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Abstract: Sorghatmesh mosque is a historical structure that was constructed in Cairo, Egypt, by
Prince Saif El-Din Sorghatmesh in 1356. A dual-frequency ground-penetrating radar (GPR) with
250-700 MHz was used to investigate the subsurface of the Sorghatmesh mosque for restoration
purposes. A total of 37 lines were surveyed on the ground floor of the mosque. The subsurface
utilities were detected, and the status of the concrete base and the medium of the ground floor were
assessed. A set of subsurface anomalies were detected and interpreted within the ground floor area of
the mosque. In order to validate the interpretation, a trial pit was drilled on the ground floor, allowing
for the visual inspection of the subsurface, and a Georadar numerical simulation was carried out to
study the responses of the subsurface materials and conditions. For a better comprehension of the
results, the ground floor area was categorized into five zones where the GPR interpretations between
survey lines are almost similar. This work not only demonstrates the effectiveness of GPR as a
non-invasive investigation tool but also highlights the potential of integrating advanced technologies
into cultural heritage preservation by offering refined methodologies and insights for future research
and restoration efforts.

Keywords: dual-frequency GPR; GPR simulation; subsurface assessment; cultural heritage; ground-
water; subsurface utilities

1. Introduction

The preservation of culture heritage sites represents a critical need and significant chal-
lenge, particularly in historically rich and culturally diverse countries like Egypt. Throughout
history, Egypt was the main home for many great civilizations and empires including those of
the ancient Egyptians, Ptolemaic, Roman, and Islamic. Some of these culture heritage sites
have become damaged through time due to several factors. In order to maintain and restore
these archaeological sites, a multidisciplinary approach is usually required, and the first step
is documenting and evaluating the current statues of the monument based on non-destructive
techniques (NDTs). In this study, Sorghatmesh mosque, an architectural masterpiece from the
Islamic Era, faces structural challenges that threaten its integrity; therefore, restoration work
was initiated to restore the monument.

In 1356, Prince Saif El-Din Sorghatmesh, one of the most powerful Mamluk’s princes
of Sultan Al-Nasir Badr al-Din Hassan ibn Muhammad ibn Qalawun (who was the sultan
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of Egypt during two periods, 1347-1351 and 1354-1361), gave the order to construct a
mosque [1-4]. Sorghatmesh mosque was built on El-Khedery Street in the old city of
Al-Qata’l (current location is El-Saleba Street, in El-Sayda Zeinab district) on the western
side of Ibn Tulun’s mosque and near the Citadel of Cairo (Figure 1a). This mosque is
regarded as one of the most beautiful mosques in Islamic Cairo, due to the use of various
materials (wood, marble, and colored glass) in the decoration work and different styles
(Geometrical shapes and different writing styles of Arabic words). It has four iwans; an
iwan for each mazhb (way of Islamic thinking) was placed on the four internal sides of the
mosque (Figure 1b). Its design was influenced by Persian architecture, and it is considered
an example of the innovation of Mamluk’s architecture (Figure 1c). The mosque’s structure
consists of three main parts: (i) the mosque; (ii) the school of teaching Islamic sciences;
and (iii) the mausoleum of Prince Sorghatmesh [5-8]. This mosque and its school had
a deep influence on the people of the Islamic world in those times; it was one of the
very few places around the Islamic world in which Islamic sciences were being taught
along with other sciences, like medicine and mathematics (the school was like university
nowadays). Furthermore, the school hosted students from all around the world, and many
great scientists from different fields gave lectures there, including the famous sociologist
and historian Ibn Khaldun [1-4].

Figure 1. (a) The location of Sorghatmesh mosque; (b) the outside architecture of the mosque with
the presence of a unique spiral minaret architect; and (c) the inside structure of the mosque (open hall
with a dome in the middle and 4 iwans facing each other).
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The structure of the mosque suffered from the presence of several cracks, which indi-
cate problems at the foundation of the mosque; although it has been repaired several times
throughout its lifetime, none of these repairs were properly documented. The Egyptian
authorities and the Ministry of Antiquities started a detailed investigation of the mosque
in order to start the restoration work, given its unique and significant architecture and
historical importance. One of the main tasks was performing non-destructive testing on this
structure to evaluate potential risks and locate any defects (fractures, cracks, voids, ground-
water rising) underneath the floor of Sorghatmesh mosque (which could have adverse
effects if ignored) and provide engineering solutions for potential structural problems for
the restoration work of the mosque. In order to non-destructively investigate the subsurface
conditions of Sorghatmesh mosque, the ground-penetrating radar (GPR) technique was
chosen to be the main investigation tool in this study.

