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Abstract

Ground Penetrating Radar (GPR) technology has been used in Fallujah,
Anbar Governorate as a non-destructive, fast, low cost and powerful method in
detecting any change in the components of subsurface materials which can
therefore be applied in urban and facility areas. The main objective of this study
is to simulate shallow geometry probe GPR data obtained by 250 and 500 MHz
antennas. . This work is carried out in five different sites, in each site, 5 lines
were selected, and the length and directions of the lines vary from site to site,
and the distance between the lines is 5 meters. The collected GPR data was
imported and processed using ReflexW™ which is a standalone package
program that can import a range of different data types. Depending on the type
of antenna, the penetration depth ranges from 3 to 6 meters in the study area.
Various buried objects, areas of weakness, and voids were detected at shallow
depths. And the discovery of areas of weakness is represented by the fragility of
soil and shallow groundwater, which affects the foundations of civil buildings in

the city.

After processing the radar data, an anomaly was detected at each survey site.
Due to the shallower contact and greater contrast between the loose and
compacted soil layers, the first interface becomes more visible in all antenna
profiles at 250 and 500 MHz. A characteristic reflection also appears after
interpretation of the GPR data and is believed to represent buried objects close
to the surface. Due to the shallowness of groundwater and its ascent near the

surface, many areas of weakness show, represented by voids.
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Chapter One Introduction

1.1 preface:

Engineering geophysics is the research of subsurface materials and
structures that may have engineering implications using geophysical
technologies (Reynolds 1997). Geophysics tries to figure out a body's
internal composition and structure, as well as the nature of the processes
that form the visible features on the surface (Matzner, 2001). Ground
penetrating radar (GPR) is a non-destructive geophysical technology for
photographing the subsurface at high resolution. It can thus be utilized in
urban and sensitive situations (Kearey et al., 2002; Griffin and Pippett
2002). The GPR geophysical technology, which was first developed for
high resolution subsurface imaging is now commonly used to assess the

condition of foundations, pavements, concrete slabs, and walls.

1.2 Location of the study area:

The study area is located within the administrative boundaries of the
Fallujah city it is located between latitudes (33° 21' 9" - 33° 17' 47" N)
and longitudes (43° 49' 33" - 43° 44' 58" E) (Figure 1.1). The GPR

survey is conducted in five stations were selected within the study.
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Fig.1.1: location of study area
1.3 Tectonic and Geological of the study area:

According to (Fouad, 2015)the study area is Located with two
tectonics platform as a shown in (Fig. 1.2).
« The Inner Platform: Characterized by the no significant Permo
Triassic rifting. The Alpine compressional deformation can be
recognized in the studied area which represented by the Western Desert
Subzone at the Northwest of this part (Fouad, 2015). This classification
based on the physiography of the area. At the same time, the study area

is at the transition tectonic zone.
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» The Outer Platform: The main part of the Mesozoic Arabian plate
passive margin and the Late Cretaceous foreland basin. It is
significantly involved in the Alpine orogenic deformation (Fouad,
2015).
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Fig. 1-2: Tectonic map of study area (Buday and Jassim, 1987)

Quaternary Deposits: The deposits of Salah Aldin & Al Anbar
governorate outcrops, which reach the Euphrates River and consist of
sand, shale, clay, and gravel in some sections, particularly Pleistocene
deposits in the northern half of the investigated area. As we got closer
to the Euphrates River, the thickness of these deposits changed and

rises in density, (Buday and Jassim, 1987).
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1.4 Previous studies:

1.4.1 Previous studies in World:

Loulizi, 2001 used GPR method to determine the dielectric properties of
concrete over the GPR frequency range, synthesize reflected air-coupled
radar signals, and compare them to measured waveforms. He modeled
and studied the effects of simulated defects in concrete on the reflected
air-coupled and ground-coupled radar signals, and validate the research

results in the field by predicting layer thicknesses of flexible pavements.

Harris, 2006 Defined the GPR technique for determining pavement
thickness along with evaluating the technique. The findings of this study
indicate that the procedure of measuring pavement thickness with GPR
has not improved to the point where a qualified GPR interpreter is no
longer required. The GPR system used for the investigation included a
number of systematic flaws.

Chen, 2006 created simulation software for electromagnetic difficulties
including coupling, antenna design, antenna placement analysis, micro
strip design, scattering analysis, and so on. In comparison to standard
absorptive GPR antennas, the exceptionally low permittivity and
conductivity of the expanded polystyrene dielectric region used in this
design have demonstrated to have a substantially higher radiation
efficiency. From 450MHz onwards, it has an efficiency of 50% or more,
but absorptive antennas have a trade-off of losing half their efficiency in

order to achieve the half-hemisphere radiation effect.

Khuut, 2009 detected and discriminated the target at shallow depth, the
polarimetric GPR system developed by the Sato Laboratory at Tohoku
University, Japan, is proposed and assessed. The fact that the biggest
reflections occur when the polarization of the electric field is parallel to

the item causing reflection was explained in this study, which also

4
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demonstrated how sensitivity to subsurface reflections might be
improved. These findings, on the other hand, demonstrate how to lessen
susceptibility to undesired reflections from objects on or above the

surface.

1.4.2 Previous studies in lrag:

Al-Khafaji, 2010 evaluated geotechnical utilizing a seismic cross-hole
technique survey, GPR survey, drilling, and sampling to evaluate soil
properties beneath Al-Abbas sacred holy shrine. The antennas used in
this study are 250 MHz and 500 MHz. Due to the substantial absorption
of electromagnetic waves within the saturated clay layer, GPR data
resolution did not reach seven meters in depth. As a result, the high-
resolution antenna reaches a depth of (2.5) m. (500MHz). The GPR and
cross-hole seismic measurements in the studied region correspond to
depths ranging from 1 to 7 m. The GPR scan reveals the assigned buried

objects, such as graves, at shallow depths.

Saeed, 2010 used GPR to locate subsurface bodies at the Jadriya location
at Baghdad University. The electrical resistivity approach was compared
with the GPR method (with 250MHz, 500MHz, and 800MHz antennas).
This test indicates that the 800MHz antenna is the best for detecting at
a depth of 1 m, whereas the 250MHz and 500MHz antennas can only
detect these bodies with clear dielectric contrast and big diameters,
According to this research, the 500MHz frequency is the optimum for

detecting subsurface structures at depths of 4 to 5 m.

Al-dami,2011 used ground-penetrating radar (GPR), In The university

of Technology-Baghdad, as a non-destructive, rapid, low-cost, and
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strong tool for detecting any change in the composition of subsurface
materials, which may then be applied in urban and built areas. The
study's main goals are to replicate GPR data obtained by 250 and 500
MHz antennas for shallow engineering investigations by detecting
various buried bodies, investigating foundations, and evaluating the
quality of reinforced concrete. The study suggests that the 500 MHz
antenna could be used to investigate and detect the underlying reinforced
concrete in this site's foundation. It also recommends that the 250 MHz
antenna might be utilized to analyze the reinforced steel bars, their
design, and network, which are used in covert measurements at the

Building Department's site.

Al-Shijiri, 2013 use the GPR technigue and geotechnical evaluation to
Investigation of subsidence phenomena in Baghdad City. Two sites in
have been chosen to explore the subsurface soil characteristics that cause
subsidence. A GPR survey was conducted along the 22 traverses, 14 of
which are at Site-1 and the rest (8) at Site-2. The study discovered that
most raw data radargrams (preprocessing) do not show the presence of
weak zones. The surface images become so clear and reflect the weak
zone beneath the ground surface after processing the raw data with
appropriate filters and other interpretation tools, such as RAMAC and a
RadExplorer software. Two adjacent weak zones are clearly visible at
depths of 1.55, 1.62, 2.56, and 2.94 m at site 1 using a 100 MHz
antenna, and the soil varies from loose to compact, resulting in

subsidence.
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1.5 Aim of the study:

1. Investigation of the possibility of applying GPR to detect weak areas

and voids in shallow depths in Fallujah city.

