-based 
(porous and permeable) and acrylic (non-porous) materials. They used transducers of 100 kHz, 500 kHz, and 
1 MHz to measure the propagation of P-waves and S-waves, and found that the velocities of P-waves and S-waves 
in the cracked medium were at least twice those in the uncracked medium, with this difference varying as a 
function of the number of layers.

Zhou et al.41 developed the ultra-high-frequency particle impact rock-breaking (UPIRB) technology, which 
utilizes high-frequency impact stress generated by ultrasonic vibration to effectively promote rock degradation 
and enhance crushing efficiency. Tao et al.42 conducted the first study on the impact of microwave-assisted 
tunnel boring machine (TBM) cutters on rock fragmentation under initial stress, finding that the fragmentation 
efficiency increased with the decrease of initial stress and was enhanced with the increase of microwave power. 
Zhang et al.43 found that microwave heating and water cooling significantly alter the fracture toughness 
of Cracked Straight Through Brazilian Disc (CSTBD) granite: type I toughness decreases with increasing 
temperature at low crack angles and increases at high crack angles; type II toughness decreases with increasing 
temperature at any crack angle.

After a comprehensive analysis of the detection methods used in the aforementioned studies, we understand 
that when detecting concrete cracks, due to the heterogeneity of concrete materials, the frequency of ultrasonic 
waves is generally limited to below 100  kHz, although some studies use transducers of 1  MHz for defect 
measurement. In fact, the frequency range for acoustic wave measurement used to detect the depth of cracks 
in concrete, cement mortar and rock is typically between 16 and 20 kHz. The acoustic wave method is not as 
responsive in crack characterization as microwave technology. However, microwave technology is commonly 
used for crack inspection or depth detection on metal surfaces, and often employs passive source mode testing 
techniques. In the field of rock engineering, microwave technology for crack characterization is not very 
common. Additionally, in situations with weak signals, the electromagnetic non-destructive testing technology 
in passive source mode may lead to the effective signal being obscured by background noise, thereby increasing 
the relative error of the test results.

To quantitatively detect the depth of hidden cracks in rocks, this study, based on the microwave resonance 
vibration model proposed by Ou et al.44, achieves the quantitative detection of the hidden depth of rock cracks 
by using a low-power microwave source and enhancing the amplitude of the transmission voltage. The method 
employs an active source mode and has conducted verification tests on cement mortar and granite samples with 
prefabricated cracks in the laboratory. The microwave frequency used in the study is 3.6 GHz, which enables 
real-time detection and has a rapid response speed, offering a new approach for the detection of crack depth in 
the field of rock engineering.

The measurement principle of hidden crack depth for rock
This paper presents a method for detecting the hidden crack depth in rock based on a microwave resonance 
model44. Figure 1 shows the equivalent circuit diagram of the coupling relationship between the rock sample 
and the detection sensor. The detection method essentially utilizes the electromagnetic wave f0 of the sensor to 
couple with the rock sample, causing the magnetic dipoles and electronic dipoles in the rock sample to resonate 
and generate a new resonance wave fl. This wave energy propagates deep into the rock along the waveguide. 
When there is a crack in the rock sample, a reflecting surface is formed, which increases the characteristic 
impedance of the resonance wave, causing the resonance frequency f0 to decrease and the wave amplitude 
to change, and increasing the energy consumption of the wave. Therefore, by using this microwave resonance 
model, the depth and distribution of hidden cracks in the rock sample can be predicted. It should be noted 
that different shapes of cracks and reflecting surfaces will cause different degrees of changes in wave energy 
consumption.

