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EXECUTIVE SUMMARY 

Traditional methods of investigating soil conditions in rehabilitated areas on South Africa coal 
mines involve grid-based observations, usually using a hand-held soil auger. By incorporating 
Ground Penetrating Radar (GPR), an improved level of understanding of subsurface conditions, 
especially soil depth, can be obtained. 

Field sites of rehab areas on three coal mines in the Witbank coalfield were investigated over a 
period of two years, using transects where auger observations were made every 50 metres, and 
compared to continuous GPR data. Field visits were made to several rehab sites on the three 
mines, covering 24 transects and 241 observation points. 

Several problematic aspects were encountered. The first one is that in rehab areas, there is a 
great deal of inconsistency regarding the soil material, both in terms of uniformity of depth, as 
well as in composition (spoil materials mixed in with previous cover soil). This makes augering 
difficult, especially when combined with compaction. Secondly, GPR is a semi-qualitative 
methodology and requires interpretation from the operator.  

The above notwithstanding, when the results of the GPR operations were compared with the soil 
augering, a good degree of agreement was found. More than 70% of the observations showed a 
difference of less than 10 cm, while 85% showed a difference of less than 20 cm. The main 
advantage of GPR is that it enables a continuous transect to be investigated, recorded and stored 
digitally. The option also exists to use antennae of different frequencies to optimize the 
resolution, as well as post-survey processing of the data to obtain clearer results. 

Using GPR is also cost-effective, with comparable manpower costs per area covered, and the 
added benefit of the continuous information obtained, as opposed to the point data only by the 
traditional augering method. It is recommended that GPR, with selected ground-truthing, be 
considered as a complementary tool to traditional grid-based soil augering 
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1. INTRODUCTION 

In the open-cast coal mining process on the South African Highveld, there is a great degree 
of disturbance regarding the transportation, storage, replacement and general management 
of the soil resource. What agriculturalists, soil scientists and others refer to as the “soil 
profile”, many mining entities see as “cover soil”, or simply material to cover up the results 
of the mining process. 

In previous Coaltech projects, studies have been made regarding the stockpiling process and 
the problems associated with that phase (Paterson, 2016; Paterson et al., 2018), as well as 
how these problems affect the eventual rehabilitation of the soil. Among the problems 
identified were increased levels of compaction in rehabilitated soils as well as a loss of soil 
volume, leading to excessively shallow soils. 

The traditional method of investigating rehabilitated areas to assess the level of success of 
the process involves making soil observations on a grid basis, typically 100 x 100 metres, and 
usually by means of a hand-held soil auger. Such action is both time-consuming and relatively 
expensive, and in addition, only the soil at each auger point can be studied and assessed. 
Furthermore, where soils are difficult to auger, such as situations of advanced compaction, it 
may be very difficult even to physically obtain enough information to make a proper 
assessment at a specific point. 

An alternative to traditional methods for surveying and characterizing rehabilitated coal mine 
soils is Ground Penetrating Radar (GPR), whereby a more continuous assessment, 
complemented by selected ground truthing, can be obtained. 

In this light, a partnership between ARC-ISCW and CSIR was awarded a research project by 
Coaltech in 2017. The aim of the project was to use GPR to study the rehabilitated soils at 
several sites on opencast coal mines in the Witbank coalfield. Specific aims were to: 

 Assess the correlation between GPR results and ground-truthing by soil auger 
regarding the depth-limiting layer of rehab soils. Variables to be studied include 
seasonal differences (wet summer conditions vs dry winter conditions), soil/spoil 
interface variability and different GPR antennas (500 MHz vs 1 GHz); 

 Obtain an indication of the spatial variability and occurrence of rehab soils of varying 
depth classes; 

 Determine the cost and time implications of using GPR for rapid field assessment of 
rehab sites on opencast coal mines.  

The project commenced in April 2018 and ran for two years until March 2020. 
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1.1  GPR Theory 

Ground Penetrating Radar (GPR) is a non-destructive geophysical method which uses 
transmitted and reflected high frequency (10 MHz - 1 GHz) radio waves to map the structures 
and features buried within the subsurface zone. A GPR system operates by generating and 
transmitting a radar pulse of a certain central frequency through a transmitting antenna into 
the ground. The transmitted pulse propagates through the material and when it encounters 
any changes in electromagnetic properties of the material (due to, for example, a buried 
object or a change from one soil type to the other), some of the pulse energy is transmitted 
while some is reflected back to the surface to be recorded by the receiving antenna.  

Figure 1 shows a schematic representation of the radar system concept.  

 

Figure 1: GPR system schematic (from Vogt et al., 2005). 
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Error! Reference source not found. shows a schematic of a radar pulse, which is a recording 
of the signal voltage as a function of time.  

 

Figure 2: Radar trace. 

The propagation characteristics of radar waves are mainly controlled by rock and/or soil 
conductivity and permittivity (dielectric constant). Conductivity controls the depth of 
penetration while the permittivity controls the propagation velocity of the radar waves and 
plays a role in determining whether a target has a detectable contrast (i.e. the reflective 
coefficient).  
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The propagation velocity of radar waves is given by Equation 1. 

𝑣 =  
𝑐

√𝜀
 

(1) 

 

where 𝑐 is the speed of light and 𝜀  is the relative permittivity of the material. 

Table 1 shows conductivities and velocities of some selected materials. 

Table 1: Conductivities and velocities of selected materials (modified from Annan, 
2001) 

Material Conductivity (mS/M) Velocity (m/ns) 
Air 0 0.30 

Fresh water 0.5 0.033 
Dry sand 0.01 0.15 

Saturated sand 0.1 – 1.0 0.06 
Limestone 0.5 – 2.0 0.12 

Shales 1 – 1000 0.09 
Clays 2 – 1000 0.06 
Silts 1 – 1000 0.07 
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A GPR survey is carried out by moving the GPR system along a transect line through the area 
of interest. Figure  shows a team undertaking a GPR field survey using a 500 MHz antenna.  

