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ABSTRACT

The use of Ground Penetrating Radar (GPR) has increased enormously over the past 25
years. One application for GPR that has gained popularity is the detection and location
of underground utilities and subterranean features in the first few metres below the

ground surface.

GPR typically uses frequencies in the range 30MHz to 1GHz. Signals are transmitted
into the ground and radiate out in all directions in most solid materials. A fraction of the
signal is reflected back by planar, point or linear features. The receiving antenna in the
GPR collects the reflected signals. Current practice is to establish an X Y grid and
perform a series of scans along each axis. The scans are then compiled into a 3D model.

One of the limiting factors with GPR is in the interpretation of the outputs.

The accuracy of the 3D model relies on the positional accuracy of the GPR scan paths,
the number of scans, and the frequency used. This project examines the benefits of
scanning at extra angles in addition to the traditional X and Y directions. Specifically X
+45°and Y + 45° scans are investigated.

A test site containing various objects has been prepared. The location of all the target
objects has been surveyed, prior to burying the objects. The test site was scanned using a
variety of scanning patterns. 3D models were produced from different combinations of
the GPR scans. The derived position of the objects from the different 3D models is
compared against the surveyed positions.

An error analysis on a selected target in the test pit has provided comparison of a number
of methods of compiling the 3D model. The additional 45° scans when quantitatively

analysed have improved vertical accuracy, but horizontal accuracy is decreased.
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Abbreviations and Ter minology

The following abbreviations and terms have been used throughout the text

AHD71 The level datum adopted throughout mainland
Australian

Brownfield site A site with existing infrastructure and often many
congtraints

Dielectric A property of a material where electrical effects are

conveyed other by conduction

EM Electro Magnetic

EMF Electromotive force

EMI Electro magnetic induction

GPR Ground penetrating radar, any type of radar use to

investigate solid structures or subsurface features

Greenfield site A site with no existing infrastructure, totally clear

of human made buildings, or structures

MGA94 Map Grid of Australia 1994, the adopted standard
grid datum for surveysin Australia

Permittivity The ratio of electric displacement to electric field

strength in a dielectric medium

RADAR acronym of Radio Detection and Ranging, using
electro magnetic signals to detect distance and

sometimes direction to atarget.

RTA Roads and Traffic Authority, the state roads
authority in the state of New South Wales.
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Utility

uwB

Any of the services that modern society uses such
as electricity, gas, communications, water, sewer.

Utilities are often buried underground in urban

areas.,

Ultra wide band frequency range 1MHz to 1GHz
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Chapter 1: Introduction

1 Introduction

The first few metres beneath the Earth’s surface are the interface between the world that
humans inhabit and the underlying structure of the planet. This interface areais rich in
living organisms and geological structures. This area also contains objects created or
deposited by plants, animals and humans. Investigating the location and structure of
subsurface features helps society better understand the environment. From deciding
where to safely build a bridge, to unravelling how ancient civilizations lived,

investigating the subsurface area has almost limitless applications.

One tool that can be used to investigate the near subsurface zone is Ground Penetrating
Radar (GPR). This form of radar provides a non invasive and non destructive method of
investigation. With frequencies chosen to penetrate most solid objects, an image can be
generated by analysis of the reflected signals. With origins in the 1960's GPR has
developed into a mature technology that can be used been used to help map and survey

avariety of subsurface features.

GPR does not provide a direct image representation of hidden objects, as x-ray or
computer aided tomography does. Instead differences are detected in the return signal,
resulting in variations in a composite image. Many features have typical ‘signatures
that can be picked out by a trained operator. An image can be analysed by correlating
known subsurface features with areas of the GPR image. For some features varying the
path of the GPR over the target will result in different images. Therefore individual
GPR scans can be used to make decisions about the position and likely makeup of the

subsurface environment.

When multiple GPR scans are combined, and the spatial relationship is preserved,
common features can be aligned to build a 3D model. Some signatures that GPR picks
up can be very subtle and may not be easy to interpret with a single scan. By getting a
number of scans, subtle signatures can be combined and by the use of filtering an
otherwise undetectable feature can be highlighted. Depending of the types of subsurface
structures and ground conditions being analysed, the composite 3D model allows a

more detailed interpretation.
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Chapter 1: Introduction

There are several scenarios where the extra investment in time and effort to produce
accurate 3D position for underground structures is justified. These include investigation
into underground utilities for planning purposes (feasibility and design options), and
maintaining a safe work environment on construction projects. Other situations arise
where there is a limited time window to access a site. In these cases a systematic data
collection procedure can be developed to capture as much raw data as possible. Post-

processing the data offsite is then an option that allows detailed analysis.

1.1 Project Background

The detection and location of underground utilities has become a significant cost for
construction projects in areas with existing infrastructure. This is particularly true of
urban environments where competition for space is fierce. In brown field sites, it is
estimated that the cost of locating, planning around and relocating utilities can be 10%
or more of the project budget. Research by the Federal Highway Administration
(FHWA) in the USA has found a cost benefit of $4.62 for every dollar spent on up front
investigation (Lew et a 2000).

In addition to the cost implications there are serious safety risks present to construction
workers, plus the consequential costs and inconvenience in disruption of services for
extended periods. A series of power cuts to the CBD of Sydney in March and April
2009 were linked to damage to underground power cables (Sydney Morning Herald
2009).

The ability to determine what is underground via non destructive techniques is a
necessary tool in modern society. There are a number of methods that can be used to
achieve non invasive detection. These include: x-ray, ultrasound, magnetic detection,
cable tracing (an induced electrical signal), acougtic monitoring, and analysis of

chemical deposits.

GPR is a perfect tool in terms of leaving the site 'untouched'. Other than low energy
EMF being introduced for a short time, there is no physical disturbance of the material
being examined. GPR can be used as a stand alone tool to determine the location of

ENG4112 Using GPR.doc 2



Chapter 1: Introduction

underground features. This is done by using GPR to produce cross sections at various
locations on a site. These results can be marked up on the site, and if required surveyed
via traditional methods. This would always be done with reference to surface features

such as access lids, and utility owner plans.

One major application of GPR is the detection of underground utilities such as water,
sawer, gas, electricity, and communications. This application of GPR will provide the
focus in this dissertation when relating theory to the real world. There are many
alternate methods that can be used to detect the presence of these services. GPR has
advantages in the following areas; detection of non-conducting materials (eg: PVC,
nylon, fibre optic cables), detection of isolated utilities (eg: concrete encased) and
detection of abandoned buried infrastructure.

1.1.1 Current Techniques

GPR can be used to interactively determine where a difference in the sub surface
material exists. When combined with other methods such as alternate field methods (eg:
cable tracing), site intelligence, utility owner plans, council and other plans, GPR can
provide answers where other methods fail to get aresult. This method requires a degree
of decision making in the field. The immediate results from GPR provide an image that

requires interpretation.

In some cases buried utilities exist in locations with limited access (eg: rail lines, major
roads, freeways and motorways). In these cases closing the rail line or road off to public
traffic is the only safe way to perform field work. Because of the disruption, the time
window to perform the fieldwork is limited. In these situations it can make sense to
gather information and build a 3D model that can be analysed a later time.

The task of safely digging up a section of road, or other infrastructure is not aways
straight forward. In addition planning decisions rely on accurate information on the
location of existing sub surface infrastructure is. The ability to accurately place a cost
on the construction phase of a project relies on the accuracy of the planning

information.
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Chapter 1: Introduction

Locating the utilities accurately via non destructive methods is a costly exercise. It is
not always possible to excavate into road surfaces as the cost of restoration work can
become very expensive. Delays during the construction phase that require redesign and
or rework of a project will lead to significant cost blowouts to the original budget.

Therefore location of existing utilities up front during the planning phase is preferred.

1.1.2 How GPR 3D Models Compliment Existing Methods

There are many techniques used to detect and locate buried objects. All methods have
particular strengths and weaknesses. GPR 3D models provide additional benefits such
as a systematic field method that records GPR scans and position. The raw data can be
traced back to a location in subsequent analysis. This also provides a good quality

record in any subsequent dispute that may arise from damage to underground assets.

