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Abstract: Accurate detection and mapping of underground utilities in complex urban environments, particularly
in intensive construction zones such as tunnel sites, presents a significant engineering challenge. This paper in-
vestigates the application of ground penetrating radar (GPR) integrated with high-accuracy real-time kinematic
(RTK) GNSS positioning to identify and spatially define a damaged sewer pipeline above the Kobilja Glava tunnel
construction site in Sarajevo, Bosnia and Herzegovina. Non-destructive investigation was required due to the lack
of reliable underground utility documentation and wastewater ingress into the tunnel during construction. The
study was conducted under complex urban and geotechnical conditions, including asphalt pavement, high soil
moisture, heterogeneous subsurface layers, and proximity to the tunnel. GPR surveys were performed using a dual-
channel Leica DS2000 system with 250 MHz and 700 MHz antennas, combining grid-based and free-profile mea-
surements. Spatial georeferencing was achieved with a Topcon Hiper HR RTK GNSS receiver, which provides
centimeter-level positioning of identified reflectors within the national coordinate system of Bosnia and Herzegov-
ina. Data processing and interpretation followed standard GPR procedures. Results show that the sewer pipeline
was reliably identified through hyperbolic reflections, with the depth of the pipe crown ranging from 1.1 to 1.7 m.
Integration of GPR and GNSS data enabled precise reconstruction of the pipeline’s position and depth, supporting
the design of a new pipeline and reducing construction risks. The study demonstrates the high effectiveness of the
integrated GPR-GNSS approach in complex urban environments near tunnel structures. These findings suggest
that the integration of GPR and GNSS technologies serves not only for object detection but also provides a critical
methodological framework for real-time risk assessment during underground construction. The study demon-
strates how precise spatial definition of damaged infrastructure can prevent broader geotechnical instabilities,
elevating the work from a local case study to a universal model for monitoring urban infrastructure under stress.

Keywords: GPR-GNSS integration, sewer pipeline detection, electromagnetic wave velocity, hyperbolic reflec-
tions, tunnel zone
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INTRODUCTION

Ground penetrating radar (GPR) is a non-invasive
geophysical technique that enables imaging of
shallow subsurface structures using electromag-
netic waves (Annan 2005, Luo & Lai 2020, Ran-
gole et al. 2024). While GPR offers high spatial
resolution and rapid data acquisition, its reliabil-
ity in urban environments is often challenged by
subsurface heterogeneity and insufficient spatial
referencing. Despite these limitations, its abili-
ty to operate without surface disruption has led
to its widespread application in infrastructure
projects, engineering-geological investigations,
and archaeology, enabling the identification of
underground objects without destructive inter-
ventions (Massarelli 2021, Rasol et al. 2022). In
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construction practice, this is particularly vital for
detecting underground utilities, as it directly re-
duces the risk of damage and helps preserve the
functionality of existing infrastructure (Pajewski
et al. 2014, Benedetto & Pajewski 2015).

The Kobilja Glava site presents a unique engi-
neeringchallengeduetotheoverlap ofcriticalutility
infrastructure and a tunnel route under construc-
tion. Following mechanical damage to a sewer pipe-
line (@300 mm) during excavation, uncontrolled
wastewater ingress into the tunnel occurred, direct-
ly compromising the excavation stability and con-
struction dynamics. The need for non-destructive
investigation arose from the absence of under-
ground utility cadastre data and design documen-
tation, which prevented assessment of the damage
and identification of the ingress zone.

6531800 6531850

4860350

4860300

4860250

4860200

[ Survey location
— - Tunnel shaft

. Kobilja Glava - tunnel portal T

Fig. 1. Survey location (source: Google Earth, processed by the authors)
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Previous attempts to locate the installation us-
ing conventional methods did not yield reliable re-
sults, confirming the need for advanced geophysi-
cal techniques.

The complex geotechnical and structural con-
ditions at the site, discussed in detail in previous
studies (Bektasevié etal. 2024, 2025a, 2025b, 2025¢,
Filipovi¢ et al. 2025), further emphasized the need
for a precise and reliable detection method. The sur-
veying conditions were complicated by increased
soil moisture, asphalt pavement, and the imme-
diate proximity of the tunnel structure (WGS84:
43.886089 N, 18.383092 E), leading to signal at-
tenuation and reduced penetration depth. Under
such conditions, integration of the GPR method
with high-accuracy RTK GNSS technology makes
it possible not only to identify utilities but also their
precise spatial georeferencing within the State Co-
ordinate System of Bosnia and Herzegovina (DKS
BiH) (Bristow & Jol 2003, Jol 2009, Catapano et al.
2019, Ghanbari et al. 2022). The application of RTK
GNSS further enhances mapping reliability by en-
abling centimeter-level accuracy, overcoming the
limitations of standalone GPR surveys (Barzaghi
etal. 2016, Wang et al. 2022, ter Huurne et al. 2024,
Zhang et al. 2024, Zhou et al. 2026).