Figure 3: A team undertaking a GPR survey. 
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A typical GPR system comprises the following components: 

 An antenna of a certain central frequency (for rehab soils, typically 500 MHz or 
1000 MHz), 

 Control unit for inputting acquisition parameters and for data display, 

 Power cable from antenna to control unit, 

 Battery pack. 

In Figure a Noggin 500 GPR system (Sensors & Software Inc, 2019) was used for data 
acquisition (as shown in Figure 3).  

As the system moves along the transect line, many radar traces are recorded at regular 
intervals to build up a 2-dimensional (2D) GPR picture of the subsurface. This 2D picture is 
known as a radargram. Figure 4 shows a radargram from GPR data collected using a 500 MHz 
antenna. The x-axis represents the distance along the transect line while the y-axis represents 
the depth of penetration and the radar pulse travel time. From the radargram, it can be seen 
that there is a strong consistent reflection at about 0.44 m (or 14 ns) below the surface. This 
strong reflection represents a change in the electromagnetic properties of the subsurface. In 
this case, the reflection represents a sharp transition from one soil feature or layer to 
another.  

Figure 4: Grey scale GPR radargram. 
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To further illustrate how the radargram is constructed using a collection of radar traces such 
as those shown in Error! Reference source not found., consider the above radargram image 
but with only the first 0.38 m (along the transect line) and 1.64 m depth of the radargram 
shown (thus in much more detail than Figure 4), also known as a wiggle plot. Positive trace 
amplitudes are shaded black while negative amplitudes are shaded white (or vice versa 

depending on the user preference). 

Figure 5: Trace plot (wiggle plot) of part of the GPR radargram from Figure 4. 

 

2. LITERATURE STUDY 
 

2.1  GPR Research and Applications 
 

Although GPR was first developed mainly for military use in America in the 1960s (Davis et al., 
1966), its range of applications soon expanded into the broader sphere of environmental 
investigations. GPR was first used as a tool to investigate soil in the late 1970s by the US Soil 
Conservation Service (Johnson et al., 1979), and since then, has spread to almost every state 
in the USA (Doolittle & Collins, 1995), and in many other countries. 
 
Due to the different frequency antennas available, and thus the large range of depths that can 
be investigated, GPR has been used for a variety of investigations. These include looking in 
detail at tree root mapping (Zhu et al., 2014), various aspects of archaeological investigation 
(Urbini et al., 2007) and shallow cave detection in limestone areas (Beres et al., 2001). Since 
GPR is a non-destructive method of surveying, it has found many applications in different 
fields such as civil engineering (Jeng & Chen, 2012; Xu et al., 2010), as well as locations of 
clandestine graves in forensic investigations (Barone et al., 2016; Van Schoor et al., 2017). 
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In addition, a range of specific soil-related applications has arisen. Many of these concerned 
soil moisture content (e.g. Huisman et al., 2001; Stoffregen et al., 2002; Lei & Bian, 2008), as 
well as a range of soil classification-related studies (e.g. Truman et al., 1988; Mokma et al., 
1990), and a series of GPR conferences and workshops has been held in several countries to 
share the results of the research as well as to promote dialogue and knowledge among GPR 
users.  
 
In South Africa, few research findings have been published concerning GPR findings either in 
the mining sector or in environmental applications. The first published work was in the 1990s 
(Birkhead et al., 1996; Paterson, 1998; Paterson & Laker, 1999). These publications presented 
results using the previous generation of GPR equipment, whereby a roll of electrostatic paper 
was used to record the radar images. While effective, it was both impractical and difficult to 
further process the images. 
 

2.2 Mine Soil Aspects 

In the mining environment, GPR has been used since the early days of the development of the 
technique. This involved general characterization of mine soils (Ciolkosz et al., 1985), as well 
as more specific aspects such as structure and rooting depth restrictions (McSweeney & 
Jansen, 1984).  

More recently, however, much of the research focused on sub-surface applications, such as 
mapping of discontinuities such as parting planes, faults, dykes and fractures (White et al., 
1999; Van Schoor et al., 2006; Grodner, 2001a & 2001b). Using fine resolution, work has even 
been done to look at coal seams as thin as 5 cm (Strange et al., 2005; Ralston et al., 2001). 

Occasional work has been done in research on surface soils on coal mines, but this has 
concentrated on preferential water flow (Flury et al., 1994) or subsidence from underground 
excavation in India (Soni et al., 2007). Some work has been done in the coal mining 
environment in South Africa (Paterson, 1998; Paterson & Laker, 1999), where studies at three 
coal mines (Kriel, Klein Kopje and Middleburg South) yielded promising results. However, since 
these studies were carried out using previous generation technology (electrostatic paper and 
more cumbersome equipment), the practicality was somewhat limited and not actively 
pursued. 
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3 PROJECT ACTIVITIES 
 

3.1  Field Sites  

Three trial sites were identified, namely at Bokgoni (Anglo), Tweefontein and iMpunzi (both 
Glencore), where various soil rehab areas were studied (see Figure 6). 

Figure 6: Trial sites. 

At each site, various rehabilitated areas were investigated, using transects, whereby the soil 
was investigated by soil auger approximately every 50 m to determine the effective depth. 
The GPR (usually 500 MHz antenna) was also used to traverse each transect, and the depth as 
assessed by the GPR radargram at each auger point was also noted for comparison. 
 