Often underground services are concrete encased to provide support and a layer of
protection. Methods such as non-destructive digging (NDD) do not (for very good
reasons) expose services in these situations. However when excavation takes place at a
future date, how do workers know that an underground service is embedded in the
concrete? GPR can produce images that penetrate concrete and allow verification of a

service' s position.

Traditional trenching methods often use sand as fill close to the service to provide a
stable environment, and marker tape or bricks. Both of the above methods provide few
clues, on the surface, that the underground service exists. GPR can help fill the void in

some of these situations.
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Chapter 1: Introduction

1.2 TheProblem

The underlying problem is the difficult task of locating buried utilities. Using GPR to
locate buried utilities provides a complementary tool to other established methods. The
interactive use of GPR is a highly interpretive task. The images that GPR presents do
not provide a direct image of the subsurface. The image is distorted, mainly due to the
fact that the GPR signal transmitted into the ground cannot be focused in a controlled

direction, and the ground material characteristics can be highly variable.

Some of the short comings of 3D models include the lack of detail when conditions are
not favourable for GPR. This can happen when the material being scanned is of a high

conductivity or the area is cluttered with many objects.

When building a 3D model using GPR the follow general approach is followed. The
target area is defined and an orthogonal grid is laid out. GPR scans are performed along
each axis of the grid. The position of each of the scans is carefully recorded so that the
scans can be combined into the 3D model. The 3D model provides an image of the

target area, and can help to show the relationship of subsurface structures.

The problem is in interpretation of the 3D model in areas that are not favourable to
GPR. Areas of clutter where unwanted reflections interfere with the desired targets are
very hard to interpret with GPR. This project seeks to examine if additional scans can

improve these situations.

1.3 Project Objectives

This dissertation aims to explore the limits of operation when using GPR to generate 3D
models. The main project objective is to determine if performing additional GPR scans
at angles in addition to XY grid scans at 90° can produce better quality 3D models of

the subject area.
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Chapter 1: Introduction

The areas to be examined are:

* Resolution of scans, what is the minimum scanning density required to achieve
maximum resolution

* Collect and analyse test data aimed at giving the quantitative benefits when
collecting XY scans at 90° plus extra scans at 45°.

» Develop guidelines that can be used to establish if a 3D model can be generated
successfully given that not all situations allow easy generation of 3D models.

1.4 Conclusions: Chapter 1

GPR is one of many tools to locate features beneath a solid surface. Modern society
requires solutions to non-destructively examine buried or inaccessible objects. One
major area of concern is the location of buried utilities (eg: water, electricity, gas,
communication). There are many other applications where GPR can be used as part of
the solution. Current methods can produce a 3D model from GPR scans. This project
aims to determine if there is any improvement to 3D models if additional scans at 45°

are used to generate a 3D model.
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Chapter 2: Literature Review

2 Literature Review

In this chapter a summary of the literature relating to the background, history and
development of GPR will be presented. Following this some of the applications GPR is
used for is presented. Finally, research that directly relates to the topic of this

dissertation is explored.

2.1 History and Development

2.1.1 WhatisGPR

GPR is a class of radar that is designed to penetrate solid or visually opaque objects
(including the region near the surface of the Earth). The specific category that GPR falls
into is ultrawide band (UWB) radar operating in the frequency range 1IMHz to 1GHz.

Conventional, navigational, radar usually has a range of tens or hundreds of kilometres,
whereas GPR has a range typically limited to tens of metres. GPR’s limited range is due
to the attenuation characteristics of the material and varies with frequency (Manacorda
2006).

GPR is generally moved along the surface of the material, where conventional radar is
fixed (where the radar is mounted on a mobile platform eg: plane or ship, the radar is
fixed relative to the platform). The signals reflected from various objects give an
indication of the depth, and shape of the object. For example figure 2-1 shows the
acquisition phase, an image that shows how the received signals are processed, and the
resulting 2D image ie: radar-gram (or radar map).
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Chapter 2: Literature Review
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Figure 2-1: How atarget isseen by GPR

(Manacorda 2006)

The resolution of GPR is of the order of centimetres, where conventional radar is of the
order of metres to tens of metres. The main factor driving resolution is frequency
(Manacorda 2006).

2.1.2 Principals of GPR

GPR comes with a complex set of variables and constraints. This section aims to
explore the literature in terms of GPR as a system and the associated properties of the
possible materials to be scanned with GPR.

At the simple end of explanation is the concept of the propagation of electro magnetic
(EM) waves and the way such waves respond to changes in the in the electro magnetic
properties of the shallow subsurface. GPR generates a source signal, usually as a very
short pulse, and transmits the signal into the ground. The GPR receiver detects changes
in the electro magnetic properties by recording the return signals and displaying the

intensity of the return signal relative to time.

Maxwell’s equations are the foundation for the consideration of the propagation of

electro magnetic waves (Daniels 2004, p75). These equations quantitatively describe the
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Chapter 2: Literature Review

behaviour of EM wave propagation and material electro magnetic properties (Baker G,
Jordan T, Pardy J 2007). Detailed exploration of these equations is beyond the scope of
this paper. However the important concepts that relate to GPR are the material
properties of relative permittivity (), magnetic permeability (i), and conductivity (o).
Typical values of relative permittivity (g) for common materials measured at 100 MHz

are given in table 2-1.

M aterial Attenuation, dB m™ | Relative
per mittivity
range (&

Air 0 1

Water 0.01 81

Asphalt dry 2-15 2-4

Asphalt wet 2-20 6-12

Clay dry 10-50 2-6

Clay wet 20-200 5-40

Concrete dry 2-12 4-10

Concrete wet 10-25 10-20

Sand dry 0.01-1 2-6

Sand wet 0.5-5 10-30

Table 2-1: Attenuation and relative diglectric of materialsat 100 MHz

(Adapted from table 4.3; Daniels 2004)
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Chapter 2: Literature Review

GPR uses frequencies in the range 1 Mhz to 1 GHz. In this range a lot of the materials
that make up the Earth’s surface can be thought of as a low pass filter (Daniels 2004,
pl31).

The main factorsthat influence the radar signal are:

* relative permittivity of the ground material - &

* magnetic permeability of the ground material - p

» conductivity of the ground material - o

» shape of point sourcesin the ground

» theinterface between two types of material, including multiple interfaces

» depthto thetarget or interface

Radar relies on the time of flight to calculate a distance to atarget reflection. Critical to
the understanding of radar grams is the influence of dielectric properties on the speed of
the radar signal. The attribute that influences speed of propagation is the relative
dielectric constant (g;). Velocity of the GPR signal can be calculated using equation 2-1.

Equation 2-1: Velocity through medium

(Danids 2004, p76)

Where v, is the velocity, c is the speed of light in a vacuum, and & is the relative
dielectric constant of the material. This relationship is important because the relative
dielectric constant varies widely with different materials (as presented in table 2-1), and
accurate interpretation of radar signals relies on the time taken from the transmission to

receiving the signal. Of course where the fill material is complex and consists of a
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number of different types of material, the dielectric constant varies. This results in a

variety of velocities and resulting wavelengths.

The wavelength affects the maximum possible resolution of the images. In a vacuum or
air the wavelength is virtually constant with frequency. However in other media, when
the velocity varies the wavelength also decreases. As previously mentioned the

properties of the medium will affect the velocity.

A=Ur
f

Equation 2-2; Wavelength

(Daniels 2004, p27)

Another important property that materials have is conductivity (o). This together with
relative permittivity, effects the attenuation of the radar signal through the material
(Daniels 2004, p21); also see table 2-1.

