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ABSTRACT. In this study, an integrated near-field GPR system (INFGPRs) with a frequency tunable patch antenna was developed to 

investigate wormholes in oil sand that emerge during CHOPS. 3-dimension imaging of wormholes was then obtained based on INFGPRs 

through step-scanning against the wall of inspection wells. The feasibility and availability of the developed GPR system were identified 

through bench-scale simulation in the lab. In addition, a factorial factor experiment was designed in order to reveal the interaction effects 

of impact factors (depth, size, and content of wormhole) on the performance of the developed GPR system. 
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1. Introduction 

Canada is the fourth-largest oil producer around the globe, 

where nighty-seven percent of its proven oil reserves are de- 

tected in oil sand (Chen et al., 2019a; Natural Resources 

Canada, 2019). Novel extraction technologies to maximize out- 

put are expected to be developed and applied in oil and gas 

industries, such as hydraulic fracturing, horizontal drilling, and 

bitumen extraction (Akhter and Azam, 2019). However, recov- 

ering heavy crude oil from an oil-bearing formation is known 

to be difficult. Cold heavy oil production with sand (CHOPS) 

is an effective extraction approach in which oil is extracted 

together with sand (Duisterwinkel et al., 2016). During the 

CHOPS process, channels are formed in the reservoir. These 

channels are known as wormholes (Liu and Zhao, 2004). A 

wormhole may penetrate several feet into a formation. Al- 

though wormholes allow the oil to flow, they may form a con- 

nection between two wells, causing water encroachment or 

pressure loss, which leads to the reduction of oil extraction. 

In order to place CHOPS wells optimally, the spatial distri- 

bution of wormholes has been studied through experimental 

investigation and numerical simulation. High conductivity of 

wormholes was demonstrated by tracer tests, pressure tests, in- 

jection tests. (Duisterwinkel et al., 2016). A transient-pressure 

analysis was developed to detect the growth of wormholes in 

pilot CHOPS wells (Sanyal and Al-Sammak, 2011). In addi- 

tion, a series of numerical-simulation tools were used to esti- 

mate wormhole footprints by historical matching field data to 
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analyze the effects of wormholes with enhanced permeability 

on increased production (Sawatzky et al., 2002). The effects of 

different wormhole patterns on transient-pressure behaviors 

were analyzed by source-and-sink-function methods which 

were expected to reproduce wormhole configurations (Liu and 

Zhao, 2005). Furthermore, a diffusion-limited aggregation al- 

gorithm was developed to identify wormhole patterns (Rangriz 

Shokri and Babadagli, 2014). Additionally, a dynamic wellbore 

module was implemented to model wormhole growth with 

multilateral wells (Istchenko and Gates, 2014). 

Previous studies cannot provide visual status of worm-

holes. Ground-penetrating radar (GPR) is a high-resolution and 

non-destructive detection technology for subsurface investi- 

gation, imavgination, and diagnosis (Bell et al., 2005). The 

two-way travel time can be transformed to distance directly 

through the application of standard values of electromagnetic 

wave propagation rates for a variety of materials (Bell et al., 

2005). Compared to seismic, transient electromagnetic, or elec- 

trical and magnetic approaches, GPR can provide denser data 

with higher accuracy. This innovative technology has been ap- 

plied to the investigation of underground utilities (Saarenketo 

and Scullion, 2000), roots (Bain et al., 2017), voids (SHRP2, 

2013), and water content (Khristoforov and Omelyanenko, 

2018) successfully. GPR performance can be enhanced form 

the following three aspects: GPR frequency, antenna design, 

and data analysis. The antenna is a critical hardware component 

that has a direct influence on the range and resolution of a GPR 

system. The selection of the operational frequency is associated 

with a tradeoff between resolution and detection range: high-

frequency radio wave can result in high-resolution imaging but 

penetrates a shallow depth, while low-frequency radio wave 

penetrates deep into the ground at the cost of image resolution. 