During the project, a total of 24 transects, involving 241 auger observations across a total 
length of approximately 12 km, were investigated. In addition, a total of 29 soil samples were 
collected and analyzed for soil texture (sand, silt and clay) pH and organic carbon, along with 
bulk density in certain cases. 
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The number of transects was slightly reduced, when compared to that which was planned, 
due to several circumstances. Firstly, it was difficult to co-ordinate site visits between ARC, 
CSIR and the specific mines, so that suitable dates could not be found for certain rounds of 
site visits. Secondly, on one or two occasions, heavy rainfall caused visits to be postponed. 
Finally, the Covid-19 pandemic caused the mines to close at the end of the project, so that a 
couple of visits could not be arranged. Nevertheless, the project team feel that the number of 
visits, transects, observations and samples collected is more than sufficient to enable 
meaningful conclusions to be drawn from the project. 
 
An example of one of the GPR transects is shown in Figure 7, with the transect route overlain 
on a Google map image of one of the survey block transects undertaken at one of the 
rehabilitation sites at Tweefontein mine. The red placemarks represent the GPS locations 
where the auger observations were done, while the green lines represent the GPR transect 
lines between the auger observations. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7: Tweefontein survey block transect. 
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3.2 Soil Conditions 
 
The main advantage of using a soil auger in conjunction with the GPR is the ability of the auger 
to (hopefully) establish a clear subsoil transition to the underlying spoil that can be used by 
the GPR operator as an initial calibration depth. A generally acceptable tolerance in terms of 
the depths that can be detected would be around 5-10 cm. 

However, one of the potentially problematic aspects affecting both traditional (auger-based) 
and GPR investigation is the nature and variability of the materials across the rehab areas, 
both spatially and within the subsurface profile. This is due to a number of factors: 

 Soils from various areas on the mine are stored together, mixed in the process, before 
being re-transported to a new rehab site. Therefore, potentially varied materials can 
occur artificially in close proximity, both vertically (in the soil profile) and horizontally 
(across the landscape). 

 The underlying backfill (“spoil”) may consist of almost any type of material, from 
unaltered coal, to almost any grade of weathered rock. It may also have a varied soil 
component, including gleyed clays, gravel and the original cover soil itself. This may be 
mixed, or layered, so that the transition from the rehab soil covering to the underlying 
spoil can be extremely abrupt, or very gradual, meaning that the GPR may have 
difficulty determining the change. 

 In many areas, especially in drier times of the year, the rehab soils may be severely 
compacted, either at the surface or at a depth below the surface. While this is 
potentially problematic for auger penetration, the GPR can usually provide a good 
indication of whether or not there is some sort of limiting layer at depth. This is 
because the compaction itself does not fundamentally change the response of the 
GPR. 

 
In the stockpiling/rehabilitation phase, the original soil profiles, mostly red and yellow-brown 
apedal soils, often with an underlying soft or hard plinthite horizon, are disturbed by being 
excavated. The original soils often belong to one or more of the following soil forms: Bainsvlei, 
Lichtenburg, Bloemdal, Hutton, Vaalbos, Magudu, Avalon, Glencoe, Pinedene, Clovelly, 
Carolina, Ermelo (Soil Classification Working Group, 2018). After rehabilitation, although some 
of the previous soil material is replaced, the soils will be classed as Transported Technosols, 
belonging to the Witbank class (sub-class 1200; ex-Natural soils covering anthropogenic 
materials) (Soil Classification Working Group, 2018). 
 
 

 



 

19 
 

USING GPR TO IMPROVE REHAB SOIL CHARACTERIZATION 

4 RESULTS 
 

Data processing of the GPR data is discussed in this section. 
 

4.1 GPR Data Processing 

Processing of the collected radargrams was done by applying the processing steps summarized 
in Table 2. 

Table 2: Summary of the processing steps 

Processing step Effect 
Move start time Move the radargram to zero start time 
Dewow (subtracting-
mean) filtering  

Removes a low frequency component of the signal due to either 
inductive phenomenon or antenna characteristics 

Band-pass filtering  Removes frequencies that are out of the bandwidth of the antenna 
Time varying gain  Brings out reflectors that occur later in time and are weak as a result 

of attenuation. Filter increases the gain of the signal with time  
Running average filter Enhances flat-lying reflectors 

  

Figures 8, 9, 10, 11 and 12 show examples of radargrams where the GPR method successfully 
traced the subsurface limiting soil layer along the transect line and closely estimated its depth 
when compared with the auger measurement observation at the beginning of the line (noted in 
the white box “Auger effective depth = xxxmm” in each figure, where depth refers to the 
soil/spoil interface). An average velocity of 0.1 m/ns was assumed in the time-to-depth 
conversion. Where subsurface hyperbolic (dome-like) reflections occurred, hyperbola fitting was 
used to calibrate the velocity. 
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Figure 1: Tweefontein survey line T1 A-B. 

 

Figure 2: Tweefontein survey line T1 C-D. 
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Figure 3: Tweefontein survey line T1 D-E. 

 

 

Figure 4: Tweefontein survey line T1 F-G. 
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Figure 5: Bokgoni survey line B1 D-E. 

 

 

Figure 13: Tweefontein survey line M-N 
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Figure 12 demonstrates the advantage of the GPR technique in continuous sampling of an area. 
In this figure, the auger measured a depth of 300 mm at the initial sampling point. The GPR 
estimate is in agreement with this measurement but additionally it shows that from about 10 m 
to 24 m along the transect line, and again from 42 m to 50 m, the rehabilitation soil thickness 
drastically reduces to about 0 m (close to surface). In Figures 8, 9, 10, 11, 12 and 13, the GPR 
successfully tracked the continuity of the boundary layer. 

In some cases, it was found that GPR had limited success because of the prevailing quality of the 
rehabilitation soil. Figure 14 shows an example of a transect line that traversed an area that was 
covered by coal material on the surface. Although the GPR depth estimate agrees with that of 
the auger, the coal material on the surface tends to reverberate the radar signal, particularly at 
the layer boundaries.  
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Figure 6: Impunzi survey line M2 C-D. 

