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Keywords Abstract

Ground penetration radar, This study presents a comprehensive investigation of subsurface manifestations, including

Quay wall, potential cavities and scouring phenomena, within Berths 1 to 9 of Bandar-e-Anzali port,
Pile groups, Iran, utilizing ground-penetrating radar (GPR) surveys. The objective of the study was to
Non-destructive testing, gain insights into the prevailing subsurface conditions and identify any critical situations
subsurface. that could lead to settlement and collapse, particularly related to scour-induced cavities. A

total of 94 profiles were obtained using a GPR device equipped with a 250 MHz antenna,
covering approximately 1,400 meters of the quay length. The collected data underwent
various processing techniques, including background removal, Fk filter, contrast
adjustment, and gain adjustment. Analysis and interpretation of the data revealed anomalies
beneath the quay, primarily near the piles of the quay wall and beneath the utility trenches.
Test pits were excavated at specific points to verify the accuracy of the results, confirming
significant void spaces and cavities exceeding depths of 1.5 meters. These findings indicate
a susceptibility to settlement and collapse due to water penetration and scouring of materials
in close proximity to the sea. The study highlights the importance of GPR surveys in
assessing subsurface conditions and identifying potential risks in marine structures such as
ports and jetties.

1. Introduction

Pile groups are commonly used in marine structures such as
jetties, seawalls, and offshore structures. The stability of
these piles can be significantly affected by scour, which is
the erosion of sediment around the pile. However, compared
to scour around bridge piers in rivers or canals, there is
limited research available on scour around marine structures
[1-9].

Scouring can occur in areas that are not easily accessible
or visible, such as beneath port docks. In port areas with its
bustling environment and heavy traffic, traditional in-situ
penetration tests are often impractical and can cause damage
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to pavements and underground utilities. As a result, non-
destructive geophysical survey methods, including Ground
Penetrating Radar (GPR), have gained popularity [10].

Ground Penetrating Radar (GPR) has emerged as a non-
destructive geophysical technique that provides high-
resolution subsurface imaging. Since its introduction in the
1970s, GPR has been successfully applied worldwide for the
detection and mapping of subsurface features [11]. By
utilizing high-frequency electromagnetic waves, GPR offers
a rapid and continuous method for investigating near-
subsurface structures [12]. The principle of GPR is based on
the ability of radar waves and microwaves to penetrate the
subsurface, with the depth of penetration depending on the
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signal frequency and electromagnetic properties of the
medium [13]. It involves transmitting electromagnetic waves
into the subsurface and monitoring their reflections and
refractions upon return to the ground surface [14]. Unlike
seismic exploration, which uses sound waves, GPR utilizes
electromagnetic waves to detect discontinuities in the
subsurface, primarily the electrical properties such as
relative dielectric permittivity.

GPR surveys have found applications in various fields,
such as structural health monitoring, underground mapping,
and geological structure investigations [15-18]. Combining
GPR with other survey techniques, such as standard
penetration tests and falling weight reflectometry, has
proven beneficial in overcoming the limitations of GPR and
evaluating subsurface layers more effectively [19].

In geotechnical and structural applications, GPR has
proven to be a valuable tool for imaging reinforcing bars,
voids, tendon ducts in concrete structures, and identifying
subsurface voids beneath concrete roads [20-27].

The choice of GPR frequency depends on the specific
application and desired field of investigation. Frequencies
ranging from 10 MHz to 2 GHz have been used for diverse
purposes, including oil and gas exploration, mineral and
groundwater exploration, geology, subsurface utility
detection, and  geotechnical and  archaeological
investigations [28-31]. GPR has been widely employed to
characterize subsurface cavities, detect utilities, provide
information on subsurface layers and properties, and explore
karst systems and archaeological sites [32-35].

This study utilized GPR surveys to comprehensively
investigate subsurface manifestations, including potential
cavities and scouring phenomena, within Berths 1 to 9 of
Bandar Anzali port, Iran. The main objective was to gain
insights into the prevailing subsurface conditions and
determine if any critical situations exist that could potentially
lead to settlement and collapse, particularly in relation to
scour-induced cavities. By conducting thorough analysis and
interpretation of the collected GPR data, the study aimed to
identify and evaluate any areas at risk of such hazardous
conditions.

