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A B S T R A C T   

To identify voids around underground concrete sewer pipes, a few studies have introduced conducting in-pipe 
Ground Penetrating Radar (GPR) inspection systems along the pipes. However, less research has focused on 
studying the implications of emission, propagation, and reception of electromagnetic waves in the enclosed 
environment of sewer pipes and their subsequent impact on the resulting radargrams. We defined simulation 
scenarios where we examine the influence of longitudinal and rotational survey types, antenna frequency, air-
–gap between antenna and sewer wall, antenna separation, and pipe wall’s mirroring effect on the resulting 
radargrams. Our results encourage practical considerations for designing in-pipe GPR surveys and outline the 
subsequent steps for automating the in-pipe GPR surveys.   

1. Introduction 

Sewer systems are one of the essential underground infrastructures in 
urban areas. Preserving the functionality of these systems requires reg-
ular inspection and maintenance of the pipelines and their surrounding 
ground (Noshahri et al., 2021). Sewer pipes are exposed to various loads 
during their life-cycle. Once these loads exceed the load carrying ca-
pacity of the pipe, failure mechanisms start which may lead to defects 
such as cracks in the fabric of the pipe (Tinga, 2013). Some of these 
cracks can form deep across the pipe wall and cause infiltration or 
exfiltration, depending on the water table level in the surrounding 
ground. The resulting water or sewage flow washes the soil around the 
sewer pipe and forms small voids. 

Formation of underground voids around sewer pipes can lead to loss 
of structural integrity of the pipe and its adjacent ground (Guo et al., 
2013). Identifying underground voids in their early stages of develop-
ment can prevent these issues regarding pipe’s structural integrity and 
their progressing into sinkholes. Assessing the environmental condition 
of sewer pipes is, therefore, an important factor in the holistic structural 
health monitoring of these assets (Davies et al., 2001; Noshahri et al., 
2021). This assessment focuses on mapping the composition of ground 
layers and objects embedded within those layers. 

Composition of the ground layers and objects, including the presence 
of leakages and voids, can be evaluated by running Ground Penetrating 
Radar (GPR) surveys (Lai et al., 2017). GPR is an electromagnetic (EM) 
inspection method that can help locate and assess conditions of 

underground assets, including sewer pipes (Liu and Kleiner, 2013). 
In the GPR method a transmitter antenna (Tx) emits discrete pulses 

of energy in form of EM waves. Whenever there is a contrast between the 
dielectric properties of the mediums in which the wave is propagating, a 
part of the waves reflects and it is received by a receiver antenna (Rx). 
The receiver antenna of a GPR unit records the reflected EM waves in 
discrete sample points called traces. The distance the wave signal travels 
from the transmitter to an object to the receiver is called the reflection 
path, and the time it takes for the wave to travel the reflection path is 
called the Two-Way-Travel-Time (TWTT). Altogether, the results of GPR 
surveys can be displayed as a single trace at a specific location (called A- 
scan) or as a 2D plot of the TWTT of the EM waves across the traces along 
the GPR unit’s path (called B-scan or radargram) (Reynolds, 2011). 

The most common mode of operating a GPR unit is to tow it over the 
ground surface. Luo and Lai (2020);Jin-sung et al. (2020);Liu et al. 
(2021);Thitimakorn et al. (2016), for example, report successful detec-
tion of voids under the road using ground surface GPR surveys. How-
ever, while this method can locate shallow subsurface voids and deeper 
significant anomalies such as large voids and leakages, they are not 
suitable for identifying small voids and defects in the close vicinity of, 
and especially under, a sewer pipe which is buried 1–4 meters deep in 
the ground. This is because there is an inverse relation between the 
frequency of EM waves and the survey depth (Daniels, 2005). Low- 
frequency EM waves can propagate deeper into the ground, but due to 
their long wavelength they are less sensitive to small-scale structures, 
and the resulted radargrams will have a low resolution. Surveys with 
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high-frequency EM waves, on the other hand, are limited in depth but 
can provide high-resolution results. 