Specifically, the detection sensor is non-contact with the test piece. As shown in Fig. 1, Us, R, and C0, are the 
equivalent output voltage of the microwave resonant oscillation signal, equivalent total resistance, and sensor 
capacitance, respectively. L0 represents the sensor inductance, which is the key part of the microwave magnetic 
field. After L0 generating resonance oscillation, the resonant oscillation frequency is expressed as f0, and its 
expression is Eq. (1).

	
f0 = 1

2π

√
1/(L0C0)� (1)
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In Fig. 1, L1 and C1 are the distributed inductance in the sample and distributed capacitance in the sample. 
When the sensor is coupled with the sample, L1 and C1 will resonate and produce an output voltage U0. The 
selected part in the dashed box indicates the distribution parameters in the rock sample to be tested.

By adjusting the distributed inductance L1 and the distributed capacitance .C1. in the resonant oscillation 
network, the resonance vibration frequency fl and output voltage U0 can be changed to detect the depth of the 
hidden crack. The calculation of resonance vibration frequency fl refers to Eq. (2).

	
fl = 1

2π

√
1

(L0 + L1)(C0 + C1)
� (2)

Considering that excessively high frequencies are not conducive to computer sampling, we instead convert 
the frequency to voltage for analysis. According to Fig.  1, the resonant output voltage U0 of the sensor can 
be obtained from the equivalent output voltage US  of the microwave resonant signal and the equivalent total 
resistance voltage UR, as detailed in Eq. (3).

	 U0 = Us − UR� (3)

When the sensor is not coupled with the sample, it is called a no-load state; when the sensor is coupled with 
the sample, it is called a loaded state. In the no-load state, when the f0 changes, the output voltage U0 also 
changes correspondingly, and the change law can be observed in Fig. 2a; in the loaded state, change fl, the output 
voltage U0 also changes correspondingly, and the change law can be referred to Fig. 2b. The output voltage U0 
is increased by an order of magnitude compared with the published paper44 of the author, as shown in Fig. 3. 
It’s not difficult to find that there are differences in quantitatively detecting hidden crack depth and crack width 
using a microwave resonance model. In other words, quantitative detection of rock crack depth can be realized 
by using a low-power microwave source and enhancing the amplitude of emission voltage. Currently, the range 
of ultrasonic frequencies typically used for measuring the depth of cracks in cement mortar and rock is between 
16 and 20  kHz, while the microwave frequency used in this study is 3.5–3.6  GHz. Compared to ultrasonic 
measurement methods, the advantage of microwave measurement is that it is 175,000 to 180,000 times faster in 
obtaining results for crack depth.

It is convenient and fast to evaluate the variation law of a hidden crack depth in rock based on the size of the 
output voltage U0. Figure 4 depicts the circuit diagram of the microwave resonance vibration detection system 
for assessing rock crack depth.

Experiment and analysis
Preparation of samples
The materials used in this experiment are commonly used granite and cement mortar, among which cement 
mortar is a typical material for simulating rock properties. The experimental samples were designed in a cuboid 
shape. Specifically, the granite sample was designed as a block piece with a “T” type crack, referred to as the “T” 
type crack sample, and labeled as T-X (X represents the serial number of the tested sample), as illustrated in 
Fig. 5a,c. The “T” type crack sample consists of three rectangular blocks denoted by A, B, and C. The dimensional 
parameters for each component are presented in Table 1. To meet the requirements of the study, all surfaces of 
the granite samples were polished to achieve an almost perfect mirror finish with a surface roughness of less than 
± 5 μm. The cement mortar test sample is labeled as C-X according to Fig. 5b,d. For this test, pre-cracked cement 

Fig. 1.  Equivalent circuit schematic of sensor coupling with rock sample44. US is the equivalent output voltage 
of the microwave resonance oscillation signal, R is equivalent total resistance, L0 is the sum of the equivalent 
of sensor inductance and distribution parameter, and C0 is the sum of the equivalent of the distribution 
parameters of sensor and resonance oscillation circuit capacitance, L1 is distributed inductance after the 
tested sample is loaded, analogously, C1 is distributed capacitance after the tested sample is loaded, and U0 
is resonance vibration output voltage. And I is total current, I1 is load current, I0 is no-load current, UR is 
equivalent total resistance voltage.
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Fig. 4.  Circuit block diagram of detecting system.