Through the years, GPR has proven to be one of the best non-destructive investigation
techniques for use in cultural heritage sites. GPR mainly depends on measuring and
recording the response of GPR waves (electromagnetic (EM) pulses) after their transmission
and reflection through the subsurface. These off-boundary reflections occur due to the
different dielectric constants between the subsurface mediums [9]. After recording and
processing these GPR data, radargram data must be interpreted in order to obtain a
subsurface model representing all the structures or discontinuities underneath the area of
study [10-17].

GPR was used for archaeological prospection and searching for hidden chambers
adjacent to Tutankhamun’s tomb in Luxor, Egypt, using three GPR systems with a wide
range of frequencies (150-3000 MHz), and the study concluded that there was the absence of
hidden voids behind the Tomb of Tutankhamun [18]. GPR was applied at the Collemaggio
Basilica in Italy using medium and high frequencies to conduct non-invasive investigations
for the restoration work of the historic building, and it was successful in detecting degrading
spots and the thickness of walls [19]. GPR was also used at Tell Qubr Abu al-’Atiq in Syria
to map the remains of a buried Early Bronze Age city; the study revealed the presence of
uncovered streets, buildings, and walls of the city [20]. A GPR survey was conducted on the
pavement of San Sebastiano’s church in Catania, Sicily, to detect natural or anthropic buried
cavities, and the GPR results revealed the presence of unknown subsurface structures [21].
GPR was also used to study the possible effects of the remodeling of the Roman Theatre of
Sagunto (Valencia, Spain) on historical Roman remains based on the variation in GPR wave
velocity [22]. GPR and Electrical Resistivity Tomography (ERT) surveys were performed to
conduct a structural assessment of the Sarno Baths, Pompeii, and identify archaeological
features; the study revealed the presence of high resistive anomalies by ERT, which were
found to be lava deposits, and GPR detected a possible presence of archaeological remains
and evaluated the structural elements of the monument [23]. An integrated assessment
was carried out using ambient vibrations and Sonic and GPR measurements at The Rialto
Bridge in Venice, Italy, to assess the structural integrity of the monument, in which GPR
and UST proved to be useful in explaining the nature of the occurred damage based on
the reduction in wave speed [24]. A joint interpretation of GPR, Terrestrial Laser Scanner
(TLS) measurements, and chemical analyses was conducted to characterize a pre-Trajan
wall structure in Rome, Italy; the study demonstrated the importance of using several
non-destructive techniques to analyze archaeological structures [25]. A combination of
non-destructive techniques including GPR, Infra-Red Thermography (IRT), and fiber-optics
microscopy was implemented in the south upper gallery mosaic areas of Hagia Sophia,
Turkey, to evaluate the preservation state of the zone; this used approach was successful
in investigating the preservation state of the mosaic materials [26]. A case study of GPR,
Terrestrial Light Detection and Ranging (T-LiDAR), and IRT Data fusion was performed to
reconstruct the Roman Site “Aquis Querquennis” (Bande, Spain); this novel integration
proved its effectiveness and allowed for the detection of several hidden constructions [27].
GPR was also used in many different applications related to cultural heritage sites [28-39].
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The objective of this study is to evaluate the subsurface of Sorghatmesh mosque’s
floor using GPR as a non-destructive technique to assess the subsurface material conditions
supporting GPR measurements with the aid of GPR numerical simulation to facilitate and
support interpretation in contrast to the above-mentioned case studies. Furthermore, GPR
numerical simulations were widely used in different applications to study the responses of
GPR waves in different applications [40—48].