Grasmueck and Viggiano (2007) state, "For a heterogeneous subsurface, minimum grid
gpacing of GPR measurements has to be at least quarter wavelength or less in all
directions'. So for a radar frequency of 250 MHz in a material with a relative
permittivity of 4 (dry sand), the wavelength is calculated to be 0.6m. Therefore the grid
gpacing for total coverage at this frequency would be 0.15m. Grasmueck and Viggiano
go onto describe a technique for providing sub centre metre accuracy for GPR surveys

using two or more rotating laser transmitters.

An image is generated from the RADAR signal that is applied to the target area by a
transmitter, reflected by features in the ground, received and processed. Figure 2-2
shows the basic elements of a GPR. Modern GPR systems have a computer based
interface that allows display of the results graphically, typically as a B scan (two

dimensional), or a C scan (three dimensional).
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Figure 2-2: Block diagram of GPR

The most common form of output from a commercially available GPR system is a B-
Scan as can be seen in figure 2-3. This essentially provides a cross section of the area
that has been scanned. An A scan is the trace of a single pulse and is very rarely used,
while a C scan is a composite image of multiple B scans and is increasingly used as

positioning systems are integrated with GPR.
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Figure 2-3: Threetypes of GPR output

(Lester and Bernold 2007)

2.1.3 History of GPR

The first recorded recognition that signals could penetrate the ground is in a patent
lodged in Germany in 1904 (Huslsmeyer C. as cited in Leckebusch 2003). A second
patent in 1926 was lodged by Hulsenbeck. (Hulsenbeck as cited in Leckebusch 2003).
However the electronic components of the day were not fast enough to sample a trace
(Leckebusch 2003). The first description of their use for the location of buried objects
appeared in 1910 in another German patent by Leimbach and Lowy. Their technique
consisted of burying dipole antennas in an array of vertical boreholes, and comparing
the magnitude of signals received when successive pairs were used to transmit and
receive (Daniels 2004, p2). The initial images had to be manually generated based on
received signal strength.
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Pulsed techniques were developed in the 1930's (Daniels 2004, p3). GPR has been used
since the 1960's for geological applications (Reynolds 1997). These included
determination of the polar ice cap depth. United States Army used GPR during the
Vietnam War for seeking tunnels of the Viet Cong (Reynolds 1997). GPR was used on
the Apollo 17 mission (Olhoeft 2002) and there are planned applications for GPR on
future Mars missions (Pettinelli E et al 2007). In the Lunar experiments one advantage
GPR had over seismic methods was the use of non contact transducers. This benefit
meant the GPR could run with minimal human interaction, useful when time was short

for these missions.

GPR has been used to detect sub surface features since the 1960's. Current applications
of GPR are detailed in the section titled Applications of GPR. The use of GPR for

engineering applications has accelerated since the mid 1970's.

2.1.4 Typesof GPRin Use

The majority of GPR's are based on time domain impulse, or impulse radar (Daniels
2004, p35). This consists of transmission of a single sinusoidal pulse, and the
subsequent detection and processing of the magnitude of the return signal. The
advantage of this type of radar is the ease of manufacture. This type of GPR is the most
common type commercially available, and is similar in concept to AM radio (Daniels
2004, p185).

Frequency modulated continuous wave (FMCW), are generally used at higher
frequencies where it is hard to design an AM system (Daniels 2004, p211). In this type
of GPR the frequency is changed over a known range, a a known time interval. The
receiver compares the transmitted and received signal, and isolates phase changes due to
the reflected signal from the medium. FMCW GPR have the following advantages:

wider dynamic range, lower noise, and higher mean power.

Antennas are a major consideration when selecting the type of GPR to use. The biggest
factor is the method of scanning, ie: contact or non-contact. Contact, as it implies,
involves moving the antenna over the surface in constant contact with the ground. One

of the main considerations with antenna selection is the coupling between the antenna
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and the dielectric of the ground being scanned. Non-contact can be operated at a
distance above the ground and can be mounted on a vehicle such as a car or plane. In

addition the configuration of the antennas can be varied as listed below:

Common source: this involves placing several receiving antennas that pick up signals
from one source transmitting antenna. Common offset: the distance between the
transmitter and receiving antennas is constant. This is the most common configuration.
Common receiver: this involves placing several transmitting antennas that send signals
to one receiving antenna (Daniels 2004, p34). In addition to these configurations
specialised borehole GPR have been developed. Typically these have a common offset

configuration, with the transmitting and receiving antennas travelling through the
borehole.

The cheapest form of general purpose GPR is the hand pushed configuration, using a
common offset configuration. These typically have a laptop computer to store and

display radar grams.

2.2 Applications of GPR

There are many applications that use GPR. A small sample of the applicationsis listed
below:

» detection and monitoring of polluting substances

» detection of road pavement layers and depths

» detection of voids under roads, near building foundations

» detection of buried utilities eg: gas, electricity, water, sewer and
communications

» searching for and interpretation of archaeological remains

* mapping of geological features

» studying glaciological features including ice thickness, ice movement

» forensic science, location of burried targets (bodies and bullion)
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The follow sub sections briefly describe some of the applications of GPR. Reynolds
1997, lists atotal of 41 applications for GPR.

2.2.1 Subsurface Plume Detection

The spill of polluting substances heavier than water is one of the serious problems of
environmental engineering. GPR can be used to track such spills over time, and help in

the management of contaminated land (Daniels 2004).

2.2.2 Pavement Layer Analysis

A massive amount of research has been conducted on the use of GPR and pavement
analysis. Due to the non contact advantage, and advances in the speed to pick up GPR
scans, many solutions are emerging that allow a GPR to be towed behind a conventional
vehicle. For some applications this is being performed at typical highway speeds. This
application can be used for programmed maintenance, or quality testing. Highly

accurate measurement of thin pavement layersis still being developed (Daniels 2004).

2.2.3 Detection of Voids

Voids by definition are air or another material within a structure. Because the dielectric
properties of air differ from solid materials, GPR can be used to detect voids. This is

useful for ingpection and maintenance of structures.

2.2.4 Detection of Buried Utilities

Thisisthe biggest commercial application for GPR (Euro GPR 2009). “The goal hereis
to map all the buried utilities and structures to enable rapid installation of new plant
with the minimum of disruption” (Daniels 2004, p625). The two major limiting factors
in the use of GPR for utility detection are: 1) attenuation of some soil types, and 2)

density of utilities in certain cities.

2.2.5 Archaeological I nvestigation
GPR has been used for archaeological applications for over 40 years. It istypically used

as a first look technique, or to fill areas between excavation sites. The use of GPR to

detect burial grounds has been widespread. Firstly this method provides a non
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destructive approach for consecrated ground. Secondly burials are often accompanied

by important archaeological information (Reynolds 1997).

2.2.6 Geological Feature Analysis

GPR has been a valuable tool in the mapping of sedimentary sequences for geological
mapping. This can be conducted on ground or in freshwater sites. Geological faults can
be located when close to the surface (Reynolds 1997).

2.2.7 Forensic science

GPR has become a recognised method of forensic archaeology through some high
profile cases. In the UK the high profile case of Frederick West came into the worlds
headlines in 1994. After the discovery of West’ s daughter’s remains, a wider search was
organised. However due to the unsafe nature of the site, additional digging was ruled
out. ERA Technology located suspicious sites for further investigation using GPR
(Daniels 2004).

2.3 Relevant GPR Research

In this section, research that isrelevant to this dissertation is presented.

2.3.1 Research Using GPRin a Grid

Using a standard grid search is a proven technique for many aaplications. However the
required grid spacing is also a function of the size of target, orientation of target, and the

contrast between target and surrounding material.

Approximate relationships between types of targets are: for the size and orientation of
target a point scatter has an order of magnitude less received signal than a line reflector.
A line reflector has an order of magnitude less received signal than a planar reflector
(Daniels 2004, p18).

