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Abstract: The shape and size characteristics of underground cavity are of great significance to the stability calculation and evaluation 

of geological structure in the region. However, the borehole sonar currently used lacks universality and it is difficult to meet the 

requirements of both detection accuracy and detection range. Therefore, on the basis of traditional borehole sonar method, this paper 

proposes a new method of detecting cavity based on multi-frequency borehole sonar. With considerations given to the contribution of 

different frequencies to the actual detection object, this method synthesizes the detection data of various frequencies and effectively 

solves the problem of the opposition between detection scale and detection accuracy. Firstly, the optimal frequency expression of the 

detection system is derived to provide basic parameters to reflect the influence of different frequencies on the analysis of detection 

results to a greater extent, and the frequency influence factor parameter is established to describe the deviation degree between the 

natural frequency and the optimal frequency. Then, on the basis of superposition of the frequency influence factor, the detection data 

of various detection frequencies are synthesised, and detection objects are accurately measured by using the improved spectrum 

ranging method. Finally, after adding depth and azimuth information, the three-dimensional reconstruction of cavity shape is realized. 

The feasibility and accuracy of the method are verified by applying it to practical engineering projects. 

Keywords: borehole sonar; multi-frequency sonar; cavity shape; cavity size; underground detection 
 

1  Introduction 

China is one of the countries that have the most extensive 

karst development in the world. With a total area of 3.46 

million square kilometres, accounting for 1/3 of the land 

area[1-2]. The karst areas in China are most widely distributed in 

Guangxi, Guizhou and the eastern part of Yunnan. Western 

Hunan, Western Hubei, Eastern Sichuan, Shandong, Shanxi and 

other places are also rich in karst development[3]. With the 

natural water stored in karst being a rich water resource, karst 

caves can also play important roles in the development of 

tourism, energy reserves and so on. Therefore, it is of great 

significance to carry out engineering construction, land 

consolidation, environmental protection, development and 

utilization of the water resources, mineral resources, and 

tourism resources in areas of karst distribution. Karst develops 

as a kind of natural phenomenon with diverse distribution and 

peculiar form. However, contributing by the complexity, 

uncertainty and concealment of karst, it can also be a potential 

geological hazard[4], which may endanger the safety of 

buildings, reservoirs, mines, and other facilities, even cause 

ground subsidence and damage to the ecological environment, 

and have a certain impact on the project construction. Therefore, 

it is necessary to investigate the karst and understand its 

development and distribution law before commencing 

engineering construction in karst distribution area. 

In karst exploration, because of the heterogeneity of karst 

space development and the complexity of its hydrogeological 

conditions, it is difficult to obtain satisfactory results only by 

traditional geological methods. It is therefore usually 

reasonable to carry out karst exploration using geological 

method in combination with other exploration methods. 

Conventional geophysical exploration methods of karst 

exploration include high density apparent resistivity method, 

traditional seismic reflection method, ground penetrating radar 

method, advanced drilling method, elastic wave CT method, 

pipe wave test method, etc. [5-12]. However, in the calculation 

and evaluation of the karst cave roof stability, the size and 

contour of the cave should also be considered. If the plane 

distribution of the cave is larger than the width of the cave roof 

foundation,  the stability of the cave roof will be worse. 

Moreover, the more irregular the shape of the cave, the more 

concentrated the stress and the worse the stability of the cave 

roof[13]. However, it is difficult to reflect the size and outline of 

the karst cave with high accuracy by the currently used 

geophysical prospecting method. 

At present, the widely used cavity sonar in water-soluble 

salt caverns can effectively measure the size and contour of 

underground caverns. However, due to the shape irregularity 

and scale uncertainty of the naturally formed underground 

caverns, it is difficult to measure the size and contour of the 

natural caverns by directly applying the cavity sonar.  
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Therefore, established on the traditional cavity sonar, this paper 

proposes a cave detection method based on multi frequency 

borehole sonar. By setting up multiple sonar probes, the 

influence of different frequencies on the detected object is 

considered, and the influence of different frequencies on the 

detection results analysis is, to a greater extent, preferentially 

reflected, so that the contradiction between detection scale and 

detection accuracy can be effectively avoided. This allows the 

exploration system to better adapt to the detection of caves 

subjected to shape irregularity and size uncertainty, providing 

favorable data support for the engineering construction in karst 

areas. 