To better identify compositions of soil around the sewer pipes, and 
thus to identify early stages of formation of sinkholes, GPR surveys with 
high-frequency antennas can be done from inside the pipes (hereby 
called in-pipe GPR surveys). Studies such as (Koo and Ariaratnam, 
2006), and (Jaganathan et al., 2010) have introduced in-pipe sewer GPR 
inspection systems. In this mode of operation, an antenna unit is carried 
inside and along the pipe by a human operator (for big pipe sizes) or by a 
crawler to scan the pipeline in a certain angular position. Even though a 
few studies report successful condition assessment and mapping of the 
pipe surroundings using this method (Ariaratnam and Guercio, 2006; 
Ékes et al., 2011; Ékes, 2016; Ékes, 2017), the consequences of con-
ducting GPR surveys inside the enclosed space of the sewer pipe has 
received less attention to date. 

Running in-pipe GPR surveys demands different measures compared 
to the ground surface surveys with respect to selecting survey’s target 
depth and resolution, choosing antenna frequency, setting antenna 
configuration and antenna separation and setting up the survey path. 
These elements together with the physical behavior of the EM waves 
results in different reflection shapes and artifacts in the radargrams. 
This, in turn, demands taking different steps in signal processing and 
interpretation of the radargrams. Such steps have been developed in the 
literature only for more conventional ground-surface GPR surveys (Lai 
et al., 2018). Due to the different geometry for full 3D acquisition within 
a pipe we aim with this study to investigate the influences of an in-pipe 
operation environment on GPR survey design and subsequent analyses 
of the radargrams. 

In the next section, we explain our methodology. Specifically, we 
describe the geometry and parameters used for testing different sce-
narios by means of numerical modeling. In Section 3, we show the re-
sults for each scenario and discuss what they imply for conducting in- 
pipe GPR surveys. Finally, we present the conclusions of this study 
and how it outlines the steps for future work. 

2. Methods 

2.1. Numerical modeling 

We use numerical modeling in gprMax, which is an open source 
software that simulates EM wave propagation by solving Maxwell’s 
equations using the Finite-Difference Time-Domain (FDTD) method 
(Warren et al., 2016). This facilitates a controlled and versatile envi-
ronment where we can define various scenarios. 

Each scenario is described by a geometry, survey variables, and a 
survey path. All geometries have a concrete pipe with inner diameter of 
300[mm] and wall thickness of 31[mm] (a typical size for non- 
reinforced concrete pipe Holcim Australia, 2015) that is surrounded 
by dry sand with one or more spherical air pockets (with a radius of 20 
[mm]). Further, survey variables consist of antenna frequency, size of 
the air–gap between the antenna and concrete wall, and the distance 
between the Tx and Rx antennas. For the survey path, in addition to the 
conventional longitudinal motion of the GPR unit, we introduce and 
study the rotational in-pipe survey path. In this type of survey path the 
GPR unit can be moved along the inner circumference of the pipe at any 
given location along the pipe. The advantage of this survey type is 
providing a 360 degree scan around the pipe. 

To describe the geometry of the in-pipe GPR survey and to localize 
the voids, we use a cylindrical coordinate system as shown in Fig. 1. The 
position of every point, P, is described by three parameters: radial po-
sition, ρ, which is the distance between the projection of P on the xy- 
plane, P′, and the origin (center of the sewer pipe), angular position, θ, 
which is the angle between x-axis and a line from the origin to P′, and 
axial position, z, which is the height of the point on the pipe’s axis, i.e., 
the distance between point P and the xy-plane. 

For studying the longitudinal and rotational 2D scenarios we use the 

same geometry as the 3D case (Fig. 1) but reduced to yz- and xy- planes. 
The baseline modeling parameters and survey variables are given in 
Table 1. Table 2 gives an overview of the studied scenarios and explains 
how they deviate from the baseline. Table 3 presents the schematic 
drawings of the modelled scenarios. 