Hence, low-frequency antennas are more applicable to larger 
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penetration depths, such as geological surveys, stratigraphic 

investigations, underground pipe, as well as for river/landfill 

and lake-bottom analysis (Pajewski et al., 2013). The perfor- 

mance of GPR can also be improved by having an ultra-wide 

frequency band and linear phase characteristics, as well as the 

coupling between transmitting and receiving antennas (Bene- 

detto and Paiewski, 2015). The most frequently used GPR an- 

tennas are dipole, end-fire tapered slot, spiral, and horn anten- 

nas. Among these antenna configurations, the transverse elec- 

tromagnetic horn antenna has been wildely employed in GPR 

systems due to its excellent time-domain characteristics (Gen- 

tili and Spagnolini, 2000). However, there are few reports of 

the GPR application on the imaging of wormholes in CHOPS. 

The characteristics of oil sand present challenges for the 

GPR system. The depth of the wormholes is below 200 meters 

(Liu and Zhao, 2004). Detectable depth of GPR is related to 

GPR frequency and relative dielectric constant of the medium. 

The oil sand contains high salinity solutions that can signifi- 

cantly decrease the detectable range of GPR. Recently, low-

frequency submersible GPR systems (range from 15 ~ 75 

MHz) were used to investigate water bodies with natural dis- 

solved-solids contents (Khristoforov and Omelyanenko, 2018). 

In this study, an integrated near-field GPR system (INFG- 

PRs) with a frequency tunable patch antenna was developed to 

investigate wormholes in oil sand that emerge during CHOPS. 

INFGPRs was expected to obtain 3-dimension imaging of 

wormholes through step-scanning against the wall of inspec- 

tion wells. The inspection wells are expected to be without any 

metal sleeve to improve signal transmission. Herein, feasibility 

and availability of the developed GPR system were identified 

through bench-scale simulation in the lab. In addition, a facto- 

rial factor experiment was designed in order to reveal the inter- 

action effects of impact factors (depth, size, and filler of worm- 

hole) on the performance of the developed GPR system. Fur- 

thermore, a robust signal processing methodology was devel- 

oped to enhance the signal to noise ratio and create 3-dimen- 

sion imaging of the wormholes. 

2. Build/Development of Lab-Scale Wormhole 

Simulation System 

The wormhole simulation site was established in a lab with 

a temperature of 25 ℃ to avoid environmental disturbance. The 

mainframe, which was design to direct and continuous sample 

at depth along with vertical intervals, was constructed with 

polyvinyl chloride plastic plate, which was stacked with sands 

characterized by different porosities and sizes to simulate geo- 

logical properties of oil drilling sites, as shown in Figure 1. One 

of the side surfaces was determined as origin surface, indi- 

cating start-up ground surface in real-world, where the up-left 

corner was set as coordination origin of X (width), Y (height), 

Z (length) axis. Different sizes of plastic vials were buried in 

the sand phase with constant X and Y value to represent worm- 

holes in oil recovery progress. The vertical distances between 

origin surface and buried point can be considered as the depth 

of wormhole in real-world imaging. 

A TerraSIRch Subsurface Interface Radar (SIR) System 

3000 with a 400-MHz antenna (manufactured by Geophysical 

Survey Systems, Inc. (GSSI), Salem, NH), was used to imaging 

wormhole in this experiment. The 400-MHz antenna can be 

used to provide a balanced signal between resolution and depth 

of penetration. A total of 48 scans were collected per second by 

using the SIR-3000 control unit, corresponding to 50 scans per 

meter. The result signals from radar were analyzed through 

RADAN for Windows 5.0 (GSSI). With focuses on imaging of 

wormhole under different conditions, the comparisons of worm- 

hole depths, hole sizes, and medium fillers were conducted to 

investigate the performance of field acquisition and the effects 

of different factors on wormhole presentation. Different me- 

dium fillers were investigated, including clean water, crude oil 

and oil-water mixer (50/50 v). In the comparison experiments, 

non-independent factors were set as control values. The control 

values of depth, hole sizes, and medium filler (crude oil) were 

determined based on real-world application parameters and 

experiment purpose for distinguishable results. 

 

 
 

Figure 1. Pilot system for wormholes investigation by ground-

penetrating radar (GPR). (A) BOX model of CHOPS site; (B) 

Models of wormholes; (C) Antenna of GPR; (D) Processer of 

GPR. 