 

Fig. 3.  Relationship curve between the output voltage and frequency of width measuring apparatus: (a) no 
loading; (b) loading crack-free granite sample44.

 

Fig. 2.  Relationship curve between the output voltage and frequency of depth measuring apparatus: (a) no 
loading; (b) loading crack-free granite sample.
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mortar samples made from white cement, river sand, and water at a ratio of 1:1:1 were used. The dimensions of 
the cement mortar sample are length × width × height = 200 mm × 30 mm × 150 mm. During the fabrication 
process, a plastic piece (with dimensions of length × width × thickness = 60 mm × 30 mm × 1.2 mm) should 
be precisely inserted at the center of the length and inclined at an angle of 15° from the horizontal direction 
to simulate a crack formation. Figure 5c,d respectively present the prefabricated cracks in the “T” type crack 
sample and the cement mortar sample. It is important to ensure even pouring of the cement mortar sample and 
thorough smoothing of its outer surface. Subsequently, the cement mortar samples were left to cure for 28 days. 
Considering the variations in rock mineralogy can affect the distribution of capacitance and inductance values, 
nuclear magnetic resonance (NMR) detection technology is used to screen the test samples, selecting those with 
relatively uniform material to be the test samples. It should be noted that the cracks in this sample are simulated 
cracks created in the laboratory.

Sample composition Length × width × height (mm) Length × width × height (mm) Length × width × height (mm) Length × width × height (mm)

Part A 120 × 45 × 14 120 × 45 × 18 120 × 45 × 21 120 × 45 × 22

Part B 60 × 45 × 19 – – –

Part C 60 × 45 × 19 – – –

Table 1.  Dimensional parameters of “T” type crack sample.

 

Fig. 5.  Tested sample geometry: (a) “T” type crack sample (not-to-scale); (b) cement mortar sample (not-to-
scale); (c) prefabricated cracks in “T” type crack sample; (d) prefabricated crack in cement mortar sample.
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Experimental procedure
The rock crack depth detection experiment was conducted on the rock hidden crack depth detection system 
shown in Fig. 6, where Fig. 6a is a photo of the measuring device, and Fig. 6b is a schematic diagram of the rock 
crack depth detection device’s experimental platform. The test platform has dimensions of 290 mm length and 
76 mm width and underwent precise machining to achieve mechanical runout within a 0.005 mm tolerance, 
while allowing for an axial maximum adjustable stroke of 125 mm. This platform provides controlled conditions 
for testing rock samples with different depths of prefabricated cracks. The hidden crack depth d is the vertical 
distance between the sample surface and the prefabricated crack. To assess the feasibility of the new method, a 

Fig. 6.  Rock hidden crack depth measurement device: (a) photo of the measuring device; (b) schematic 
diagram of the experimental platform for the rock crack depth detection device.
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microwave signal source with a power supply of 5 V, a power of 50 mW, and a frequency of 15 GHz was used 
to ensure that the voltage resolution of the measurement system reached 3 µV, thereby improving the detection 
accuracy of cracks. Such design and parameter settings enable our system to effectively detect and distinguish 
cracks. The sensor for measuring the depth of the hidden crack in the rock is positioned directly above the test 
sample, maintaining a standoff distance D between the sensor and sample at 0.1 mm. Regarding the adjustment 
of the 0.1  mm gap between the sensor and the experimental sample, the sensor is capable of automatically 
adapting and adjusting the gap, thus no manual intervention is required during the experiment. The test sample 
was installed on the testing platform fixture, and the experiment began, with data being recorded, under ambient 
conditions of 27 °C temperature and 50% relative humidity. Therefore, a full testing process was carried out. The 
entire process, from sample clamping, data acquisition and processing, to the final result, takes approximately 
30 s.