2. Site Characteristics

The location of Sorghatmesh mosque was very special in the time of construction,
being near Ibn Tulun’s mosque which was built on a high hill or mountain called Djabal
Yashkur (the summit was about 50.0 m taller than the valley and was very steep towards
the Nile valley). These specifications of the location were satisfying for Ibn Tulun’s wish
to build an indestructible mosque that could survive the Nile flooding. This limestone
hill is geologically considered an extension of the Muqgattam spur [49]. Nowadays, this
hill elevation is only noticeable in Ibn Tulun’s mosque, but the elevation of Sorghatmesh
mosque is currently on the same ground level as the surrounding streets. The mosque
consists of many floors with many available rooms which were used to host students from
all around the world. This study focuses on the ground floor which may be subdivided
into different parts (Figure 2). The central part is an open-air court surrounded by four
iwans on each side of the hall; one of those iwans is currently used as a praying room (the
iwan located southeast), with a dome located in the middle of this hall. The mausoleum is
located on the ground floor also. There is an area of bathrooms, the rest of the floor consists
of many rooms, and there is a separating area outside the mosque that separates it from
Ibn Tulun’s mosque.

q;i'
% S
> 0’/6 éﬁ
% {“.',_?

N or th ){-’/
(=
JOJQ“Q&P
%

Figure 2. The ground floor structural plan of the mosque.

3. Georadar Survey

GPR devices mainly consists of transmitters (to transmit EM wave pulses), receivers
(to receive the transmitted /reflected EM wave pulses), and control units to trigger, control,
and record the EM wave pulses (as illustrated in Figure 3a). In this study, the GPR measure-
ments were carried out on the ground floor of Sorghatmesh mosque using a dual-frequency
GPR antenna (250-700 MHz) manufactured by IDS GeoRadar (Figure 3). This device has the
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advantage of measuring GPR profiles using two frequencies: the high frequency (700 MHz)
provides shallow penetration depth with high-resolution imaging, while the second fre-
quency (250 MHz) provides deep penetration depth with lower-resolution imaging. This
device produces two radargrams (for each antenna frequency) for the same GPR profile.
The locations of the GPR profiles were distributed to cover all the available locations on the
ground floor of the mosque and surveyed using the total station device (Figure 4).

@) (b)

Figure 3. (a) A diagram of the ground-penetrating radar and (b) GPR measurements in Sorghatmesh
mosque.

Figure 4. The ground floor of the Sorghatmesh mosque with the relative location of the 37 GPR lines
(blue lines).

Prior to field measurements, the ground was cleared for the measurements, and
test profile analyses were carried out to determine the optimum parameters for the GPR
measurements (Table 1). Standard GPR signal processing functions were used for data
corrections and optimization, including time zero correction to determine the accurate
depths of objects, bandpass filtering to remove unwanted signal noises, and applying linear
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and smooth gain functions to increase the amplitude of the reflected GPR wave signals
(Table 2).

Table 1. GPR measurement parameters.

Depth Range 200 ns
Sample 512
Scan Step 0.03

Table 2. The applied GPR signal processing functions.

No. Processing Function Notes
1 Time zero correction
2 Bandpass filtering (300 to 900 for 700 MHz) (100 to 700 for 250 MHz)
3 Linear gain
4 Smooth gain

4. Data Interpretation
4.1. GPR Data Interpretation

The interpretation of the radargrams was conducted line by line. Each line has two
radargrams which were interpreted simultaneously. Most of the 250 MHz and 700 MHz
radargrams were visualized in blue and brown scales, respectively, for a better understand-
ing of reflections. An interpreted example of the radargrams (radargram 1), along with
its interpretation legend, is shown in Figure 5, with the presence of corroded rebar (at
X =5.8-7.6 m, Z = 0.3-0.55 m), reinforced concrete (at Z = 0.25-0.65 m), and rocks/concrete
(at Z = 0.02-0.25 m) using the 700 MHz and the presence of two water/saturated zones
(at X =5.4-8.0m, Z = 0.35-1.4 m and at X = 10.0-11.6 m, Z = 0.35-1.4), a sink drain (at
X =129 m), and an anomaly (at X = 2.8-7.6 m, Z = 6.9-7.2 m) using 250 MHz. The rest of
the radargrams are provided in Appendix A.
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Figure 5. Results of radargram 1 with interpretation.
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4.2. Trial Pit Validation

During the restoration work, an exploration trial pit was excavated on the ground
floor of the mosque to visually investigate the subsurface content. We used this trial pit to
validate our research. The location of the trial pit on the ground floor is shown in Figure 6;
the closest radargrams to this trial pit were 14, 18, and 20. We found that the interpretation
is coherent with the visual inspection of the trial pit (Figure 7).