3. Asymmetrical Factorial Design 

An asymmetrical factorial design is employed to reveal the 

interactions of wormhole depth, wormhole size and medium 

filler on imaging performance. The factorial design has been 

extensively performed to determine the main and interactive 

effects of factors in various studies (Zhou et al., 2016; Chen et 

al., 2019b). In this project, the effects of three factors of 

wormhole (A-Distance, B-Diameter, C-Content) on the im- 

aging accuracy were studied through a mix-level factorial de- 

sign with three replicates. The experimental factors and their 

variable levels are presented in Table 1. The factorial experi- 

mental settlement (Table 1) was produced based on the Design-

Expert v10 software (Stat-Ease Inc., Minneapolis, USA). Sim- 

ulated wormholes were buried at certain coordinates with var- 
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iable factors. Every run was duplicated. The coordinate of sim- 

ulated wormholes was detected by ground-penetrating radar 

SIR 3000. The absolute difference value between the exper- 

imental and actual value were considered as the experimental 

responses. A smaller absolute difference value indicates a 

better imaging accuracy. 

 

Table 1. 23 Factorial Design Table 

Run 
A: Distance 

(cm) 

B: Diameter 

(cm) 

C: Dielectric 

constant 

1 13 1.7 Air 

2 13 3 Air 

3 29 1.7 Air 

4 29 3 Air 

5 13 1.7 Water 

6 13 3 Water 

7 29 1.7 Water 

8 29 3 Water 

9 13 1.7 Oil and water 

10 13 3 Oil and water 

11 29 1.7 Oil and water 

12 29 3 Oil and water 

 

Factorial effects in a mix-level factorial design can be esti- 

mated using a multiple regression model (Jiang et al., 2017; 

Song et al., 2018; Liu et al., 2020; Zhao et al., 2020). The 

regression model for the experimental design that contains 12 

groups of observed data can be expressed as: 

 

0 1 1 2 2 3 3 4 1 2

5 1 3 6 2 3 7 1 2 3

            

    

Y b b X b X b X b X X

b X X b X X b X X X

= + + + + +

+ +
 (1) 

 

where Y is the global mean; X1, X2, X3 are independent vari- 

ables; bi is the coefficient for the main and interactive effects 

of the factors. 

4. Results Analysis 

4.1. Calibration of the Dielectric Constant 

In this section, the detailed process for the calibration of 

dielectric constant is presented. As discussed in previous sec- 

tions, the radar measures the time between the emission and the 

reception of the signal after it is reflected by the object, as 

shown in Equation (2): 

 

2   d vt=  (2) 

 

where d is the distance between the surface and the object, v is 

the speed of light in the medium, and t is the time measured by 

radar. In order to calculate the distance of the object, the speed 

of light in the medium, v, is needed. It is given in Equation (3):  

 

  r rv c me=  (3) 

 

where c is the speed of light in vacuum, μr is the relative per- 

meability, and εr is the relative permittivity or dielectric con- 

stant. 

 

 
 

Figure 2. Radar measurements for the calibration of the 

dielectric constant. 

 

Table 2. Distance and Time Measurements for the Calibration 

of the Dielectric Constant 

Measurement number Distance (cm) Time (ns) 

1 12.0 1.50 

2 20.0 2.50 

3 26.5 3.25 

4 35.5 1.25 

5 15.0 1.75 

6 23.0 2.80 

7 28.5 3.50 

 

 
 

Figure 3. Linear regression for the calibration of the dielectric 

constant. 

 

For this experiment, the medium is dry sand; therefore, μr 

is assumed to be 1. The dielectric constant of dry sand, how- 

ever, varies between 3 ~ 6. An exact dielectric constant is 

needed in order to calculate distance from radar time mea- 

surements. Therefore, proper calibration is needed. The cali-  
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Figure 4. Comparison results of void wormhole of different diameters (Depths of the container in the left and right panel are 

respectively 13 and 29 cm; the first and second row are for Diameters 1 and 2, respectively). 

 

 
 

Figure 5. Comparison results of water filled wormhole of different diameters (Depths of the container in the left and right panel 

are respectively 13 and 29 cm; the first and second row are for Diameters 1 and 2, respectively). 