2. Detecting the weakness areas represented by the fragility of the soil
and shallow groundwater that affect the foundations of civil buildings

in the city.
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2.1 Preface:

The GPR is a high-frequency electromagnetic technique that scans
the inside of the earth by piercing the surface with pulses of
electromagnetic waves (Annan, 2002, 2003; Neal, 2004). Before being
reflected back to the surface and picked up by a receiver, these waves
experience changes in the sub surface's dielectric characteristics.GPR
uses a transmitting antenna positioned along the surface (i.e., the air-
ground interface) that radiates short pulses of electromagnetic (EM)
waves commonly in the frequency band between 10 MHz and 1 GHz.
These propagating EM waves respond to changes in material electrical
properties and are recorded with a separate receiving antenna also
located on the surface (Atekwana et al., 2000; Cassidy, 2007).
Reynolds(1997)  presents a thorough overview of current GPR
advancements. Since GPR is a non-destructive method, it can be used in
urban and delicate environments. Numerous geological uses of GPR
exist, including the mapping of the water table and the high-resolution
imaging of shallow soil and rock structure. Additionally, it has several
non-geological applications, including in forensic investigations for the
location of recently disturbed ground where burial has occurred and in

archaeology for the location of buried walls or cavities.
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2.2 GPR Method:

GPR uses radio waves propagate the ground, and then uses the
receiver to detect the reflected signal from the subsurface features. The
GPR Antenna (Transmitter) sends electromagnetic waves to the
subsurface and at each subsurface feature, the waves travel With a
velocity that depends on the permittivity of the material and the
electrical properties. During waves propagate through the material, and
some waves are reflected and detected by the receiving antenna (Daniels,
2000). Reflection occurs whenever an energy pulse enters a material that
has a different dielectric permittivity (dielectric constant) from the
materials around it. It is influenced by changes in the mineralogy of the
soil and sediment, the amount of clay present, ground moisture, burial
depth, differences in bulk density at different stratigraphic levels, surface
topography, and water content changes, which are the most significant.
The GPR energy pulses pass through the materials until some of them
are reflected back to the antenna, some of them continue to travel
through the materials until they are lost (attenuation), and the remaining
pulses are scattered. Distance (or depth in the earth) can be determined if
the velocity through the ground is known and the energy pulses' travel
periods are accurately measured; (Olhoeft,2000., Conyers, 2004),
(Figure 2.1).Even though many elements can influence the depth of
inquiry in a GPR survey selecting the antenna type with the suitable
operating frequency is one of the most essential variables to get the
depth of examination of the features of interest with acceptable

resolution.



Chapter Tow Theoretical Background and Filed Work

Dats
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Fig. 2.1 Schematic diagram of a GPR System (Investigation, 2007)

2.3 Electromagnetic Theory:

The electromagnetic (EM) theory underlying all of the void and geologic
anomaly detection methods is based upon the propagation of EM wave
energy from a transmitting source of EM waves to a receiver. The
traveling of EM waves is composed of transverse electric and magnetic
field components, (Stolarczyk, 2003). The generation of electromagnetic
waves depends on the relationship between the electric and magnetic
fields. A changing magnetic field (H) will induce an electric field (E)
(Ampere’s Law), and a changing electric field will induce a magnetic
field (Faraday’s Law). Electromagnetic waves have energy, momentum,
mass, and flow in the direction of propagation through space by means
of wave motion. The electric (E) and magnetic (H) fields of an EM wave
are at right angles to each other and to the direction of propagation, as
shown in figure (2.2). The fields are vector quantities having direction as

well as intensity.

10
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Figure 2.2 EM wave propagation (modified from WHO,1993)

Maxwell's equations described and proved mathematically the
propagation of an electromagnetic field. The electric and magnetic fields
propagate in the same direction but perpendicular (Smith, 1997). Any
dielectric material will dissipate part of the energy from an
electromagnetic wave propagating through it. The source of these losses
may investigate by considering Maxwell’s equations (Al-Mattarneh,
2008). The Varying electric fields with time are producing magnetic
fields depending on the relative magnitude of losses, the fields may
diffuse or propagate as waves. At low frequencies and high losses, the
equations reduce to the diffusion equation and are called electromagnetic
induction. At the high frequencies of radar, the energy storage in
dielectric and magnetic polarization creates wave propagation, (Smith,
1997). The equations that control the movement of E.M. waves in any

medium can be defined by the following:

11
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2.3.1 Maxwell’s Equations:

Maxwell's  equations are  mathematical expressions  of
electromagnetic field relationships. The electric field intensity, E, the
magnetic flux density, B, the electric flux density, D, and the magnetic
field intensity, H are the four fundamental vector field parameters in
electromagnets. Maxwell's equations relate these quantities to one

another, as seen below (Annan, 1999):

2.3.1.1 Faraday’s Law:
From Maxwell's equations, Faraday's law is a key relationship. The

negative induced electromagnetic fields (emf) in a coil are equal to the
rate of change of magnetic flux multiplied by the coil's number of turns.

It involves the interaction of a magnetic field with a charge.

vxi=_8 (2.1)
ct

Where:
V-Curl operator (rotation)
E-The electric field density vector in VVolt/meter.

B - The magnetic flux density vector (in units of Tesla, T), also called
The magnetic induction.

t- Time ().

2.3.1.2 Ampere’s Circuital Law:

The magnetic field source is described by Ampere's circuital law.

=142
VXH=J+= 2.2)

Where:
H -The magnetic field density vector in Ampere/meter.
J - The electric current intensity vector in Ampere/meter?.

D -The current displacement vector in Coulomb/ meter?.

12
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2.3.1.3 Magnetic Gauss Theorem:

The magnetic field divergence is always zero and hence magnetic
field lines are solenoid.
VxB=0 (2.3)
Where:

V- Divergence operator.

2.3.1.4 Electric Gaussian Theorem (Gauss’s Law in

electric.)
The electric charge source is determined by Gauss's law.
VXD= pv (2.4)
Where:

p -The electric charge intensity in Coulomb/meter 3.

2.4 Propagation of radio waves:
The pulses interact with subsurface materials in a variety of ways as
they propagate downwards into the earth at various velocities, including

reflection, attenuation, scattering, and diffraction.
2.4.1 Velocity:

The velocity of a radio wave in a material (Vm) depends on speed
of Light in free space (¢ = 0.3 m/ns), the relative dielectric constant (er),
permittivity of free space (eo = 8.854 x 10-12 farads (F)/m) and the
relative magnetic permeability (ur = 1 for non-magnetic materials).
Reflection/transmission losses in the substrate, signal scattering losses
produced by objects equidimensional with the radar signal wavelength,

absorption (EM energy converted to heat), and geometrical signal

13
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broadening during propagation are all factors that might cause signal loss
The loss factor (P), which may be stated as: P = o/®we, where o is the
conductivity, o =2nf where f is the wavelength frequency, and ¢ is the

permittivity =&r €0, accounts for these components(Reynolds, 1997):
V= C [ {(erpur/2) [(1 + P2) + 132 (2.5)

2.4.2 Attenuation:

The attenuation factor (o)), which is the primary cause of reduced
signal energy, is the cumulative loss of energy due to electric conductivity
(c), magnetic permittivity (w), the dielectric permittivity (¢) of the material
through which the signal is introduced. Neal (2004) indicates that for low

loss materials, o can be expressed as:
g
a=E,/u/£r (2.6)

The expression of @ indicates that the conductivity of materials exerts
the greatest control over & (Theimer et al., 1994; Neal, 2004).

Pulse radar transmits short pulses into the ground as mentioned
above. Only a short period time following the transmission of the pulse
gives measurable reflections from the underlying medium, due to quick
attenuation of the received signal (Parasnis, 1972). While the transmitted
pulse can be of considerable power, the actual power reaching the
reflecting surface decreases exponentially with distance from the
antenna. This is because the power is spread over a bigger area as it
reaches further away from the source. Another factor is the absorption of

the pulse in the medium. The power reflected is only a factor of the
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received power and the reflected signals power also decreases
exponentially with distance to the receiver. Normal attenuation factor for
traveling from the antenna to a reflecting surface and back are several
decibels per meter. Pulses are transmitted repetitively from the antenna
with a certain repetition frequency. This frequency is called pulse
repetition frequency (PRF). Today’s systems usually have a PRF of 100
KHz. As the pulses are transmitted, the reflected signal is recorded
(Bjorklund and Johnsson, 2005).