Figure 6. The location of the trial pit (red color) relative to the lines of GPR (blue color).
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Figure 7. (a) The content of the trial pit and (b) the nearest radargram to the trial pit (radargram 14).
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5. Georadar Simulation

A Georadar simulation was carried out using the open-source software gprMax Ver-
sion 3.1.5 [50] which simulates the propagation of electromagnetic waves. This software
package solves Maxwell’s equations in 3D using the Finite Difference Time Domain (FDTD)
method. The main purpose of the simulation process is to check the different responses that
come from the subsurface materials and compare them with the measured GPR data at the
site. The materials in the simulation model were considered according to the observation
from the trial pit (Figure 7).

The model mainly consists of a combination of five main materials: dry concrete
(er=8.0, ¢ =05S/m) at X = 0-1.5 m, Z = 1.0-2.0 m; high-moisture concrete (er = 8.0,
0=0.015/m) at X =1.5-3.0 m, Z = 1.0-2.0 m; high-moisture soil (er = 15.0, ¢ = 0.01 5/m)
at Z = 0-1.0 m; metallic rebars (er = 1.0, ¢ = c0 S/m) embedded at Z = 1.5 m (the center
point of rebars); and air (e = 1.0, 0 = 0S/m) at Z = 2.0-2.5 m (Figure 8a). The model was
built to simulate the responses of metallic rebars, the effect of corrosion, and the presence
of moisture in concrete. The corrosion of rebars was simulated by them being embedded in
high-moisture concrete and having a smaller diameter of 1.5 cm, while the other fit rebars
had a 2.0 cm diameter and were embedded in dry concrete. The chosen frequency for
simulation was 700 MHz (with a gaussiandotdotnorm waveform) to detect the changes in
signal response. The GPR wave source and receiver are located at X =0.02m, Z=2.0m
and X = 0.12m, Z = 2.0 m, respectively, with a source-receiver step of 0.01 m.

The results of the simulation showed that there is a clear difference in the amplitudes
of the reflected GPR waves between the fit rebars and the corroded rebars; the corroded
rebars have weaker amplitudes than the fit rebars (Figure 8b). The simulation results also
showed the effect of moisture on the GPR wave signal attenuation, leading to difficulty in
detecting the soil layer underneath high-moisture concrete. The simulation results are well
correlated with the actual GPR measurements at the site (radargram 16) (Figure 8c).

Figure 8. Cont.
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Figure 8. (a) The design of the Georadar simulation model; (b) the results of the simulation with
interpretation; (c) the actual measured Georadar profile (radargram 16) with similar responses found
by simulation.

6. Discussion

One of the main limitations presented in this study is the shallow depth of the ground-
water level which led to the attenuation of the GPR waves especially for 700 MHz and
the loss of the reflected EM signals due to the electrically conductive nature of ground-
water. Such a limitation led to challenges and uncertainties in detecting and interpreting
deep features.

The mosque’s ground floor was divided into five main zones, A, B, C, D, and E (Table 3)
(Figure 9), for a better comprehension of the results.

Table 3. Division zones with GPR radargrams for each zone.

Zone GPR Lines
A 6,7,8,9,10,11,12
B 1,2,13,14,15,16,17,18,19,20
C 32,33
D 3,4,5,21,22,23,24,25,26,27,28,29,30,31
E 34,35,36,37

The radargrams showed that all the zones are affected by the presence of underground
water at a depth ranging from 0.2 to 0.7 m, which led to the attenuation of the GPR signals.
The subsurface medium inhomogeneity was a further cause of attenuation.

Radargrams at zone A detected a vertical anomaly in radargrams 6, 7, and 9, which
could be a result of multiple reflections from a metal sink drain or void in the medium.
The radargrams also detected a rock/concrete layer with a 20.0-25.0 cm thickness, under
the ground surface, except for radargram 9 which detected a missing part of that layer.
There was no sign of reinforced concrete presence. Radargram 6 detected the presence of a
void with 1.0 m of vertical thickness, near the grave of Prince Sorghatmesh. In radargram
11, inclined rocks or blocks of concrete intersected with voids presented between them
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(seeming to be stairways) were detected at a depth of 0.6 to 2.1 m with 2.0 m width. At
the end of radargram 12, a reflected hyperbola was detected, which refers to a 3D body
(cable/tube) at 0.55 m in depth.