One study by Pomfret 2006, demonstrated that collecting scans in an X and Y

orientation produced better results than reliance on sections in one direction only. Two
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XY grids were sampled one at 50cm spacing, the other at 25cm spacing (Y direction
only). The results were compared against a single transect image. The conclusions
stated there was minimal improvement between the 50cm and 25cm pattern for the
increase in fieldwork effort. However the composite images for both X Y grids were
able to resolve thin linear features not apparent from single transect orientation. The
application that was the focus of this study was archaeological, the structures being
building sized or partial remains of buildings. These findings have relevance to the

focus of the research in this dissertation.

Another fundamental aspect of GPR that is highly relevant is, as the depth of the object

reflecting the signal increases, the horizontal accuracy decreases, see figure 2-4.
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Figure 2-4: Horizontal Resolution
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2.3.2 Signal Processing

Signal processing is an internal function of most GPR units. However some knowledge
of the types of signal processing can help to solve various problems. Because the GPR
receiving antenna is measuring the amplitude of the signal with respect to time, the GPR
must perform some form of signal processing to decode the signal and produce an
image. Zero scan offset refers to atime offset that represents the surface of the ground.
It is a time offset of the signal from the antenna to the first point of contact to the
ground. This setting is usually constant with hand pushed GPR units, but may need

adjustment if the antenna is raised for what ever reason.

DC drift refers to any offset in the A scan signal. If the mean value of the A scan is not
zero noise will be apparent in the resulting B scan image. Noise reduction removes
random noise from the A scans. Clutter reduction can be achieved by subtracting from
each A scan an averaged value of agroup of A scans or B scans over the area of interest
(Daniels 2004).

2.3.3 Image Processing

The raw B scan or C scan from GPR does not represent the geometric shape of the
target. Rather the raw scans display the reflection pattern. Migration is a process where
the raw data is mapped to more accurately represent the shape of the target. This process
has been developed and used by acoustic, seismic and geophysical engineering (Daniels
2004, p278).

Algorithms specifically developed for seismic applications rely on the antenna radiation
patterns and the relative orientations of the antenna and target reflectors, these have
been adapted for some uses in GPR (Streich 2007).

Various software packages are available to compile and manipulate GPR data. Many are
specific to a single manufacturer. Two packages that are able to import GPR data from

multiple GPR manufacturers are:
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1. ReflexW ™ by Sandmeier Scientifc Software 2007

2. GPR Slice™ by www.gpr-survey.com
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Figure 2-5: Image showing before and after migration

(www.gpr-survey.com 2009)

Migration is a form of filtering, image processing where scattered energy is more
accurately positioned. This enables a more ‘real’ image to be produced. However there
are some conditions that must be met before migration can be used. Firstly the
minimum horizontal distance that can be resolved is defined by the quarter wavelength
of the signal used. Secondly the path of the GPR scan must be accurately known
(Radzevicius 2008).
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2.3.3.1 Pattern Regognition

In their paper Liu et a 2008, propose a modified Hough Transform algorithm. They
have included GPR hyperbola detection as one of their applications. The basic
algorithm uses a weighting system to detect features. This is closely linked with

research not related to GPR imaging, such as computer vision.

2.3.4 GPR Simulation

Simulation allows efficient investigation of specific areas of the problem. In their paper
Wang and Oristaglio 2000, aim to simulate the behaviour of GPR in dispersive soils to
detect pipes. Modelling with simulation tools allows a vast number of permutations to

be trialled without the cost of conducting huge quantities of field work.

2.3.5 Analysis Methods
The simplest method to analyse the GPR data isto apply a line of best fit for each of the

targets within the 3D model, however due to the distortions due to the variation in

velocity, this approach is not always successful.

The following table 2-1, shows the theoretical vertical resolution at three separate

frequencies.
GPR Frequency | 120 MHz 500 MHz 900 MHz
Sail
Wavelength (cm) | 62.5 15 8
Resolution (cm) 15.6 3.75 2
Bedrock
Wavelength (cm) | 92 22 12
Resolution (cm) | 23 55 3

Table 2-2: Theoretical vertical resolution

(Reynolds 1997)
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2.3.6 Problems Encountered with GPR

Examination of the literature has one common problem with respect of GPR. Thisisthe
interpretation of the radar grams. Because GPR does not provide a direct representation

of the objects scanned, the images produced must be interpreted.

The other major problems are media where GPR does not work due to the dielectric
properties of the materials being scanned, and clutter where many unwanted objects of

varying materials serve to obscure the targets.

2.4 Conclusions: Chapter 2

It is very likely that many innovations will be combined by manufacturers into their
offerings as GPR matures. The broad area of non destructive testing has many
applications waiting for GPR to open up.

In terms of specific research that overlaps with this dissertation, there is strong evidence
from several cited papers that increasing the GPR scanning coverage of the subject area
will lead to more accurate information. However there is a point where the increased
sampling provides no additional benefit. This is related to the Nyquist sampling limit.
From the literature review above there is no information relating to the inclusion of
additional scans at angles other than 0° and 90°. The remainder of this dissertation
presents research and findings aimed at determining if additional scans at 45° and 135°
provide any additional benefit.
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3 Method

3.1 Introduction

This project aims to test different combinations of GPR scanning patterns and their
effectiveness when producing 3D models of the target area. In summary the experiment
will collect data for the same area using a variety of directional scans. Different
combinations of these scans will then be analysed and compared to a baseline
topographic survey using traditional survey methods. To help understand how different
combinations of scans affect the 3D model, an understanding of all the variables that go
into producing each dataset is critical. Some of the variables cannot be varied due to
practical limitations on the available equipment, for example only one type of GPR is

available with two fixed frequencies.

The fundamental issue being examined is the measured position of objects using GPR.
To determine how well this measurement task is being performed a baseline survey of
the target positions needs to be independently obtained. To be able to quantify any
errors, the independent measurements need to have an equal or better level of accuracy.
The simplest method to provide a good quality survey is to measure the position of the
targets using a total station. This could be done on a live site with real utilities, either
before they are covered for a new site, or investigated using non destructive digging on
an established site. Alternately a test pit could be prepared. As the test pit is carefully

filled, various objects can be placed and their position measured.

3.2 Experiment Design

For the prepared test site the targets need to be surveyed before being covered. Basic
scientific method is used to compare the derived positions against the baseline survey.
Another important factor when analysing measurement is repeatability. Obviously to be
used as a measuring device there must be consistency in the results. A tape measure that
stretches and provides different results over time should not be used for critical

measurements. This principal is expressed in the Surveying Regulations NSW 2006.

ENG4112 Using GPR.doc 23



Chapter 3: Method

The variables to be considered are: the type of material that the scans are performed on;
position and orientation of buried targets; surveyed position of targets to be used as a
base comparison; surveyed position of GPR scans; GPR frequencies used; profile
gpacing interval (ie: density of scans); and lastly the

Type of material being scanned, dielectric properties (ie: sand, clay).

Position and orientation of buried targets

Surveyed position of GPR scans.

GPR frequency used.

Profile spacing interval (ie: density of scans)

Analysis of datasets, how will they be analysed? Statistical analysis methods?
Lastly, the factor that is being tested ie: the scanning pattern XY, XY +45,

XY +45+135

N o g s~ w D P

3.2.1 Requirementsfor Test Site

The test site should have a variety of fill materials, also the test site should have a
variety of target materials to provide variation in the targets to detect. Both of these
attributes help to simulate real world conditions. The test site should also have a smooth

surface to alow trouble free use of the GPR equipment.

The RTA had already proposed to build atest pit to help with the testing of underground
location equipment and enhancement of locating skills. The above requirements were
added to the design of thistest pit.

3.2.2 Reference Coordinate System

Survey control needs to be established to provide a common frame of reference for al
measurements. The preferred coordinate system is MGA94, and level datum AHD71.
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3.2.3 GPR Scanning Patterns

The pattern that the GPR scans are performed in is central to this project. Figure 3-1
shows the two basic scanning patterns. The XY pattern at 90° is the traditional pattern
adopted for grid surveys. The 45° are scanned at the same time, but saved in a different
GPR project.

a) XY grid at 90° b) 45° scans

Figure 3-1: Proposed scanning patterns

A grid will be marked at the required scanning interval for the XY scans. To maintain a
common offset between scans a separate grid will need to be marked for the 45° scans.
This offset can be calculated from the Pythagoras relationship for a right angled
triangle.

