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I. INTRODUCTION 

In civil engineering, cavities and fragile areas are the most im-

portant obstacles in construction zones and quarries when de-

ciding suitable places for using explosives [1]. In environmental, 

industrial, and urban construction points of view, the existence 

of cavities underground is a potential source of dangerous phe-

nomena [2]. Ground penetrating radar (GPR) is a non-invasive 

subsurface prospecting technique based on the propagation of 

electromagnetic waves [3]. Its measurements are sensitive to 

dielectric permittivity variations between the cavity and the ex-

ternal environment [4]. The development of imaging to esti-

mate the electromagnetic properties of the medium include the  

dielectric permittivity ε (F/m) and the electrical conductivity σ 

(S/m), which are critical issues for a physical interpretation of 

the target structures. Moreover, GPR is based on the transmis-

sion and reception of 10 MHz–2.6 GHz electromagnetic waves 

into the ground. The dielectric permittivity of the target over-

whelms the permittivity of other soil components, and the pres-

ence of water in the soil principally governs GPR wave propaga-

tion. The system transmits a pulse in very short duration waves 

in the material and records the amplitude and time of arrival of 

each wave. Reflection waves are produced to the right of any 

changes in the properties of conduction of electric current in the 

middle (dielectric constant). Its amplitude is determined from 

the contrast of dielectric permittivity between the banking and 

the target. One part of the transmitted wave energy continues to 
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spread in the middle until it is attenuated to be detected. The 

attenuation of the transmitted signal is extremely variable and 

depends greatly on the electrical conductivity of the materials. 

Any field with high electrical conductivity will very strongly 

attenuate the radar waves and vice versa [5, 6]. There are nu-

merous applications for GPR radar in various research areas: 

geology, mining, environmental, geotechnical, civil engineering, 

hydrology, archeology, and others [1–3]. A high-resolution seis-

mic reflection was used to detect and characterize underground 

cavities [2]. An experimental detection was also used [3] as a 

geophysical survey routine for the detection of doline areas in 

the surroundings of Zaragoza, using two techniques. The first 

was magnetometry and electromagnetic multi-frequency radia-

tion to examine the entire survey area to determine anomalous 

subsoil behaviors; the second was GPR electric tomography, or 

seismic methods, to generate an indirect view of the subsoil 

structure to detect cavities [7, 8]. Cavity detection has been con-

sidered one of the primary targets in geophysical prospecting, 

representing a principal goal for the prevention of risk. For ex-

ample, cavity detection in urban areas is important to prevent 

accidents related to possible collapses, and in archeology, these 

cavities are even more important [9]. Most of the techniques 

proposed lie in the detection of water or air-filled voids whose 

physical properties (density, electrical resistivity and conductivity, 

dielectric constant, magnetic susceptibility) are considerably 

different from the host sediment or rock [3]. In previous studies, 

the detection of cavities could not fully distinguish those cavities 

from others due to the similarity between certain materials and 

the properties of constant dielectric cavities and iron. In this 

work, we have developed a numerical program to present the 

amplitude of the buried object’s signal during exploration. The 

program has been effective distinguishing the cavities. In order 

to conduct a preliminary study of the signal’s characteristics of 

GPR reflections from cavities, numerical simulations were first 

studied using the gprMax program. This program is a GPR 

simulator based on the finite difference time domain (FDTD) 

method developed by Antonis Giannopoulos [4]. This method 

is widely used in various fields due to its generality and simplici-

ty [10], such as using optical analysis for an optical device, in-

cluding waveguide array and antenna analysis. The FDTD 

method discretized the electrical and magnetic fields into the 

dual lattice in space and time coordinates. However, the FDTD 

method is essentially based on the integral of Maxwell’s equa-

tions. 

This paper examines cavity detection in different fields with 

experimental and theoretical simulation. The use of geophysical 

methods, such as GPR and seismic methods, provides an effec-

tive alternative for cavity detection. Our analyses of cavity detec-

tion were conducted with high precision at several location areas 

with different physical properties. To validate the accuracy of 

the experimental results, a numerical simulate was developed to 

detect the cavities. The theoretical and experimental results 

show high accuracy for using GPR and simulation for real ap-

plications in various fields. Also, GPR and the developed code 

can be used in several areas of civil engineering, such as for 

buildings and bridges, or to detect human bodies under ruins 

after earthquakes. 

II. THEORETICAL BACKGROUND 

FDTD or Yee’s method is a numerical analysis technique 

widely used for modeling the dynamical system based in a dif-

ferential equation [10]. To implement the FDTD method in 

Maxwell’ equations, a computational time domain must first be 

determined. Generally, the computational domain is the physical 

region over which the simulation will be performed or the area 

scanned with GPR. 
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The FDTD method is based on the numerical resolution of 

Maxwell’s equations expressed in cylindrical coordinates by fol-

lowing the adapted Yee scheme [11, 12], shown in Fig. 1(a). 