2.4.3 Scattering:

When an electromagnetic wave collides with a substance having a
differing permittivity, the electromagnetic energy changes direction and
character. This transition at a boundary is known as scattering (Daniels
et al., 2008). The amplitude of the radar signal is reduced by scattering
from thin layers or point-type objects such as rocks, and these losses are
frequently incorporated in the attenuation term (Davis and Annan, 1989;
Annan, 2009).
2.4.3.1 Spectral reflection:

Scattering is based on the law of reflection, which states that the
angle of reflection equals the angle of incidence (Figure 2.3-a). When a
wave hits an interface, the energy is scattered based on the form and
roughness of the interface, as well as the difference in electrical
characteristics between the host material and the item. A portion of the
energy is distributed back into the host material, while the rest may flow
into the item. The refracted portion of the wave is the part that travels
into the item (Lowrie, 2007).
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2.4.3.2 Refraction:

Because the electromagnetic wave velocity tends to decrease with
depth, refracted waves are unusual as a GPR propagation mode (Figure
2.3-b). This is due to the fact that the water content has the greatest
impact on seismic and electromagnetic wave velocities in partially

saturated and unconsolidated materials (Lowrie, 2007) .
2.4.3.3 Diffraction:

The bending of electromagnetic waves (Figure 2.3-c). When a wave
is partially stopped by a sharp border, diffraction scattering occurs.
Fresnel was the first to notice that when a wave scatters off of a point, it
spreads out in numerous directions. The nature of the diffracted energy is
determined by the sharpness of the boundaries and the object's shape in
relation to the incident wave's wavelength. Diffractions are semi-
coherent energy patterns that splay out in multiple directions from a
point, or along a line, in GPR data (Oswin, 2009).
2.4.3.4 Resonant scattering:

When a wave impinges on a closed object (e.g., a cylinder) (Figure
2.3-d), resonant scattering occurs, and the wave bounces back and forth
between different points on the object's boundary. Part of the energy is
refracted back into the host material, and part is reflected back into the
object every time the wave hits a boundary. This causes the
electromagnetic energy within the object to resonate (also known as
ringing). The trapped resonant energy inside the object quickly
evaporates as some of it radiates to the outside of the object. Closed
objects are said to have a resonance frequency, which is determined by
the object's size, electrical qualities, and surrounding material. The
ability of an object to resonate, on the other hand, is determined by the
wavelength (the object's velocity divided by the wave's frequency) in

relation to its dimensions. The permittivity contrast between the object
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and the surrounding material determines the length of time that an

object resonates (Dante, 2007).

(o) spectal refiection scatterng

{b) refraction scattering (d) resonant scaftenng
Figure 2.3: Scattering mechanisms: (a) specular reflection scattering, (b)
refraction scattering, (c) diffraction scattering, and (d) resonant
scattering.(Daniels, 2000)

2.4.4 polarization:

The electromagnetic waves are polarized by perpendicular electric
and magnetic field (Maxwell equation) and the ability of different
materials to store energy (Figure 2.4). Linearly polarized antennas are
used in the majority of commercial GPR systems. The most typical

antenna configuration is for the transmitter and receiving antennas to
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have their electric fields aligned in parallel with each other, parallel to
the earth, and towed in a traverse direction perpendicular to the electric
field direction. As a result, a wave propagates perpendicular to the earth's
surface and into the earth. When such an arrangement is applied to a
buried metallic pipe (or wire or rebar) with electric fields aligned
parallel to the pipe's length, the pipe shows as an outstanding reflector in
ground penetrating radar data, with a hyperbolic shape (the shape is the
result of the antenna pattern and geometry of traverse motion). When the
antennas are rotated 90 degrees such that they cross the pipe with the
electric field direction at right angles to the pipe's long axis, the pipe
vanishes, but it is still visible (Olhoeft, 1988).

vertical

Figure 2.4: Vertical and horizontal polarization of an electromagnetic
wave(Braun, 2019).

2.4.5 Penetration depth:

The length of time it takes for an electromagnetic wave to travel from
the transmitting antenna, through the subsurface to an object or interface,
and back to the receiving antenna determines the depth to the object or
interface. As shown in (Figure 2.5), the amount of time recorded is
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referred to as the two-way travel time (TWTT). The capacity and speed
of electromagnetic energy propagation through a material, as well as the
attenuation of electromagnetic energy after it is transmitted, are all
affected by variable electromagnetic properties of earth materials
(composition and water content), which affect the capacity and speed of
electromagnetic energy propagation through a material (Reynolds,
1997).

Transmitter Receiver
(Tx) (Rx)
l Air Wave ! Croatid
Ground Wave 2lE
Reflected
Wave d2

Vi

V2 Interface

TWTT =d1+d2/V1

Figure 2.5: Two-way travel time of GPR signal (modified from
Conyers, 2004).

The frequency of the system’s transmitting antenna determines the
depth of penetration of the electromagnetic wave and the GPR system.
Higher-frequency radar antennas are unable to penetrate the subsurface
to the same amount as lower frequency antennas. Reduced frequency
units, on the other hand, have greater penetration depths but have lower
spatial resolution (table 2.1), (Hanninen 1992; Annan, 2009).
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Table 2.1: Antenna frequency (MHz), the lower limit of object target
size (m), approximate depth range (m) and approximate penetration
depth (m) (Operating manual of RAMAC, 2009).

Antenna Lower limit of Approximate Approximate
frequency) MHz) Obiject target penetration
) Depth range
size(m) depth (m)
(m)
100 01-1 2-15 15-25
250 0.05 - 1-10 5-15
0.5
500 0.04 1-5 3-10
800 0.02 04-2 1-6

2.4.6 Resolution:

The energy reflected from subsurface features is the signal received in
a typical GPR scan. The relationship between the GPR operational
features and the obtainable resolution must be recognized in order to
detect individual objects within the material under inquiry. The
resolution of a GPR system is the shortest distance between two objects
that allows each object to be detected separately, and it is measurable in
both the vertical and horizontal planes. Radar is a ranging technique that
measures distances to objects in units of time (RADAR stands for Radio
Detection and Ranging). In the temporal dimension, resolution is defined
as the difference in time between two things that can be measured. Thus,
if two objects’ reflections can be distinguished in time, they may be

resolved in distance. The bandwidth and pulse width of a signal
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determine the relationship between it and time in radar. A reflection
pulse has a defined width (W) that is measured at half-height, as shown
in (Figure 2.6) (Jol,2009).

Pulses
o \i overap

A -

//\-\ Puises

coinedent

>

Figure 2.6: Temporal pulses with half width W. (a) Pulses are clearly
separable when T >> W. (b) Two pulses are said to be distinguishable
until T = W. (¢c) When T << W then two events are not distinguishable
(Jol,2009).

The sources will not be distinguishable if two reflection pulses
overlap. The two pulses can be resolved as independent pulses if they are
separated by more than W. The link between pulse width and signal
bandwidth shows the bandwidth of the signal (Jol,2009):

_1
W== (2.7)

The greater the bandwidth (B), the shorter the pulse width (W). Hence,
higher bandwidth Signals are able to resolve objects with smaller

separation.
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2.4.6.1 vertical Resolution:

The wavelength of the energy in the ground determines the vertical
resolution of a GPR. As a result, higher center frequency antennas have
better vertical resolution but less depth penetration. For the stratigraphy
to be resolved, there must be enough physical difference between the

layers in all circumstances (Linford, 2006).
2.4.6.2 Horizontal Resolution:

Horizontal resolution is more challenging and is dependent on the
incident energy's radiation pattern in the earth, which can be represented
by a cone widening with depth to illuminate a growing ‘footprint' of the

subsurface for most antenna (figure 2.7) (Linford, 2006).

Vertical resolution Horizontal resolution
e M iﬂ
envelope interfacas pulses Tx
o P K= B
4 e~
C o
L
B:—A
2
fe > 7§ MH?

Figure 2.7: Vertical and Horizontal resolution. Where fc is centre
frequency, AZ is spatial separation, er relative permittivity, D is a given

depth, 4 is a wavelength, (Annan and Cosway 1992).
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2.5 Surface-based Reflection of GPR Configuration:

Surface-based reflection GPR, borehole reflection GPR, and

helicopter GPR survey designs are the most common GPR survey
configurations. The most typical GPR survey setup is for a surface-based
GPR survey. The surface based GPR survey is carried out with ground
linked systems, in which the antennae are put directly on the ground’s
surface or just a few centimeters above it, and are manually or with
vehicles across the studied line (Forte et al., 2019). A step size has been
used to govern the movement of the transmitter-receiver antennas across
the invisible line. The geographic sample interval, or step size,
determines how frequently a trace is captured spatially (for example, one
trace every 0.2 m), (Robinson et al., 2013). The higher the resolution of
the data collected, the smaller the step size. Signal overlapping occurs as
a result of the overly tiny step size, as seen in (Figure 2.8). When two
signals are overlapping, one event with a bigger amplitude is produced.
If two pulses are separated by half their half-width they are

distinguished; otherwise, they are interpreted as one signal (Jol, 2009)

Step Size
r
T R T R T R
[t s
i S P N
\ o
) .