2.2. Signal processing 

Detection of objects in the radargrams is done by examining the 
polarity of the reflections. The reflected wave has an amplitude and 
polarity according to Eq. 1. 

R =

̅̅̅̅̅
∊2

√
−

̅̅̅̅̅
∊1

√

̅̅̅̅̅
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√
+

̅̅̅̅̅
∊1

√ (1)  

where R (reflection coefficient) is the proportion of energy reflected, ∊1 
and ∊2 are the respective relative dielectric constants of the host and 
target, respectively (Reynolds, 2011). Detecting a change in the ampli-
tude and polarity of the incident wave using this equation is the key to 
interpreting GPR survey results. 

To illustrate this better, we consider an example with a geometry 
similar to scenario 2 in Table 3. We run a 2D longitudinal survey using 
the baseline parameters as given in Table 1. Fig. 2a shows the raw 
electromagnetic field values alongside the A-scan at trace 145 (where 

Fig. 1. Baseline geometry, Air: blue, Concrete: gray, Soil: brown. Any point P is 
described by (ρ, θ, z) in the cylindrical coordinate system. 

Table 1 
Baseline model parameters and survey variables   

2D 3D  

longitudinal rotational longitudinal rotational 

Domain size 600[mm] ×

762[mm]

762[mm] ×

762[mm]

600[mm] × 762[mm] × 762[mm]

Yee cell size 1[mm] × 1[mm] 2[mm] × 2[mm] × 2[mm]

Number of 
traces 

289 360 289 360 

Survey path ρ = 150,θ =

3π/2 
ρ = 150,z =

0 
ρ = 150,θ =

3π/2 
ρ = 150 z =

100,200,300,
500 

start(first 
trace) 

z = 0 θ = 0[deg] z = 0 θ = 0[deg]

end(last 
trace) 

z = 600 θ = 360[deg] z = 600 θ = 360[deg]

Waveform Ricker 
Antenna 

frequency 
2[GHz]

Antenna 
separation 

0[mm]

Air–gap 0[mm]

Shielded 
antenna? 

No  
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the center of the air void is). It can be seen that the contrast between the 
reflection from the air void is not clearly visible. To enhance the signal 
we multiply the field values with a gain that compensates for expo-
nential attenuation of the signal amplitude with increasing TWTT. We 
also apply filtering in frequency domain to remove the horizontal lines 
that appear in the radargram due to reverberation from the concrete 
pipe (Noshahri et al., 2020) (such region with reverberation lines is 
shown with an arrow in Fig. 2a). The result of these two processing steps 
is shown in Fig. 2b. 

The arrival time of the hyperbolic reflection due to the air void is also 
shown both in the radargram and A-scan of Fig. 2b. It can be seen that 
the polarity of the signal changes at this time because ∊sand = 3 and 
∊air = 1 and therefore R < 0 in Eq. 1. 

In the remainder of this paper, only the processed radargram will be 
displayed. 

2.3. Visualizing rotational radargrams 

The radargrams of longitudinal surveys are made by plotting the 
TWTT of the EM waves across the traces along the GPR unit’s path. This 
is the conventional rectangular radargram representation (as seen in the 
example radargram of Fig. 2), where the trace numbers have a linear 
relation with the distance travelled by the GPR unit. 