2. GPR Principles

Ground-penetrating radar (GPR) is an electromagnetic
pulse reflection method that shares similarities with
reflection seismic in terms of its underlying physical
principles. It has emerged as a high-resolution geophysical
technique for shallow investigations and has experienced
significant advancements in the past few decades.
Throughout its development, GPR has been referred to by
various synonyms and acronyms, such as electromagnetic
reflection (EMR), subsurface interface radar (SIR), georadar,
subsurface penetrating radar, and soil radar. Its roots can be
traced back to the 1960s when it was initially used as radio
echo sounding (RES) for measuring ice thickness on polar
ice sheets. The method was pioneered by STERN (1929,
1930) in Austria to estimate glacier thickness.[35]

Since the 1980s, GPR has gained increasing acceptance
in various fields, including geology, engineering,
environmental studies, and archaeology. In its basic time-
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domain form, GPR involves transmitting electromagnetic
pulses into the ground. A portion of this energy is reflected
or scattered at boundaries between different rock strata or
buried objects. The direct and reflected amplitudes of the
electric field strength (E) are recorded as a function of travel
time [36].

The potential advantage of GPR lies in its non-
destructive nature for subsurface mapping. This method
eliminates the need for exploratory drilling or soil
disturbance, which are costly, time-consuming, and
fundamentally destructive to the sampled area and its
information. In addition, GPR surveys are faster and more
economical, providing higher spatial accuracy compared to
other conventional methods. This method has the capability
of obtaining subsurface information from depths ranging
from a few centimeters to several meters.

3. Wave Propagation, Velocity, and Absorption

The propagation of electromagnetic waves has a greater
dependence on the wave frequency compared to sound
waves. This frequency dependency results in changes in the
shape of the transmitted pulse during the process of
propagation, reflection, and refraction from different
interfaces. The electric field component of a plane wave
propagating in the Z direction (depth) is defined as Eq. (1)
[37]

E(t,z) = Eyelwt=y? [ym™] (1)

In Eqg. (1), E represents the electric field and ® is the
angular frequency. The magnetic field component of
electromagnetic waves is perpendicular to the electric field
component and perpendicular to the propagation direction.
The electromagnetic wave inside the ground moves
downward in a three-dimensional cone shape.

The velocity of the propagated electromagnetic wave
within the ground can be obtained from Eq. (2)
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In Eg. (2), Cyis the speed of light in vacuum, ;. is the
real part of the relative permittivity, &;. is the imaginary part
of the relative permittivity, and e is the angular frequency
of the GPR wave. In low-loss media, the term i approaches
zero. Additionally, if w,. is small in non-magnetic media, it
can be approximated to one. Thus, we have [38-40]:

& ®)

It should be noted that Eq. (3) is not valid for materials
with high conductivity such as seawater, certain types of
clays, and magnetic materials like magnetite and hematite.
The electromagnetic properties of different materials,
including relative permittivity, conductivity, velocity, and
wave attenuation in various media, are listed in Table 1.
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Table 1. Relative permittivity &;., electric conductivity a, velocity v, and absorption coefficient a'of several materials [36]

!

Material & o 4 v 1 @ 1
[dimensionless] [mSm] [mns?] [dB m]
Air 1 0 0.2998 0
Distilled water 80 0.01 0.033 0.002
Fresh water 80 0.5 0.033 0.1
Sea water 80 0 0.01 1000
Dry sand 3-5 0.01 0.15 0.01
Water-saturated sand 20-30 01-1 0.06 0.03-0.3
Silt 5-30 1-100 0.07 1-100
Clay 5-40 2 -1000 0.06 1-300
Limestone 4-8 05-2 0.12 04-1
Shale 5-15 1-100 0.09 1-100
Granite 6 0.01-1 0.12 0.01-1
Dry salt ~ 6 0.001-0.1 0.125 0.01-1
Ice 3.18 0.01 0.168 0.02
Qil, asphalt 2-3 0.01 0.19 0.01

The electromagnetic properties of a dielectric can also be
described by the complex characteristic impedance Z* (the
ratio of electric to magnetic field strength):

Z7*=7'"+iZ = ’g‘— (4)

where ™ is the complex magnetic permeability and & is the
complex permittivity.