4

Subsurface Reflector

Figure 2.8: Sketch of the Step Size (modified from Robinson et al.,
2013).
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The direct airwave, direct ground wave, and reflected wave are the
three principal waves visible in the surface-based GPR survey, as
depicted in (Figure 2.8). As illustrated in (Figure 2-9), the first two
waves travel directly from the transmitter to the receiving antenna: the
first travels through the air, while the second travels slightly below the
soil surface (Yochime et al.,, 2013, Neal, 2004). The reflected wave,
which travels along the path transmitter-reflector-receiver, is the third

wave.

Antenna separation

/Rcfractcd airwave

Airwave
Air / >

Ground 1
Groundwave
)
V, Reflected wave
Refracted wave
A} 7
v,

Figure 2.9: EM signals paths between transmitting and receiving

antennae for the airwave (Neal, 2004).

2.5.1 Velocity analysis by direct wave travel time:

The time it takes for an EM wave to go directly from the transmitter
to the receiver through the very shallow subsurface is referred to as the
direct ground wave transit time. The GPR scan determines the direct
ground wave’s travel time, which can be translated to ground wave
velocity. Yochim et al., 2013; Neal, 2004) calculate the ground wave
velocity by dividing the length (distance between the transmitter and

receiver antenna) by the direct ground wave travel time. In general, the
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EM wave propagation velocity (v) through a non-magnetic, low-loss
geological medium (e.g., soil) can be translated to the soil mixture’s
dielectric constant, as shown in Equation (2-8). (lllawathure, 2019;
Yochim et al., 2013; Steelman and Endress, 2012).
_ co

V== (2.8)
V = velocity of EM propagation (m/ns)
CO = velocity of light in the space (0.3 m/ns)

€ r = dielectric constant of the host material (Ky,ix), which is unit less.

2.5.2 Central Frequency:

In order to determine resolution and penetration depth, the center
frequency must be established (Robinson et al., 2013). The lower
penetrated depth, but the better the resolution, the higher the central
frequency is used. The choice of the suitable central frequency is a
compromise between the depth of investigation, the resolution required,

and the portability of the system (Sensor & Software, 2019).

2.6 GPR Survey parameters:

Several criteria must be prepared and controlled to conform with the
survey objectives in order to execute a successful GPR survey; these

parameters are listed below.
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2.6.1 Antenna frequency:

The capacity of electromagnetic waves to penetrate the ground to a
specific depth is principally determined by two factors: their frequency
and the properties of the ground, (Conyers, 2004). Because only the
wave frequency can be modified, selecting the right antenna frequency
for a GPR scan is crucial. Low-frequency antennas with long
wavelengths penetrate the deepest, but high-frequency antennas with
short wavelengths can only image superficial objects (Neubauer et al.,
2002). As a general rule, Conyers (2004) recommends using a 400-900
MHz antenna to photograph features within 1 m of the surface, and a
250-500 MHz antenna for images 1-3 m below the surface. According to
Goodman et al. (2009), you should choose a radar frequency (and time
window length) that will gather data to a depth of at least 1.5-2 times the
target region (Dojack, 2012). The survey parameters for the most popular

antennas are listed in Table 2.2.
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Table 2.2: lists the antenna survey parameters (taken from Annan, 2005;
MALA, 2005; Ortyl, 2006).

Antenna Depth

Frequency = (m)

(MHz)
1000 0.5
800 0.7
500 1
250 1.84
200 2
100 5

Depth

range

(m)

0.05-

0.4-2

1-5

1-10

1-10

2-15

Max. Samplin
g
penetration
Interval
depth (m)
(ns)
0.5-4 0.09
1-6 0.11
3-10 0.16
5-15 0.39
5-15 0.64
15-25 1.67

2.6.2 Sample number:

Max. Sampling

Samplin  frequency

g

(MHz)
Interval
(ns)
0.17 15000-
30000
6500-
14000
0.25
4000-
7000
0.33

0.75 600-3500
1600-

3500
0.83

1.67 800-1800

Trace

interval

(m)

0.01-
0.05

0.02-
0.04

0.02-
0.05

0.03-
0.10

0.03-
0.10

0.10-
0.30

Sample

Number

402

380

356

179

145

75

Time

Window

(ns)

34

30

60

71

74

78.5

The order in which the samples were measured, recorded, and stored

Is indicated by the sample number. The sequential placements of samples

in the GPR signal are denoted by sample numbers (Dojack, 2012).

27



Chapter Tow Theoretical Background and Filed Work

2.6.3 Sampling interval:

The instant digital values (amplitude) of the recorded radar signal at
certain moments are referred to as samples. Every sampling interval, or
the period between points for each recorded waveform, samples are
taken (Harris, 2006). The following Equation (Annan, 2005) can be used
to find the maximum sampling interval suitable for the survey:

1000

t of

(2.9)

Where f is the center frequency of the antenna (MHz), t is the maximum

sampling interval (ns).

2.6.4 Trace interval:

The trace interval is typically chosen while considering the survey's
required lateral resolution. The lateral resolution is determined by the
depth of the targets and the antenna’s center frequency. Within the range
of antenna frequency used, point interval values are inversely

proportional to resolution (Johansson and Friborg, 2005).

2.6.5 Time window:

Time window refers to the period of time following the transmission
of a pulse during which the received signal is recorded. As a result, the
time window also controls the measurement's depth, as any reflections
received after the time window are discarded (Conyers, 2013). In most
circumstances, temporal periods of 60 to 100 nanoseconds are
appropriate for archaeological applications. This yields a measuring

depth of 3 to 2 m, but this is highly dependent on the ground
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composition (Conyers, 2004). The suggested time window can be
computed using the equation (Annan, 2005) for a more precise

measurement:
W=13 (%) (2.10)

where W is the time window length (ns), v is the minimum velocity of
waves through the material (m/ns), and d is the maximum depth to be

resolved (m).

2.7 GPR Data Processing:

One of the great advantages of the GPR method is the fact that the
raw data is acquired in a manner that allows it to be easily viewed in
real-time using a computer screen (Griffin and Pippett, 2002). In digital
data, post-recording processing can be used, where the advantage of it, is
that processing can be done more systematically and non-causal

operators to remove or enhance features can be applied (Annan, 2001).

GPR Data processing includes four fundamental steps to produce the
final image of the radargram (Fig. 2.10). However, it is not necessary to
use all these steps in the processing path. These steps are:
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Figure 2.10: A typical overview of the GPR dataset flow (Anann, 2001).
2.7.1 Data Editing:

Field measurement is rarely so routine that there is no room for
error, inattention, or an oversupply of datasets. Reorganizing data,
integrating data files, updating data headers or background details,
relocating, and including elevation detail with the dataset are all

examples of dataset modifications (Al-Nuaimy et al., 2000).
2.7.2 Basic Processing:

To provide a more passable primary exegesis and data assessment,
the basis doctrinaire is used to the dataset. In most cases, this type of
processing is already being done in real time to create the real-time show
(Al-Nuaimy et al., 2000). Although the detail in the raw radargram may have
been appropriately implemented previously, it should be processed first to
remove any undesirable system or terrain impact. Background clutter removal,
path loss repairs, antenna separation correction, and low-pass filtering are all

part of this process (Al-dami, 2011).
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2.7.3 Advanced Data Processing:

Finding and distinguishing true target reflections from misleading
reflections is essential for properly distinguishing subsurface items from
the surrounding chaos (ASCE Publications, 1993). This procedure
necessitates a certain amount of user bias, which results in datasets that
are significantly different from the raw data that was supplied to the

processing (Al-Nuaimy et al., 2000).
2.7.4 Visualization Processing:

In this category, processing almost always results in a dataset that is
completely different from the original data. Processing in this category
includes topics such as migration, the implementation of various
algorithms, event selection, subjective gain enhancement, and capacity
analysis. All of these need the completion of the preceding processing
steps as well as the availability of corollary control details (Al-Nuaimy et
al., 2000).