2  Borehole sonar detection technology 

Borehole sonar detection technology mainly uses sonar 

measurement technology to realize the detection of cave shape. 

Its main working principle is to lower the sonar probe into the 

cave, and the transmitting transducer on the sonar probe will 

send directional sound wave to the surrounding rock wall. The 

transmitting sound wave will be reflected by the rock wall and 

then received by the receiving transducer on the sonar probe. 

The horizontal distance between the sonar probe and the rock 

wall will be calculated by analysing the time of transmitting 

and receiving the sound wave signal. When the rotation of the 

sonar probe is one circle, the distance between the sonar probe 

and the rock wall at a certain depth can be measured, and the 

description of the omni-directional shape of the karst cave can 

be achieved by constantly lowering the sonar probe into the 

cave. 

The structure and principle diagram of the drilling sonar 

detection system is shown in Fig.1. The sonar probe mainly 

includes sonar transmitting/receiving transducer, rotary motor, 

electronic compass, probe circuit and transmission cable, etc. 

The system components on the ground include depth winch, 

power/signal control box, communication line and computer 

with measuring depth [14]. 

 

 

Fig.1  System structure diagram 

 

The sonar probe equipped with the transmitting/receiving 

transducer, rotation motor, electronic compass and other 

components, is vertically suspended in the borehole through the 

cable. The cable is connected with the winch which measures 

the depth. The depth winch is connected with the control box on 

the ground, and the control box is connected with the computer 

to realize the real-time display and storage of the karst cave 

outline. The sonar probe is vertically lowered through the depth 

winch, which obtains the profile data of the horizontal section 

at various depths of the underground karst cave. The 

transmitting/receiving transducer driven by the rotation motor 

rotates horizontally to realize the horizontal section scanning of 

the karst cave rock wall. The profile of horizontal section of the 

karst cave can be correctly obtained according to the position of 

the transmitting/receiving transducer and distance fitting of the 

measuring points. Depth data can be obtained according to the 

length of cable lowered by the depth winch inside of the 

borehole. The profile data of each section and the 

corresponding depth data are transmitted to the computer at the 

same time. According to the depth of the transmitting/receiving 

transducer, the horizontal profile curves of each section are 

spliced to form the three-dimensional profile of the cave, so as 

to realize the detection of the size and profile of the cavity. 

3  Multi-frequency sonar detection method 

Because of the irregular shape and uncertain scale of the 

natural underground karst cave, it is difficult to measure the size 

and contour of the natural karst cave by directly applying the 

traditional borehole sonar detection technology. In view of the 

particularity of underground natural karst caves, a 

multi-frequency sonar detection method is proposed. 

3.1  Establishment of optimum frequency function 

In different detection environments, the optimal detection 

frequency of acoustic signal is different. If the size of the 

detection object is large, the detection frequency should be 

smaller in order to reduce the acoustic attenuation. On the other 

hand, if the size of the detection object is small, and the 

reflection of the detection object is good, the detection 

frequency is usually higher in order to obtain higher detection 

accuracy. In the detection of karst caves, to simultaneously 

satisfy the requirements of detection accuracy and detection 

range, the best detection frequency should be selected 

according to the real-time situation, so the optimal detection 

result in a specific detection environment can be achieved.  

In the drilling sonar detection system, the active echo 

detection method is usually used for measurement. The 

difference of the medium of the detection environment is 

relatively small, but the shape and size of the caves vary 

significantly. Therefore, when using the drilling sonar 

technology to detect the cave, this paper mainly considers the 

influence of the detection distance on the selection of the sonar 

frequency, and establishes an optimum frequency function 

( )f r  based on the detection distance. If the distance of the 

detected object remains unchanged, the optimum frequency of 

the transmitting/receiving transducer in the drilling sonar 

detection system can be deduced according to the quality 

factor MF , which is defined as 

① 

② 
③ 

④ 

⑤ 

⑥ ⑦ 

①－transducer 
②－motor 
③－compass 
④－cable 
⑤－winch 
⑥-control box 
⑦－computer 
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M L L I T/ ( )F S N D D                             (1) 

where LS is the sound source level of the sonar probe; LN is 

the noise level of the surrounding environment of the sonar 

probe; ID  is the receiving directivity index of the sonar 

probe; TD  is the detection threshold of the sonar probe. 