At the boundary between two media with different
electrical properties, an arriving electromagnetic wave is
both reflected and refracted. A portion of the incident wave
energy is reflected back, while another portion passes
through the common interface and penetrates into the second
medium. The reflection coefficient and transmission
coefficient are expressed by Eq. (5) and Eqg. (6) [36]

_ Zycos¢p — Zycosy

where ¢ is the angle of incidence, ¢ is the angle of
refraction, v;and v, are the wave velocities in the two
media, and Z, and Z, are the electrical wave impedances.
When the incidence is perpendicular to the boundary plane
(i.e., I = d =90°), Eq. (5) reduces to:

which under low loss conditions (tand « 1and y; = pg)
can be expressed as:

A A o
RN

Because the impedances Z; are complex values Eq. (4), r
and t are also complex, even for incident waves
perpendicular to the boundary plane. Reflection and

r= Z,C05¢ + Zycosy ®) transmission of electromagnetic waves at the boundary
between two strata with different electrical properties (i.e.,
2Z,c05¢ there is a change in tan ¢ ) always involves deformation of
t= (6) the wavelet Figure 1. This is a significant difference from
Z,cosp + Zycosyp . e
reflection seismics.
Amplitude Amplitude
— 1 — 0.1
- -1 —-0.1
fc = 30 MHz 1mSm’ 5mSm’
| \ 1 | | | T |
0 64 128 192 256ms 0 64 128 192 256 ms

Time Time
Figure 1. Wavelet before (left) and after (right) perpendicular reflection at a boundary plane at which the conductivity changes from 1
to 5 mS m* [36].
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When incident to boundaries, electromagnetic waves
behave in a complicated geology (e.g., thin layers, lamellae,
gradient zones) similarly to seismic waves. Multiple
reflections at the ground surface are not significant for GPR,

because there is usually considerable absorption by the soil
and rock and only up to about 10 % of the transmitted energy
is reflected by the ground surface [36].
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Figure 2. Scattering from a conductive sphere with a radius a [36].

4. Penetration Depth

The penetration depth in GPR is controlled by the central
frequency and the attenuation coefficient of the subsurface
structures, which is a function of their electrical conductivity
[41]. In low-loss media, lower-frequency antennas penetrate
to relatively greater depths, while higher-frequency antennas
penetrate to shallower depths. This indicates an inverse
relationship between penetration depth and the central
frequency of GPR waves. Research reports based on
sedimentology show that the penetration depth for
frequencies ranging from 40 to 50 MHz is 30 to 40 meters,
for 100 MHz it is 10 to 25 meters, for 200 MHz it is 5 to 15
meters, and for frequencies of 500 to 1000 MHz, itis only a
few meters. The maximum penetration depth achieved by
GPR waves has been observed in dry rocks, dry sand, and
pure sand deposits [41-44].

The propagation of waves inside the ground leads to
energy loss. The rate of signal attenuation in GPR is simply
dependent on the electrical conductivity of the ground.
Materials with high electrical resistivity (insulating
materials) result in weaker signal strength with lower
velocities. On the other hand, in materials with high
conductivity, such as clayey soil or deposits filled with saline
water pathways, rapid attenuation occurs, significantly
reducing the penetration depth. For example, using a 100
MHz GPR antenna in clayey deposits, the penetration depth
is only a few meters, whereas in deposits filled with saline
water pathways, the penetration depth is reduced to a few
centimeters.

5. GPR Data Processing
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In general, geophysical data processing is carried out to
overcome inherent limitations and noise present in raw data.
The GPR method is no exception, and even in some studies,
achieving the desired target without applying appropriate
processing techniques may seem impossible. The range of
processing techniques applied to the data is controlled by
various parameters.

In some studies, initial data processing may be avoided,
and a wide range of processing techniques can be applied to
the data. Typically, in the first stage, the data undergo editing
processes. These processes include zero-time correction,
flipping the profile direction, file merging, removal of
duplicate traces, and adding them to the stations where the
acquisition took place. Editing of acquisition parameters
such as center frequency and antenna spacing is also carried
out during this stage.

In the next stage of data editing, appropriate filters are
applied to remove noise. Finally, due to the attenuation and
geometric spreading of electromagnetic waves, reflections at
greater depths become much weaker.