Figure 9. The five main zones of GPR measurements (GPR profiles are in blue) are zone A (red
polygon), zone B (orange polygon), zone C (purple polygon), zone D (dark blue polygon), and zone
E (yellow polygon).

Radargrams at zone B detected a concrete layer with 20.0-30.0 cm thickness followed
by 30.0-40.0 cm of reinforced concrete, except for radargram 19, which did not detect rein-
forced concrete. Some of the radargrams (for example, 14-15-19-20) detected cables/tubes at
the locations shown in the radargram figures. In this zone, a negative effect of groundwater
on the construction materials of the subsurface was observed, which led to corrosion and
unclear GPR signal reflections at shallow depths, as presented in most of the radargrams.

Radargrams at zone C detected a solid base that might be concrete. The reflections
of this base were detected clearly at radargram 32, with a small inclination towards the
mosque’s main gate at a depth of 30.0 cm with a thickness of 60.0 cm. No clear signal was
detected below 70.0 cm depth due to water presence. At radargram 33, a similar solid base
was detected with lower amplitude reflection, probably because line 32 is closer than line
33 to that solid base.

Radargrams at zone D detected a concrete/rock layer with 20.0-25.0 cm thickness
under the ground surface, except for radargram 29 which detected one with 58.0 cm
thickness and radargram 27 which showed a partial loss for this layer. There was no sign of
reinforced concrete. Many radargrams detected cables/tubes, as shown in radargrams 3,
6,21, 23, 24, 25, and 28. Some of these cables/tubes were metals, as shown in radargrams
23 and 25. Some radargrams were highly affected by groundwater at shallow depths,
which led to data masking at those parts (radargrams 3, 4, 25, 26, 27, 28, and 31). A curved
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anomaly was detected in radargram 29 located at 1.2 m depth and 5.0 m length. At the end
of radargram 31, a solid inclined body with 1.0 m length and 1.5 m depth was detected.
Some radargrams detected discontinuities, as shown in radargrams 24, 25, and 29.

Radargrams at zone E detected a concrete/rock layer with about 20.0 cm thickness
under the ground surface. At radargram 37, a metal body was detected near the ground
surface which could have resulted from a sink drain. No further anomalies were detected
in this zone.

In some radargrams, reflections of discontinuities at a depth of 7.0 m were detected
in the area of a closed polygon (Figure 10). On these planes of discontinuity, there was a
detected anomaly that could be a result of the ringing of a strong reflection from shallow
bodies. The ringing was not detected in vertical connectivity as usual in radargrams
which could be due to the presence of groundwater. The ringing was shown only at the
deep discontinuity due to its strong reflection. This phenomenon requires engineering and
geological checks to investigate the possibility of structure presence at this depth. The above-
mentioned results provide important details about the subsurface current conditions, which
represent crucial information allowing for the efficient restoration work of the structure.

Figure 10. The discontinuity closed shape form (red polygon) with respect to GPR profiles (in blue).

7. Conclusions

GPR proved its ability as a geophysical non-destructive technique for the assessment
of a subsurface. In this case study, a dual-frequency GPR (250-700 MHz) was used in a
cultural heritage application, allowing for the subsurface investigation of Sorghatmesh
mosque in Cairo for restoration purposes. Based on the interpretation of radargrams, the
ground floor of the mosque was divided into five main zones (A, B, C, D, and E) for a
better description and comprehension of the subsurface anomalies as the subsurface is non-
uniform. The interpreted data were validated using a trial pit which allowed for a visual
inspection of the subsurface medium and was supported by GPR numerical simulation,
showing a clear correlation between GPR simulation and the on-site measurement results.

The results showed that all zones are affected by the presence of underground water
at a depth ranging from 0.2 to 0.7 m, which led to signal attenuation and the corrosion
of rebars in the subsurface reinforced concrete. Most radargrams in all zones detected a
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concrete/rock layer with 20.0-58.0 cm thickness under the ground surface. The subsurface
utilities (pipes, cables, sink drains) and subsurface structures were detected and interpreted
in the radargrams. For example, in zone A, a void with 1.0 m vertical thickness near the
grave of Prince Sorghatmesh and inclined blocks (which seem like stairways) at depth
0.6 to 2.1 m with 2.0 m width were detected. Most of the radargrams at zone B detected
a 30.0-40.0 cm thickness of reinforced concrete beneath the rock/concrete layer, and this
zone was highly affected by groundwater presence. At zone C, a solid base was detected
that might be concrete with a slight inclination towards the mosque’s main gate at a depth
of 30.0 cm with a thickness of 60.0 cm. At zone D, a curved anomaly located at 1.2 m
depth and 5.0 m length and a solid inclined body with 1.0 m length and 1.5 m depth were
detected. Some radargrams were highly affected by groundwater at shallow depths as well.
At zone E, a metal body that could be a sink drain was detected.