The specific form of the optimum frequency depends on the 

calculation result of Md / dF f . In order to ensure a fixed beam 

angle, the receiving directivity index ID  is taken as a constant, 

that is, it is independent of frequency. It is assumed that the 

receiving bandwidth is proportional to the operating frequency, 

i.e. f Kf  . The radiation power is constant. The detection 

threshold is independent of the frequency, i.e. 

L I Td d d
0

d d d

S D D

f f f
                                 (2) 

When the frequency changes one octave and the change rate 

of noise level LN  is -3 dB, the optimum frequency function 

( )f r  is 

2/3

11.6
( )f r

r
                                       (3) 

where r is the working distance (km) between the sonar probe 

and the detection object. According to the relation (3), when   

the action distance r is 110 m, the optimum frequency f  is 

1.2 MHz250 kHz. 

In the detection of karst caves, because the detection scale is 

unknown, it is difficult to accurately obtain the action distance 

r between the sonar probe and the detection object. However, 

in order for the working frequency of sonar to approximate the 

best detection frequency, the estimated action distance r  can 

be used to calculate the optimal frequency f  of sonar, and 

the change of frequency is one octave. The change rate of noise 

level is -3dB, so the optimum frequency function of drilling 

sonar can be expressed as 

2/3

11.6
( )f r

r



                                      (4) 

where: r  is the estimated detection distance between the cave 

wall and the probe, which can be obtained from geological data 

or sonar equipment. 

3.2  Determination of frequency influence factor 

In order for the sonar transducer to work at the optimum 

frequency, the sonar transducer needs to be in a broadband 

mode. At present, manufacturing wide-band high-power sonar 

transducer is not only costly but also associated with some 

technical problems. In addition, it requires high-level matching 

between the transducer and power amplifier. On the other hand, 

sonar transducer in the narrow-band mode has easier control 

and higher accuracy over the selection and switching of the 

working frequency in comparison with the wide-band mode 

sonar transducer. Therefore, the method described in this paper 

can replace the wide-band sonar transducer by arranging 

multiple narrow-band sonar transducers with different natural 

frequencies. In order to better meet the detection requirements, 

the concept of parameter of frequency influence factor is 

introduced.  

The parameter of frequency influence factor is used to 

express the distance between the natural frequency and the 

optimum frequency of the narrow-band sonar transducer. The 

larger the parameter value, the smaller the deviation between 

the natural frequency and the optimum frequency of the 

transducer, and the maximum value is infinitely close to one, 

while the smaller the parameter value, the larger the deviation 

between the natural frequency and the optimum frequency of 

the transducer, and the minimum value is infinitely close to zero. 

Assuming that n transducers are uniformly arranged on the 

sonar probe, the frequency influence factor i  corresponding 

to the i-th narrow-band sonar transducer can be expressed as 

 
 

1 1 1

1

... ...

( 1) ... ...

i i n

i

i n

f f f f f f f f

n f f f f f f


         


       
   (5) 

In the formula, 1f , 2f ,... 1nf  and nf  are the natural 

frequencies corresponding to the narrow-band sonar transducer. 

The frequency influence factor i  is the frequency influence 

factor corresponding to the i-th sonar transducer. If the 

frequency influence factor i  is high, it means that the 

acoustic signal generated by the sonar transducer of this 

frequency can detect the rock wall target more accurately and 

effectively. If the frequency influence factor i  is low, it 

means the sonar energy conversion of this frequency and the 

acoustic signal produced by the instrument has little 

contribution to the accurate and effective detection of rock wall 

targets. 

3.3  Determination of sonar detection object 

In the traditional drilling sonar detection technology, the 

size of the cavity contour is calculated mainly according to the 

relationship between the detection distance and the travelling 

time and speed of the sound wave. When the sound wave 

travels between the sonar probe and the cave wall, it needs to 

go through the electrical/acoustic and acoustic/electrical 

conversion. Because of the energy conversion, the transmission 

circuit and timing control circuit, the transmission time will be 

associated with measurement errors, which is difficult to 

determine the propagation time of sound wave with high 

accuracy. The accuracy of the propagation time will directly 

affect the measurement accuracy of the cavity shape, which can 

be avoided by using the spectrum acoustic ranging method. 