To calculate the maximum density of the scans required to obtain maximum resolution,
the relative permittivity needs to be determined for the GPR frequency. As a guide at
700 Mhz for adielectric of 6, awavelength of 0.175m is calculated (using equations 2-1
and 2-2). Therefore the grid required to gain the maximum information is 0.044m. For
an area of 10m by 5m this would require 112 x 10m scans in the X direction, and 222 x
5m scans in the Y direction. The sum of all these XY scans is 2230m. The diagonal

scans would add to this by a factor of more than 1.

Trial scans were performed to see if there was any noticeable difference between scans

at the 0.045 interval. For alimited sample size conducted at random positions on the test
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site no difference was detected at this interval. To keep the fieldwork practical a
sampling interval of 0.3m was chosen for the XY grid offset. The 45° scan offset was
chosen at 0.6m which is a multiple of 0.3. It is intended to compare the XY data set de-
sampled to 0.6 with the 45° data set. These scanning offsets were primarily chosen for

simplicity and to keep the field work to a manageable level.

3.3 Summary

It is important that the GPR scans are performed at the same time. Moisture variation is
the most common issue when attempting to combine scans from different dates. As
highlighted in the literature review, water has a very high dielectric constant, so even a

small variation in moisture levels can greatly affect the GPR results.

The data sets will need to be tagged and all endpoints of GPR scans need to be surveyed
so they can be compared to the baseline survey.
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4 Resaults

In this chapter summarised results of the fieldwork are presented. The full set of result

datais presented in appendix B and appendix C.

4.1 Summary of Procedure

The underground baseline survey field work was conducted during August 2009 as the
test site was being constructed. The surface baseline survey and GPR scanning work
was performed on the 8" September 2009. The results from the fieldwork were collated
into three datasets; the baseline survey, the 90° GPR scans, and the 45° GPR scans.

The baseline survey is easily converted into XYZ coordinates by traditional survey
reduction techniques. In this project the software MX V8 XM™ was used. This
software performs two functions in this project. Firstly all total station radiations are
reduced to MGA94 and AHD71 datum. Secondly, MX is used as a CAD package to
prepare plans and cross sections. All survey control was referenced to three control

stations at the site, details of the survey control network are given in appendix C.

The GPR data was collected using the IDS Duo Onboard Software. Separate IDS
projects were setup for the 90° GPR scans, and the 45° GPR scans. These IDS projects
were analysed using a stand alone package GPR Slice™. Tables, graphs and statistical

summaries were prepared using M S Excel ™.

4.2 Selected Test Site

For this project atest pit was chosen over other sites for the following reasons. Firstly, a
test pit allows any measurement and careful covering to proceed without interruption
from the day to day pressures of areal construction project. Secondly, the test pit can be
constructed to have different characteristics (be it the fill material, or the targets).
Finally, the test pit concept became available due to the sponsors need to have a facility

to test equipment and enhance skills.
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Figure 4-1: Locality Map

The locality map in figure 4-1 shows the approximate location of the test site. The site
was built at the RTA St Marys Depot, on the outskirts of Sydney, Australia
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Figure 4-2: Test site during construction

Figure 4-2 shows the test pit during construction. The targets can be seen still partially
exposed. The targets are surveyed before carefully burying them. Targets from left to
right are: fibre optic cable (direct buried), 32mm nylon gas pipe, fibre optic cable (direct
buried), 50mm electrical conduit PV C, 100mm electrical conduits PV C (3 pipes), metal
pipe [WMO01], 100mm stormwater PV C.

The targets were held in place using sand bags, surveyed and then carefully covered, to
prevent movement of the target. Each target has at least 3 survey shots, and or each
change in direction or grade recorded. The top and centre of each target was chosen as

the reference point in the survey.
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Figure 4-3: Completed test pit

The completed test pit had a survey of the final ground surface. This survey captured the

slope of the site, plus ground features such as pits, edge of concrete, edge of bitumen.

4.3 Field Equipment

The list of major equipment as used in the gathering of the field datais as follows:

1. IDS Duo GPR. A photo of the GPR can be seen in figure 4-3. The radar can be
pushed forward or pulled backwards. In this project the GPR was always pushed

forward to provide consistency.
2. Leical1l103 Total Station and associated survey equipment

3. 30m measuring tape - steel (Futura FT-30S)
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Figure 4-4: 1DS Duo GPR as used

4.4 Detailed Description of Fieldwork

4.4.1 Baseline Survey

The baseline survey was performed using a Leica Total Station and associated ranging
pole, prisms etc. These survey points were reduced and plotted using the software MX
V8 XM. This process is a standard surveying process used for many trigonometric
surveys. Significant care was taken during this process as these readings formed the
ground truth values for later comparison. Multiple check shots to the survey reference
stations were made during this survey. However no redundant readings were taken of
the measurements, therefore an error for this portion of the field work cannot be

derived. A probable error of +/- 5mm has been adopted as this is considered a common

ENG4112 Using GPR.doc 31



Chapter 4: Results

industry standard for this type of survey work. Thistakes into account manually holding
the ranging pole, placing the ranging pole on the desired centreline of the feature to

survey.

4.4.2 GPR Scanning Procedure

The GPR scanning grid was maximised to fit the site. This measured 11.4m by 6.0m at
0.3m spacing for the XY grid. To keep the 45° scans at the same offset, a grid spacing at
0.85m was marked out. When swung 45° this gives a spacing between scans of 0.6m.

The end points of all grid lines were surveyed.

The GPR scans were all taken in the forward direction and recorded to the IDS project
file. The GPR unit was aligned with the edge of the grid. In total 99 scans were recorded
corresponding to the grid offsets as outlined about. A survey plan of the scans is
available in appendix C.

The counter wheel on the GPR unit was checked against atape measure. The results are

as follows:
Tape: 14.995m
GPR Wheel: 15.25m

This gives an error factor for the counter wheel of 1.7%

4.4.3 Processing of GPR Raw Data

GPR datafiles are imported into GPR Slice™ and can be given coordinates in a variety
of ways including grid coordinates, or GPS track coordinates. For this project the end

points of each GPR scan were assigned MGA coordinates from survey by total station.

Another aspect of this project is the learning curve required to use and fully understand
some of the specialist GPR software. The intended method was to produce 3D models
using GPR Slice™ and analyse the models against each other and the baseline survey.
However due to poor results in the quality of the 3D model using the time slice method,
an alternate method of deriving a 3D model was developed. The method developed
involved manually marking the position of the signature hyperbolas for the set of the
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GPR radar-grams. These marked positions can then be joined together for linear targets

thereby producing a 3D model in raw coordinates.

The common steps to import GPR datainto GPR Slice™ are as follows:
1. Import raw GPR files
2. Define spatial relationship (ie: end points and length of each scan)
3. Adjust the gain of the raw GPR data files to maximise signals at greater depths

4. Define the zero scan that represents the ground surface (ie: zero offset for

vertical direction)

5. Optionally, additional filtering maybe applied to help highlight the desired
features (eg: bandpass filtering)

4.4.4 GPR 3D Model Method 1 — Hyperbola Fit

This method uses a manual process to detect the hyperbola of interest for a particular
target. GPR Slice™ does have a feature that allows automatic detection of hyperbolas.
However the automatic detection function did not provide consistent results across all

radar grams.
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D:\Data\GPRSlice\SMxy03'bandpass\TZZ10007 .dt

Figure 4-5: Automatic Hyper bola Detection

Figure 4-5 shows the result of automatic hyperbola detection. In this example two
hyperbolas are marked, however athird hyperbola can be clearly seen just to the right of
the second marked hyperbola. Since this automatic detection function did not produce
consistent results, the hyperbolas were manually marked using the process as shown in

Figure 4-6.
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Figure 4-6: Hyperbola detection procedure

Figure 4-6 shows the process of adjusting the fit of the hyperbola. The step in figure 4-
6a) shows the dielectric value set too high, in figure 4-6b) the dielectric value set too
low, in figure 4-6¢) the dielectric value is set to match the target. In figure 4-6d) the
matched hyperbola has been marked and recorded (to alog file), this provides an offset
value and depth for the peak of the target in metres. The end points of the scan can be
used to derive the third coordinate required to define the point in 3D space.