The chart of the FDTD method is given in Fig. 1(b). The re-

flection of the strength created by GPR in a perpendicular inci-

dent wave depends on the contrast of relative dielectric con-

stants across the reflecting boundary. The reflection coefficient 

RC can be expressed as in Davis and Annan [5, 13]: 
 

 
 

(a)                  (b) 

Fig. 1. Positions of the electric and magnetic field components 

according to the cylindrical Yee scheme in a 3D case (a) and 

the FDTD method (b). 
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where εr1 and εr2 are the relative dielectric constants of mediums 

1 and 2, respectively. These constants are used in the calculation 

of dielectric constant εr, according to the following equation 

using c as the speed of light (0.3 m/ns) and h as the depth: 
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III. MATERIALS AND METHODS 

1. Materials 

The GPR experimental data were collected using a GSSI 

SIR-3000 device with two antennas, 400 MHz and 200 MHz, 

for the center frequency. These antennas were adapted to be 

used in different geological conditions. The main adjusted set-

tings were the acquisition gains that were measured in signal/ 

noise and time. A simulation was made to detect several cavities 

and distinguish them from others using different targets and 

different forms using RADAN 7 for data processing. 

 

2. Description of the Antennas 

The antennas used for this study were an RC loaded bowtie 

designed for the 300 MHz to 3 GHz frequency range, as de-

scribed in [14]. Fig. 2(a) presents the geometry of the GPR an- 

 

(a) 
 

(b) 

Fig. 2. (a) Geometry of RC bowtie antenna and (b) S11 variation. 

 
Fig. 3. Mode scan and offset constant: (a) A-scan, (b) B-scan, and 

(c) C-scan. 

 

tennas, constituted by two half-ellipses. The capacitive loading 

was designed in periodic slots cued on the antenna arms, and a 

graphite sheet of 1 mm thickness was placed over each arm to 

provide the resistive load. The antenna was fed using a vertical 

microstrip to parallel stripline transition. Fig. 2(b) illustrates the 

simulated and measured magnitude of the S11 parameter for the 

RC bowtie antenna. 

 

3. Mode Scan and Method of Prospection 

The experimental data obtained by GPR were analyzed and 

interpreted as an image of a vertical slice of the basement. The 

image was received by the concatenation of the A-scan and B-

scan data recorded by GPR along the measured area [15]. Ob-

jects that fled the basement were marked by the presence of the 

hyperbole in the B-scan (Fig. 3(b)) and C-scan (Fig. 3(c)) [1]. 

IV. RESULTS AND DISCUSSION 

1. Cavity Detection in the Laboratory and Simulation 

 

1.1 Comparison of simulation and experimentation results 

(1,600 MHz) 

In order to simulate and measure the electromagnetic wave 

reflected by cavities and to validate the theoretical results ob-

tained by the simulation, we created a laboratory experiment. 

We buried in the ground two iron bars (diameter of 16 mm) 

and two plastic tubes with vide (diameter 32 mm) that have 

dielectric permittivity of 7 F/m and conductivity of 0.001 S/m 

as shown in Fig. 4. The antenna we used had a central frequency 

of 1,600 MHz. Because the iron bar and the tubes had the same 

dielectric permittivity, we used empty tubes. 

Fig. 5(b) shows the direct waves: the first strong amplitude is 

the combined reflection between the antenna and the reflected 

signal. It has a negative reflection coefficient due to the air be-

tween the antenna and the land surface. The amplitude differ-

ence at t = 1.4 ns is (1.4, 500) and at t = 1.8 is (1.8, -800) 

shows the effects of a cavity on the GPR signal. 
 

1.2 Simulation of the cavity’s detection using 400 MHz  

In this part of the study, we detected the cavity of a rectangu- 
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(a) 

 
(b) 

Fig. 4. (a) Image shows an empty tube buried and (b) radargram of 

experimental results. 
 

 
(a) 

(b) 

(c) 

Fig. 5. (a) Simulation results of the empty tube, (b) amplitude sig-

nal obtained from modeling, and (c) zoom of (b). 

Fig. 6. Schema of the rectangular target buried in soil (50 cm × 25 cm). 
 

lar object (50 cm × 25 cm) presented in Fig. 6 using a simula-

tion of GPR measurements. The response was from the surface 

buried in a homogeneous medium with a dielectric permittivity 

of 7, a conductivity of 10-3, and a depth of 0.87 m as shown in 

Fig. 5 by gprMax2D and MATLAB programs. Fig. 5(a) pre-

sented in the radargram shows the presence of hyperbola in Fig. 