Suppose that the acoustic signal detected by the sonar 

is (0, )u t , the signal changes to ( , )u x t  after the propagation 

distance, x, and time, t , and the ultrasonic signal at this time 

is ( , )u x t . The signal is Fourier transformed[15-16], and its 

expression is 

[ ( , )] [ (0, )] exp[ i ] exp[ ]F u x t F u t kx x                 (6) 

where [ (0,  )]F u t  is the Fourier transform of (0, )u t ; k is the 

velocity of sound wave;   is the attenuation coefficient of 

sound wave in the propagation medium. 

When the propagation distance of sound wave is L, the 

signal of sound wave is ( , )u L t . When the sound wave passes 

through the propagation medium and reaches the side near the 

propagation medium, the sound wave transmits and reflects. 

3

WANG et al.: Research on karst cavity detection method based on multi-frequenc

Published by Rock and Soil Mechanics, 2020



  356                         WANG Jin-chao et al./ Rock and Soil Mechanics, 2020, 41(1): 353360                   

 

Among them, the acoustic wave reflected in the propagation 

medium will reflect again in the propagation medium after 

encountering the sonar probe, that is, multiple reflections and 

transmissions are formed in the propagation medium. The 

reflected acoustic wave S can be expressed as 

0

[ (2 1), ]
e

S u L e t



                                 (7) 

where e is the number of reflections, and its Fourier transform 

is 

 
0

( ) [ ( , )] exp[ 2 ]exp[ 2 ]
n

F S F u L t i kLe Le



             (8) 

Let exp[ 2i ]exp[ 2 ]z kL L    , the sound attenuation 

coefficient 0  , so that 1z  , and the cumulative term of 

equation (8) can be reduced to 

1

0

exp[ 2i ]exp[ 2 ] lim(1 ) / (1 ) (1 )n

nn

kLe Le z z z





          

                                                 (9) 

According to the definition of wave number /k C , 

where   is the angular frequency of sound wave; C is the 

speed of sound. Substituting relation (9) into relation (8), we 

can obtain 
1( ) [ ( , )][1 exp( 2i / 2 )]F S F u L t L C L               (10) 

If the distance L between the sonar probe and the rock wall 

is a fixed value, the following relationship can be obtained: 

2 / 2πL C m                                    (11) 

where m is the number of echo pulses. 

Eq. (11) shows that the amplitude spectrum of the reflected 

wave has a maximum value. In the amplitude spectrum, if the 

frequency corresponding to the maximum value is recorded as 

mf , and the frequency corresponding to the amplitude 

maximum value adjacent to frequency mf  is recorded as nf , 

then the frequency difference corresponding to the maximum 

value range is 0 m nf f f  . 

In Fig.2, the maximum value point Fi of echo signal is 

selected, and its coordinates are expressed as （fi，di）. The two 

adjacent near-maximum points on the left side of maximum 

value point Fi are Fi-1 and Fi-2, and the corresponding 

coordinates are expressed as （fi-1，di-1）,（fi-2，di-2）. The two 

adjacent near-maximum points on the right side of maximum 

value point Fi are Fi+1 and Fi+2, and the corresponding 

coordinates are expressed as （fi+1，di+1）,（fi+2，di+2）. The line 

formed by connecting Fi-2 and Fi-1 is Ti-2, and its slope is 

expressed as ki-2. The line formed by connecting Fi-1 and Fi is 

Ti-1, and its slope is expressed as ki-1. The line formed by 

connecting Fi and Fi+1 is Ti+1, and its slope is expressed as ki+1. 