The working hypothesis of this research is that
an integrated GPR-GNSS approach enables cen-
timeter-level accuracy in determining the posi-
tion of shallow-buried installations under com-
plex conditions, even in the immediate vicinity of
tunnel structures. The study confirms that GPR,
when combined with appropriate spatial referenc-
ing, represents a reliable tool for detecting dam-
aged utilities, thereby contributing to risk reduc-
tion during underground construction works. The
survey location, where the pipeline passes directly
above the tunnel crown within a zone of minimal
overburden, is shown in Figure 1. This spatial rela-
tionship, combined with saturated heterogeneous
fill, required precise integration to correct for dis-
crepancies caused by terrain slope and variations in
wave propagation velocity.

MATERIALS AND METHODS

The methodological approach of the study is
based on the integration of ground penetrating
radar (GPR) surveying and high-accuracy satellite

positioning (RTK GNSS), with the aim of reliably
detecting and spatially verifying sewer installa-
tions in urban conditions above the Kobilja Glava
tunnel. The broader geological setting of the re-
search area is part of the Sarajevo-Zenica basin,
specifically the Upper Miocene “Kosevo series.”
The lithological composition at the site primari-
ly consists of marls and fine-grained sandstones
with a laminated to thin-layered texture, which
are sensitive to the presence of water and can in-
fluence the dielectric properties of the soil during
GPR signal propagation. This integrated approach
enables simultaneous identification of subsurface
reflectors and their precise georeferencing within
the State Coordinate System of Bosnia and Her-
zegovina, thereby ensuring the immediate appli-
cability of the results in technical documentation
and spatial databases.

The methodological procedure comprised five
phases: field preparation, GPR data acquisition,
RTK GNSS georeferencing, office-based data pro-
cessing, and reflection interpretation. The appli-
cation of the GPR method is based on recording
reflections of electromagnetic waves at bound-
aries between materials with different dielectric
properties. Since the interpretation of reflector
depths is directly dependent on the estimation
of the electromagnetic wave propagation veloc-
ity in the ground, this study employed the stan-
dard relationship between the wave velocity and
the relative dielectric permittivity of the medium
(Davis & Annan 1989, Daniels 2004). This theo-
retical framework represents an established basis
of modern GPR investigations and was applied in
accordance with recommendations from relevant
literature. The site conditions were characterized
by asphalt pavement, natural soil, and increased
moisture content, all of which affect dielectric
properties and the expected electromagnetic
wave velocity. The survey area is characterized by
a complex geotechnical composition consisting of
heterogeneous anthropogenic fill (crushed stone,
clayey silt, and construction debris) overlying
a degraded rock mass. At the time of the survey,
the soil exhibited a high degree of saturation, as
a direct consequence of the damaged sewage pipe-
line. This increased moisture content significant-
ly influenced the soil’s dielectric properties, lead-
ing to an increase in the relative permittivity and
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a corresponding decrease in the electromagnetic

wave velocity.

The GPR survey was conducted using a dual-
channel Leica DS2000 system equipped with
250 MHz and 700 MHz antennas, integrated with
a Topcon HiPer HR GNSS receiver. The chosen
frequency combination provided a compromise
between penetration depth and spatial resolu-
tion, which is particularly important in urban in-
frastructure surveys where shallow-buried utili-
ties are expected (Robinson et al. 2013, Travassos
et al. 2018, ImpulseRadar GPR Team 2021). The
anticipated depth of the sewer pipeline was ap-
proximately 0.8-1.5 m, consistent with the pene-
tration capabilities of the employed antennas. Un-
der the given conditions, the expected maximum
penetration depth was approximately 2-3 m for
the 250 MHz antenna and about 1.0-1.5 m for the
700 MHz antenna. Georeferencing of the data ob-
tained from GPR surveying was performed using
network-based RTK GNSS positioning with a Top-
con HiPer HR receiver. To achieve high precision
within the national coordinate system (State Co-
ordinate System of Bosnia and Herzegovina, DKS
BiH), the FBiHPOS service was used, with cor-
rection parameters received via the NTRIP proto-
col. In order to ensure measurement uncertainty
within centimeter-level limits, strict observation
quality criteria were implemented:

- solution status: only fixed (FIX) solutions of
phase ambiguities were accepted;

- geometric configuration: PDOP values were
maintained below 2.0, with a minimum of
10 satellites tracked in the solution;

- signal quality: continuous monitoring was
conducted to minimize the influence of mul-
tipath effects and signal obstruction, thereby
ensuring the integrity of the spatial data.