 

 
 

Figure 6. Comparison results of oil/water filled wormhole of different diameters (Depths of the container in the left and right 

panel are respectively 13 and 29 cm; the first and second row are Diameters 1 and 2, respectively). 
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bration is accomplished through multiple measurements of 

distance and time followed by linear regression. Seven groups 

of measurements were conducted. For each group of measure- 

ment, a metal bar was placed in the sand and the distance be- 

tween the metal bar and the sand surface was measured. Then, 

radar was used to swipe the sand and a radar gram with the 

characteristic parabola shape was obtained. The peak of the 

parabola indicated that the radar was right on the top of the 

metal bar; therefore, the time recorded at this location was the 

time it took for the signal to travel from the antenna to the metal 

bar and back to the antenna. The 7 radar grams are shown in 

Figure 2. The distance and time are listed in Table 2. 

For the linear regression, a relationship between distance 

and time is needed. It can be obtained by substituting Equation 

(3) into Equation (2). The result is given in Equation (4). Then, 

a linear regression model can be constructed using the least 

square method, with the constant term forced to be zero (i.e., 

using d = k × t as the model). Figure 3 shows the 7 groups of 

measurements as well as the linear regression model. The slope 

of the line can be used to calculate the dielectric constant, 

which is shown in Equation (5). The calibrated dielectric con- 

stant of the medium is 3.33: 

 

   
2 r

c
d t

e
=  (4) 

 
22

    
2 2

r

ct c

d slope
e

å õå õ
= =æ öæ ö

³ç ÷ ç ÷
 (5) 

 

4.2. Results for Different Contents 

The study consists of scanning different objects that are 

buried within the sand and analyzing the effects on the scanning 

results in terms of different pre-assigned parameters. The blank 

and metal test is used to serve as a baseline test to ensure the 

accuracy of the scanning process. The blank and metal exper- 

iment serves as a base analysis in order to test the radar’s capa- 

bility in detecting any objects within the sand. The metal is put 

into the sand at two depths (i.e., 0.13 and 0.29 m) and the results 

of the scanning can be found in Table 3. It can be concluded 

that the signal for the metal is very strong no matter which 

distances the metal is placed into the sand. 

 

Table 3. Results for the Blank Experiment and Experiment on 

Metal 

  
Actual depth of 

container (m) 

Depth from 

replicate 1 (m) 

Depth from 

replicate 2 (m) 

Blank 0 N/A N/A N/A 

Metal 1 0.130 0.140 0.125 

Metal 2 0.290 0.280 0.275 

 

For the actual experiment, each of the containers will be 

filled with either air, water, or a mixture of oil and water. The 

containers are of different diameters (i.e., 1.7 and 3.0 cm), 

which are then being put into the sand one at a time at different 

depths (i.e., 13 and 29 cm). Radar is used to scan the containers 

along the horizontal surface of the sand in order to see if the 

containers can be observed and to identify the impacts of dif- 

ferent depths and diameters (of the container filled with oil and 

water) on the results from the radar detection. For example, the 

container filled with water is scanned four times according to 

the four possible combinations of parameter settings, and 3 

replicates were performed for each of the groups. The results 

can be found in Table 4. 

In conclusion, all the results showed that when the radar 

was moving along the surface of the sand, the observed signal 

indicating the position of the container (placed inside the sand) 

varies. Moreover, for different groups of the experiment, the 

observed signals also vary since the depths and diameters of the 

container are different. As a result, the distance and size of the 

container have some influences on the results from the 

scanning, and it can also be concluded that minor biases among 

three replicates are actually coming from the people who take 

the measurement and read the number on the axis. 

The results indicated that the scanned signal would be 

significantly different between two wormhole depths from the 

top surface. It is indicated that the scanned signal from the 

smaller depth wormhole with air is much stronger than that is 

farther to the top surface. The results also showed that a strong- 

er signal could be obtained from a smaller depth wormhole 

with water. As shown in Figures 4 ~ 6, a smaller depth worm- 

hole with oil-water could have much stronger signals. 

Moreover, the results shown in Figures 4 ~ 6 also indicated 

that the scanned signal would be significantly different between 

the two wormhole diameters. It is showed that the scanned 

signal for wormhole with a larger diameter is much stronger 

than that with a smaller diameter. The signals for 1.7 cm air are 

almost invisible, indicating the limitation in terms of diameter 

is between 1.7 ~ 3 cm. For wormhole filled with water, the 

signal is stronger. A smaller wormhole has a stronger signal 

than that of the larger diameter. For wormhole filled with oil-

water, the signal is weaker than water. Still, a smaller wormhole 

has a stronger signal than that of larger diameters. 