Unlike the longitudinal surveys, visualizing the results of rotational 
surveys is not straightforward. One approach is to use a circular cross- 
sectional plot to represent the circular geometry of the pipe’s cross- 
section. In this case, traces are mapped to the angular position, and 
TWTTs are mapped to the radial position in a polar coordinate system. 
Fig. 3a uses this approach to visualize the rotational survey result for an 
example with a geometry similar to scenario 7 in Table 3. In this sce-
nario, a void is located at 180[deg]. The advantage of this representation 

Table 2 
The first column indicates if the survey path is longitudinal or rotational. The second column indicates if the model is 2D or 3D. The third column indicates the aim of 
studying this scenario (e.g., to investigate the effect of changing a survey variable) and the next column gives additional information about the modified values in the 
scenario. The fifth column provides information about the air voids around the pipeline by defining the position of the center of spherical voids (ρ[mm],θ[rad],z[mm]).  

Survey path type Simulation 
type 

Subject of study Variable values Void(s) location Scenario 
number 

Longitudinal 2D Antenna frequency 0.5,1,2[GHz] (231, 3π/2, 144) (281, 3π/2, 300) (331,3π/2,
444)

1   

Air–gap 2[GHz] 0,100[mm] (281,3π/2,300) 2    
1[GHz] 3   

Antenna separation 0,100[mm] (281,3π/2,300) 4   
Pipe wall’s mirroring effect   (231,3π/2, 144) (331,π/2,444) 5  

3D General comparison with 2D   (231, 3π/2, 144) (281, 3π/2, 300) (331,3π/2,
444)

6 

Rotational 2D Air–gap 0,100[mm] (281,π,300) 7   
Antenna separation 0,100[mm] (281,π,300) 8   
Pipe wall’s mirroring effect   (281,3π/2,300) 9  

3D Distance between object plane and survey 
path 

0,100,200,400[mm] (281,π,100) 10  

Table 3 
Schematic drawings of the scenarios - Air: blue, Concrete: gray, Soil: brown  

Longitudinal      

Scenarios 1,6 Scenarios 2,3,4 Scenario 5   

Rotational      
Scenarios 7,8 Scenario 9 Scenario 10   
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is that it reveals the position of the void in relation to the pipe and the 
actual geometry of the pipe’s cross section. However, the reflection from 
the void (marked between the dashed lines in Fig. 3a) is no longer seen 
as a hyperbola, because it is distorted and stretched. Therefore, the 
presence of the void is not easily discernible when a circular cross- 
sectional representation is used. 

Another approach for visualizing the results of rotational surveys is 
to use the rectangular plot similar to the longitudinal survey radargrams. 
Fig. 3b visualizes such plot for the example with a geometry similar to 
scenario 7 in Table 3. This representation no longer gives a direct insight 
about the geometry of the pipe and the location of the void. Besides, the 
trace number in the horizontal axis is a function of the pipe diameter and 
it has a non-linear relation to the actual travel distance of the GPR unit. 
However, the hyperbolic reflection from the void is not distorted and 
can clearly be seen, and hence, the survey result is easier to interpret. 

To highlight the effects of rotational survey paths, in the remainder 
of this work, we use the rectangular plot for rotational survey 
radargrams. 

3. Results and discussion 

This section presents the results from the simulated scenarios, 
organized by the subjects presented in column 3 of Table 2. 

3.1. Longitudinal 2D 

3.1.1. Antenna frequency (scenario 1) 
In this scenario, three voids are present in the sand below the sewer 

pipe at radial distances of 50,100, and 150[mm] from the pipe wall (see 
Table 2 and 3). Fig. 4a, 4b, and 4c show the radargrams of running 
longitudinal survey with antenna frequency of 500[MHz], 1[GHz], and 
2[GHz], respectively. In Fig. 4a the reflections of three voids cannot be 
discerned individually. In contrast, using antenna frequency of 2[GHz], 
as shown in Fig. 4c, increases the resolution and causes each hyperbolic 
reflection to be easily distinguished from the background and from the 
other reflections. 

In general, antenna frequency should be chosen according to the 
depth and minimum size of the void that has to be detected and by 
calculating the radar’s footprint (Luo et al., 2020). Fig. 5 shows mini-
mum detectable void size for voids that are 50,100 and 150[mm] away 
from the pipe wall for a range of antenna frequencies and has been made 
based on the method proposed by Luo et al. (2020). It is also apparent 
from this figure that a 2[GHz] survey is suitable for the void size (with a 

Fig. 2. Signal processing steps on an example radargram.  