This methodological approach, based on mod-
ern network correction architectures described by
Sukhenko et al. (2025), enabled reliable spatial in-
tegration of GPR profiles and accurate identifica-
tion of subsurface reflectors.

Field procedure of
ground penetrating radar survey

The field procedure for the GPR survey was designed
to ensure reliable detection of sewer installations
in urban conditions characterized by pronounced
infrastructural and geotechnical heterogeneity.

The survey was conducted using a combination of
grid (GRID) scanning and free-profile scanning,
enabling the simultaneous acquisition of detailed
tomographic sections and rapid verification of de-
tected anomalies along linear routes. GRID scan-
ning was performed on pre-defined areas above the
tunnel alignment, with profiles arranged in a reg-
ular grid at 25 cm spacing, in accordance with rec-
ommendations for the resolution of linear under-
ground objects (Jol & Bristow 2006). Three GRID
sections were surveyed in this study: GRID 1 3 m
x 3m), GRID 2 (10 m x 2.5 m), and GRID 3 (3 m x
2.5m). A total of 356 m of GPR profiles were record-
ed in these areas (26 profiles in GRID 1, 52 profiles
in GRID 2, and 24 profiles in GRID 3). This pro-
file arrangement made it possible to generate reli-
able C-scans and a spatial correlation of reflections,
which is crucial for identifying linear subsurface ob-
jects such as sewer pipelines. Free-profile scanning
was used as a supplementary method in locations
where terrain configuration or existing infrastruc-
ture did not allow the use of a regular grid. Profiles
were guided along preliminarily identified routes
and suspected zones, enabling targeted verification
of anomalies detected during GRID scanning. At
five locations, a total of 25 m of free-profile GPR data
were collected, with one 5 m profile recorded at each
site. This combined approach optimized the sur-
vey time while maintaining high detection reliabil-
ity. During the fieldwork, particular attention was
paid to ensuring continuous data acquisition, mon-
itoring recording quality, and synchronizing GPR
profiles with real-time GNSS positioning. This ap-
proach ensured spatial consistency of the data and
allowed for their direct integration into the survey’s
coordinate system. To achieve this, the Topcon HiP-
er HR GNSS antenna was physically mounted on
a dedicated vertical mast of the Leica DS2000 GPR
carrier. This setup ensured a constant geometric off-
set between the GNSS phase center and the GPR an-
tenna midpoint, allowing the acquisition software
to automatically assign RTK-corrected coordinates
to each GPR scan in real-time.

Ground penetrating radar survey
parameters

The GPR survey parameters were defined based
on a preliminary field inspection, the expected
depth of the sewer installations, and the techni-
cal characteristics of the equipment used. The
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settings were selected to ensure a stable balance
between spatial resolution and penetration depth,
while maintaining consistency across all recorded
profiles. The survey was conducted in continuous
acquisition mode, using a metric wheel to control
spatial sampling. The recording time window was
set to 120 ns, with 512 samples per trace, providing
sufficient vertical resolution to identify shallow in-
frastructure objects. The spatial resolution along
the profile was 4 cm. The simultaneous applica-
tion of 250 MHz and 700 MHz antennas allowed
for a comparative analysis of reflections, ensuring
a balance between penetration depth and spatial
resolution in accordance with the characteristics
reported by Bakir (2017). All profiles were record-
ed using the same acquisition parameters, ensur-
ing the mutual comparability of the results. Spe-
cial consideration was given to the antenna’s “dead
zone” (near-field effects). The 700 MHz antenna
was utilized to ensure high-resolution imaging
of the shallow @300 mm pipe, while a time-zero
correction was applied to all radargrams to align
the first arrival with the ground surface, thereby
ensuring accurate depth calibration from the ze-
ro-level. The main GPR survey parameters used in
this study are summarized in Table 1.