In some radargrams of different zones, reflections of planes of discontinuities at 7.0 m
depth were detected. Interestingly, these radargrams were found in an area of a closed
polygon which could be a reflection of a solid stratum. The present study requires a further
geological investigation of the area and engineering action of the subsurface assessment.
Some detected anomalies could be studied by archeologists. This study advances the
methodology for the subsurface investigation of historical sites, illustrating how GPR
simulations can improve the accuracy and reliability of subsurface assessments. The
future work of this study includes the use of other non-destructive techniques including
Ultrasonic testing and non-destructive ERT measurements, allowing for a further integrated
effective approach.
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Glossary of Technical Terms

Term Definition

GPR, Georadar  The ground-penetrating radar device.

Radargram The subsurface image obtained from the GPR device.
gprMax An open-source library for 2D and 3D GPR wave simulation.

FDTD method  The Finite Difference Time Domain method is a numerical technique that solves
Maxwell’s equations in the time domain by discretizing space and time.

Appendix A

In this section, all measured radargrams (2-37) are presented along with their corre-
sponding interpretations, as shown in Figures A1-A9. These figures provide a detailed
visual representation of the subsurface conditions and structural features detected through-
out the floor of Sorghatmesh mosque.
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Figure A1l. (a) Radargram 2 shows presence of corroded rebar (at X = 7.2-8.6 m, Z = 0.35-0.55 m),
water /saturated zone (at X = 7.0-8.8 m, Z = 0.2-0.8 m), reinforced concrete (at Z = 0.25-0.6 m), and
rocks/concrete (at Z = 0.02-0.25 m) (700 MHz). (b) Radargram 3 shows presence of water/saturated
zones (at X = 3.6-4.7 m, Z = 0.2-0.7 m), cable/tube (at X = 2.2 m, Z = 0.25 m), and rocks/concrete (at
Z =0.02-0.2 m) (700 MHz). (c) Radargram 4 shows presence of water/saturated zone (at X = 0-1.6 m,
Z =0.3-0.85 m), rocks/concrete (at Z = 0.02-0.3 m) (700 MHz), sink drain (at X = 1.9 m), and anomaly
(at X =3.2-3.8 m, Z = 7.0-7.3 m) (250 MHz). (d) Radargram 5 shows presence of cable/tube (at
X =13m,Z = 0.4 m), rocks/concrete (at Z = 0.02-0.25 m) (700 MHz), and sink drain (at X =1.1 m,
Z =0.2 m) (250 MHz).
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Figure A2. (a) Radargram 6 shows presence of void (at X = 3.0 m, Z = 0.3-1.3 m), anomaly
(at X =6.8-7.3m, Z = 0.25-1.0 m), rocks/concrete (at Z = 0.02-0.25 m) (700 MHz), and anomaly
(at X=0.6-78m, Z = 7.0-7.3 m) (250 MHz). (b) Radargram 7 shows presence of anomaly (at
X =0.3-0.7 m, Z = 0.2-0.7 m), rocks/concrete (at Z = 0.02-0.2 m) (700 MHz), and another anomaly
(at X=2.1-4.4m, Z = 7.0-7.25 m) (250 MHz). (c) Radargram 8 shows presence of rocks/concrete
(at Z=0.02-0.2 m) (700 MHz) and anomaly (at X = 5.2-6.6 m, Z =7.0-7.3 m) (250 MHz). (d) Radar-
gram 9 shows presence of anomaly (at X = 6.7-7.1 m, Z = 0.1-0.6 m), rocks/concrete (at X = 0—4.2,