 

4.3. Factorial Analysis 

Analysis of variance (ANOVA) was presented to calculate 

the significance level of the individual and interactive effects. 

The ANOVA assumptions, including the normality and homo- 

geneity of residuals, were verified in Figure 7 and Figure 8, 

respectively. Eight groups were selected from the above 12 

ones, in order to conduct a full 23 factorial analysis with com- 

binations of different parameters, including depth (13 and 29 

cm), diameter (1.7 and 3 cm), and contents (air and water). The 

dielectric constant of air and water is 1 and 79, respectively. 

This design ensured that the primary and interactive effects 

were apparent. 

Table 5 presented the ANOVA result for the selected 23 

factorial design. The significance level of 0.05 is used in this 

study. It is implied that the model is significant, as seen from 

its F-value of 2323.15 in the table. Moreover, A, B, C, AB, AC, 

BC, ABC are significant model terms since their values are 
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Table 4. Results for the Containers with Air, Water, or a Mixture of Oil and Water 

  Replicate 1 Replicate 2 Replicate 3 

  1.7 cm 3.0 cm 1.7 cm 3.0 cm 1.7 cm 3.0 cm 

Depth 1 (13 cm):       

Air N/A 0.14 N/A 0.14 N/A 0.145 

Water 0.13 0.125 0.125 0.13 0.13 0.12 

Oil and water 0.135 0.12 0.135 0.13 0.125 0.125 

Depth 2 (29 cm):       

Air N/A 0.3 N/A 0.35 N/A 0.295 

Water 0.29 0.285 0.288 0.29 0.3 0.29 

Oil and water 0.3 0.285 0.295 0.29 0.295 0.29 

 

 Table 5. ANOVA for Factorial Model 

Source Sum of Squares df Mean Square F Value p-value Prob > F  

Model 2561.28 7 365.89 2323.16 7.72E-23  

Significant 

  A-Distance (cm) 64.68 1 64.68 410.68 7.81E-13 

  B-Diameter (cm) 43.20 1 43.20 274.29 1.71E-11 

  C-Dielectric constant (cm) 2227.23 1 2227.23 14141.12 5.23E-25 

  AB 39.02 1 39.02 247.71 3.71E-11 

  AC 96 1 96 609.52 3.64E-14 

  BC 39.53 1 39.53 250.96 3.36E-11 

  ABC 51.63 1 51.63 327.79 4.41E-12 

Pure Error 2.52 16 0.16    

Cor Total 2563.79 23     

R-Squared 0.999017083      

Adeq Precision 125.5480262      

 

smaller than 0.05. Figure 9 provided significant levels of pri- 

mary and interactive effects through the Pareto chart. More- 

over, Table 6 and Figure 10 depict the significant effects and 

contributions to different values. As for the main effect plot 

(Figure 10), the vertical distance of each line implies the main 

effect, while a solid line linking the mean values at different 

levels indicates the factor (Jiang et al., 2017). 

 

 
 

Figure 7. The normal plot of residuals. 

 

As shown in Table 6 and Figure 10, factor C-Dielectric 

constant had the most significant negative effect on the dif- 

ference values. The increase of dielectric constant contributed 

86.87% to the decrease of difference value, significantly im- 

proving the imaging accuracy. A higher dielectric constant may 

lead to electromagnetic wave weakening, which improved the 

precision of electromagnetic wave reception. This is coin- 

cident with the results of Figure 4 to Figure 6, which show the 

mappings of the wormhole position. Factor B-Diameter pres- 

ented a moderate effect on improving imaging accuracy. An 

increase in wormhole diameter leads to a decrease in difference 

value to some extent. Comparatively, the increase of factor A-

Distance had some positive effects on difference value, de- 

creasing the imaging accuracy. 