Table 1
GPR survey parameters used in the study

Parameter Value
System type metric wheel
Time window 120 ns

Sampling (per trace) 512 samples

Trace interval (resolution) 4cm

Antenna frequencies 250 MHz and 700 MHz
Calibrated velocity (v) 0.09 m/ns
Relative dielectric 111

permittivity (g,)

Processing and interpretation of
ground penetrating radar data

GPR data processing was performed through
a combination of field and office-based processing
using uNext Advanced 1.3.7 and IQMaps 15.2, fol-
lowing a standardized workflow aimed at improv-
ing the signal-to-noise ratio and reliably identifying
reflectors relevant for infrastructure interpretation.
Field processing in uNext Advanced enabled rapid
verification of anomalies and preliminary depth es-
timation, while advanced processing in IQMaps was

used to generate radargrams, tomograms, and final
depth assessments. The workflow was designed to
minimize subjective interpretation and ensure con-
sistent comparability of results between individual
profiles. After the initial data review and time-zero
correction, procedures for background removal
and frequency filtering were applied to reduce low-
frequency noise and stabilize reflection amplitudes
(He & Shang 2020). All profiles were subjected to
a dewow filter (to remove low-frequency signal drift)
and bandpass filtering aligned with the central fre-
quencies of the antennas, further improving the
signal-to-noise ratio and enhancing the interpret-
ability of reflections. The filtering parameters were
chosen to preserve the useful frequency range while
minimizing artifacts in the shallow reflector zone.
Amplitude gain correction (STC - smoothed gain)
was applied to compensate for signal attenuation
with depth, enabling clearer visualization of deeper
reflectors. Depth estimation of reflectors was car-
ried out based on hyperbolic diffraction fitting and
the estimation of the electromagnetic wave propa-
gation velocity in the medium.

The wave velocity was determined using the
standard relationship between the speed of light ¢
and the relative dielectric permittivity of the soil €,
(Davis & Annan 1989, Daniels 2004):

T v

After determining the wave velocity, the depth
of the reflectors d was calculated using the two-
way travel time ¢ of the signal, according to the es-
tablished formula (Poluha et al. 2017):

vt
2

The depth of the reflectors was estimated based
on hyperbolic diffraction fitting across multi-
ple representative profiles. The velocity calibra-
tion was performed using the hyperbola fitting
method on clearly defined diffraction hyperbo-
las originating from the pipeline itself. Given the
increased soil moisture due to the damaged sew-
er, the effective velocity was determined to be
v = 0.09 m/ns, which corresponds to a relative
dielectric permittivity of ¢, = 11.1. This calibrat-
ed velocity was then applied uniformly across the
grid sections to ensure vertical consistency. Using

d= (2)
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this velocity, the depth error was estimated at ap-
proximately 8-12%, which corresponds to about
10-15 cm for reflectors at depths of 1.0-1.5 m un-
der the specific conditions. This value is consis-
tent with expected GPR interpretation errors in
urban environments and confirms the stability of
depth estimates along all surveyed profiles. This
approach represents standard practice in GPR in-
terpretation and allows consistent determination
of the geometry of underground objects (Dan-
iels 2004, Jol 2009, Reynolds 2011). A final migra-
tion was applied to focus the diffraction hyperbo-
las and more precisely position the reflectors in
the spatial domain, improving the interpretabil-
ity of linear objects such as sewer pipes. For this
study, Kirchhoff migration - a standard method
in GPR data processing for linear infrastructure —
was used. Hyperbolic diffraction fitting was per-
formed manually, with verification across multi-
ple profiles to reduce subjective interpretation.
The final positional accuracy of the georefer-
enced GPR profiles was maintained within +2 cm

horizontally and +3 cm vertically, as verified by
the internal quality reports of the RTK GNSS
controller under FIX solution status, meeting the
high precision requirements for the design of the
new pipeline.

The operating principle of the GPR system, in-
cluding the technical configuration, interaction of
electromagnetic waves with subsurface structures,
and signal interpretation, is illustrated in Figure 2.

Figure 2 illustrates the simplified operating
principle of the GPR system, where the transmit-
ting antenna emits an electromagnetic pulse into
the ground, and the receiving antenna records the
returning reflections generated at the boundaries
of subsurface structures. The control unit gener-
ates the radar pulse and manages the data acqui-
sition, while the power supply and data storage
are provided by a portable field system (Goodman
1994, van der Kruk 1998). Interpretation of the
sections is based on the analysis of reflections and
their position relative to the tunnel alignment, en-
abling reliable identification of sewer installations.
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Fig. 2. Operating principle of the GPR system: technical configuration, interaction with subsurface structures, and signal interpretation

(Rasol et al. 2022)
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RESULTS

The research results are presented through the in-
tegration of GNSS measurements and GPR survey-
ing, enabling reliable reconstruction of the position
of the sewer pipeline and associated installations.