 

Another example of the limited success is shown in Figure 15. In this case, the transact line 
traversed through an area covered by a rocky soil material. The GPR estimated a depth of 800 mm 
while the auger measured an effective depth of 600 mm. The difference in the depth 
measurements could have been caused by the presence of the rocky material, which could in 
turn have altered the radar velocity of propagation, thus slightly overestimating the depth to the 
layer. 

 

Figure 7: Bokgoni survey line B2 A-B. 
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A similar example is shown in Figure 16 where the transect line traversed through an area 
characterized by mixed soil materials. In this case, the auger measured an initial effective depth 
of 400 mm while the GPR estimated a depth of 520 mm.   

Figure 8: Bokgoni survey line B3 F-G. 

In cases where the rehabilitation was poor to problematic (with mixed irregular layering of spoil 
or even unaltered coal), the GPR was found to be less effective. Figures 17, 18 and 19 show 
radargrams of transect lines that traversed an area characterized by subsurface material of soil 
mixed with rocky or coal materials. In Figures 17, 18 and 19, the effective depth measured by the 
auger was found to be 500 mm, 600 mm and 550 mm respectively. In all three cases, the GPR 
failed to detect the depth of the limiting layer. 

 

Figure 9: Bokgoni survey line B2 B-C. 
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Figure 10: Bokgoni survey line B3 C-D. 

 

 

Figure 11: Bokgoni survey line B2 D-E. 
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4.2  GPR Antenna Comparison  

The project team investigated the GPR responses of both 500 MHz and 1 GHz antennas. GPR has 
a trade-off between depth of penetration and signal resolution for a particular antenna 
frequency. Generally, lower frequency antennas have a greater depth of penetration but with 
lower signal resolution and vice versa. To investigate the depth of penetration, consider the 
Average Trace Amplitudes (ATA) of the 500 MHz and 1 GHz antenna radargrams collected at the 
three sites. Figure 12, Figure 13 and Figure 14 show plots of the ATA from the same transect line 
at different mines collected using a 500 MHz antenna as well as a 1 GHz antenna. The plots show 
that the signal reaches electromagnetic background levels at 3.6 m and 2.4 m for the 500 MHz 
and 1 GHz antennas respectively at the Bokgoni site (Figure 12). The depth is calculated using a 
GPR velocity of 0.1 m/ns. 

 

Figure 12: Average Trace Amplitudes of a 500 MHz and a 1 GHz antenna (Bokgoni). 

 

Figure 13 shows that the signal reaches electromagnetic background levels at 2.6 m and 2.0 m 
for the 500 MHz and 1 GHz antennas respectively at the Impunzi site. 
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Figure 13: Average Trace Amplitudes of a 500 MHz and a 1 GHz antenna (Impunzi). 

Figure 14 shows that the signal reaches electromagnetic background levels at 2.6 m and 2.0 m 
for the 500 MHz and 1 GHz antennas respectively at the Tweefontein site. 
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Figure 14: Average Trace Amplitudes of a 500 MHz and a 1 GHz antenna (Tweefontein). 

 

These penetration depths are suitable for these types of soil investigation. The 500 MHz antenna 
gave a penetration depth of greater than 2 m consistently at all the mine sites. The greatest depth 
of penetration was achieved at Bokgoni mine and was about 3 m. In terms of the resolution, 
Figure 15 shows a comparison between radargrams of the same transect line collected using 
500 MHz and 1 GHz antennas at Bokgoni.  
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Figure 15: Transect line collected at Bokgoni with a 500 MHz antenna (top) and a 1 GHz antenna 
(bottom). Note that the two images are reversed, due to direction of travel. 

 

The 500 MHz antenna gave a satisfactory resolution and a better response from the limiting layer 
at about 600 mm depth. Although the 1 GHz antenna also gave a similar resolution, it is, however, 
susceptible to shallow features that can result in a noisier shallow response. 

Figure 16 shows a comparison between radargrams of the same transact line collected using 
500 MHz and 1 GHz antennas at Impunzi. The 500 MHz antenna gave a satisfactory resolution 
and a better response of the undulation of the limiting layer along the distance of the transact 
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line. Similar to the previous figure, the 1 GHz antenna also gave a similar resolution but suffered 
noise in the shallow parts of the line (~ 200 mm). 

 

 

Figure 16: Transect line collected with a 500 MHz antenna (top) and a 1 GHz antenna (bottom). 
Note that the distances (x-axis at the top) are reversed, due to direction of travel (Impunzi). 

 

Similar results were also obtained at Tweefontein (Figure 17). The higher resolution capability of 
the 1 GHz antenna can therefore be used, if desired, to investigate very shallow (the first 200 
mm) soil profiles as it offers a higher resolution. 
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Figure 17: Transect line collected with a 500 MHz antenna (top) and a 1 GHz antenna (bottom). 
Note that the distances (x-axis at the top) are reversed, due to direction of travel (Tweefontein). 

 

Figure 18 gives an example where GPR did not detect the layer but auguring measured a depth 
of 620 mm to the saprolite (weathered rock) layer. In both cases, the layer was not detected by 
GPR. Reasons for this could include the nature of the saprolite, which may have a relatively high 
soil content (or that the soil layer contained some weathering rock), leading to a very gradual 
transition that is difficult to detect. 
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Figure 18: Transect line collected with a 500 MHz antenna (top) and a 1 GHz antenna (bottom). 
Note that the distances (x-axis at the top) are reversed, due to direction of travel (Tweefontein). 

 

Inspection of comparisons such as those shown in the above examples indicates that the 
500 MHz antenna offers superior results in terms of resolution and depth of penetration and 
should be used for these types of soil investigation.  
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4.3      Statistical Analysis of Depth Measurements 

To assess the correlation between GPR results and ground-truthing by soil auger in determining 
the depth limiting layer of rehab soils, the depth measurements determined using the auger 
method were compared to those estimated using the GPR method. In order to display some of 
the descriptive statistical measures, box plots will be used. A short description of box plots is 
given below.  