The line formed by connecting Fi+1 and Fi+2 is Ti+2, and its slope 

is expressed as Ti+2. The slope of the four lines is expressed as 

1 2
2

1 2

1
1

1

1
1

1

2 1
2

2 1

 

i i
i

i i

i i
i

i i

i i
i

i i

i i
i

i i

d d
k

f f
d d

k
f f
d d

k
f f
d d

k
f f

 


 











 


 

   
   

 

 

 

                               (12) 

 
Fig.2  Schematic diagram of partial point coordinates of 

amplitude spectrum 
 

According to relation (12), the distance L between sonar 

probe and rock wall can be calculated as 

2 1 1 2( )

2 4
i i i ik k k k

L      



                        (13) 

In order to better adapt to the detection environment, it is 

necessary to comprehensively consider and analyze the 

transmission signal and echo signal generated by multiple 

narrow-band sonar transducers with different natural 

frequencies. On the basis of introducing the frequency influence 

factor, the signal of multiple transducers can be synthesized and 

processed. Assuming that the transmission signal of the i-th 

frequency transducer is (0, )iu t , after considering the influence 

factors of different frequencies, the frequency influence factors 

are stacked to be synthetically processed. The synthetic signal 

of sonar emission at cave depth h and of scanning angle   

can be expressed as ,(0, ) hU t  , where: 

, , , ,
1

(0, ) (0, )
n

h i h i h i h
i

U t u t    


                  (14) 

In formula (14), the frequency influence factor of the i-th 

frequency transducer at cave depth h  and scanning angle   

is ,i h  , the transmitted signal is ,(0, )i hu t  , and ,i h   is 

the transmission gain adjustment coefficient, so as to ensure 

that the gains of different signals are of the same value. 

Assuming that the echo signal of the i-th frequency 

transducer is ( , )iu x t , after considering the influence factors of 

different frequencies, the composite processing of superimposed 

frequency influence factors can be performed. The composite 

signal of sonar echo at cave depth h and scanning angle  can 

be expressed as ,( , ) hU x t  : 

, , , ,
1

( , ) ( , )
n

h i h i h i h
i

U x t u x t    


                    (15) 

In formula (15), the frequency influence factor of the i-th 

frequency transducer at cave depth h and scanning angle  

is ,i h  , the echo signal is ,(0, )i hu t  , and ,i h   is the gain 

adjustment coefficient, so as to ensure that the gains of different 

signals are of the same value. 

According to eq. (13), the distance L̂  between sonar 

probe and rock wall can be calculated as 

1 2 1 1 2 1
,

1 2 1 1 2 1

ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ1ˆ
ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ8
i i i i i i i i

h

i i i i i i i i

d d d d d d d d
L

f f f f f f f f


     

     

    
         

 (16) 

In formula (16), the coordinates of the maximum-value 

Fi+2

Ti+2 

Fi+1 

Fi 

Ti+1 Ti-1

Ti-2

Fi-1

Fi-2
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point of the sonar echo synthetic signal at cave depth h and scan 

angle  are expressed as ˆ ˆ( , )i if d , the coordinates of the two 

adjacent near-maximum points on the left side of the maximum 

point are expressed as 1 1
ˆ ˆ( , )i if d   and 2 2

ˆ ˆ( , )i if d   

respectively, and the coordinates of the two adjacent 

near-maximum points on the right side of the maximum point 

are expressed as 1 1
ˆ ˆ( , )i if d   and 2 2

ˆ ˆ( , )i if d   respectively. 

3.4  Construction of cavity shape 

After calculating the sonar detection distance of a single 

detection point, the full circle contour scanning of the 

horizontal section at a certain depth can be realized by 

superposing the azimuth signals. The horizontal section contour 

at a certain depth can be formed by linear interpolation between 

the points. The three-dimensional shape of the cavity can be 

formed by meshing the points on the contour line of each 

horizontal section in the vertical direction according to the 

triangular mesh model. In the construction of cavity shape, this 

paper uses the synchronous triangle network model to 

reconstruct the mesh. 