Fig. 3. Two types of representation for rotational survey radargram.  
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diameter of 40[mm]) and depths (50 − 150[mm]) that are defined in our 
scenarios. 

3.1.2. Air–gap (scenario 2 and 3) 
Unlike a ground surface survey, it might not be possible to have the 

GPR transmitter and receiver flat to the surface inside the sewer pipe. 
Due to the rounded walls of the pipe there will probably be an air–gap 
between the transmitter–receiver and the pipe wall. We study the effect 
of having an air–gap in a 2D longitudinal survey for two different an-
tenna frequencies. To keep the geometry simple we only model one air 
void in the substrate (see Table 2 and 3). Fig. 6 shows the results with 
0 and 100[mm] air–gap and an antenna frequency of 2[GHz] (scenario 2). 
We observe that increasing the air–gap (from Fig. 6a to Fig. 6b) distorts 
the shape of reflection. It becomes flatter or stretched horizontally, 
thereby reducing the detection capability and accurate location esti-
mate. Reducing the antenna frequency to 1[GHz] (scenario 3) and 
increasing the air–gap (from Fig. 7a to Fig. 7b) makes the reflection 
coarser and further deteriorates the reflection shape’s integrity. 

The results indicate that during a survey the GPR antennas should be 
kept in contact with the pipe wall. If having an air–gap is inevitable it is 
advisable to use higher frequency antennas, which are also smaller and 
hence can be placed closer to the pipe wall, and thereby can limit the 
adverse effects of air–gap on the radargrams. 

3.1.3. Antenna separation (scenario 4) 
For practical purposes the transmitter and receiver can be combined 

in one single antenna or they can be separate from each other. We have 
modelled the possible effect of 100[mm] antenna separation versus a 
combined Tx-Rx antenna over a single air void (Fig. 8). 

It can be observed that due to the longer path that EM waves have to 
travel to reach from the Tx to the Rx antenna, the hyperbolic shape of 
reflection looks a bit stretched. The longer path also makes the waves to 
arrive with a bit of delay compared to when the antenna separation is 
zero. 

The shape of the parabola, next to the flattening, does not change and 
no artefacts are created. This can be clearly seen in the similarity be-
tween the reflection shapes in Fig. 8b and Fig. 8a, contrary to the dis-
tortions as observed when an air–gap is present (Fig. 6b and 7b). 

Therefore, if a trade-off has to be made in the survey design between 
air–gap and antenna separation, it is better to eliminate the air–gap and 
keep the antennas separated. 

3.1.4. Pipe wall’s mirroring effect (scenario 5) 
In all previous cases, the geometry only included air voids which 

were located on one side of the sewer pipe – specifically, bellow it. In this 
scenario we investigate a phenomenon that is unique to the in-pipe GPR 
survey with unshielded antenna with one void below the pipe and 
another void at the opposite side, on top of the pipe (see Table 2 and 3). 

Fig. 9 shows the resulting radargram. The hyperbola visible on the 
left half of the radargram (with its apex at the location of 145[mm]) is 
similar to what we have modelled before and it is related to the air void 
bellow the pipe. The reflection of the air void at top of the pipe (located 
in between the dashed lines in Fig. 9) arrives later in time. This reflection 
is also wider and less steep, which can be geometrically explained by the 
fact that the second air void is further away from the antenna and the 
reflection path length varies less when moving the antenna horizontally. 

While the information about the axial position of voids can be 
retrieved from the results of a longitudinal survey, conducting this 
survey is by no means sufficient to know the angular - and hence, the full 
3D - location of the voids. The hyperbola in the right side of Fig. 9 (with 
its apex at the location of 445[mm]) could have been as well related to a 
deeper and bigger void below or on one of the sides of the pipe. 