4.3.1 Discussion on box plots 

Box plots provide a summary of the descriptive statistics of data by displaying a five-number 
statistical summary of the data. These numbers are the minimum, first quartile (Q1:25th 
percentiles), median, third quartile (Q3:75th percentiles), and the maximum value.  

 

 

 

 

 

 

 

 

 

Figure 19 shows an example 
of a box plot. 
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Figure 19: An example of a box plot (bottom) relative to a normal distribution curve (top)  

  



 

36 
 

USING GPR TO IMPROVE REHAB SOIL CHARACTERIZATION 

 

 

In a box plot, a box is drawn from the first quartile to the third quartile of a data distribution. A 
horizontal/vertical line is drawn through the box at the median value of the data. The whiskers 
of the box are drawn from the minimum to the first quartile and from the third quartile to the 
maximum value in the data. Any point falling outside the whiskers is regarded as an outlier in the 
data. The distribution of the data affects how the box plot is represented. Figure 20 shows the 
basic types of data distributions and how they affect the box plot representation of the data.  

 

Figure 20: Basic types of data distributions: symmetric (left), right skewed (centre), left skewed 
(right). 

Data that is symmetrically distributed has an average that is approximately equal to the median. 
Data that is right-skewed distributed has an average that is greater than the median and the 
contrary holds for left-skewed distributed data. 

 

4.3.2 General description of collected depth data  

Figure 21 shows a summary of the auger depth measurements at all the mine sites. The 
measured auger depths to the limiting layer averaged (black asterisk) 400.7 mm at Bokgoni mine 
(on the left), 476.2 mm at Impunzi mine (centre) and 557.9 mm at Tweefontein mine (on the 
right), while the median (red line) values were 400 mm, 450 mm and 550 mm respectively. 
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Figure 21: Boxplot of auger depths measured at all mine sites. 

 

The estimated GPR depths to the limiting layer, on the other hand, averaged 412.5 mm at 
Bokgoni mine, 465.3 mm at Impunzi mine and 422.6 mm at Tweefontein mine, while the median 
values were 364 mm, 417 mm and 372 mm respectively. Figure 22 shows a boxplot of the 
estimated GPR depths at all the mine sites with outliers plotted as red crosses.  
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Figure 22: Boxplot of GPR depths measured at all mine sites. 

 

To study the relationship between auger depths and GPR depths, a scatter plot of the measured 
auger depths plotted against the estimated GPR depth and grouped by mine sites is shown in 
Figure 23.  
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Figure 23: Auger depths vs the estimated GPR depths at all three mines (grouped by site name). 

The depth measurement data was collected in different months of the year over the dry and wet 
seasons. Figure 24 shows the above data grouped by the dry and wet season. The dry season 
spans the months April – October while the wet season spans November – March. A reference 
line (data1) with a slope of 1 (representing a 1:1 linear relationship) and an intercept going 
through the origin has been added to the plot for reference purposes.  
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Figure 24: Auger depths vs the estimated GPR depths at all three mines (grouped by dry/wet 
season). 

The measurements taken in the wet season tend to fall closer to the reference line while those 
taken during the dry season are much more widely spread. An initial look at the scatter plot in 
Figure 24 suggests some form of a linear relationship between the measured auger depths and 
the estimated GPR depths, particularly for GPR transects done during the wet period. From visual 
inspection, there seems to be generally a linear relationshipbetween the measured auger depth 
and the estimated GPR depths. To further study the correlation between the depth 
measurements, a linear relationship between the two methods was assumed.  

To study this relation, the Least Squares Linear Regression method was used to model the 
relationship between the two variables (measured auger depths and the estimated GPR depths). 
The method uses regression analysis to determine the best fit line between the data points of 
the variables being studied. The linear model that was fitted to the collected data is given by 
Equation 2. 
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Y = β0 + β1X1 (2) 

where Y represents the GPR depth estimate, X1 represents the auger depth measurements and 
β0, β1 are coefficients with β1 representing the slope of the fitted regression line.  

The following sub-sections discuss the results obtained at the different sites. 

 

4.3.3 Bokgoni data analysis 

Figure 25 shows the linear regression model of the measured auger depths plotted against the 
estimated GPR depths at Bokgoni mine. The figure also shows the prediction boundaries at 95% 
certainty (95% chance that the new observation will fall within the lower and upper predicted 
boundaries).  

 

Figure 25: Measured auger depths vs estimated GPR depths (Bokgoni mine). 
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Table 3 summarizes the results of the model and includes the coefficients, R squared and the 
Root-Mean-Square Error (RMSE) values. 
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Table 3: Summary of the model coefficient results at Bokgoni mine 

β0 
(with 95% confidence bounds) 

β1 

(with 95% confidence bounds) 
R2 RMSE 

53.33 
(-28.21, 134.9) 

0.90 
(0.72, 1.09) 

0.71 111 

 

The relationship between the measured auger depths and the estimated GPR depths at Bokgoni 
is then given by Equation 3. 

Y = 53.33 + 0.90X1 (3) 

 

4.3.4 Impunzi data analysis 

Figure 26 shows the linear regression model of the measured auger depth plotted against the 
estimated GPR depth at Bokgoni mine. The figure also shows the prediction boundaries at 95% 
certainty (95% chance that the new observation will fall within the lower and upper predicted 
boundaries).  

 

Figure 26: Measured auger depths vs estimated GPR depths (Impunzi mine). 
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An outlier is identified as it plotted outside of the linear tread of the data. This point corresponds 
to auger site M2 L.  

Figure 27 shows the residual plot of the model. Point M2 L (shown in red) had the largest residual 
(-471 mm) value between the measured depth and the fitted linear model. This value represents 
a site where the GPR underestimated the depth to the limiting layer by 471 mm when compared 

to the observed auger depth. The associated radargram for this point is shown in Figure 28.  

 

Figure 27: Regression residuals (Impunzi mine). 
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Figure 28: GPR transact line with starting position at site M2 L (Impunzi mine). 