 

Table 4. Factor Effects and Contributions 

Term Standardized effect Contribution (%) 

A-Distance 3.28 2.52 

B-Diameter -2.68 1.68 

C-Dielectric constant -19.27 86.87 

AB -2.55 1.52 

AC -4.00 3.74 

BC 2.57 1.54 

ABC 2.93 2.01 

 

All the 2-factor interaction plots and the cube plot for CDH 

are shown in Figure 11. It was noted that all 2-factor interaction 

effects were significant. Based on Figure 11(a), it can be seen 
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that the effect of diameter on imaging accuracy was not very 

significant at the low level of distance. However, the difference 

value under the high level of distance obviously decreased with 

the increase of diameter. The increase in wormhole distance 

means the increased difficulty of electromagnetic wave recep- 

tion to generate accurate imaging. According to Figures 11(b) 

to (c), there was no significant difference among different va- 

lues under dielectric constant at its high level. The difference 

values were similar under different levels of distance and dia- 

meter. At the low level of dielectric constant, the increase of 

distance significantly increases the difference values, whereas 

the increase of diameter decreases the difference values. 

 

 
 

Figure 8. The plot of residuals against run numbers. 

 

 
 

Figure 9. Pareto chart. 

 

The cube plot for ABC (Figure 11(d)) was used to illu- 

strate factor interactions in an intuitive manner. The wormhole 

diameter and distance respectively had significant negative and 

positive effects on different values when the dielectric constant 

was at its low level. The lowest difference value (16.23 cm) 

could be obtained with the wormhole diameter of 1.7 cm and 

the distance of 13 cm. In contrast, there was no significant 

difference in terms of the extents of these two effects once the 

dielectric constant was at a high level. The changes in different 

values were comparatively indistinguishable, limited within 2 

cm. The scenario with the wormhole diameter of 3 cm and the 

distance of 20 cm could accomplish the second-lowest differ- 

rence value (0.5 cm), while the lowest difference value (0.23 

cm) could be found with the wormhole diameter of 1.7 cm and 

the distance of 20 cm. Therefore, the dielectric constant can be 

increased to improve the imaging accuracy for further investi- 

gation according to the factorial analysis. 

 

 
 

Figure 10. Main effect plot of individual parameters. 

 

The least-squares method is employed to calculate the 

regression coefficients for individual and combined effects of 

factors. With these coefficients, regression models relative to 

factorial effects can be established. The final equation in terms 

of coded factors can be formulated as follows: 

 

 10.35833333

1.641666667 -1.341666667

- 9.633333333 -1.275 - 2

1.283333333 +1.466666667

Difference

A B

C AB AC

BC ABC

=

+ ³ ³

³ ³ ³

+ ³ ³

 (6) 

 

The developed equation can be applied to predict the 

response by giving levels of each factor. It is therefore helpful 

in identifying factor impacts through comparison of their coef- 

ficients in the equation. In particular, the high and low levels 

for each factor are coded as +1 and -1, respectively. The final 

equation in terms of actual factors can be expressed as follows: 

 

 6.234714698

1.719944023

7.144885338

0.137919827  

0.535188696

0.025713254  

0.111231492

Difference

Distance

Diameter

Dielectric Constant

Distance Diameter

Distance Dielectric Constant

Diameter Dielectri

=-

+ ³

+ ³

+ ³

- ³ ³

- ³ ³

- ³ ³  

0.007945107  

c Constant

Distance Diameter Dielectric Constant+ ³ ³ ³

 (7) 
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Figure 11. The 2-factor interaction plots: (a) A-Distance * B-Diameter, (b) A-Distance * C-Dielectric constant, (c) B-Diameter * 

C-Dielectric constant, and (d) the cube plot of ABC. 

 

5. Conclusion 

In this study, an integrated near-field GPR system 

(INFGPRs) with a frequency tunable patch antenna was devel- 

oped to investigate wormholes that locate near the inspection 

wells. Wormholes were detected through the step-scanning 

against the wall of inspection wells. The inspection wells are 

expected to be without any metal sleeve to improve signal tran- 

smission. Herein, feasibility and availability of the developed 

GPR system were identified through bench-scale simulation in 

the lab. In addition, a factorial factor experiment was designed 

in order to reveal the interaction effects of impact factors (dep- 

th, size, and filler of wormhole) on the performance of the de- 

veloped GPR system. An innovative feature extraction algori- 

thm was developed for processing signals obtained from the 

GPR. This algorithm can fully utilize the received signal of the 

GPR data in different frequency bands. A generalized image 

processing algorithm was developed to interpret the backscatter 

data from enhanced signal processing. These data were stored 

as the raster or matrix values to their corresponding spatial and 

temporal coordinates within a dedicated computer. 
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