Firstly, connect the points on the two adjacent contour lines 

as synchronously as possible, and use   to represent the 

weighted value of the line segment on the contour line. It is 

calculated as the length of the line segment divided by the total 

length of the contour line, that is, the proportion of the line 

segment to the contour line. In Fig. 3, the triangle mesh model 

is defined as: suppose A  represents the sum of the calculated 

weights on the contour 
hh nQ  , B  represents the sum of the 

calculated weights on the contour ( 1)hh nQ   . If the contour 

hh nQ   and contour ( 1)hh nQ    are connected to point 
, ,h ih n iP   

and point 
,( 1),h ih n iP   , and the weighted vlaues of line segments 

, ,h ih n iQ   and 
,( 1),h ih n iQ    are A  and B  respectively, then 

the corresponding relationships in the next step are 
, ,h ih n iP   

, 1( 1), 1h ih n iP
   and 

,( 1),h ih n iP   , 1 , 1h ih n iP
  . If A A B      

B B A    , select 
,( 1),h ih n iP   •

, 1 , 1h ih n iP
  , i.e. one step in 

direction A. Otherwise, select 
, ,h ih n iP  , 1( 1), 1h ih n iP

   , one step in 

direction B. 

 

 

Fig.3  Triangular mesh model 

 

According to the above triangle mesh model, triangular 

connections can be made to the points on the contour lines of 

the horizontal sections in each detection direction to form a 

more precise cavity three-dimensional shape diagram, as shown 

in Fig.4.  

 
Fig.4  Schematic diagram of triangular meshing of cavity 

 

4  Engineering application 

There distribute karst and large-scale fracture zones along 

the planned subway lines in the northern China having adverse 

geological problems. In order to further investigate and analyze 

the distribution, burial depth and development of the karst 

caves, special geological exploration work has been carried out 

where the karst cave detection method based on 

multi-frequency borehole sonar proposed in this paper is 

applied. 

4.1  Detection system 

To serve the cavity detection method based on 

multi-frequency drilling sonar, a cavity detection system based 

on multi-frequency drilling sonar is developed. The system 

hardware is mainly composed of three parts: probe, 

communication cable and ground system. The probe is mainly 

responsible for information collection in the cavity. The 

communication cable is mainly responsible for real-time 

communication and data transmission between the probe and 

the ground system. The ground system is responsible for 

sending industrial control instructions to the probe in the 

dissolution chamber, as well as storage, presentation and 

calculation of data. The physical figure of the whole system is 

shown in Fig.5. 

 

 

Fig.5  Multi-frequency sonar detection system 
 

The probe is mainly composed of three ultrasonic 

transducers, motor control module, sensing module, main 

control circuit, power module and transmission module. The 

communication cable is made of optical fibre. The ground 

system is mainly composed of four parts including depth 

encoder, cable winch, control box, memory and data processor. 

The sensing module includes electronic compass, pressure 
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sensor, temperature sensor, motor angle encoder. The fixed 

working frequencies of the three ultrasonic transducers are 

different, which are 1 MHz, 500 kHz and 200 kHz, respectively. 

The three ultrasonic transducers are evenly distributed in the 

same horizontal section with an interval of 120°. 

4.2  Data analysis 

In this engineering application, three ultrasonic transducers 

simultaneously scan and detect the cavity in the entire borehole 

and a significant amount of detection data has been obtained. In 

the subsequent analysis and processing, the method described in 

this paper is used to describe the shape and size of the cavity. 

Firstly, before scanning each section, the 200 kHz ultrasonic 

transducer carries out a distance prediction detection, that is, 

transmitting and receiving the echo signal from the cave wall, 

estimating the distance between the sonar probe and the 

corresponding cave wall by analyzing the 200 kHz acoustic 

signal, then calculating the best working frequency needed for 

the detection point according to relationship (4). Secondly, 

according to relationship (5), the frequency influence factors 

corresponding to three ultrasonic transducers at the detection 

point are calculated. Finally, the three echo signals are 

synthesized according to relationip (15). On the basis of the 

spectrum acoustic ranging method, the distance between the 

sonar probe and the rock wall at the detection point can be 

calculated according to the iterative relationship (16) after 

considering the influence factors of different frequencies. 

Subset of data obtained at a certain depth are shown in Table 1. 

 
Table 1  Subset of data 

Position 

/(°) 

Estimated 

distance 

/mm 

Optimum 

frequency 

/kHz 

Frequency influence factor 

1 MHz 500 kHz 200 kHz 

  0.0 2 000 731 0.37 0.39 0.24 

 10.0 2 500 630 0.30 0.43 0.27 

 20.0 2 300 666 0.33 0.41 0.26 

… … … … … …

330.0 1 500 885 0.45 0.34 0.21 

340.0 1 600 848 0.43 0.35 0.22 

350.0 1 900 756 0.38 0.38 0.24 

 
After calculating the distance between a single sonar probe 

and the rock wall at the detection point, the profile of the 

section is reconstructed by linear interpolation on the horizontal 

section through superimposing the horizontal orientation and 

depth information obtained at the detection point inside the 

cave. The reconstruction of the three-dimensional shape grid of 

the cavity is realized by using the synchronous triangle network 

model described in this paper. The results are shown in Fig. 6. 