 

The field notes indicate that at point M2L, which was visited in the dry season, there was a 0-
60 mm layer of coal dust and the depth to the limiting layer was measured as 900 mm. At this 
site, GPR detected a layer at about 400-500 mm and did not detect the layer at 900 mm. Table 4 
gives a summary of the model results.  

Table 4: Summary of the model coefficient results at Impunzi mine 

β0 

(with 95% confidence bounds) 
β1 

(with 95% confidence bounds) 
R2 RMSE 

47.07 
(-10.06, 104.2) 

0.91 
(0.79, 1.02) 

0.90 73.18 

 

The relationship between the measured auger depths and the estimated GPR depths at Impunzi 
is then given by Equation 4.  

Y = 47.07 + 0.91X1 (4) 
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4.3.5 Tweefontein data analysis 

Figure 29 is a scatter plot of the data at Tweefontein and shows a number of outliers in the 
dataset (within the red rectangle). 

 

Figure 29: Scatter plot of the measured auger depths vs estimated GPR depths (Tweefontein 
mine). 

 

The following are examples of radargrams of the points identified as outliers in Figure 29. The 
radargram in Figure 30 was collected at site T2 G, where the auger measured a depth of 1 000 mm 
but the GPR detected a layer at about 200 mm depth.  
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Figure 30: GPR transact line with starting position at site T2 G (Tweefontein mine). 
 
The radargram in Figure 31 was collected at site T1 J where the auger measured a depth of 
1000 mm but the GPR detected a layer at about 300 mm depth. A closer inspection of the 
radargram shows that there is a change in reflectivity at about 1 100 mm.    

 

Figure 31: GPR transact line with starting position at site T1 J (Tweefontein mine). 

The radargram in Figure 32 was collected at site T2 A, where the auger measured a depth of 
1000 mm but the GPR detected a layer at about 380 mm depth. As in Figure 31, a closer 
inspection of the radargram shows that there is a change in reflectivity at about 1 100 mm.    
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Figure 32: GPR transact line with starting position at site T2 A (Tweefontein mine). 

The radargram in Figure 33 was collected at site T2 A where the auger measured a depth of 
1000 mm but the GPR detected a layer at about 380 mm depth.  

 

Figure 33: GPR transact line with starting position at site T1L (Tweefontein mine). 

These radargrams suggest that this layer could possibly be due to the moisture content in the soil 
as the upper part of the soil profile (closer to the top of the radargram) might be drier due to 
near-surface evaporation while the deeper soil might still be wetter. The influence of these 
outliers can be seen on Figure 34, which shows the linear regression model of the measured 
auger depths plotted against the estimated GPR depths at Tweefontein mine. 
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Figure 34: Measured auger depths vs estimated GPR depths (Tweefontein mine). 

 

Table 5 gives a summary of the model results. 

 

Table 5: Summary of the model coefficient results at Tweefontein mine 

β0 

(with 95% confidence bounds) 
β1 

(with 95% confidence bounds) 
R2 RMSE 

256.40 
(121, 391.7) 

0.27 
(0.056, 0.49) 

0.16 186.20 

 

As expected, the inclusion of the outliers resulted in a poor R2 and RMSE values. To improve the 
results, the identified outliers were excluded. Figure 35 shows the modified model with the 
excluded data points shown as red crosses. 
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Figure 35: Measured auger depth vs estimated GPR depth (Tweefontein mine, modified model). 

At these sites the GPR underestimated the depth to the layer by over 300 mm. Figure 36 shows 
that the excluded sites had residuals greater than 300 mm. 

 

Figure 36: Regression residuals (modified Tweefontein model). 
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Table 6 gives a summary of the model results. 

Table 6: Summary of the modified model coefficient results at Tweefontein mine 

β0 

(with 95% confidence bounds) 
β1 

(with 95% confidence bounds) 
R2 RMSE 

38.82 
(-36.51, 114.10) 

0.89 
(0.73, 1.04) 

0.84 85.29 

 

The R2 and RMSE values improved from 0.16 and 186.20 to 0.84 and 85.29 respectively. The 
relationship between the measured auger depths and the estimated GPR depths at Tweefontein 
is then given by Equation 5. 

Y = 38.82 + 0.89X1 (5) 

 

4.3.6 Combined data analysis for all mines 

Lastly, using data from all the mine sites, the general model coefficients are summarized in Table 
7. 

Table 7: Summary of the model coefficient results at all mines 

β0 

(with 95% confidence bounds) 
β1 

(with 95% confidence bounds) 
R2 RMSE 

63.94 
(24.82, 103.1) 

0.84 
(0.76, 0.92) 

0.80 90.06 

 

The relationship is given by Equation 6. 

Y = 63.94 + 0.84X1 (6) 

To compare the depth estimates of the two methods, the absolute values of the difference in 
GPR and auger measurements were also calculated. The absolute value of the difference is taken 
because the difference in measurements can have a negative (GPR underestimates auger) or 
positive (GPR overestimates auger) value. A value of diff = 0 means that the estimated GPR depth 
is equal to that measured using the auger. This allowed for the calculation of two measures of 
central tendency, i.e. average and median. The differences were calculated using Equation 7. 
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diffi = |Xi – Yi| (7) 

where Xi represents the auger depth and Yi represents the GPR depth at site i.  

Figure 37 shows a summary of the data statistics from the three mine sites (the averages are 
shown by asterisks while the means are shown by red horizontal lines). Bokgoni and Impunzi had 
less spread in the depth difference values. The median and average values at Bokgoni were 
40 mm and 66.7 mm respectively. At Impunzi, the median and average values were 40 mm and 
67.4 mm respectively. Tweefontein had a larger spread in the data with a positively skewed 
boxplot. The median and average values were 64 mm and 180.9 mm respectively. 