2.8 Filtering Tools:

To reduce the impacts of distortion and erroneous GPR signals,
filtering techniques are applied . Filters are used to process GPR data in
a variety of ways. Dewow, time-zero correction, band-pass filtering, and
gain control are the basic filters (Cassidy, 2009). The following are the

descriptions of these filters:
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2.8.1 Subtract mean (Dewow):

Due to the close position of transmitter and receiver antennas, the
fields near The transmitter contain low-frequency energy associated
with electrostatic and inductive fields, which decay rapidly with
distance. This low-frequency energy caused the base level of the
received signal to bow up or down, and This effect is known as
baseline 'wow' in the GPR technology (Jol,2009). Dewow filtering is
used to remove the low-frequency components present in the data by
applying a running average filter to each trace and eliminating a long
waved part of the signal that is caused by the EM induction
(Dojack.,2012. , Group, BW.,2006. , Sheriff, S., 2010). It is a vital step
as it reduces the data to a mean zero level and therefore, allows the
positive-negative color filling to be used in the recorded traces (Figure
2.11) (Jol,2009).

_~ Raw, recorded GPRH frace 2 ) .
Very low frequency

» “wow” trend to the trace

>
>

Two-way travel ime (ns)

Without Dewow filter

/\ _~ Dewowed GPR trace
ﬁ A o — A[\ .

e A >
Two-way travel time (ns)

With Dewow filter

Signal amplitude (mV)

L4

Figure 2.11: Dewow filter correction on a raw GPR trace (Jol,2009).
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2.8.2 Time zero correction:

Time zero (TO) can be defined as the first break (or the first arrival) of
the air ground wave or the first reflection of the GPR trace (Cassidy,
2009; Conyers, 2013). It occurs mainly due to several factors such as
various system hardware components, the fiber optic cable length, the
transmitter and receiver separation, and the total time window (Sensors
and software, 2001). The TO must apply to the GPR traces before any
other processes because if TO remains without correction, the depth of
the successive reflections will be inaccurate. Finally, some instruments
and software are done this correction automatically, while others do not
(Utsi, 2017; Cassidy, 2009).

Distance (m)
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B

B
o

Two way travel time (ns)
W
o

(o2}
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Time-zero position for the first Change in time-zero
four metres of the section position

Figure 2.12: Changing in a time-zero position is an example (Cassidy,
2009).

2.8.3 Background Removal:

The use of background removal is one of the most prevalent
techniques especially performed to GPR data. Background elimination is
a type of spatial filtering that usually takes the form of a high pass filter
or one that subtracts the mean of all traces in a region from each trace
(Akinpelu, O. C. (2010). Background removal used to remove horizontal

or almost horizontal features from GPR data by applying a horizontal
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spatial high pass filter to allow subtle weaker signals to become visible

in the processed section (Parkin et al., 2000).
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Figure 2.13: (A) GPR profile before background removal (B) GPR
profile after background removal (Akinpelu, O. C. 2010).

2.8.4 Bandpass filter:

Bandpass filtering is a technique used to remove undesirable

frequencies or spurious noise caused by human-induced and system

noise like high-frequency radio transmissions (Cassidy, 2009; Goodman

and Piro, 2013; Utsi, 2017). Bandpass filtering is effective at eliminating

the low/high unwanted frequencies, but it should be applied judicially. It
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may remove significant features from the GPR profile if it is
contaminated strongly by noise (Cassidy, 2009). As GPR systems emit
the EM waves in a frequency range, which are mainly between half to
two times the center frequency (Conyers, 2013), this filter is very useful
to remove all frequencies that occur outside of the GPR systems range
(Utsi, 2017).The bandpass filtering is based on the fast Fourier transform
(FFT), where the GPR traces will be converted from the time domain to
the spectral (frequency) domain. All GPR waves can be decomposed into
superposition individual frequencies that have different amplitudes and
phases. To apply this filter successfully, one should define its lower and
higher cut-off frequencies. Once the filter removes the unwanted
frequencies, the inverse FFT will be applied to return the filtered
frequency components to time-domain radar signals (Goodman and Piro,
2013; Sensor and Software, 2018). Finally, it is preferable to do filtering
before the gain process because the data is in its truest form. If the
filtering is applied post-gain, great attention should be paid to
understanding the effect of the gain on the amplitude and spectral

content before starting the filtering process

2.8.5 Time Gain:

As the radar waves propagate deeper into the ground, some of their parts
are rapidly attenuated and the others are reflected back to the antenna
making the deeper features hard to be distinguished as weak reflections
(amplitudes) on the GPR profile (Annan, 2005; Utsi, 2017). Therefore, it is
useful to increase the strength of these weak reflections at greater depths
(Neal, 2004), which is normally done by applying the Gain. Gain can
improve the visual form of GPR profiles (Cassidy, 2009), by compensating
the loss of amplitude of the weak reflections to make all reflections visible
as much as possible (Utsi, 2017). However, there are different ways of
Gain to apply to the GPR data such as Automatic Gain Control (AGC),

35



Chapter Tow Theoretical Background and Filed Work

Spreading & Exponential Calibrated Compensate (SEC), and Constant
Gain. The AGC applies for each trace individually and tries to equalize the
amplitude of all GPR signals. It is based on the variance between the mean
amplitude on the specific time window to the maximum amplitude of the
trace (Cassidy, 2009; Sensors and Software, 2018). This type of Gain is
suitable for stratigraphic horizon continuity and low frequency
investigations (Jol and Bristow, 2003; Annan, 2005; Utsi, 2017). The SEC
attempts to increase the Gain amount with depth increasing to mimic the
waves’ amplitude variations as they propagate in the ground (Annan, 2005;
Cassidy, 2009).
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figure 2.14: Radargram without the addition of gain (above) and with an
appropriate amount of gain added (below) (Carrick Utsi, E. 2017).
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2.9 Data Display and Interpretation:

The presentation of data is crucial to data interpretation. In fact,
putting up a good show is an important aspect of interpretation. Surface
data can be displayed in three ways: 1) as a one-dimensional trace, 2) as
a two-dimensional cross section, and 3) as a three-dimensional display.
A one-dimensional trace isn't very useful until it's combined with others
to form a two-dimensional cross section or a three-dimensional block
view, as shown in (figure 2.15). All displays are built around the wiggle
trace (or scan). A single trace can be used to detect items beneath the
surface (and determine their depth). GPR traces are recorded at various
points on the surface, and three-dimensional representations are

essentially block views of those traces (Daniels et al., 2008).

Horisiontal Position
R P —— -L.;:n' e Yt =';___—‘->___‘ T S - e
'l ™ o op tregy Sty ey Ny, Wy oy o S
= f || '
P = '[ \
- # =
-y AT ] 3 4
2Tyl ¢ l ™\
5 ' S d 3
E ' < ..
| T3
| | | 179

Figure 2.15: Explain how a one-dimensional trace changes when an
antenna is relocated and many traces are stacked side-by-side to form a
two-dimensional cross section. (Nissen and colleagues, 2001).

The process of recognizing anomalies in GPR data and establishing the
nature (size, form, and physical attributes) of the object in the
subsurface that is producing each anomaly is referred to as interpretation.
The interpreter's talent (or the sophistication of the pattern recognition
algorithms), the quality of the data gathered in the field, and the clarity
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of the processed display used for interpretation all contribute to a good
interpretation. The interpretation process starts with a clear display that
makes it simple to spot anomalies, with interpretation and processing

eventually overlapping (Daniels et al., 2008).

The following are the most important factors to consider while
interpreting data. Anann et al., 2001).
1. Make sure you know what the survey's goal is.
2. Create a geological setting or application structure model.
3. Sort the information into logical groups that can be easily linked to
site maps.
4. Establish a velocity and attenuation estimate (or depth of exploration
achieved).
5. Create a scenario for the predicted radar response (i.e. a slowly
varying continuous event for a major geologic horizon, a spatially
limited diffraction hyperbola for a pipe). Process data to improve the
type of reaction predicted if at all possible.
6. Use geologic control and ground truth, such as drilling, to correlate
radar data.
7. Use a plan map to plot the locations of radar anomalies so that line-to-
line correlation may be done.
8. Drilling or follow-up control work should be planned.