GNSS survey results

Before presenting the GPR results, it is necessary
to show the spatial framework on which all detect-
ed reflectors are integrated. Figure 3 provides an
overview of all GNSS points recorded during the
fieldwork, which serve as the basis for the spatial

integration of the GPR results. The integration
was implemented by mounting the Topcon HiPer
HR rover antenna directly onto the Leica DS2000
chassis using a calibrated vertical offset, enabling
real-time synchronization of the GPR scan wheels
with the NMEA positioning data.

The RTK GNSS system maintained a hori-
zontal precision (s, s,) of less than 1.5 cm and
a vertical precision (s)) of approximately 2.5 cm
throughout the survey, ensuring that all detect-
ed reflectors are georeferenced within the official
DKS BiH coordinate system with centimeter-level
reliability.
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Fig. 3. Overview of GNSS points recorded in the survey area (source: Google Earth, processed by the authors)
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GPR survey results on grid sections

GPR investigations were conducted on three spa-
tially defined sections (GRID 1, GRID 2, and
GRID 3) with the aim of identifying the sewer
pipeline route and detecting any additional un-
derground installations. Surveys were carried
out using the standard GRID methodology, with
parallel processing of data in the form of tomo-
graphic sections and radargrams. For clarity, only
representative images are included in this study,
while the remaining parts of the recorded se-
quences were used exclusively during the inter-
pretation phase. Figure 4A shows the tomograph-
ic section for GRID 1, where a linear anomaly is
clearly distinguishable at a depth of approximate-
ly 130-170 cm, interpreted as the sewer pipeline.
Figure 4B presents the corresponding radargram,
where hyperbolic reflections stand out against the
background signal, further confirming the pres-
ence of the subsurface structure.

Figure 5A shows the tomographic section for
GRID 2, where the primary reflections of the sew-
er pipeline are observed. The three red arrows in
Figure 5A indicate the reconstructed longitudi-
nal axis of the pipe and the points of maximum

reflection amplitude, which were used as refer-
ence markers for spatial alignment. The record-
ed depths of 98 cm and 173 c¢m represent the top
(crown) and the bottom (invert) of the pipeline
structure, respectively. The vertical separation
between these reflections (approximately 75 cm),
which exceeds the nominal 300 mm pipe diame-
ter, is interpreted as being a result of internal silt-
ation and the presence of standing wastewater.
This creates multiple dielectric interfaces, caus-
ing the GPR signal to reflect from both the top of
the pipe and the surface of the accumulated sedi-
ment or water level at the bottom. Figure 5B pres-
ents the corresponding radargram, in which the
characteristic hyperbolic reflections of the under-
ground pipeline are clearly distinguishable.

At certain locations within GRID 2, deeper re-
flections were recorded that may represent the bot-
tom of the pipe or multiple reflections caused by the
dielectric contrast between the pipe and the sur-
rounding material. Such occurrences are common
in GPR surveys of underground utilities and do not
affect the identification of the primary reflector.
Analysis of the radargrams within GRID 2 (Fig. 5B)
reveals a pronounced zone of signal attenuation di-
rectly beneath the identified pipeline hyperbolas.

100

150

400

Fig. 4. GRID 1 GPR results: A) tomographic section with pronounced linear anomaly at 130-170 cm depth; B) radargram
confirming the underground installation through characteristic hyperbolic reflections
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This “shadowing” effect, characterized by a loss
of coherence in deeper reflectors, serves as a diag-
nostic indicator of high moisture content in the
circumjacent material. Such a phenomenon con-
firms the presence of a conductive medium - like-
ly wastewater — that absorbs electromagnetic ener-
gy, thereby enabling the spatial localization of the

leakage zone. Figure 6 shows shallow installations
at a depth of approximately 22 cm, confirming the
presence of additional utility pipelines along Sla-
tina Street. The use of a high-frequency 700 MHz
antenna ensured that these shallow reflections were
clearly recorded outside the GPR blind zone, pro-
viding reliable detection near the surface.

Fig. 5. GRID 2 GPR results: A) tomographic section of pipe trajectory (arrows: boundaries and axis); B) radargram with pipe

crown (98 cm) and invert (173 cm) reflections

Fig. 6. Additional installations at GRID 2 location at a depth of 22 cm

Geology, Geophysics and Environment, 2026, 52 (1): 39-68
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100

Fig. 7. GRID 3 GPR results: A) tomographic section showing the reflection of the sewer pipeline at depths of 122-146 cm (arrows
indicate the boundaries and axis of the pipeline); B) radargram clearly showing the corresponding hyperbolic reflections

Figure 7A shows the tomographic section for
GRID 3, where a reflection corresponding to the
sewer pipeline is observed at depths of approxi-
mately 122-146 cm. Figure 7B presents the corre-
sponding radargram, with clearly defined hyper-
bolic reflections confirming the presence of the
underground installation.