Z =0.02-0.2 mand at X =5.7-7.6 m Z = 0.02-0.2 m) (700 MHz), and another anomaly (at X = 6.7-7.6 m,
Z =6.9-7.2 m) (250 MHz).
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Figure A3. (a) Radargram 10 shows presence of rocks/concrete (at Z = 0.02-0.2 m) (700 MHz) and
anomaly (at X = 6.5-6.8 m, Z = 6.9-7.2 m) (250 MHz). (b) Radargram 11 shows presence of inclined
blocks of concrete intersected with void presence between them (at X = 0.8-3.1 m, Z = 0.6-2.1 m)
(700-250 MHz), rocks/concrete (at Z = 0.02-0.2 m) (700 MHz), and anomaly (at X = 5.0-7.0 m,
Z =7.0-7.2m) (250 MHz). (c) Radargram 12 shows presence of part of hyperbolic reflection (at
X=1.8-2.1 m, Z =0.55m) and rocks/concrete (at Z = 0.02-0.2 m) (700 MHz). (d) Radargram 13 shows
presence of water/saturated zones (at X =1.6-3.6 m, Z = 0.2-0.7 m, and X =54-7.9 m, Z = 0.2-0.7 m),
reinforced concrete (at Z = 0.2-0.6 m), rocks/concrete (at Z = 0.02-0.2 m) (700 MHz), and anomalies
(atX=12-1.6m,Z=7.0-72m,at X=3.640m,Z=7.0-72m, at X =4.5-5.0 m, Z =7.0-7.2 m and at
X=6.5-69m, Z =7.0-7.2 m) (250 MHz).
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Figure A4. (a) Radargram 14 shows presence of corroded rebar (at X = 0-1.8 m, Z = 0.3-0.5 m, at
X=95-10.1m,Z=0.3-05m, at X=11.2-12.0 m, Z = 0.3-0.5 m, and at X = 14-15.8 m, Z = 0.3-0.5 m);
cable/tube (at X = 22 m, Z = 045 m and at X = 7.8 m, Z = 0.45 m); reinforced concrete (at
Z =0.3-0.75 m); rocks/concrete (at X = 0-1.8, Z = 0.02-0.3 m, and at X = 3.0-15.8 m, Z = 0.02-0.3 m)
(700 MHz); water/saturated zones (at X=0.2-1.6 m, Z=0.2-1.4m, at X =9.6-104 m, Z = 0.2-1.4 m, at
X=115-124m,Z =0.2-14 m, and at X = 14.4-15.8 m, Z = 0.1-1.4 m); and anomaly (at X = 0.4-1.6 m,
Z =7.0-7.2) (250 MHz). (b) Radargram 15 shows presence of corroded rebar (at X = 1.3-2.4 m,
Z =0.2-0.5m); cable/tube (at X =08 m, Z=0.75m, at X=27m, Z=0.3m, and at X =6.15m,
Z = 0.3 m); reinforced concrete (at Z = 0.2-0.6 m); rocks/concrete (at Z = 0.02-0.2 m) (700 MHz);
water/saturated zone (at X = 1.1-22 m, Z = 04-14 m, and at X = 45-5.6 m, Z = 0.4-1.4 m);
and anomaly (at X = 12.7-16.0 m, Z = 7.0-7.4 m) (250 MHz). (c) Radargram 16 shows presence
of water/saturated zone (at X = 4.0-8.2 m, Z = 0.3-0.8 m); reinforced concrete (at X = 0-4.0 m,
Z =0.3-0.65 m); rocks/concrete (at Z = 0.02-0.3 m) (700 MHz); and anomaly (at Z = 7.0-7.2 m)
(250 MHz). (d) Radargram 17 shows presence of voids (at X =2.4m, Z =0.35-1.5m and at X = 6.9 m,
Z = 0.5-1.35 m); water/saturated zones (at X = 0.6-1.8 m, Z = 0.5-1.0 m and at X = 4.2-59 m,
Z = 0.35-1.0 m); reinforced concrete (at Z = 0.2-0.55 m); rocks/concrete (at Z = 0.02-0.2 m) (700 MHz);
and anomalies (at X = 0-0.6 m, Z = 7.0-7.2 m) (250 MHz).
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Figure A5. (a) Radargram 18 shows presence of water/saturated zones (at X = 2.44.4 m,
Z =0.3-0.8 m, and X =7.2-10.0 m, Z = 0.3-0.65 m), reinforced concrete (at X =0-2.4 m, Z = 0.3-0.65 m
and at X = 44-72 m, Z = 0.3-0.65 m ), and rocks/concrete (at Z = 0.02-0.3 m) (700 MHz).
(b) Radargram 19 shows presence of cable/tube (at X = 0.9 m, Z = 0.3 m), water/saturated zone (at