First, the crack depths of cement mortar samples were tested in this study. After installing the cement mortar 
sample on the test platform, the corresponding crack depths at detection positions 1, 2, 3, 4, and 5 were measured 
individually as depicted in Fig. 7a. The hidden crack depths at detection positions 1, 2, 3, 4, and 5 are 71 mm, 
72 mm, 75 mm, 79 mm, and 82 mm, respectively.

Subsequently, to study the application of the microwave resonance vibration detection method to explore rock 
crack depth in real rock materials, a “T” type crack sample test was conducted on granite material. Specifically, 
hidden crack depth measurements were performed on “T” type crack samples labeled as T-6, T-7, T-8, and T-9 
with corresponding depths set at 14 mm, 18 mm, 21 mm, and 22 mm respectively. During the experiment, 
portion A of the “T” type crack sample was modified to simulate varying depths of hidden cracks while keeping 
the slit width constant. In other words, both vertical (width-V) and horizontal (width-H) slit widths were fixed 
at 0.005 mm each. Throughout the test procedures, the sensor was positioned at the center of the “T” type crack, 
as shown in Fig. 7b.

In summary, the conducted experiments comprised two groups: the cement mortar tested sample (designated 
as C-X) test and the “T” type crack sample (designated as T-X) test. The detailed size parameters and quantities 
of the tested samples are presented in Table 2. A digital micrometer with a resolution power of 0.001 mm was 
employed as the scale during the experiment. To reduce the scatter of measurement data, each test for rock 
crack depth in the aforementioned experiment was repeated more than three times, and filtering measures were 
employed to suppress non-harmonic spurious signals to obtain the raw experimental data. Specifically, data 

Group Sample nos. Geometric size Part A (mm) Part B (mm) Part C (mm) Width-V (mm) Width-H (mm)

Detection 
position 
no.

Hidden 
crack 
depth 
(mm)

Cement 
mortar sample

C-1 200 × 30 × 150 – – – – – 1 71

C-2 200 × 30 × 150 – – – – – 2 72

C-3 200 × 30 × 150 – – – – – 3 75

C-4 200 × 30 × 150 – – – – – 4 79

C-5 200 × 30 × 150 – – – – – 5 82

“T” type crack 
sample

T-6 120.005 × 45 × 33.005 14 19 19 0.005 0.005 – 14

T-7 120.005 × 45 × 37.005 18 19 19 0.005 0.005 – 18

T-8 120.005 × 45 × 40.005 21 19 19 0.005 0.005 – 21

T-9 120.005 × 45 × 41.005 22 19 19 0.005 0.005 – 22

Table 2.  Parameters of tested samples.

 

Fig. 7.  Positions for sample detection: (a) cement mortar sample; (b) “T” type crack sample. In figure (a), “1”, 
“2”, “3”, “4”, and “5” correspond to the five inspection locations of the cement mortar sample; in figure (b), “1” 
corresponds to the inspection location of the “T” crack sample, which has only one inspection location.
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was collected 5 times at each measurement point, and then a five-point triple smoothing algorithm was used to 
process the data.

Results and analysis
Crack depth detection of cement mortar sample
The measurements of various hidden crack depths were conducted on cement mortar samples containing a 
pre-fabricated inclined crack. The testing procedure aimed to detect different hidden crack depths by changing 
the detection position of the same tested sample. The hidden crack depths for detection positions 1, 2, 3, 4, 
and 5 are respectively set as 71  mm, 72  mm, 75  mm, 79  mm, and 82  mm. The largest hidden crack depth 
corresponds to detection position 5, while the minimum hidden crack depth corresponds to detection position 
1. The representative experimental results are shown in Fig. 8, where the raw data is not obtained in the form 
of time signals. This paper characterizes the depth of cracks based on changes in frequency and phase, and 
Fig. 8 illustrates the relationship curve between the output voltage value (U) of the measurement system and the 
resonance frequency (F). From Fig. 8 it can be observed that the amplitude of the output voltage signal from the 
measurement system is closely associated with hidden crack depth; as the hidden crack depth increases in the 
cement mortar sample, there is a decrease in output voltage from the detection system. It should be noted that 
as the crack depth increases, for example, if the hidden crack depth exceeds 82 mm, the ability of the sensor to 
detect crack depth decreases. The experimental conditions demonstrate the capability of the detection system to 
identify cement mortar samples containing hidden cracks with a maximum depth of 82 mm.