 

Figure 37: Absolute value of differences in depth (all mine sites). 

To obtain a broader understanding of the comparison between the auger and GPR depths, data 
from all the rehab sites were analyzed jointly. Figure 38 shows the distribution of measurement 
differences between the two methods. Most of the data fell within the ± 200 mm range.  
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Figure 38: Differences in auger-GPR depth measurements.  

 

This is also shown in Figure 39, which shows a histogram of the absolute values of the differences 
in depth measurements. Also plotted are the median (50 mm) and average (109.8 mm) values 
and the box plot of the data.  
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Figure 39: Absolute values of differences in auger-GPR depth measurements.  

The Pareto chart in Figure 40 shows that about 70% of the total number of measurements 
differed from each other by less than 99 mm (i.e. most of the data fell within 100 mm) and 85% 
differed by less than 199 mm (i.e. within 200 mm). 

 

Absolute values of differences in Auger- GPR depth - all mines

0 100 200 300 400 500 600 700 800

Absolute value of diff. in depth (mm)

0

5

10

15

20

25

30

35

40

All mine sites

0

200

400

600

800



 

55 
 

USING GPR TO IMPROVE REHAB SOIL CHARACTERIZATION 

 

Figure 40: Pareto chart of absolute values of the differences in auger-GPR depth measurements.  

 

4.4  Measuring Agreement in Method Comparison Studies  

The Correlation Coefficient (r) measures the strength of a relationship between two variables, 
not the agreement between them. Correlation therefore quantifies the degree to which two 
variables are related, but a high correlation does not automatically imply that there is good 
agreement between the two methods. 
  
Bland and Altman (1986, 1999) introduced the Bland-Altman (B&A) plot to describe agreement 
between two quantitative measurements. They established a method to quantify agreement 
between two quantitative measurements by constructing limits of agreement. These statistical 
limits are calculated by using the mean and the standard deviation(s) of the differences between 
two measurements. The resulting graph is a scatter plot XY, in which the Y axis shows the 
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difference between the two paired measurements (A-B) and the X axis represents the average of 
these measures ((A+B)/2). The B&A graph plot (Figure 49) simply represents every difference 
between two paired methods against the average of the measurement. 

 

 
Figure 49: Example of B&A graph plot. 
 
An obvious starting point is the difference between measurements by the two methods. There 
will also be variation about this mean, which we can estimate by the standard deviation of the 
differences. 

The Limits of Agreement (LoA) can be calculated by: 𝐿𝑜𝐴 = �̅� ± 2𝑠  (i.e. within 95% confidence 
limit), where 

�̅� = average of the measurements ((A+B)/2) 

2𝑠  = standard deviation of the differences ((A-B)) 
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4.4.1 Interpretation of the plot (Bokgoni) 

 Mean = 11.80 mm 
 𝑠  = 107.43 mm 
 LoA = (-222.36 mm and 198.75 mm) 

On average, the depth difference was 11.80 mm. If the two techniques measured the same 
depths, then the average of the differences would be 0. In this case, Mean + 2sd/ Mean - 2sd 
means that 95% of the measurements will fall within these limits. That is, depths measured by 
auger may be 198.75 mm greater than GPR and 222.36 mm less than those measured by GPR. A 
positive/negative mean would mean that auger depths were on average greater/less than those 
measured by GPR.   

The plot also shows that the differences do not vary with depth, thus the difference in 
measurements does not depend on their depth. 

Figure 50: B&A graph plot (Bokgoni). 
 



 

58 
 

USING GPR TO IMPROVE REHAB SOIL CHARACTERIZATION 

4.4.2 Interpretation of the plot (Impunzi) 

 Mean = 10.94 mm 
 𝑠  = 116.11 mm 
 LoA = (-216.64 mm and 238.51 mm) 

On average, the depth difference was 10.94 mm. If the two techniques measured the same 
depths, then the average of the differences would be 0. In this case, Mean + 2sd/ Mean - 2sd 
means that 95% of the measurements will fall within these limits. That is, depths measured by 
auger may be 238.51 mm greater than GPR and 216.64 mm less than those measured by GPR. A 
positive/negative mean would mean that auger depths were on average greater/less than those 
measured by GPR.   

The plot also shows that the differences do not vary with depth, thus the difference in 
measurements does not depend on their depth. 

 
Figure 51: B&A graph plot (Impunzi). 
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4.4.3 Interpretation of the plot (Tweefontein) 

 Mean = 135.36 mm 
 𝑠  = 253.17 mm 
 LoA = (-659.16 mm and 388.43 mm) 

On average, the depth difference was 135.36 mm. If the two techniques measured the same 
depths, then the average of the differences would be 0. In this case, Mean + 2sd/ Mean - 2sd 
means that 95% of the measurements will fall within these limits. That is, depths measured by 
auger may be 178.95 mm greater than GPR and 222.36 mm less than those measured by GPR. A 
positive/negative mean would mean that auger depths were on average greater/less than those 
measured by GPR.   

The plot also shows that the differences do not vary with depth, thus the difference in 
measurements does not depend on their depth. 

Figure 52: B&A graph plot (Tweefontein). 
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As previously reported (Section 4.3.5), there is a weaker correlation between augered depths and 
GPR depths at Tweefontein than the other two sites. It is unclear why this should be the case as 
there does not seem to be a greater occurrence of compacted soils at that site. It may simply be 
that the subsurface materials are more mixed, making determination of limiting layers, with high 
contrast, more difficult. This could involve both spoil materials as well as different types of soil, 
such as gleyed clays from deeper in the original profile, especially in low-lying areas. 
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5 DISCUSSION 

This section discusses the comparison between the measured auger depths and the estimated 
GPR depths. Table 8 gives the calculated median and average depth values determined using the 
two different survey methods at all the mine sites. At Bokgoni rehab sites, median and average 
depths of 400 mm and 400.7 mm respectively with a standard deviation of 193.3 mm were 
calculated. The GPR estimated similar depths with values of 364 mm and 412.5 mm with a 
standard deviation of 204.4 mm. At Impunzi rehab sites, median and average depths of 450 mm 
and 476.2 mm respectively with a standard deviation of 258.5 mm were calculated. The GPR also 
estimated similar depths with values of 417 mm and 465.3 mm with a standard deviation of 
235.4 mm.  