Results of free profiles
(FP - KanD1 to KanD?)

Free-profile surveys were conducted at multiple lo-
cations along the expected sewer pipeline route to
confirm its continuity outside the GRID sections.
Unlike GRID surveys, free profiles allow for rapid
and flexible tracking of the pipeline route, with in-
terpretation based on the identification of charac-
teristic hyperbolic reflections. The free profiles en-
abled verification of the continuity of reflections
beyond the GRID sections and confirmed that
the sewer pipeline extends along the entire sur-
veyed route without significant changes in depth.
Figure 8 shows the radargram for the free profile
KanD1, where a pronounced hyperbolic reflection
of the sewer pipeline is clearly visible at a depth of

approximately 1.35 m. It should be noted that any
perceived discrepancy between the visual scale on
the radargram (which may appear closer to 1.0 m)
and the reported depth is due to the site-specific
velocity calibration of 0.09 m/ns. While the raw
radargram display often defaults to a standard
soil velocity (0.1 m/ns), the analytical depth cal-
culation accounts for the high soil permittivity
(e, = 11.1) caused by the documented leakage, pro-
viding a more accurate representation of the phys-
ical position.

Figure 9 shows the radargram for the free pro-
file KanD3, where the reflection occurs at a depth
of approximately 1.23 m, representing a typical
example of depth stability along the route. The
secondary, shallower hyperbola visible at approx-
imately 0.5 m in Figure 9 is interpreted as a mi-
nor utility line or a multiple reflection from the
near-surface layers, and is not associated with the
primary sewer infrastructure.

The other free profiles (KanD2 and KanD4-
KanD7) exhibited similar reflection characteris-
tics and were used in the interpretation, but are
not shown in this study for brevity.

https://journals.agh.edu.pl/geol
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Fig. 8. Radargram for the free profile KanD1

Fig. 9. Radargram for the free profile KanD3

For clarity and quantitative comparison, Ta-
ble 2 presents all detected reflection depths from
the GRID sections and free profiles. It can be ob-
served that the reflector depths range from ap-
proximately 1.09 to 1.73 m, with values on the free
profiles fully consistent with the GRID survey re-
sults. This stability of depth estimates confirms

the reliability of the interpretation and the conti-
nuity of the sewer pipeline along the entire sur-
veyed area. Although Table 2 shows relatively
stable depth estimates, the observed deviations
of approximately 10-15 cm on certain profiles
correlate with the zones of identified pipeline
deformations.

Table 2
Summary of sewer pipeline reflection depths on GRID and free profiles
Location / Profile Reflection depth [cm] Notes
GRID 1 130; 170 linear anomaly, stable hyperbola
GRID 2 98;173 pipe crown and invert reflections
GRID 2 - secondary reflectors 225202 utility (22 cm) and deep reflector (202 cm)
GRID 3 122; 146 stable reflection along the profile
FP - KanD1 135 pronounced hyperbola; depth calibrated at v = 0.09 m/ns
FP - KanD3 123 stable depth
FP - KanD2, KanD4-KanD7 109-135 depth range on other profiles
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These variations are not due to measurement
uncertainty — which remains within centimeter-
level limits thanks to the high-precision RTK GNSS
integration - but serve as an empirical indicator of
the physical settlement of the utility line caused
by the underlying tunnel excavation.

Although the results of the GPR survey demon-
strated a high degree of consistency, the interpre-
tation of reflections in urban environments is nec-
essarily subject to certain limitations. Subsurface
heterogeneity, the presence of asphalt pavement,
and increased soil moisture affect the dielectric
properties of the medium and can lead to local
variations in electromagnetic wave propagation
velocity. These variations directly impact the depth
estimation of reflectors, especially in areas with
layered or heterogeneous substrates. Furthermore,
the presence of various utility installations and
metallic elements in the heterogeneous urban sub-
strate can generate multiple reflections and diffrac-
tions. In the context of this study, these phenome-
na, combined with the high dielectric contrast of
the water-saturated soil, required careful signal
processing and filtering to isolate the target sewer
signal from the background noise and secondary
hyperbolic events. Despite these limitations, the
stability of reflections along both the GRID and
free profiles indicates that the effects of heteroge-
neity were limited and did not significantly affect
the reliability of the final interpretation. The ob-
tained results have direct relevance for the design
of the new sewer pipeline above the Kobilja Glava
tunnel. The stability of depth values on the GRID
sections and free profiles enabled a reliable recon-
struction of the spatial geometry of the existing
damaged pipeline, including its depth, slope, and
horizontal alignment. The integration of GPR re-
flections with RTK GNSS measurements allowed
precise georeferencing of the route within the DKS
BiH system, creating conditions for the direct ap-
plication of the results in the project documenta-
tion. This approach significantly reduces the risk
of secondary damage during construction, al-
lows optimization of the new pipeline route, and
eliminates uncertainties arising from the lack of
a cadastral record of underground installations
and project documentation. Consequently, the re-
search results represent a critical input parameter
for the safe and efficient planning of rehabilitation