Crack depth detection of “T” type crack sample
To explore the practical use of the microwave resonance vibration detection method for determining the depth 
of cracks in real rock materials containing internal cracks, this section presents the experimental results from 
testing a sample with a “T” type crack. The representative experimental findings are shown in Fig. 9, which 
displays the relationship between the output voltage value (U) in volts and the resonant frequency (F) in 
megahertz of the measuring device. As depicted in Fig.  9, an increase in the depth of hidden cracks within 
the tested sample (ranging from 14 mm to 22 mm) results in a corresponding decrease in the amplitude of the 
output voltage detected by the system. These results show that the microwave resonance vibration detection 
method for rock crack depth can be effectively used for “T” type crack samples.

Evaluation model of rock crack depth
Based on the results of multiple experiments on samples with different materials and geometries, a significant 
amount of data was acquired to create a calibration model for detecting hidden crack depth. The experimental 
results (U-F curve) indicate that there is a clear correlation between the measured values of the hidden crack 
depth and the predetermined reference value of the hidden crack depth, and this relationship is nonlinear. The 
experiments show that the method of microwave resonance vibration detection can effectively detect hidden 
crack depths in cement mortar and granite samples. The concealed crack depth is denoted as “d”. According to 
the experimental results, the calibration model expression is shown in Eq. (4) below.

	 d = A0 + A1e−x/A2 � (4)

Where x represents U0 (0 < U0 < 3.3 V), the output voltage value of the sensor. Due to the different materials 
of the samples, the values of the coefficients in the formula should be different. The parameters A0, A1, and A2 are 
closely related to the material’s electrical conductivity, magnetic permeability, dielectric constant, and frequency 

Fig. 8.  Experimental results of the cement mortar sample. The figure illustrates the relationship between the 
output voltage of the measurement device and the resonant frequency.
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characteristics. Specifically, for cement mortar samples, the coefficients are A0 = 85.050, A1 = − 1.144 × 10− 20, and 
A2 = − 0.035; whereas for granite samples, they are A0 = 12.846, A1 = 5.212 × 1032, and A2 = 0.023. Furthermore, 
experimental results demonstrate that microwave propagation constant γ and reflection coefficient Γ  differ 
across tested samples prepared with different materials.

Discussion
Hidden crack depth evaluation model for different geometries
According to the calibration model, the relative error between the measured value and the standard value (i.e., 
the preset reference value) of samples is depicted in Fig. 10. The samples include the cement mortar sample 
and the “T” type crack sample. It is evident from Fig. 10 that the measured values of the sample vary very little 
from the standard values. The maximum relative errors in the measurements of the cement mortar samples 
and the “T” type crack samples are − 0.87% and − 1.22%, respectively. In other words, the relative error of the 
measurement results is within ± 5%.

Analysis of propagation coefficient and reflection coefficient
Next, we theoretically analyze the microwave detection of hidden crack depth in rock materials through plane 
wave propagation. The objective of this subsection is to examine the propagation and reflection characteristics 
of the sample and assess the detectable range of crack depth. Radio waves propagating in free space do not cause 
reflection, refraction, scattering, absorption, and heat loss. The propagation of radio waves in free space was used 

Fig. 10.  Relative error between the actual measurement value and the standard value: (a) cement mortar 
sample; (b) “T” type crack sample..