9. Examine the data once more control is available.
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2.10 Instrumentation:

Ground-penetrating radar (GPR) is a geophysical and short-range
remote sensing technique that uses radar pulses to produce cross-section
photographs of underground structures. Field exploration activities
should be meticulously planned and laid out in order to acquire sufficient
data for project design (Perez, 2009, and Frost, 2004 in Nehaba 2019).
To acquire the GPR data, MALA/Sweden type devices were used in the
fieldwork (RAMAC). Two types of antennas were used separately,
operating at 500 MHz and 250 MHz. The higher frequency allows for
better resolution at shallow depths, whereas the lower frequency allows

for a greater investigation depth.

2.10.1 RAMAC/GPR system:

An external PC, the radar control unit (CUII), the transmitter, and
the receiver antenna make up the RAMAC/GPR system. Optical fibers
connect the radar control unit to the transmitter and receiver antennas,
and a parallel communication cable connects it to the computer. Mala
Geosciences Company in Sweden purchased a RAMAC/GPR system
(operating manual of RAMAC).

It is made up of numerous components or devices, such as flow:

2.10.1.1 Control Unit CU 11:

The RAMAC/ GPR system's major component is the Control Unit CU
I1. All current RAMAC/GPR antennas are compatible with the CU I1.
The calibration and setup default parameters are saved in the internal
memory for quick and easy operation (Mines & Report, 2010).
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Auxiliary ports

Master wheel

Antenna
module

Figure 2.16: control unit CU Il (Mines & Report, 2010).

The control unit CU 11 is powered by a 12V Li-lon battery (Fig. 2.17).
It can also be powered externally, with the power connection is located
on the battery slot. Although the equipment is safeguarded against power
surges and reverse polarity, all users are advised to use only
MALA cabling (MALA Geoscience AB, 2011).
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Figure 2.17: control unit CU Il battery (MALA Geoscience AB, 2011).

2.10.1.2 Shielded antennas:

Shielded antennas from RAMAC/GPR are generally utilized for
medium to high resolution surveys. The antennas' insulated structure
makes them suitable for urban investigations or locations with a lot of
background noise. The shielded antennas, like the other parts of the
RAMAC/GPR system, are modular by design. This indicates that
antenna electronics, pulling devices, and measuring wheels are mostly
interchangeable and compatible. Utility, void, and Underground Storage
Tank (UST) detection, as well as road surveys, quality assurance, and
concrete investigations, are all common applications for the
RAMAC/GPR shielded antennas. These shielded antennas are extremely
versatile and effective tools for subsurface mapping(MALA Geoscience
AB, 2011).
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Figure 2.18 : RAMAC/GPR antenna (250MHz), (Mines & Report, 2010).

2.10.1.3 The MALA (RAMAC) XV Monitor:

The MALA XV Monitor is a specific data acquisition platform for
MALA GPR devices with a unique user interface (figure 2.19). The XV
Monitor is essentially a PC, but as a dedicated instrument, it lacks the
extras and non-essential functionality found on normal commercial
notebook computers; the XV Monitor is optimized for the task at hand,
namely the gathering, management, processing, and presentation of GPR
data. The MALA XV Monitor is built on a Linux platform, which means
it starts up quickly, consumes little power, and runs a robust and reliable
operating system. The MALA XV series monitor features a
revolutionary user interface that is simple to learn and operate even in
extreme conditions. (Platform & Interface, n.d.). A XV Monitor with a
data cable connected to the control unit on one side and a 12V/13,2 Ah

battery on the other side.
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Figure 2.19: The MALA(RAMAC) XV Monitor, (Mines & Report,

2010).
The MALA(RAMAC) XV Monitor units are powered externally,
with 12V AC/DC or any 12 V battery or with MALA standard Li-lon

Batteries, see Fig. 2.20.

Figure 2.20: Battery pack and battery bag of the XV Monitor from
MALA. (A) The battery bag's internal, and (B) the connections on the
outside (MALA Geoscience AB, 2011).
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2.10.1.4 ROUGH TERRAIN CART:
MALA Mini is a hand-pushed cart for rough terrain suitable for

many MALA antennas, when conducting GPR surveys on unpaved
surfaces and in rougher terrain. The cart is Available in more than one

size, to accommodate the choice of antenna (MALA Geoscience AB,
2011).

Figure 2.21: Rough Terrain Cart (RTC) (www.malags.com).

In the field work uses the rough terrain cart with whole system (The

Instrument) shown in (figure 2.22).
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cart

Display Unit

Power supply

Control Unit

Antenna

Fig. 2.22: RAMAC/GPR Instrument

2.11 Instrument calibration:

Fixed instrument calibration was selected with all radar surveys in the
five sites. With antenna 250 MHz surveys the time window is 4.5ns and
choose velocity of the electromagnetic subsurface wave 100 m/ns in all
profiles. the sampling frequency of the GPR survey in all sites is
2600MHz. The survey was using the cart, so the wheel was chosen as the
scanning mode. All the profiles are conducted with a point interval of

0.1m and number of stacks is 2.

In addition, with antenna 500 MHz where survey with time window is
3ns and choose velocity of the electromagnetic subsurface wave 100 m/ns
in all profiles. The sampling frequency of the GPR survey in all sites is
2600MHz. the survey was using the cart, so the wheel was chosen as the
scanning mode. All the profiles are conducted with a point interval of
0.05m and the number of stacks is 2.

45



Chapter Tow Theoretical Background and Filed Work

2.12 The modes of GPR:

In this study we used Reflection Profiling Mode: (Common off Set
Single Fold Reflection Profiling)
In this mode, data are acquired by moving the antenna over the earth's
surface (profile direction) along the survey line. The shielded and un-
shielded antenna can be used in this mode. The properties of this mode
can be mentioned in the points below:

e In CO acquisition, reflection points are images by one ray path only.

e easily interpretable data.

¢ signal-to-noise ratio can be poor.

AL AA

' 'CoiArcévurl-sn;:.oh OO Aoqleliion. ™
Fig.2.23: Common off Set mode (modified after Davis and Annan,
1989).

2.13 GPS Instrument:

The GPS system is mainly used to determine the geographical
locations in the world of any point on the surface of the earth. The GPS
cannot be used inside buildings and closed areas, and if it is used, it will
not be accurate in its results, and it does not need an Internet connection,
but a device that supports the system. In the current study, the GPS
device (etrex) in (Figure 2.24) was used to find out the study sites with

respect to longitude and latitude.
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Fig.2.24: GPS Instrument

2.14 Field work:

GPR survey was carried out by using RAMAC/GPR in the study
area, and five survey sites were selected and arranged in a manner that
covers the study area (fig 2.25). At each site, 5 path were selected, the
paths length and directions are different from one site to another, and a
distance between the paths is 5m however, two transverse path were
measured at each site. The initial test was carried out at each site using a
250 MHz antenna and its notes were taken. Then the same paths were
scanned using a 500 MHz antenna. The first antenna, 250 MHz, was
used to investigate the best possible depth to reach through this area, and
the second antenna was used at 500 MHz, in an attempt to get the best

possible investigation with high resolution.
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o e
A G nanleEqe

Fig. 2.25: Aerial photograph show five sites are chosen within the study

area.

e Site 1: It is located within the north-eastern part of Fallujah city
and within the geographical coordinates (33°, 22, 149 N, 43, 47,
182 E). In the method of work, 5 equal paths of length 50 m, the
distance between one path and another was 5 m, and direction E-W
were chosen, and two transverse paths with N-S direction were
measured and this was expressed in a 2D way, where the survey
was conducted using an antenna 250 MHz for these paths, and then
used antenna 500 MHz for the same paths (fig. 2.26).
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Fig. 2.26: Schematic diagram of fieldwork procedure in site one.