At Tweefontein rehab sites, median and average depths of 550 mm and 557.9 mm respectively 
with a standard deviation of 280.2 mm were calculated. The GPR at these sites, however, 
estimated depths of 372 mm and 422.6 mm with a standard deviation of 119 mm. These large 
differences are due to the spread in the measured data as shown in Figure 37. 

Table 8: Median and average depth values at all mine sites 

Parameter Bokgoni Impunzi Tweefontein 

Survey method Auger GPR Auger GPR Auger GPR 

Median depth (mm) 400 364 450 417 550 372 

Average depth (mm)  400.7 412.5 476.2 465.3 557.9 422.6 

Standard deviation (mm)  193.3 204.4 258.5 235.4 280.2 119 

 

All the datasets collected by the two methods showed that about 70% of the measurements 
differed from each other by less than 99 mm (i.e. within 100 mm) and 85% differed from each 
other by less than 199 mm (i.e. within 200 mm). 

The depths measured by the two methods differed by median values of 40 mm, 40 mm and 
64 mm at Bokgoni, Impunzi and Tweefontein mine sites, respectively (Table 9). On average, the 
depths measured by the two methods differed by 66.7 mm, 67.4 mm and 180.9 mm at Bokgoni, 
Impunzi and Tweefontein mine sites, respectively. The influence of the data spread at 
Tweefontein (and to some extent at Bokgoni and Impunzi) can be seen on average depth 
calculations, since the average is very sensitive to outliers (skewed distribution). The spread of 
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the data influence can also be seen on the value of the standard deviation being greater than the 
average.  

Table 9: Difference in depths measurements between auger and GPR at all mine sites 

Parameter (mm) Bokgoni Impunzi Tweefontein All mines combined 

Median depth difference (mm)  40 40 64 50  

Average depth difference (mm) 66.7 67.4 180.9 109.8  

Standard deviation (mm) 84.4 94.4 238.1 170.1 

 

The relationship between the measured auger and estimated GPR depths followed a linear 
equation of the form; Y = β0 + β1X1, where Y represents the GPR depth estimates and X1 
represents the measured auger depths. The parameter β1 had a value close to unity at the three 
mine sites and for all the combined datasets. This means that the model predicts a relationship 
close to 1:1.  

5.1 Cost-effectiveness 

The aim of evaluating a new or different technology is to determine both its efficiency and 
effectiveness. This includes answering questions as to how well the technology works, and to 
quantify that aspect, if possible. The second question to answer is how much time and effort is 
involved in reaching the same result as the previous methodology or procedure. 

Using traditional methods (usually, a hand-held soil auger), experience has shown that a trained 
soil scientist could expect to auger, describe, record and sample (where necessary) 
approximately 25 to 30 observation points per day, on a 100 x 100 m grid. This figure could vary 
depending on aspects such as ease of access to the field site, surface and sub-surface conditions 
(compaction, mixed spoil materials etc), but the average area covered would therefore be 
between 25 and 30 ha. This would involve descriptions from each grid point only, meaning that 
interpolations would need to be made from this data, with no indication about subsurface 
variation between points. 

Using GPR, in conjunction with a soil scientist, it should be eminently possible to cover at least 
twice the number of observation grid points (50 to 60 on average) on a continuous transect basis. 
Ground-truthing by soil auger would be necessary only at selected grid points or at occasional 
intervals along the transect where it is determined either that a calibration is required, or some 
subsurface uncertainty needs to be investigated. 
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Thus, when using GPR as compared to soil augering alone, the manpower costs would be doubled 
(GPR operator and soil scientist required), but the amount of data collected would be at least 
double, and it would be collected and digitally recorded on a continuous basis, enabling soil 
depth variations between grid points to be studied and stored. 

Some of the negative aspects regarding the use of GPR in soil depth determinations on rehab 
soils include: 

 A trained soil scientist is required, as well as a trained GPR operator. Both soil 
characterization and GPR operation require training and experience to optimize results.  

 The site-specific nature of soil conditions means that interpretation of the GPR antennae 
signal is not always easy, and significantly different conditions may give similar images. 

 Maneuverability is somewhat limited due to the requirement to carry a power supply 
(battery) along with the recorder and antennae. Also, the requirement to maintain 
contact between the GPR antenna and the ground surface means that there is a set 
optimum speed for GPR operation (slow to medium walking pace). 

 

6 CONCLUSIONS 

The results obtained in this study show that GPR can be used to determine the depth to the 
soil/spoil limiting layer and track its continuity and undulation in rehabilitated mining areas. The 
success will depend on specific conditions, but the study showed that 65% of all auger 
observations had a comparable GPR depth varying by less than 10 cm, with 78% being within 20 
cm. This includes some degree of variation due to compaction, which occurred in around 9% of 
all observations made during the project. 

GPR also did not experience any loss of accuracy due to different seasons (summer vs winter). 
While it was not possible to organize a field visit at a time when the soils were very wet (due to 
a combination of scheduling restrictions and the fact that the mine sites are not accessible in 
those conditions), there was no appreciable difference between wetter and drier times of year. 

  



 

64 
 

USING GPR TO IMPROVE REHAB SOIL CHARACTERIZATION 

7 BUDGET 
 

The budget of the project is as follows: 
 
Table 10: Budget Summary 
  COST  VAT  TOTALS 
Year 1   R299 600 R41 944 R341 544 
Year 2  R323 200 R45 248 R368 448 

TOTAL R622 800 R87 192 R709 992  
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