 

Fig. 9.  Experimental results in “T” type crack sample. The figure illustrates the relationship between the output 
voltage of the measurement device and the resonant frequency.
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as a reference for analyzing the actual propagation problems in this study. To simplify the analysis, absorption 
and heat loss are ignored here. The term “free space” refers to an area filled with a uniform ideal medium. Let the 
conductivity σ = 0, the permittivity ε = ε0, the magnetic permeability µ = µ0, and the permeability of vacuum 
µ0 = 4π × 10−7 (H/m). Upon irradiation of the microwave onto the smooth surface of the tested sample, 
a portion of the incident electromagnetic wave (T) was reflected, while another portion penetrated through 
to form transmission. The beam of electromagnetic wave undergoes variations in response to cracks within 
the sample, depending on their location and shape. The synthetic field strengths of the cement mortar sample 
and the granite sample are shown in Fig. 11. It can be observed from Fig. 11 that when an electromagnetic 
wave is incident upon a pre-cracked sample, it decomposes into several incident components. The depth and 
shape of a hidden crack can be detected by these incident components and phase differences. The prefabricated 
plexiglass sheet serving as the internal crack in Fig. 11a is extremely thin for the cement mortar sample. When 
subjected to electromagnetic waves, the crack behaves akin to air, resulting in a negligible reflected wave caused 
by it. The relationship between incident components of electromagnetic waves in cement mortar samples can be 
equivalently depicted in Fig. 12. According to Fig. 12, their vector relationships can be written as Eqs. (5) and (6).

	 Γ′ = Γrefl + Γtran� (5)

	 Γ′′ = Tin − Γ′� (6)

Where Γrefl represents the reflection component, Γtran denotes the transmission component, Tin signifies the 
incident wave field strength, Γ′ is defined as the sum of the reflection component Γrefl and the transmission 

Fig. 12.  Vector relationship between incident components.

 

Fig. 11.  Reflection and transmission in tested sample: (a) cement mortar sample; (b) “T” type crack sample 
(not-to-scale).
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component Γtran, and Γ′′ is calculated as the difference between the incident wave field strength Tin and the 
component Γ′.

Similarly, for the granite samples, according to Fig. 11b, their vector relationship is given by Eq. (7).

	 Tin = Γrefl + Γtran� (7)

Where Tin signifies the incident wave field strength, Γrefl represents the reflection component, and Γtran 
denotes the transmission component.

The solution of each field quantity in Fig. 12 poses a significant challenge to obtain. In this regard, the value of 
the electric field strength E is acquired through experimental means, subsequently enabling the determination 
of hidden crack depth. Therefore, how can one ascertain the value of electric field strength E? The method 
of calculating the electric field strength E is to obtain the changes of L1 and C1 in Fig. 1, with U0 = E also 
represented therein. It is also very difficult to measure or calculate the specific values of L1 and C1. Therefore, 
it can only be solved by utilizing the changes between the resonance oscillation frequency f0 and the resonance 
vibration frequency fl of loading the tested sample. By considering the resonance oscillation angular frequency 
ω0 =

√
1/(L0C0), we can derive the resonance vibration angular frequency ω0

′ =
√

1/(L′C′), which L′ 
represents both the distributed inductance in the rock and the inductance of the resonance oscillation circuit 
(L′ = L0×L1

L0+L1
) and C′ denotes both the distributed capacitance in the rock and capacitance of the resonance 

oscillation circuit (C′ = C1 + C0). Subsequently, taking a granite-tested sample as an example (Fig. 2), when 
coupling with a sensor, we observe a reduction in measured load frequency from 3.667  GHz (the no-load 
frequency) to 3.537  GHz. In other words, there is an incremental percentage change in angular frequency 
denoted by ∆ω = (ω0 − ω0

′)/ω0 = 3.68%. After loading the tested sample, a reduction of 3.68% in resonance 
oscillation frequency is observed, attributed to the presence of distributed inductance L1 and distributed 
capacitance C1. However, considering the small magnetic permeability of the granite sample, the contribution 
of inductance L1 can be neglected. Therefore, it is evident that the primary factor influencing frequency change 
after sample loading is distributed capacitance C1. By measuring U0 and phase difference, hidden crack depth 
within the tested sample can be determined.