We also use on this site the grid survey, where | scanned an
area of (60m)? (6 * 10m) The distance between one path and
another was 1 m , this represents a 3D survey and also it was using
the 500 MHz antennas, in an attempt to get the best resolution

within this area.
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Fig. 2.27: grid survey within the site 1.
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e Site 2: This site is located within the northwest part of Fallujah
city and within the geographical coordinates (33", 21, 857 N, 43,
45, 696 E). The method of work here was similar to the first site,
where five parallel paths of length 40 m, the distance between one
path and another was 5 m, and in the direction of E-W were
selected (fig.2.28). Two transverse paths with N-S direction that
scanning using the same antennas was 250 MHz once and 500 MHz

in another time and this is like the 2D scanning.
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Fig.2.28: Schematic diagram of fieldwork procedure in site two.

e Site 3: This site is located within the south-western part of
Fallujah city and within the geographical coordinates (33", 20,
298N, 43°, 45, 955 E). The method of work was also similar to the
two previous sites for parallel paths, where five parallel paths were
selected, 50 m long, in an N-S direction, and two transverse paths in
the E-W direction, and the survey were conducted in them using
250 and 500 MHz antennas, this is like a 2D survey.
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Fig. 2.29: Schematic diagram of fieldwork procedure in site three.

e Site 4: This site is located within the south-eastern part of Fallujah
city and within the geographical coordinates (33", 20, 429N, 43,
47, 788 E). The method of work here was limited to equal paths,
where 5 equal paths of 40 m length were selected, and they were in
an E-W direction, and the distance between each path and another
was 5 meters. The work also included identifying two transverse
paths, which were in the direction of N-S, and the survey was

conducted in all these paths with antennas 250 MHz once and 500

MHz again.
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Fig.2.30: Schematic diagram of fieldwork procedure in site four.
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e Site 5: This site is located in the centre of Fallujah city and within
the geographical coordinates (33, 20, 528 N, 43", 47, 216 E). The
work here was in the same way as the work in Site 4 where the
method of work here was limited to equal paths, where 5 equal
paths of 40 m length were selected, and they were in an N-S

direction, and the distance between each path and another was 5m.
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Fig.2.31: Schematic diagram of fieldwork procedure in site five.

The work also included identifying two transverse paths, which were
in the direction of E-W, and the survey was conducted in all these paths

with antennas 250 MHz once and 500 MHz again.
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Chapter Three GPR Data Processing and Interpretation

3.1 preface:

This chapter describes the details of the dedicated GPR software
package ReflexW™, used to pre-process GPR data analyzed in this
project. It gives details of the processing steps available in the software to
improve the raw data quality before further processing and techniques
developed in this work are applied. This chapter it also presents description
and presentation of the processed GPR data, and clarification of the
reflections and anomalies found in these profiles (the objective of the

study).

3.2 GPR data processing:

Processing GPR data using computers are commonly used now a days,
due to the inexpensive access to computer facilities. The processing
procedure consists of a sum of operations applied to the raw data to
enhance the signal-to-noise ratio (SNR) and produce a more realistic
image of the ground. GPR provides a quick and easy way to image the
first few meters of the subsurface with a relatively good resolution in
determining shallow void characteristics where individual anomalies are
not distinguishable by the other non-destructive geophysical methods,
(Haramy et al.,2006). The raw data, acquired in this, study are represented
in, 2D sections (radar grams). The GPR raw data shows, the quality of the
profiles which come directly. from the field without, any processing.
(Figure 3 .1) shows raw data of GPR profile (1).
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Figure 3.1: Raw data of GPR profile (1), before processing.

3.2.1 Data Editing:

In any processing sequence data editing is often the most time
consuming since the files usually need sorting and rearranging as the first
step in the post-collection. Effective maintenance of the data from the start
is vital for good-quality interpretation, particularly with the large volumes
of data (Group, 2006). Data editing is the first procedure applied to, the
measured raw data. The editing includes re-organization and saving, the
data. The survey information is registered. The results of data editing are

essential before further, the processing is made.
3.2.2 ReflexW software program:

In this work, the collected GPR data was imported and processed using
ReflexW™  which is an independent package software that can import a
range of different data types. It has been developed by K. J. Sandmeier for
the processing and interpretation of reflection and transmission data
specifically in GPR application, and reflection, and refraction of seismic

and ultrasound data (Sandmeier, 2009).
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3.2.3 Basic Processing:

The basic processing, steps are usually applied, to the raw data, (often
automatically) and, introduce minimal operator bias, into the data without,
the need for additional, subsurface information typically in the form of
trace editing; filtering, or data correction, (Harry, 2009). These steps can be

used with the majority of collection modes.

Raw data pl

Post collection

Data editing

v

Dewow filtering

v

Time-zer0 correction

v

Filtering

* Band-pas filtering
* Background removal

v

A4

Gain function

v

FK filtering

Fig. 3.2: GPR data processing flow using ReflexW.

Figure 3.2 describes the processing flow used for analyzing GPR data
using ReflexW. The basic descriptions of each step are:
After collecting the raw data basic processing is applied within the first
stage data editing to remove, and correction of bad/poor data, and sorting
of data files. Then the second stage is applying the de wow filtering to
correction of low frequency and DC bias in data. The third stage of basic
processing is applying the time zero-correction to correct of start time to
match with surface position. The fourth stage is applying the 1D and 2D
filtering to improve the signal-to-noise ratio and visual quality. The five
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stages are applying the gain function to the improvement of data display
and interpretation. Unwanted reflections from the borders of the
investigation medium are often characterized by a distinct slope that
corresponds to medium or air velocity. Those structures can be easily
removed using a multichannel filter. The most popular filter is the so-called

frequency, wavenumber (F-K) filter which works within the frequency

wavenumber range, This is the last stage of basic processing.

Fig.3.3: show the applying of the basic processing stage for the raw data
of antenna 250 MHz.

3.3 Result and Interpretation of GPR profiles:

GPR data interpretation is a difficult process that occasionally involves
subjectivity and other times is rather clear-cut. Depending on the type of
antenna, the penetration depth ranges from 3 to 6 m. After processing the
radargram data, it was discovered that an anomalous feature was present
throughout each survey site. Because of the shallower contact and greater
contrast between the loose and compacted soil layers, the first interface
becomes significantly more visible in all antenna profiles at 250 and 500
MHz.
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3.3.1 Antenna 250 MHz:
In the raw data of radargrams, the areas of weakness and anomalies do
not appear, but after processing by filters they appear as shown in (figure

3.4). This antenna was scanned at all five aforementioned survey sites.

Site one:
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Fig. 3.4: show radargram profile (1) of antenna 250 MHz for site one.

This profile shows many reflections As a result of the contrast between
the components of the soil. The profiles show topsoil strata, which indicate
fill materials, at a depth range of 0 to 2 m .along the profile, so containing a
reflection may be an object at a ranging depth of 1-1.5m. and show the
weakness zone at a depth of 2m, It is believed that this is a gap.

Also, we can notice, that distinct hyperbolic reflections may be noise
resulting from the impact of objects above the surface, such as profile 2
(fig. 3.5).
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Fig. 3.5: show profile (2) of antenna 250MHz for site one.

It is also believed that there were metal objects buried in shallow depths
that led to the doubling of electromagnetic waves and formed a state known
as a ringing starting from a depth of (0.5 to 6 m) as shown in profile 3 (fig.
3.6).
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Fig. 3.6: show profile (5) of antenna 250MHz for site one.
The grid survey in this site showed the density of weak areas or gaps
within this site (figure 3.7), which are due to the shallowness of the

groundwater and the burial operations during non-continuous periods.
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Fig. 3.7: Grid survey within site one.

On this site, there is a pool of water flowing through a well 10 meters
deep, which was dug for agricultural purposes more than ten years ago.
This is evidence of the abundance of shallow groundwater which has

caused the creation of weak areas ( figure, 3.8).
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Fig. 3.8: A pool of water flowing through a well 10 meters deep.

e Site two: The profiles of this site were processed using the
aforementioned filters and processing methods. This chapter will explain
part of them and the other part will be in the appendix.

(Fig. 3.9) shows the Weaknesses zone at shallow depths at two profiles
which are expected to form gaps and indicate the presence of loosening in

the soil to a depth of two meters.
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Fig. 3.9: (A) show profile (8) and (B) show profile (9) of antenna 250 for

site two.
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(Fig. 3.10) is noted in this profile as a group of clear reflections resulting
from filling the materials in the upper part of it and clearly shows the high

saturation range of the soil.
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Fig. 3.10: profile (12) of antenna 250 MHz for site two.
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Fig. 3.11: profile (14) transverse path of antenna 250MHz for site two.
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Site three: A number of the profiles of this site have been processed as

follows:

(Fig. 3.12) shows that many distinctive reflections in the yellow circle
indicate the presence of anomaly that may be the result of buried body,

and other reflections show the areas of weakness in this soil.
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Fig. 3.12: (A)show profile (15) and (B) profile (16) of antenna 250MHz for

site Three.
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fig. 3.13: profile (17) of antenna 250MHz for site Three.
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e Site four: The figures (3.14; 3.15; 3.16) show the locations of soil
saturated zones, which represent areas of weakness that may have an

impact on the foundations of construction in the city.