and construction activities at the site. The stability
of the depth values along GRID and free profiles
further indicates that the sewer pipeline is laid in
relatively uniform geotechnical conditions, with-
out significant variations in the dielectric proper-
ties of the substrate. Such consistency of reflections
turther confirms the reliability of the interpreta-
tion and reduces the likelihood of misidentifying
the target object. The combination of GRID sur-
veys, free profiles, and GNSS measurements en-
abled a complete and reliable reconstruction of the
sewer pipeline route, thereby fulfilling all the ob-
jectives of the study.

DISCUSSION

The results of this study confirm that the GPR
method, when integrated with high-accuracy
GNSS positioning, represents a reliable and effi-
cient tool for detecting and spatially defining shal-
low sewer installations in complex urban and ge-
otechnical conditions. Of particular significance
is the stable identification of the sewer pipeline
in the immediate vicinity of the tunnel struc-
ture, where pronounced electromagnetic and ge-
otechnical disturbances are present; conditions
that often limit the practical applicability of GPR
methods. The measured reflection depths, rang-
ing along the surveyed route, from approximately
1.1 to 1.7 m, indicate good consistency of inter-
pretation and confirm that local variations in the
dielectric properties of the soil had a limited effect
on the depth estimation. Similar levels of stabili-
ty in depth estimates in urban environments are
reported by other authors, highlighting that, with
careful evaluation of electromagnetic wave veloc-
ity and the use of hyperbolic fitting, acceptable
depth accuracy can be achieved even in heteroge-
neous subsurface conditions (Conyers 2013, Xie
et al. 2013). The presence of characteristic hyper-
bolic reflections across all GRID sections and free
profiles confirms that the detected reflector is spa-
tially and geometrically consistent, which is a key
criterion for the reliable identification of linear in-
frastructure objects. Previous studies have shown
that sewer and water pipelines, particularly those
of larger diameters, manifest in GPR records as
stable hyperbolas with pronounced amplitudes,
provided there is sufficient dielectric contrast
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between the pipe and the surrounding material
(Al-Nuaimy et al. 2000, Kim 2022). The results of
this study fully align with these findings. Beyond
the technical identification of the pipeline, a crit-
ical finding of this study is the significant spatial
correlation between the GPR anomalies and the
documented water ingress locations within the
Kobilja Glava tunnel. Field observations confirm
major wastewater leakage in the left tunnel tube
between stations 0+460 and 0+510. This area cor-
responds precisely to the zones in GRID 2 where
the radargrams exhibit the strongest signal atten-
uation and a pronounced “shadowing” effect be-
neath the pipeline (Fig. 5B). This phenomenon is
a direct indicator of high soil saturation caused by
the structural failure of the @300 mm pipe, which
acted as the primary source of uncontrolled fluid
infiltration into the tunnel excavation zone. This
link between subsurface GPR data and internal
tunnel observations provides a robust validation
of the interpreted damage zones. The multiple re-
flections and deeper reflectors observed at certain
locations (e.g., GRID 2) can be interpreted as re-
flections from the bottom of the pipe or as a result
of multiple signal bounces under conditions of in-
creased soil moisture. Such phenomena are well
documented in the literature and represent com-
mon occurrences when surveying areas with in-
frastructure objects exhibiting pronounced elec-
tromagnetic contrasts (Neal 2004, Goodman &
Piro 2013). It is important to note that these ef-
fects did not compromise the identification of the
primary reflector; rather, they further confirmed
the presence of the pipeline. The observed vertical
oscillations in the pipeline’s profile, with depths
varying between 1.1 and 1.7 m, do not represent
interpretation errors but are a direct consequence
of structural deformations. Geotechnical analysis
indicates that the tunnel excavation with mini-
mal overburden induced localized ground settle-
ment. Such movements exerted mechanical stress
on the joints and the body of the @300 mm pipe,
leading to the loss of its designed geometry and
subsequent structural failure. These deformations
explain the irregular alignment of the hyperbola
apexes observed in the radargrams, confirming
that the GPR method successfully detects not only
the presence but also the physical degradation of
infrastructural objects. A particular contribution