After analyzing the microwave incidence of different samples, the maximum detection range of hidden 
crack depth is discussed herein. Under the experimental conditions outlined in this paper, we calculate the 
propagation constant and reflection coefficient of the tested sample. By examining the microwave component 
propagating to the surface of the sample, it can be observed that in the time domain, the electric field intensity 
vector E undergoes periodic changes when the frequency f = ω/(2π) varies. When conductivity σ, magnetic 
permeability µ, and dielectric constant are known, one can determine key parameters such as propagation 
constant γ, reflection coefficient Γ , and microwave penetration depth d for microwaves within a rock. The tested 

Name Calculation formula

Granite 
material 
parameters

Calculated 
value of granite 
material G1

Calculated 
value of granite 
material G2

Cement mortar 
material 
parameters

Calculated 
value of 
cement mortar 
material C1

Calculated 
value of 
cement 
mortar 
material C2

Conductivity σ (S/m) 10−8–10−6 10−8 10−6 10−3–10−2 10−3 10−2

Permeability of vacuum µ0 
(H/m) µ0 = 4π × 10−7 1.256 × 10−6 1.256 × 10−6 1.256 × 10−6 1.256 × 10−6 1.256 × 10−6 1.256 × 10−6

Relative permeability of sample 
µr

µr = µ/µ0 1.04 1.04 1.04 1.04 1.04 1.04

Magnetic permeability of 
sample µ (H/m) 1.306 × 10−6 1.306 × 10−6 1.306 × 10−6 1.306 × 10−6

Vacuum dielectric constant ε0 
(F/m) 8.854 × 10−12 8.854 × 10−12 8.854 × 10−12 8.854 × 10−12 8.854 × 10−12 8.854 × 10−12

Relative permittivity of sample 
εr

εr = ε/ε0 4–9 5 5 4–40 4 40

Permittivity of sample ε (F/m) 4.427 × 10−11 4.427 × 10−11 3.542 × 10−11 3.542 × 10−10

Angular frequency ω (Hz) ω = 2πf 2.217 × 10−10 2.217 × 10−10 2.217 × 10−10 2.217 × 10−10

Propagation constant γ γ =
√

jωµσ 0.017 0.170 5.381 17.017

Wave impedance Z (Ω) Z = E
H = γ

jωε =
√

jωµ/σ 1.702 × 106 1.702 × 105 5.381 × 103 1.701 × 103

Wave impedance of sample 
Z2 (Ω) Z2 =

√
µ/ε 171.772 171.772 192.047 60.731

Air dielectric wave impedance 
Z1 (Ω) Z1 =

√
µ0/ε0 376.635 376.635 376.635 376.635

Reflection coefficient Γ Γ = Z2−Z1
Z2+Z1

− 0.374 − 0.374 − 0.325 − 0.722

Microwave penetration depth 
d (mm) d =

√
2/(µωσ) 83,107 8311 263 83

Table 3.  Calculation examples of propagation constant γ, reflection coefficient Γ, and microwave penetration 
depth δ.
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cement mortar samples in this section exhibit a conductivity σ range of 10−3 to 10−2 S/m, a relative permeability 
µr  of 1.04, a relative dielectric constant εr  ranging from 4 to 40 F/m, and a resonance vibration frequency f0 of 
3.530 GHz. The corresponding calculation results are presented in Table 3. It can be observed from Table 3 that 
the propagation constant γ for cement mortar ranges from 5.381 to 17.017, the reflection coefficient Γ  varies 
between − 0.722 and − 0.325, and the penetration depth d within cement mortar spans from 83 to 263 mm.