Using a shielded antenna can solve the problem of uncertainty about 
the 3D position of the void. However, to scan the entire area around the 

Fig. 4. Results of scenario 1, the effect of antenna frequency on the hyperbolic reflections of three voids at different radial distances - longitudinal 2D survey.  

Fig. 5. Minimum detectable void sizes vs. antenna frequency for various 
radial distances. 
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sewer pipe, the longitudinal survey must be repeated for multiple angles 
inside the pipe. 

3.2. Longitudinal 3D (scenario 6) 

This scenario is identical to the case of longitudinal 2D survey with 
three voids in the substrate with the difference of one additional spatial 
dimension (see details in Table 2). It can be seen in Fig. 10 that there is 
more noise in 3D compared to 2D. This is because the energy that gets 
transmitted in the 2D simulation dissipates in the absorbing boundaries 
of the model and does not get back to the receiver. But in the simulated 
3D case, where this absorbing boundary is not present, the waves get 
reflected from the sewer wall and cause interference. Using a shielded 
antenna can partly alleviate these artefacts. 

3.3. Rotational 2D 

3.3.1. Air–gap (scenario 7) 
In this scenario we investigate the effect of having an air gap between 

the antenna and the sewer pipe when conducting a rotational survey. 
The results of 2D numerical modeling for a rotational survey with 2[GHz]
antenna frequency and 0 and 100[mm] gap between the antenna and 
pipe wall can be seen in Fig. 11a and 11b, respectively. 

Same as scenario 2 with the longitudinal survey, we observe that the 
presence of an air–gap distorts the shape of the reflection. Comparing 
Fig. 11b to Fig. 6b reveals that air–gap adversely affects the 2D rota-
tional radargram more than its longitudinal counterpart. This is because 
the reflections paths are intrinsically longer in the rotational case due to 
the curvature of the sewer wall (Noshahri et al., 2020). Hence, it is 
important to try to keep the air–gap zero in rotational in-pipe GPR 

Fig. 6. Results of scenario 2, the effect of air–gap and a survey frequency of 2[GHz] on the hyperbolic reflection of a single void - longitudinal 2D survey.  

Fig. 7. Results of scenario 3, the effect of air–gap and a survey frequency of 1[GHz] on the hyperbolic reflection of a single void - longitudinal 2D survey.  
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surveys. 

3.3.2. Antenna separation (scenario 8) 
In this scenario of a rotational 2D survey, we study the possible effect 

of an antenna separation of 100[mm] versus when the Tx and Rx are 
together. Similar to the longitudinal case (scenario 4, see Fig. 8), it can 
be observed in Fig. 12 that the distance between the antennas does not 
influence the reflection shapes of the air voids - the integrity of the 
hyperbolic shape is intact and not distorted. 

Therefore, similar to the longitudinal survey, if a trade-off has to be 
made in a rotational survey in the design of GPR antennas between 
air–gap and antenna separation, it is better to keep the air–gap as small 
as possible and add antenna separation. 

3.3.3. Pipe wall’s mirroring effect (scenario 9) 
In this scenario we investigate how the pipe wall acts like a mirror 

and how the reflections from voids across the pipe appear in the 
resulting radargrams when doing rotational in-pipe surveys with 
unshielded antennas. 

The geometry of this scenario consists of a void at the bottom of the 
sewer pipe (see Table 2 and 3). Therefore, we expect to see a hyperbolic 
reflection with its apex at 270[deg] which is apparent in Fig. 13. Besides 
this reflection, we also see an inverted hyperbola with an apex at 90[deg]
which is the same air void but seen from 180[deg] away from the voids 
rotational location. 

When we compare this result with scenario 5, where longitudinal 
survey was conducted, we can see that unlike a longitudinal survey, a 
rotational survey can provide information about the angular position of 
the void. 