In order to more intuitively display the 3D features of the cave, 

it can match the optical cave images as shown in Fig.7. 

4.3  Result contrast 

To verify the feasibility of the cave detection method based 

on multi-frequency borehole sonar proposed in this paper, it is 

necessary to compare the results with the corresponding 

geological data to verify whether there exists cave phenomenon 

in that location of the borehole. The core map of the site is 

shown in Fig.8. According to the field drilling data and core 

map, there are karst caves in that section of the borehole filled 

with no other media but only water. Through comparison, the 

feasibility of the proposed method based on multi-frequency 

borehole sonar is verified, and the karst area in the borehole can 

be detected effectively. 

 

 

Fig.6  Cavity profile 

 

 
Fig.7  Cavity stereogram  

 

 
Fig.8  On-site core image 

 

In order to verify that the cave detection method based on 

the multi-frequency borehole sonar proposed in this paper is 

superior to the traditional borehole sonar method, the results 

obtained by applying the proposed method and the traditional 

methods are compared. In the comparison of the horizontal 

section profile, the data obtained from the 200 kHz ultrasonic 
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transducer is used as the comparison data to the traditional 

borehole sonar method, and the results are shown in Fig.9. It 

can be seen from the figure that, with the method proposed in 

this paper, the contour curve is smoother, and the fluctuation is 

smaller, which is more in line with the actual situation. 

 

 
Fig.9  Horizontal profile contrast diagram 

 
After the comparison of the horizontal profile, the 

three-dimensional shape of the reconstructed cavity is 

compared. The comparison results are shown in Fig.10 and 

Fig.11. In which, Fig.10 is the three-dimensional shape map 

calculated and reconstructed by the traditional sonar method, 

and Fig. 11 is the three-dimensional shape map reconstructed 

based on the multi-frequency sonar method. From Fig. 10, it 

can be observed that the data obtained from the traditional 

drilling sonar method fluctuates greatly, and the edges and 

corners of the reconstructed cavity diagram after interpolations 

and fittings are sharp. On the other hand, Fig. 11 shows that the 

data obtained from the multi-frequency sonar method fluctuates 

less, and the edges and corners of the diagram after 

interpolations and fittings are smooth. 

By comparing Fig. 10 with Fig.11, we can see that the 

cavity shape reconstructed by the multi-frequency sonar method 

is more similar to the actual cavity shape than that 

reconstructed by the traditional sonar method, and the detection 

data is more stable. The main reason is that the multi-frequency 

sonar method synthesizes the detection data of multiple 

detection frequencies, and considers the contribution of 

different frequencies to the actual detection object by using the 

parameters of frequency influence factor. So that the influence 

of different frequencies on the detection result analysis is 

reflected in priority during the analysis of the detection data in 

combination with the best real-time frequency. This effectively 

avoids the contradiction between detection scale and detection 

accuracy, and allows the detection system to be applied more 

accurately and broadly in the detection of different underground 

cavities with various shapes and sizes. The proposed method 

can provide effective data support for engineering construction 

in karst area. 

 
Fig.10  Reconstruction of cavity based on traditional sonar 

 

 
Fig.11  Reconstruction of cavity based on  

multi-frequency sonar 
 

5  Conclusions 

(1) The optimum frequency function provides reference for 

the selection of the best working frequency of the detection 

system. 

(2) The parameter of frequency influence factor effectively 

describes the deviation between the natural frequency and 

optimal frequency. 

(3) The spectrum acoustic ranging method effectively 

avoids the influence caused by the propagation time error on 

the detection accuracy of cavity shape. 

(4) The proposed multi-frequency sonar detection method is 

feasible and accurate, and the accuracy is higher than that 

achieved by the traditional borehole sonar method. 
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