Moreover, for granite sample, the conductivity of granite σ ranges from 10−8 to 10−6 S/m. The relative 
permeability µr  of granite generally does not exceed 1.04, with a specific value of 1.04 adopted in this study. 
Additionally, the relative electric constant εr  of granite is employed at 5  F/m and the resonance vibration 
frequency f0 is determined as 3.530 GHz. The corresponding calculation results are presented in Table 3. The 
propagation constant γ of granite ranges from 0.017 to 0.170, as shown in Table 3. Additionally, the reflection 
coefficient Γ  of granite is −0.374, while the penetration depth d ranges from 8311 to 83,107 mm.

When the electromagnetic wave is coupled with the rock sample, due to its non-ideal reflectivity, a minimal 
reflection coefficient Γ  is observed in the absence of a surface or internal crack. For cement mortar samples, the 
maximum measured depth of hidden crack was found to be 82 mm, which falls within the calculated microwave 
penetration depth range of 83 to 263 mm. Neglecting the influence of scattered electromagnetic waves, the crack 
depth measurement results align closely with theoretical calculations.

Currently, the range of sound wave frequencies typically used for ultrasonic measurement of crack depth 
in cement mortar and rock is between 16 and 20 kHz, while the microwave frequency used in this study is 
3.5–3.6 GHz. Microwave measurement technology, compared to ultrasonic methods, has increased in speed by 
175,000 to 180,000 times, and is theoretically capable of detecting rock cracks as deep as 83,000 mm, which is 
significantly greater than the detection depth of about 10,000 mm achieved by ultrasonic methods. However, in 
cement mortar, the depth of cracks measured by microwave is only 260 mm, which is less than the 500 mm depth 
that can be detected by the ultrasonic method. As the research progresses, we have found that the sensitivity 
of the measurement system is not only affected by the number of bits of the CPU but is also closely related to 
the width and depth of the cracks. The narrower and deeper the crack, the more difficult it is to identify. In 
addition, the interference in this detection method mainly comes from the discrete cavities within the rock 
and the electronic noise of the detection system. To ensure the accuracy of the research, we have excluded rock 
materials containing discrete cavities and obvious inhomogeneity. All rock materials and cement mortar samples 
used for experiments must pass nuclear magnetic resonance screening to confirm the absence of significant 
cavities before the experiment can proceed. Therefore, this paper primarily focuses on the impact of electronic 
noise in the detection system on the detection of crack depth, emphasizing the feasibility of the method and 
simplifying the treatment of complex issues.

Conclusions
This article introduces a rock crack depth detection technology based on the microwave resonance model. 
Under the premise of assuming material homogeneity, we tested the depth of hidden cracks in cement mortar 
and granite material samples. During the testing process, we coupled a 3.667 GHz microwave excitation signal 
to the samples to be tested and conducted a series of verification experiments to assess the effectiveness of the 
method. The analysis of the experimental results led us to the following conclusions:

	(1)	� The rock crack depth detection method based on the microwave resonance model can be used to measure 
the hidden crack depth of cement mortar material samples with preset oblique cracks and granite material 
samples with preset “T” cracks, confirming the feasibility of this method for detecting hidden crack depths.

	(2)	� Under experimental conditions, we found that the maximum detectable depth of hidden cracks in cement 
mortar samples can reach 82 mm, which matches the maximum depth of 82 mm calculated theoretically. 
For granite material samples, the maximum depth of hidden cracks calculated theoretically is 83,107 mm. 
As the depth of the cracks increases further, the sensitivity of the sensor will gradually decrease.

	(3)	� In this experiment, for the detection of rock crack depth, the maximum relative errors of the measurement 
results for cement mortar samples and granite samples are − 0.869% and − 1.221%, respectively, both of 
which are below the error range of ± 5%.

To enhance the practicality of the assessment model, the next focus of work will be to study the impact of 
discrete cavity distribution or non-homogeneous materials on the measurement of hidden crack depth. In 
addition, we will conduct experimental studies on hidden cracks in various rock materials such as sedimentary 
and metamorphic rocks, collecting depth detection data from these different types of rock materials to further 
enhance the practicality of the assessment model.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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