The tables and graphs in appendix B from page B-2 to B14 are the formatted results for
this hyperbola fit method.
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4.4.5 GPR 3D Model Method 2 —Peak Point

The Peak Point method is a manual process of picking the peak of the hyperbola. The
dielectric of the medium has been defined before this process of marking the peak is

performed. The coordinates of the peak are stored in a log file and are easily retrieved
for later analysis.

Figure 4-7: Peak Point method, peak ismarked

Figure 4-7 shows one hyperbola that has been marked on the peak. This process is a
manual process where the mouse cursor is finely adjusted onto the peak. A click of the
mouse then marks the desired point. The horizontal scale is the distance as measured by
the GPR counter wheel, while the vertical scale is the depth as calculated via time of
flight. The vertical scale on the right is given in units of time, while the vertical scale on

the left is distance calculated from the time and adopted dielectric value for the fill
medium.

The tables and graphs in appendix B from page B-15 to B27 are the formatted results
for this peak point method.
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446 GPR 3D Model Method 3 - Time Slice

One of the major features of GPR Slice™ is the ability to interpolate between several
GPR scans and graphically analyse the GPR images in three dimensions. This was the
intended process to use for analysis in this project. However due to high reflectance
values not related to the desired targets (ie: clutter), this method did not produce
consistent results that could be used. Therefore the manual hyperbola marking
procedures were adopted.

In addition to the 5 common steps as defined in 4.4.2 Processing of Raw GPR Data, the
following steps are applied to produce a 3D time slice model. The time slice approach
aims to combine the vertical radar grams into a 3D model. The model is then sliced

horizontally to provide a plan representation of the subject area.

1. Thedlice-resample step dividesthe radar gramsinto time intervals

2. The second step in the slice-resample assigns aweighting in the horizontal plane
into the cells that represent an area at a given time depth

3. The gridding step performs interpolation horizontally between adjacent cells.
Several options exist to control the mathematical weighting between adjacent
cells

4. Gridding part 2, applies a filtering process eg: low pass or box car filter between
these cells

5. A final construction step builds pixel maps and a 3D model.

6. Optionally, filtering can be applied in many ways to these data sets and the
results displayed as a 3D model.
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zﬁcan:

a4

Faint line of pipe

540

545

Figure 4-8: 3D Time Sice Image

Figure 4-8 shows an image prepared using GPR Slice™. The faint outline of the metal
pipe (WMOQL1) can be seen. There are many points of high reflectance in the top left
corner of the image. The faint line of the pipe becomes lost in the points of high
reflectance. Thisis due to the common problem of clutter where many unwanted targets

of high reflectance are present in one area.
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5 Analysisand Discussion

5.1 Introduction

The detailed calculations were made for one target in the test site only. This target was
the metal pipe (WMOL1). This target was chosen as it had the most consistent signals in
the GPR radar grams. If time allowed other targets could be examined using the same
method, however as already mentioned considerable time was spent trying to produce a

solution via time slice images.

The major finding was that the vertical position as derived was improved when using
the 45° scans, while the horizontal position worsened. The results are provided in full in

appendix B.

5.2 Baseline Survey

The baseline survey is a traditional total station 3D survey. Checks to the control
stations were performed at regular intervals. As previously mentioned there is no
independent verification of the total station radiations, so a nominal error of +/- bmm is

to be adopted. Thisistypical for close radiations from atota station in good conditions.

5.3 Summary of GPR Results

The method of calculating the accuracy is to calculate the offset error to the baseline
survey. The standard error of these residuals is then calculated. Also aline of best fit is
calculated for the GPR readings both horizontal and vertical. The full results are
available in appendix B.
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5.3.1 XY Scansat 0.3 Offset

Horizontal
Error Vertical Error
Surv -  Surv - Surv - Surv -
T Line Z Line
Offset BF Offset BF

WMO1 XY GPR scans at 0.3 offset - hyperbola fit

Mean 0.042 0.040 -0.037 -0.037
Std

Error + 0.027 0.004 0.031 0.034
Max absolute error 0.112 0.043 0.026  0.059
WMO1 XY GPR scans at 0.3 offset - peak

point

Mean 0.024 0.020 -0.008 -0.014
Std

Error + 0.033 0.005 0.040 0.034
Max absolute error 0.072 0.025 0.115 0.082

Table5-1: XY Scansat 0.3 Offset

These scans have been done at the maximum scanning density at 0.3m between adjacent
scans in boththe X and Y directions. These results should provide the best results if the

scan density is the main factor affecting accuracy.

5.3.2 XY Scans at 0.6 Offset

Horizontal
Error Vertical Error
Surv -  Surv - Surv - Surv -
T Line Z Line
Offset BF Offset BF

WMO1 XY GPR scans at 0.6 offset - hyperbola fit

Mean 0.040 0.040 -0.035 -0.035
Std

Error + 0.026 0.004 0.029 0.037
Max absolute error 0.089 0.043 0.026  0.059
WMO1 XY GPR scans at 0.6 offset - peak

point

Mean 0.027 0.026 -0.006 -0.008
Std

Error + 0.030 0.005 0.043 0.036
Max absolute error 0.062 0.029 0.115 0.083

Table5-2: XY Scansat 0.6 Offset
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The XY scans at 0.6m offset are a de-sampled set of the 0.3m set of XY grid. This set

provides a direct comparison for the 45° scans.

5.3.3 All 45° Scans Combined

Horizontal
Error Vertical Error
Surv -  Surv - Surv -  Surv -
T Line Z Line
Offset BF Offset BF

WMO1 All 45° GPR scans at 0.6 offset - hyperbola fit

Mean 0.071 0.074 0.000 -0.001
Std

Error + 0.072 0.036 0.027 0.018
Max absolute error 0.224 0.129 0.060 0.047

WMO1 All 45° GPR scans at 0.6 offset - peak point

Mean 0.047 0.057 -0.011 -0.012
Std

Error + 0.064 0.016 0.033 0.015
Max absolute error 0.203 0.080 0.043 0.032

Table5-3: All 45° Scans at 0.6 Offset

The points to note about this set of data is difference for the horizontal and vertical
standard error when compared to the XY scans at 0.6 and even the XY scans at 0.3.
The horizontal standard error for the 45° scans is worse by about a factor of 2 (eg: 0.064
verses 0.030). However the vertical standard error for the 45° scans is better by about
30% (eg: 0.033 verses 0.043).

5.4 Sourcesof Error

The major sources of error are:
* thewheel counter error +1.7% for horizontal measurements

» horizontal error for GPR targets dependent on minimum horizontal resolution

(see figure 2-4). The horizontal error is also dependent on the manual hyperbola

peak marking process.
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» vertical error for GPR targets dependent on zero scan setting, manually set. Also
dependent on the manual hyperbola peak marking process.

» errorsintotal station radiations (typically +/- 5mm)

These sources of error are reflected in the summary statistics. Further work is required

to quantify these sources of error further.

5.5 Benefits of 45° Scans

The main benefit of performing 45° scans is to increase the vertical accuracy. However
this comes at a considerable processing overhead. The layout of a diagonal grid is more

time consuming than aregular orthogonal grid.

Reasons for this improved result are not immediately clear. It could possibly be dueto a
higher number of GPR scans hitting the target given the scan takes a longer path over
the target.