Fig. 8. Results of scenario 4, the effect of antenna separation on the hyperbolic reflection of a single void - longitudinal 2D survey.  

Fig. 9. Result of scenario 5, pipe wall’s mirroring effect with one void below 
and one void on top of the sewer pipe - longitudinal 2D survey. 

Fig. 10. Result of scenario 6, the effect of running a simulation in 3D - longi-
tudinal survey. 
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3.4. Rotational 3D (scenario 10) 

The knowledge gained from studying the topics of antenna fre-
quency, antenna separation, and air–gap can be extended to the 3D 
rotational surveys as well. For this case, we only study the effect of the 
longitudinal distance between the void and the survey path. Unlike the 
2D scenarios where the void and the survey path were both in one plane, 
in the 3D rotational case there can be an axial distance between the 
plane where the object is located and the plane where the survey path is 
defined. 

Fig. 14 illustrates this point and describes the geometry. In this 
scenario, a spherical void is placed at (ρ, θ, z) = (281, π,100) (see 
Table 2). We test four surveys. In all cases, the antenna is rotated in a 
plane parallel to xy-plane. The first survey path - or Antenna Plane (AP)- 
is at z = 100[mm], so at the same axial position as the void (i.e., the same 

plane as the Object Plane (OP)). AP2, AP3, and AP4 are located at 100,
200, and 400[mm] away, respectively. 

The results of these four surveys are shown in Fig. 15. The reflection 
from the void can be seen in all figures at 180[deg] but the time when the 
reflection arrives, and also the width of the hyperbola increase from 
Fig. 15a to Fig. 15d. This happens because increasing the distance be-
tween the antenna and the void naturally increases the reflection path 
and makes the reflection shape more flat. 

It can be concluded that, while conducting a rotational survey can 
specify the angular position of the void, a single rotational survey is not 
sufficient for knowing the axial position of it. The reflection seen in 
Fig. 15d could have as well been related to a deeper void at z =

500[mm]. Hence, to get full (3D) information about the void’s location, 
the rotation of the antenna must be repeated at various axial positions 
along the pipe. The exact axial position of a void can then be determined 

Fig. 11. Results of scenario 7, the effect of air–gap on the hyperbolic reflection of a single void - rotational 2D survey.  

Fig. 12. Results of scenario 8, the effect of antenna separation on the hyperbolic reflection of a single void - rotational 2D survey.  
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by knowing the axial position of the survey path which results in the 
shallowest reflection. 

4. Conclusions 

In this study, we looked at the implications of running GPR surveys 
from inside the sewer pipes for the purpose of identifying early stages of 
air void formation around the pipes. Previous studies similarly have 
focused on void identification in the subsurface environment using GPR 
surveys. However, their method is mostly suitable for shallow voids 
directly under the road rather than deeper voids which can form around 
the pipes. 

To contribute to the literature on void detection, this study (1) 
quantifies parameters of antenna frequency, air gap, antenna separation, 
pipe wall’s mirroring effect for in-pipe survey design, (2) introduces in- 
pipe rotational survey, which involves moving the GPR unit along the 

inner circumference of the pipe at any given location along the pipe, and 
(3) gives insights on how a void behind a sewer pipe appears in an in- 
pipe GPR survey. 

We defined ten simulation scenarios where we examine the influence 
of survey type, antenna frequency, air–gap between antenna and sewer 
wall, antenna separation, and pipe wall’s mirroring effect on the 
resulting radargrams. Our results lead to practical suggestions prior to 
conducting in-pipe GPR surveys inside the sewer pipe. 

First, the results show that the radargram resolution provided by an 
antenna with at least a frequency of 2[GHz] is required for distinguishing 
the air voids which are at close proximity of the sewer wall or directly 
behind it. In general, antenna frequency should be selected based on the 
minimum size of the voids that need to be detected and their radial 
distance from the sewer pipe (as shown in the example of Fig. 5). 