7(a) due to the total diffraction of the wave inside the cavity and 

its reflection at the end. Fig. 7(b) shows the evolution of the 

electric field. The amplitude Ez of the electric field for the first 

travel time starts the diffraction for negative direction and then 

has a very strong diffraction in the other direction, due to the 

presence of the cavity, which has no conductivity.  

Fig. 8(a) shows the simulation result for the detection of a 

square conductor target. We note that the hyperbola in this fig-

ure is clearly visible because of the conductivity of the target. Fig. 

8(b) shows the results of modeling for detection of the conduc-

tor targets. The total reflection of the electric field amplitude Ez 

is shown in the first travel time for the positive direction and 

then has a very strongly reflection in the other direction caused 

by high electrical conductivity. 

Fig. 9(a) presents the simulated detection of a rectangular die-

lectric target. We observe that the hyperbolas in this case is less 

clear compared to the case of the conductor target. This is be-

cause the reflection and diffraction waves are approximately 

equal, and because the positive and negative amplitude are ap-

proximately equal, as shown in Fig. 8(b). In order to detect the 

difference between cavities and hyperbolas, the following condi-

tions are used: 

(1) The dielectric constant of the cavity is equal to one and 

the conductivity is zero; 

(2) The hyperbolas of the cavity are in white and black; 

(3) The amplitude of the signal has a minimal value in the 

negative direction and a maximum value in the positive 

direction. 
 

2. Results of Investigation of Cavities in a Subsurface in Homo-

geneities using Data Acquisition 

This section uses three GPR surveys perpendicular to the 

ground in three different areas. We measured the GPR data in 

Tube with vide

Direct wave 

Reflection from of cavity 

Medium of soil Depth=0.87 m 
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(a) 

(b) 

(c) 

Fig. 7. (a) Simulation to detect rectangular cavities, (b) trace ampli-

tude of the wave reflection and refraction of the evolution of 

the electric field, and (c) zoom of (b). 
 

(a)  

(b) 

Fig. 8. (a) Simulation to detect a rectangular conductor and (b) 

trace amplitude of the wave reflection and refraction. 

(a) 

(b) 

Fig. 9. (a) Simulation to detect rectangular plastic and (b) trace 

amplitude of the wave reflection and refraction. 
 

the mode of prospection (common measure point). The results 

shown in the radargrams are represented by the distance on axis 

X and the depth on axis Y. 

 

2.1 Cavity detection in a mountainous area: a quarry in Khamis 

Anjara  

The importance of this cavity detection in quarries is to iden-

tify suitable areas for the placement of explosives during the 

production of gravel, sand, and other elements. This is the basis 

of all construction in civil engineering. It is necessary to locate 

these cavities and to record their coordinates with precision on 

the ground so as to designate future areas for explosives and to 

avoid fragile zones and cavities. If the explosives are placed in 

cavities or fragile ground, there will be no explosion, causing loss 

of money, effort, and time. The stone quarry located next to the 

village of Khamis Anjara in a region of Tetouan city was used in 

this study. 

In Fig. 10(a), the cavity extends from 0.5 m to 5.3 m and the 

depth ranges from 1 m to more than 2.5 m. 

 

2.2 Cavity detection in a flat area (road project) 

The aim of this survey in this area is to detect cavities in an 

urban area. A cavities were found during work on the construc-

tion of a new road project. In this zone, a GPR survey was con-

ducted at a survey distance of 1,000 m and a depth of 6 m. 
 

2.2.1 Methodology 

In this part of the study, an antenna with 200 MHz was used 

to detect an object at 8 m depth in the road. The results are giv- 
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(a) 

(b) 

Fig. 10. Radargrams of the profiles detecting the cavities (site 

Khamis Anjara): (a) Profile 1 and (b) Profile 2. 

 

(a) 

(b) 

Fig. 11. (a) Localization of the project in El Jadida city and (b) a 

diagram of the work area survey. 

 

en in B-scan mode. The road (El Jadida-Safi, 143 km) was di-

vided into four 4-km-long profiles for each investigation (Safi-

El Jadida). The distance between each profile was 2 m (Fig. 11). 

The radar profiles show an overview of the studied site, with 

3D profiles acquired along the road and illustrating the contrast 

below the surface on different sections of the road. In order to 

facilitate the reading of the radargram, the red squares of the 

zones of reflections and diffractions represent cavities. The three 

areas where we found a long cavity were more than 5 km. The 

specific areas that were considered in this study have a length of 

1 km per area, divided into several radargrams, where we could 

not present all the data (information about targets). Two-

dimensional and 3D investigations are described and presented 

below. Furthermore, the simulation of cavity detection in the 

fourth section by the signals and radargram was applied, and the 

work confirmed the results. 