5.6 Problems Encountered in this Project

As previously mentioned the main problem encountered during this project was the lack
of result achieved using the time slice image technique. Considerable effort was put into
producing a result using this method. Some things to take away from this experience

are:

* The need to look at methods to filter out clutter from the radar grams, this will

enhance the results of time slice images

» Development of a procedure to determine when the time slice method is likely
to have trouble. This will save time in terms of trying to manipulate a noisy set
of data
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5.7 Benefits Delivered by this Resear ch Project

The main benefits delivered by the project are the knowledge that 45° scans give better
vertical accuracy. This can be implemented into survey work when locating utilities and

perhaps used as a random check to validate XY scans.
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6 Conclusons

6.1 Introduction

This project examined if using additional GPR scans at 45° improves the development
and accuracy of a 3D model. Traditional 3D models from GPR scans use orthogonal
scans (ie: X and Y scans at 90°). The 3D model was developed using two methods from
the same raw data. The first method, which was largely unsuccessful, involved using a
series of filtering and interpolation functions within the software GPR-Slice. The second
method involved the manual selection of hyperbola (again using GPR-Slice) that
matched linear targets in the test site. The coordinates of the selected hyperbola were
calculated and manually joined to provide a series of coordinates representing the linear
targetsin the test pit.

6.2 Conclusions

In summary the 45° scans do not increase the horizontal accuracy of a 3D model
produced by manually selecting hyperbolas. The standard error increases by a factor
about two. However the vertical accuracy is improved by about 30% over orthogonal
grids. This project has not investigated the reasons for the improvement in vertical

accuracy for 45° scans.

Extra 90° scans improve accuracy in terms of helping to define the line of best fit. This

issimply a function of increased number of samples statistically improving the result.

Z offset error is proportional to the depth, because depth is calculated by applying a
velocity correction factor, any error in this correction factor increases with depth, a

larger time of flight (ie: when the reflected signal travels further).

Z offset error is also dependent on the zero scan applied to the GPR data. Any error in
this calculation will be applied evenly to all depths. This zero offset error is impacted by
the dielectric of the material — higher velocities
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6.3 Further Research and Recommendations

During the duration of this project several areas for further research were identified. The

following detail a variety of research avenues that could be pursued.

The area of automatic hyperbola detection has been researched by others (Liu et al
2008), and partially implemented in the GPR Slice™ software. Enhancement of the
user interface to better control automatic detection of hyperbola is recommended to
increase productivity for this method. One method might be to train the hyperbola
detector by initially manually selecting a sample. The automatic engine could then

process the remaining selected scans, marking matches as it proceeded.

A checklist to determine if a GPR model is viable for a selected site would aid
productivity. If a site can be assessed in a timely manner then GPR resources can be
used at a higher efficiency. Issues such as clutter can prevent accurate location of
targets. If these issues are discovered early in the field work process, unnecessary effort

can be minimised.

Further processing of the time slices using a different sequence of filtering stepsin GPR
Slice™ may reveal a solution that reduces the influence of clutter. This may involve
sampling the area at the maximum density which at 700 Mhz for a dielectric of 7.4
gives a wavelength of 0.157m. Therefore the grid required to gain the maximum
information is 0.039m. However given the high incidence of clutter, work to filter
results to date and deal the clutter, are the recommended place to begin enhancement of
the time slice method.
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FOR: Christopher John ARNISON
TOPIC: GROUND PENETRATING RADAR (GPR): USING MULTIPLE PASS SCANS TO IMPROVE 3D

POSITIONAL RELIABILITY OF SUBTERRANEAN FEATURES,
SUPERVISORS: Dr Xiaoye Liu

Ray Gilmour, Manager Surveying Technology and Practice, R.T.A.
SPONSERSHIP: Roads and Traffic Authority (R.T.A.), NSW — Surveying Section
PROJECT AIM: To investigate how effective the use of multiple scans on an area of ground, using Ground

Penetrating Radar (GPR), are over single scans. Answer the question: can multiple GPR scans
be used to improve accuracy in the detection and location of subterranean features?

PROGRAMME: (Issue A 24™ March 2009)

1. Research available methods (literature review) for collecting and manipulating GPR scans. Focus on accuracy of
depths, pattern recognition for objects of interest, and limitations of GPR use. Objects of interest may include
underground utilities (water, gas, electricity, communications), structural materials (eg: concrete foundations or
storage tanks), or levels of pavement, sub-grade, bedrock and voids.

2. Select several test sites with the appropriate characteristics ie: suitable targets that can be validated. Trial ideal
conditions {dry sandy soil), and extreme conditions (heavy clay and or cluttered fill material).

3. Design and implement a set of GPR scans in a grid pattern. Develop a system of scanning at 0°, 45°, and 90° over
the test area. Survey the position of each scan so the scans can be cverlaid together retaining spatial integrity.

4. Analyse the experimental data collected, constructing a 3D composite raster model of each test area. Research and
apply various technigues to enhance the 3D models.

5. Submit an academic dissertation on the research. Make recommendations for further study.
As time permits:

6. Trial methodology on a “blind” site before validating the site via conventional potholing techniques.

7. Using currently available software, produce a 3D vector based model of the objects of interest for use in CADD
(Computer Aided D‘ésign and Drafting). Analyse accuracy of CADD model versus validated objects in the ground.
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Horizontal Error Vertical Error

Summary of Hyperbola Fit Errors 3 L 3 L

o) c o) e

— i N i

> > > >

> > > >

n n n 2]
WMO1 XY GPR scans at 0.3 offset - hyperbola fit
Mean 0.042  0.040 -0.037 -0.037
Std Error + 0.027  0.004 0.031 0.034
Max absolute error 0.112  0.043 0.026  0.059
WMO1 XY GPR scans at 0.6 offset - hyperbola fit
Mean 0.040 0.040 -0.035 -0.035
Std Error + 0.026  0.004 0.029  0.037
Max absolute error 0.089 0.043 0.026  0.059
WMO1 Transverse 45° GPR scans at 0.6 offset - hyperbola fit
Mean 0.076  0.081 -0.003 -0.005
Std Error + 0.077  0.037 0.023 0.016
Max absolute error 0.224  0.133 0.032 0.037
WMO1 Longitudinal 45° GPR scans at 0.6 offset - hyperbola fit
Mean 0.067  0.067 0.002 0.002
Std Error + 0.071  0.036 0.031 0.022
Max absolute error 0.157 0.123 0.060 0.060
WMO1 All 45° GPR scans at 0.6 offset - hyperbola fit
Mean 0.071 0.074 0.000 -0.001
Std Error + 0.072  0.036 0.027 0.018
Max absolute error 0.224  0.129 0.060  0.047
WMO1 All GPR scans combined - hyperbola fit
Mean 0.033 0.034 -0.009 -0.014
Std Error + 0.048 0.008 0.037  0.027
Max absolute error 0.203 0.044 0.115 0.075