Second, given the curved geometry of the sewer pipe, it might not be 
possible to keep the GPR unit in contact with the pipe wall during the 
surveys. Having an air–gap distorts the shape of the hyperbolic re-
flections and adds additional artifacts to the radargram which can 
adversely affect identifying the air void and its location and size. Due to 
naturally longer reflection path, this influence is considerably more 
when conducting a rotational survey. 

Third, separating the transmitter and receiver antenna shifts down 
the apex of the hyperbola (i.e., the reflection arrives later in time) and 
stretches it horizontally. However, this does not have a substantial effect 
in identification of the air void as much as adding an air–gap. Therefore, 
if a trade-off has to be made in the survey design between antenna 
separation and air–gap, it is better to try to reduce the air–gap as much 
as possible. 

Another phenomenon which is unique to in-pipe GPR surveys with 
unshielded antennas is the sewer wall’s mirroring effect. For a longitu-
dinal survey, the hyperbolic reflections which appear in the radargrams 
can equally be attributed to an air void under the antenna or an air void 
on the other side of the sewer pipe. Therefore, a longitudinal survey can 
specify the axial position of the voids but it cannot specify their angular 
position. To achieve information about the 3D location of the air voids 
from a longitudinal survey, the survey has to be repeated for different 
angles. 

Rotational survey, however, can specify the angular position of the 
voids. This is because when the GPR antennas are 180[deg] away from an 
air void, the reflection from the void appears as an inverted hyperbola. 
The time of arrival of the apex of the void’s hyperbolic reflection is 
shortest at its angular position. The shortcoming of the rotational survey 
is its inability in determining the axial position of the air voids. This 
means that a hyperbolic reflection at a certain angular position can be 
attributed to an air void which is axially away from the antenna plane or 
an air void which is at a larger radial position. Therefore, to achieve 
information about the full 3D location of the air voids from a rotational 
survey, the survey has to be repeated for different axial positions along 
the pipe. 

Table 4 summarizes the findings of this paper on each topic and has 
technical implications for in-pipe GPR survey design. 

Future work should run experimental surveys in order to verify these 
effects in practice. To do so, an automatic solution should be developed 
that can traverse inside the sewer pipes and run both longitudinal and 
rotational surveys remotely. Since rotational and longitudinal surveys 
each provide part of the location information, combining both motions 
and running a helical survey will provide complete 3D information 
about the location of the voids. Running such survey can also be more 
efficient in terms of the survey time and, hence, important from a 
practical point of view. The possibility of this survey will be investigated 
as a future work. 

Throughout this paper, we presented the radargrams of rotational 
surveys with rectangular plots. This enabled us to perform a more ho-
listic comparison between the results of rotational and longitudinal 
surveys. The rectangular representation of rotational surveys also makes 
it easier to identify the hyperbolic reflection of the voids. However, 

Fig. 13. Result of scenario 9, pipe wall’s mirroring effect with one void below 
the sewer pipe - rotational 2D survey. 

Fig. 14. Geometry of scenario 10 (side view), Object Plane (OP) is at z =

100[mm], Antenna Plane (AP)1–4 are 0,100,200, and 400[mm] away from the 
OP, respectively. 
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circular cross-sectional representation has added benefits for a full 3D 
visualization of the survey results, because it connects the GPR data to 
the actual geometry of the pipe and its surrounding environment. 
Therefore, for visualization and asset management purposes, it might be 
worthwhile exploring in future work whether professionals in the field 
favour rectangular or circular cross-sectional plots. 

Finally, although this paper provides a novel approach to void 
detection around sewer pipes, we acknowledge that other techniques 
could complement the GPR-based void detection as well. There is po-
tential to enrich the literature by exploring new techniques and meth-
odologies – such as acoustic profiling – and assess how data gathered 
from these, complement the state-of-the-art methods. 
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