TR pa)

e
Il s 0 o Lun saod w L0

Fig.3.14: profile (23) of antenna 250MHz for site four.

In this figure, a lot of distinctive reflections appear, marked against
each of them in a circle. The first, marked in dark red, represents a weak
area in the soil, which is formed as a result of loosening in the soil, and the
second marked in red is a ringing (type of noise), in addition to the area
marked in yellow color, which It may be caused by the presence of an

object buried at this depth.
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Fig. 3.15: profile (25) of antenna 250MHz for site four.
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Fig. 3.16: profile (26) of antenna 250MHz for site four.
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Fig. 3.17: profile (28) transverse path of antenna 250MHz for site four.

o Site five: The figures (3.18; 3.19; 3.20) show the locations of the areas of
fill material zones, which represent areas of weakness that may have an
impact on the foundation. In addition to the presence of buried objects in

this location that had a strong reflection of electromagnetic waves.
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Fig. 3.18: profile (29) of antenna 250MHz for site five.
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Fig. 3.19: profile (31) of antenna 250MHz for site five.
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Fig.3.20 : profile (32) of antenna 250MHz for site five.
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Fig.3.21: profile (35) transverse path of antenna 250MHz for site five.

3.3.2 Antenna 500 MHz:

Use this antenna to get a high reflection accuracy of buried objects and
areas of weakness that were pre-diagnosed with the 250MHz antenna. The
penetration rate of this shield was from 1 to 3 m, and it showed the
presence of many anomalies close to the surface, which will be clarified
through the following profiles of the five survey sites distributed over the

study area, the profiles number of this survey start from profile 36.

e Site one: The image appears below the surface more clearly, but at
shallow depths. Figures (3.22; 3.23) highlight the range of areas filled
with transported materials and deposited by groundwater or burial during
the reconstruction of the city by a man during the time since the

establishment of the city. In addition to saturated soil.
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(8)

Fig.3.22: (A) show profile (36) and (B) show profile (37) of antenna 500 MHz

for site one.
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Fig.3.23: profile (38) of antenna 500 MHz for site one.
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Fig.3.24: profile (41) transverse path of antenna 500 MHz for site one.
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Site two: figures (3.25, and 3.26) show many distinct weak areas in
the upper part of the profiles marked in yellow, which may be caused
by the presence of gaps or confusion of bodies buried in the soil. In
addition to the presence of a clear anomaly that may be caused by a
buried metal object that multiplied the electromagnetic waves forming
the condition, which is known as the ringing and is visible in both
profiles. As well as the presence of zones of soil saturation in which the

reflections are almost non-existent.
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Fig. 3.25: (A) profile (43) and (B) profile (44) of antenna 500MHz for
site two .
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Fig. 3.26: profile (47) of antenna 500 MHz for site two.
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e Site three: We notice in (figures 3.27, and 3.28) that the anomalies
appear more clearly than they were in the 250MHz antenna, due to the
high accuracy of this 500MHz antenna resulting from the short
wavelength. Where it appears in profile 50 there are two objects
(unknown body) indicated by yellow circles, they may be caused by the
presence of bodies buried at these depths of 1m, in addition to many areas
of weakness shown in this profile and indicated by red arrows. The
bottom part of this profile shows saturated soil in which the reflections are
not clear or non-existent. Profile 51 shows objects similar to the previous
profile 50, and it is expected that they are caused by objects that were
buried in the soil and at these depths, as well as the obvious weaknesses in
this profile, which may be caused by the presence of gaps and areas of

loosening in the soil.
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Fig. 3.27: (A) profile (50) and (B) profile (51) of antenna 500Mhz for site
three.
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Fig. 3.28: Profile (52) of antenna 500 MHz for site three.

e Site four: Figures (3.29; 3.30) show a different group of anomalies
represented by areas of saturated soil and areas filled with materials in
addition to buried bodies. It is possible to refer here to the clarity in the

picture compared to the 250 Hz antenna.
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Fig. 3.29: Profile (57) of antenna 500 MHz for site four.

71



Chapter Three GPR Data Processing and Interpretation

CTANCE VI
»

(s 0o sl a3l w4030
[
Lol i S w by,

. ESoure of e on SRS

(A) | (B)

vk wiav0

Fig. 3.30: (A) profile (58) and (B) profile (60) of antenna 500 MHz for site

four.

e Site five: In the two sites from the figures (3.31 — 3.32), the GPR profiles
show distinctive high amplitude reflections that may represent weak zone,
ringing (type of noise), and clear reflections that represent the filled
materials. These reflections are concentrated in the upper part of the
profiles. There are no reflections in the lower part of the profiles, the
reason for this is due to the shallowness of the groundwater, which leads

to saturation of the soil and thus attenuates the radar waves.
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Fig. 3.31: (A) profile (64) and (B) profile (65) of antenna 500 MHz for

site five.
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Fig.3.33: profile (70) transverse path of antenna 500MHz for site five.

The reflection appears in this transverse profile of this 500 MHz antenna

more clearly than in the opposite profile 35 in the 250 MHz antenna, where

the reflection source appears here surrounded by the red circle that it may

be the result of an object buried at this depth.
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3. 4 Discussion:
By interpreting the radar data, it becomes clear that the weakness zone

Is at a depth of 1 to 3 m (Fig. 3.4, Fig. 3.12, Fig 3.21). This corresponds to
the excavated section near the first site (Fig. 3.34).

The geological section in the study area near site three consisted of the
following layers of different nature and various thicknesses described
below:

« Medium strengthen too stiff with depth, having brownish visions in
colors, (Sandy)_ lean to fat Silty Clay with shiny crystals of soluble
salts and black spots of organic matter/plants roots close to surface
together with rusty (yellowish) traces of iron oxide compounds,
overlying;

« Loose to medium dense strengthens with depth to dense and very
dense, having grayish, greenish, and brownish appearances in colors,
fine to medium-grained (Clayey) Silty Sand with rusty (yellowish)
traces of iron oxide compounds and shiny crystals of silica minerals
together with some fine-grained Gravel, intervened by a layer of very
stiff (Sandy) fat Silty Clay having brownish visions in colors. In Figure
(1.3), one of the well drilling records was taken to a depth of 20 m,

which is the closest described to the first site in the study area.
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Fig. 3.34: Soil sections of site three.
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Chapter four Conclusion and Recommendations

4.1 Conclusion:
The conclusions of this study can be briefed as follows:

1. It has been demonstrated that GPR is a very easy-to-use technique for
identifying buried bodies, weak zones, and soil subsidence.

2. Some obstacles related to the ground conditions can be overcome by
utilizing some filters resulting in high resolutions after such processing.

3. The majority of radar grams' raw data does not initially show the
presence of subsurface substances or structures. However, once the data
had been processed and the proper filter and other interpretation tool
parameters had been applied, many of the analysed subsurface structures
became visible, demonstrating the excellent resolving power of the

method.
4. In the wet condition, the depth of penetration, by GPR decreases

reflecting the more clear appearance of the buried bodies near the surface
than the deeper bodies.

5. The degree of clarity of subsurface bodies is dependent less on the higher
dielectric constant of the bodies themselves and more on the dielectric
contrast between the bodies and the host medium as well as the size of
the body in relation to the buried object bodies that were visible in the
same radar gram.

6. Through the present study, it was found that the effect of groundwater
close to the surface leads to the formation of weak zones.

7. Radar technology has been effective in detecting and identifying clear
collapse areas that are a reference to the weakness zone due to multiple
stages of construction and at different time stages and a depth of about 6
m, in addition to the burial stages at interval times.

8. The results of this investigation show that the best detecting depths for
250 MHz and 500 MHz antennas are, respectively, 2 m and 4 m. In
addition, the shallow groundwater is the main reason for the rapid

attenuation of radar pulses.
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4.2 Recommendations:

We recommend conducting a direct engineering geological
study of the weak areas affecting the foundations of buildings in
the city of Fallujah using the results of this study.

Using another geophysical method such as resistivity imaging
survey and magnetic method to get more depth, support and

comparison the results which is obtained within our study.
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Appendix 1: profiles of antenna 250 MHz.
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Appendix 2: profiles of antenna 500 MHz.
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