6. Site Characterization

The study site is situated in Bandar Anzali Port, which is
located on the southern coast of the picturesque Caspian Sea
in Gilan Province, Iran (Figure 3). The structural system
employed in the quay of Bandar-e Anzali Port consists of a
contiguous pile wall, which is divided into 10 berths, with a
total length of approximately 1400 meters. Berths 5 and 6 are
constructed using concrete piles, while the remaining berths
utilize steel piles that are filled with concrete.
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Figure 3. location of study site in Bandar-e-Anzali Port, north of Iran.

The piles in berths 5 and 6 are precast concrete piles with
a circular cross-section measuring 100 centimeters in
diameter. On the other hand, the piles in berths 1 to 4 and 7
to 10 are steel piles filled with concrete, featuring a diameter
of 75 centimeters and a wall thickness of 2.9 millimeters.
Within the piles, reinforced concrete is implemented starting

from an elevation of -10.25 meters, and this reinforced
concrete core is fully connected to the slab. The elevation of
the pile foot is -17.25 meters, and the length of the piles is
approximately 18 meters. For a visual representation, please
refer to Figure 4 and 5, which depicts the plan of the piles.
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Figure 4. Bandar-e-Anzali port’s contiguous piles quay wall plan view
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Figure 5. Cross section view of quay wall, berth 5, Bandar-e-Anzali Port, Iran
Over time, the action of water currents in the sea and its equipped with a 250 MHz antenna mounted on an RTC cart.
impact on the quay's piles have resulted in the deterioration The velocity of electromagnetic waves within the materials
of pile materials and the formation of gaps between them. present in the study area was assumed to be approximately
This has led to the penetration of water beneath the quay's 82 m/us, following ASTM D6432 standard [45]. The
slab and the subsequent washout of existing materials, as maximum penetration depth of the 250 MHz antenna was 8
well as the development of scouring induced cavities. meters. Data processing techniques such as background
removal, Fk filter, contrast adjustment, and gain adjustment
7. Data Analysis and Discussion of Results were applied to the collected data. Some of the obtained

radargram profiles are illustrated in Figure 6. The identified
anomalies' positions are indicated on their respective
radargrams, allowing for easy geometric extraction of their
locations.

Approximately 1,400 meters of quay length were
surveyed in two lines, starting from berth 1 to berth 10. A
total of 94 profiles were obtained using a GPR device
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Figure 6. Some of the GPR radargram collected with 250 MHz antenna along survey lines.
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After processing the collected radargram profiles and
analyzing and interpreting the data, anomalies were
identified beneath the quay, particularly near the piles of the

2

quay wall and beneath the utility trenches. The positions and
density of these anomalies along the quay are depicted in
Figure 7.
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Figure 7. The distribution of anomalies along the quay length

To further validate the accuracy of the obtained results,
excavation of test pits was carried out at specific locations
behind the utility trenches, reaching depths ranging from
approximately half a meter to two meters. Notably, these
excavations revealed significant void spaces beneath the
utility trenches, with some cavities exceeding depths of 1.5
meters. These findings provided confirmation of the
observations made during the ground-penetrating radar
(GPR) surveys.

Based on the conducted surveys, it was determined that
the extent of these cavities was substantial, primarily
encompassing the area between the utility trenches and the
cap beam, spanning a width of approximately 2 to 3 meters.
This phenomenon was predominantly observed along the
entire length of berths 5, 6, 7, and 8, with certain areas of
berths 3 and 4 also exhibiting similar effects.

The observed anomalies, which are located in close
proximity to the sea, are believed to be the outcome of water
infiltration between the piles and the scouring of materials,
rendering them vulnerable to settlement and collapse.

Furthermore, it is noteworthy to mention that the GPR
survey results were found to be in agreement with 93% of
the actual cavities detected during the excavation, further
demonstrating the reliability and effectiveness of the GPR
method in accurately identifying subsurface anomalies.

7. Conclusion

In conclusion, the study conducted a thorough
investigation of subsurface manifestations in Berths 1 to 9 of
Bandar-e-Anzali port, Iran, using ground-penetrating radar
(GPR) surveys. Analysis of the data revealed significant void
spaces and cavities exceeding depths of 1.5 meters, primarily
near the piles of the quay wall and beneath the utility
trenches. The study found that approximately 93% of the
surveyed area exhibited subsurface anomalies, indicating a
high susceptibility to settlement and collapse. These findings
highlight the critical role of GPR surveys in identifying
potential risks and guiding maintenance efforts to prevent
further deterioration and ensure the long-term stability of
port structures.
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