of this study lies in the precise spatial georeferenc-
ing of detected reflections within the official coor-
dinate system. In practice, many GPR surveys of
underground installations remain limited to rela-
tive profiles and local sketches, which significant-
ly reduces their utility for project design and con-
struction. The integration of GPR data with RTK
GNSS measurements enabled direct mapping of
the sewer pipeline route with centimeter-level ac-
curacy, in line with recommendations from con-
temporary studies in urban underground map-
ping (Zembillas 2010, Gabrys & Ortyl 2020). In
the context of tunnel structures with minimal
overburden, such a level of spatial reliability is es-
pecially significant, as it enables engineering deci-
sions to be made based on verified data and sub-
stantially reduces the risk of secondary damage
during construction. Studies conducted on simi-
lar infrastructure projects indicate that the lack of
reliable information on the position of existing in-
stallations is one of the main causes of unforeseen
problems and construction delays (Costello et al.
2007, Vilventhan 2016). While the results demon-
strate a high degree of reliability, the limitations of
the applied approach must also be emphasized. In
this study, the application of a calibrated velocity
of 0.09 m/ns (corresponding to a relative dielec-
tric permittivity of €, = 11.1. proved essential for
achieving vertical accuracy. This value, lower than
the typical 0.1 m/ns for dry anthropogenic fill, di-
rectly reflects the increased soil saturation caused
by wastewater leakage. The use of hyperbolic fit-
ting on GRID 2 profiles allowed for an empirical
validation of this velocity, ensuring that the cal-
culated reflector depths align with the actual field
conditions, despite the complex hydrogeological
environment above the tunnel.

Firstly, the estimation of electromagnetic wave
velocity is based on the interpretation of hyper-
bolic reflections, introducing a certain degree of
subjectivity. Additionally, local variations in soil
moisture and composition can cause changes in
dielectric permittivity that cannot always be pre-
cisely quantified without additional calibration
measurements. Similar limitations are highlight-
ed by other authors, who stress that GPR results in
urban environments should always be considered
in combination with engineering judgement and,
where possible, additional verification methods
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(Al-Qadi & Lahouar 2005, Benedetto et al. 2016,
Hislop 2016, Rhee et al. 2021, Domitrovi¢ et al.
2024). Despite these limitations, the integrated
GPR-GNSS approach applied in this study proved
to be methodologically robust and practically ap-
plicable. The results confirm the initial hypothe-
sis that centimeter-level spatial accuracy in deter-
mining the position of sewer installations can be
achieved even in the immediate vicinity of tun-
nel structures. This study therefore aligns with
contemporary trends in the development of non-
destructive methods for reliable underground in-
frastructure management and represents a valu-
able contribution to the application of geophysical
methods in engineering practice.

CONCLUSIONS

This study confirms that the integration of GPR
with high-precision RTK GNSS provides a ro-
bust methodology for the non-destructive map-
ping of critical underground infrastructure in
complex urban environments. By synchronizing
GPR scans with network RTK GNSS, we achieved
centimeter-level georeferencing accuracy, which
proved essential for verifying the spatial position
of the sewer pipeline in the absence of reliable ca-
dastral documentation. The research successfully
identified structural deformations of the pipeline
above the Kobilja Glava tunnel, where recorded
depth variations between 1.1 and 1.7 m were inter-
preted not as measurement uncertainties, but as
empirical evidence of ground settlement induced
by tunnel excavation. Furthermore, the identifi-
cation of signal attenuation and the “shadowing”
effect provided indirect yet reliable diagnostic in-
dicators of high soil saturation, effectively localiz-
ing the areas of wastewater leakage. While these
findings provided critical data for the immediate
rehabilitation of the site, it is important to empha-
size that this research serves as a site-specific case
study. The inherent complexities of heterogeneous
urban soils suggest that while the GPR-GNSS in-
tegration is a powerful risk-mitigation tool, its
results should ideally be interpreted alongside
broader geotechnical data. Ultimately, this ap-
proach demonstrates a clear scientific and practi-
cal pathway for protecting utility integrity during
major infrastructure projects, reducing the risk of

secondary damage and optimizing construction
planning.
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