X =1.7-4.8m, Z = 0.25-0.75 m), and rocks/concrete (at Z = 0.02-0.25 m) (700 MHz). (c) Radargram
20 shows presence of cable/tube (at X = 1.0 m, Z = 0.45 m), corroded rebar (at X = 10.0-11.4 m,
Z =0.3-0.55 m), reinforced concrete (at Z = 0.2-0.6 m), and rocks/concrete (at Z = 0.02-0.2 m)
(700 MHz). (d) Radargram 21 shows presence of cable/tube (at X =1.7m,Z=05mand at X =2.7 m,
Z = 0.35 m) and rocks/concrete (at Z = 0.02-0.2 m) (700 MHz).
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Figure A6. (a) Radargram 22 shows presence of rocks/concrete (at Z = 0.02-0.25 m) (700 MHz).
(b) Radargram 23 shows presence of metallic object (at X = 0.8 m, Z = 0.7 m); cable/tube (at X =2.4 m,
Z=06m,X=28m,Z=07m,X=32m,Z=0.6m,and X =3.7m, Z = 0.3 m); and rocks/concrete
(at Z =0.02-0.25m) (700 MHz). (c) Radargram 24 shows presence of cable/tube (at X = 0.1 m,
Z = 0.55 m), discontinuity (at Z = 0.4), and rocks/concrete (at Z = 0.02-0.2 m) (700 MHz). (d) Radar-
gram 25 shows presence of metallic object (at X = 0.75 m, Z = 0.8 m), cable/tube (at X = 0.1 m,
Z = 0.5 m), water/saturated zones (at X = 1.0-3.2 m, Z = 0.3-0.75 m), discontinuity (at Z = 0.6 m), and
rocks/concrete (at Z = 0.02-0.25 m) (700 MHz).
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Figure A7. (a) Radargram 26 shows presence of water/saturated zone (at Z = 0.25-0.7 m) and
rocks/concrete (at Z = 0.02-0.25 m) (700 MHz). (b) Radargram 27 shows presence of water/saturated
zone (at Z = 0.2-1.0 m) and rocks/concrete (at X = 0-2.4 m, Z = 0.02-0.2 m and at X =2.85-4.5m,
Z =0.02-0.2 m) (700 MHz). (c) Radargram 28 shows presence of cable/tube (at X=0.45m, Z = 0.35 m),
water/saturated zone (at X = 1.0-2.75 m, Z = 0.25-0.75 m), and rocks/concrete (at Z = 0.02-0.2 m)
(700 MHz). (d) Radargram 29 shows presence of anomaly (at X = 2.8-7.8 m, Z = 1.2-1.5 m), disconti-
nuity (at Z = 1.0 m), and rocks/concrete (at Z = 0.02-0.6 m) (700 MHz).
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Figure A8. (a) Radargram 30 shows presence of sink drains (at X = 0.8 m and X = 6.4 m)
and rocks/concrete (at Z = 0.02-0.2 m) (700 MHz). (b) Radargram 31 shows presence of sink
drain (at X = 0.55 m), water/saturated zone (at X = 0.8-1.6 m, Z = 0.2-0.8 m), anomaly (at
X =1.8-2.8 m, Z = 1.5-1.75 m), and rocks/concrete (at Z = 0.02-0.2 m) (700 MHz). (c) Radargram 32
shows presence of strong reflection from solid material (at Z = 0.3-0.9 m) and rocks/concrete (at
Z =0.08-0.3 m) (700 MHz). (d) Radargram 33 shows presence of strong reflection from solid material
(at Z = 0.4-0.8 m) and rocks/concrete (at Z = 0.05-0.3 m) (700 MHz).
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Figure A9. (a) Radargram 34 shows presence of rocks/concrete (at Z = 0.02-0.2 m) (700 MHz).
(b) Radargram 35 shows presence of and rocks/concrete (at Z = 0.02-0.2 m) (700 MHz). (c) Radargram
36 shows presence of rocks/concrete (at Z = 0.02-0.2 m) (700 MHz). (d) Radargram 37 shows presence
of anomaly (at X = 3.0 m, Z = 0.3 m) and rocks/concrete (at Z = 0.02-0.2 m) (700 MHz).
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