 

2.2.2 Investigations in zone 1B-scan mode (2D) 

At the beginning, we carried out 2D investigations that be-

gan from 246 km to 247 km of the road. In the first zone (Fig. 

12), we chose to investigate deep cavities at a depth different 

from 2.2 m to 6 m.  

Fig. 12 shows a GPR image obtained on the ground. At the 

travel time of 120 ns and depth of 6 m, a strong reflection was  

 

(a) 
 

(b) 
 

(c) 

Fig. 12. Radar data showing cavities on the road project: (a) Profile 

1, (b) Profile 2, and (c) Profile 3. 

Study zone 

cavity 
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detected, which is considered the electromagnetic wave reflected 

from the cavity. In Profile 1, there are cavities from 0 m to 30 m. 

In Profile 2, there are cavities from 600 m to 660 m. In Profile 3, 

there are cavities from 485 m to 520 m. 

 

2.2.3 3D investigation of zone 2 by C-scan modes 

In this part of the study, we carried out 3D investigations on 

lengths of 1 km and 6 km, respectively, divided into several ra-

dargrams and at a depth of 5m and a width of 2 m.  

The second zone begins from 251 km and 252 km as a length 

of the road at 3 km shown in Fig. 13. The coordinates of zone 2 

are at depth different from 2.2 m to 6 m, length along 251–252 

km (1 km), and width is 2 m. 
 

2.3 Cavity detection in a coastal area: Harhoura 

For this part of the study, we positioned the radar profiles as 

shown in the map below. On the basis of indications of the plan 

in Fig. 14, we indicate the various anomalies by area. The differ-

ent profiles performed in this area show that several areas have 

empty attendance indices, soil destructuration, or simple frac-

tures with small voids. The profile in Fig. 14 shows an evolution 

of anomalies with a fracturing of the subsoil that connects the 

two anomalies. The first anomaly evolves in depth with the 

presence of empty franc, an increase of the surface of the third 

anomaly with the presence of a vacuum, and the presence of a 

1m deep fracture that connects the two anomalies with a scat-

tered void. 

The profile in Fig. 15 shows an evolution of anomalies and 

fractures with the presence of voids throughout the profile 

length and shows the presence of a significant cavity starting 

from a depth of 4.5 m. The profile of Fig. 16 shows continuity 

of the deep cavity with an increase in the volume of the anomaly 

detected at the surface, mainly for the anomaly above the cavity, 

with ramifications between them. We will indicate the results of 

the additional auscultation that we have achieved to determine 

the maximum depth of the cavity detected in zone 1.  

We carried out radar profiles of deep cavity detection areas in 

order to define in depth as seen in Figs. 14–16. The radar pro-

files carried out on that cavity could reach 15 m deep into usable 

signals on this depth, and we have delimited the cavity at 8.20 m 

depth. Beyond 8.20 m deep, the pitch becomes homogeneous. 

V. CONCLUSION 

In this work, we conducted numerical and simulated results, 

as well as experiments and surveys in mountainous, flat, and  

      
(a)                                                    (b)  

 

    
(c)                                                   (d)  

Fig. 13. Profiles of radargrams in zone 2 (profiles 18 and 23) along 251–52 km and depth 5 m: (a) from 45 m to 85 m, (b) from 485 m to 

530 m, (c) from 730 m to 775 m, and (d) from 930 m to 975 m. 
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Fig. 14. Profile 4 next to zone 1. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Profile 5 next to zone 1. 

 

 

 

 

 

 

 

 

 

 

Fig. 16. Profile 6 next to zone 1. 
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coastal areas. We found great similarity between the results from 

our modeling and the experimental results and field surveys. We 

have been able to identify cavities in subsoil in an effective and 

successful way. We observed that the hyperbola resulting from 

the reflection of waves from the cavities in coastal areas is very 

thin (faint) and different from the other regions due to the high 

humidity in this area. Also noteworthy is that the hyperbolas are 

insufficient to identify cavities so the use of an amplitude of 

reflected waves is needed. The results obtained show the pres-

ence of cavities at different distances and depths in the places 

studied. It is noted in this study that the depth of the investiga-

tions reached 8 m using a 400 MHz antenna, which can indi-

cate that the ground has distinctive characteristics and very low 

conductivity. The detection of the cavity in the coastal area was 

difficult compared to the mountainous and flat areas, which 

were easier and more obvious. 
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