WMO1 XY GPR scans at 0.3 offset - hyperbola fit

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A A S
— = O = — = O =
sl g & 2 v 3 5 & 2 9~ 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) [2) [2) N — [2) [2) [2)
1 0.0 1.92 1.90 1.94 0.02  0.042 0.75 0.72 0.78 0.03 0.06
2 0.3 1.88 1.89 1.93 0.05  0.041 0.74 0.72 0.76 0.02 0.04
3 0.6 1.88 1.89 1.93 0.05  0.042 0.74 0.71 0.74 0.00 0.03
4 0.9 1.87 1.88 1.92 0.05  0.042 0.76 0.71 0.73  -0.03 0.02
5 1.2 1.86 1.87 1.91 0.05  0.042 0.74 0.71 071  -0.03 0.00
6 15 1.84 1.86 1.91 0.06  0.042 0.76 0.71 0.70 -0.06 -0.01
7 1.8 1.85 1.86 1.90 0.05  0.042 0.72 0.70 0.68 -0.03 -0.02
8 2.1 1.84 1.85 1.89 0.05  0.042 0.69 0.70 0.68 -0.01  -0.03
9 2.4 1.86 1.84 1.88 0.02  0.042 0.69 0.70 0.67 -0.02 -0.03
10 27 1.82 1.83 1.88 0.06  0.043 0.66 0.70 0.66 0.01  -0.04
1 3.0 1.83 1.83 1.87 0.04 0.042 0.71 0.70 0.66 -0.05 -0.04
12 33 1.86 1.82 1.86 0.00  0.043 0.67 0.69 0.65 -0.02 -0.04
13 36 1.84 1.81 1.85 0.01  0.043 0.66 0.69 0.65 -0.01  -0.04
14 39 1.82 1.80 1.85 0.03  0.043 0.67 0.69 0.65 -0.03 -0.04
15 4.2 1.78 1.80 1.84 0.06  0.043 0.64 0.69 0.64 0.00 -0.05
16 45 1.72 1.79 1.83 0.11  0.043 0.63 0.68 0.64 0.00  -0.05
17 48 1.79 1.78 1.82 0.03  0.043 0.66 0.68 0.63 -0.03 -0.05
18 5.1 1.78 1.77 1.82 0.04 0.043 0.70 0.68 0.63 -0.07 -0.05
19 54 1.80 1.77 1.81 0.01  0.043 0.70 0.68 0.62 -0.07 -0.05
20 5.7 1.78 1.76 1.80 0.02  0.042 0.70 0.68 0.62 -0.07 -0.05
21 6.0 1.72 1.75 1.79 0.07 0.041 0.66 0.67 0.62 -0.04 -0.06
22 6.3 1.74 1.74 1.78 0.04  0.040 0.64 0.67 0.61 -0.03 -0.06
23 6.6 1.78 1.74 1.78 0.00  0.040 0.68 0.67 0.61 -0.07 -0.06
24 6.9 1.76 1.73 1.77 0.01  0.038 0.68 0.67 0.61 -0.07 -0.06
25 7.2 1.68 1.72 1.76 0.08  0.037 0.64 0.66 0.60 -0.04 -0.06
26 75 1.71 1.71 1.75 0.04 0.036 0.64 0.66 0.60 -0.04 -0.06
27 7.8 1.71 1.71 1.74 0.03  0.035 0.65 0.66 0.60 -0.06 -0.06
28 8.1 1.72 1.70 1.73 0.01  0.035 0.65 0.66 059 -0.06 -0.07
29 84 1.70 1.69 1.73 0.03  0.033 0.65 0.66 059 -0.07 -0.07
30 87 1.67 1.68 1.72 0.05  0.033 0.65 0.65 059 -0.07 -0.07
31 9.0 1.62 1.68 1.71 0.09 0.032 0.65 0.65 058 -0.07 -0.07
32 93 1.62 1.67 1.70 0.08  0.031 0.67 0.65 058 -0.09 -0.07
33 96 1.68 1.66 #H# #H# #H# 0.72 0.65 #H# #H# #H#
34 9.9 1.70 1.65 #H# #HH# #HH# 0.71 0.64 #HH# #HH# #HH#
Mean 0.042  0.040 -0.037 -0.037
Std Error * 0.027  0.004 0.031  0.034
Max absolute error 0.112 0.043 0.026 0.059

L Offset is longitudinal scan offset (approx East-W est)
T Offset is transverse scan offset (approx North-South)
* Surveyed points are interpolated between actual survey points for direct comparison
## Pipe not physically present at this L section (GPR giving false reading)
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WMO1 XY GPR scans at 0.3 offset - hyperbola fit
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Note: Surveyed depth is not constant as surface is not at constant grade (ie: change in grade at L = 1.8)
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WMO1 XY GPR scans at 0.6 offset - hyperbola fit

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A A S
— = O = — = O =
sl g & 2 v 3 5 & 2 9~ 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) [2) [2) N — [2) [2) [2)
1 0.0 1.92 1.90 1.94 0.02  0.042 0.75 0.72 0.78 0.03 0.06
2 0.6 1.88 1.89 1.93 0.05  0.042 0.74 0.71 0.74 0.00 0.03
3 1.2 1.86 1.87 1.91 0.05  0.042 0.74 0.71 071  -0.03 0.00
4 1.8 1.85 1.86 1.90 0.05  0.042 0.72 0.70 0.68 -0.03 -0.02
5 2.4 1.86 1.84 1.88 0.02  0.042 0.69 0.70 0.67 -0.02 -0.03
6 3.0 1.83 1.83 1.87 0.04 0.042 0.71 0.70 0.66 -0.05 -0.04
7 3.6 1.84 1.81 1.85 0.01  0.043 0.66 0.69 0.65 -0.01 -0.04
8 4.2 1.78 1.80 1.84 0.06  0.043 0.64 0.69 0.64 0.00 -0.05
9 4.8 1.79 1.78 1.82 0.03  0.043 0.66 0.68 0.63 -0.03 -0.05
10 54 1.80 1.77 1.81 0.01  0.043 0.70 0.68 0.62 -0.07 -0.05
1 6.0 1.72 1.75 1.79 0.07 0.041 0.66 0.67 0.62 -0.04 -0.06
12 6.6 1.78 1.74 1.78 0.00  0.040 0.68 0.67 0.61 -0.07 -0.06
13 72 1.68 1.72 1.76 0.08  0.037 0.64 0.66 0.60 -0.04 -0.06
14 78 1.71 1.71 1.74 0.03  0.035 0.65 0.66 0.60 -0.06 -0.06
15 84 1.70 1.69 1.73 0.03  0.033 0.65 0.66 059 -0.07 -0.07
16 9.0 1.62 1.68 1.71 0.09  0.032 0.65 0.65 058 -0.07 -0.07
17 96 1.68 1.66 #H# #H# #H# 0.72 0.65 #HH# #HH# #H#
Mean 0.040  0.040 -0.035 -0.035
Std Error * 0.026  0.004 0.029  0.037
Max absolute error 0.089 0.043 0.026 0.059

L Offset is longitudinal scan offset (approx East-W est)
T Offset is transverse scan offset (approx North-South)
* Surveyed points are interpolated between actual survey points for direct comparison
## Pipe not physically present at this L section (GPR giving false reading)
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WMO1 XY GPR scans at 0.6 offset - hyperbola fit
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Note: Surveyed depth is not constant as surface is not at constant grade (ie: change in grade at L = 1.8)
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WMOL1 Transverse 45° GPR scans at 0.6 offset - hyperbola fit

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A A S
— = O = — = O =
sl g & 2 v 3 5 & 2 9~ 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) [2) [2) N — [2) [2) [2)
1 0.849 1.697 1.79 1.92 0.22 0.13 0.701 0.70 0.733  0.032 0.04
2 1.680 1.718 1.78 1.90 0.18 0.12 0.674 0.69 0.696 0.022 0.01
3 2.404 1.853 1.77 1.88 0.03 0.11 0.687 0.68 0.669 -0.018 0.01
4 3.276 1.824 1.76 1.86 0.04 0.10 0.687 0.67 0.652 -0.035 -0.01
5 4.139 1.796 1.75 1.84 0.04 0.09 0.619 0.65 0.642 0.023 -0.01
6 4.999 1.803 1.74 1.82 0.01 0.08 0.646 0.64 0.631 -0.015 -0.01
7 5.986 1.669 1.73 1.79 0.12 0.06 0.646 0.63 0.618 -0.028 -0.01
8 6.800 1.697 1.72 1.77 0.07 0.05 0.619 0.62 0.608 -0.011 -0.01
9 7.649 1.697 1.71 1.75 0.05 0.04 0.591 0.61 0.597 0.006 -0.01
10 8.458 1.747 1.70 172  -0.02 0.02 0.591 0.60 0.587 -0.004 -0.01
11 9.411 1.633 1.69 #HH# #H# #H# 0.605 0.59 #HH #HH #H#
Mean 0.076  0.081 -0.003  -0.005
Std Error * 0.077  0.037 0.023  0.016
Max absolute error 0.224 0.133 0.032 0.037

L Offset is 90° longitudinal scan offset (approx East-W est)
T Offset is 90° transverse scan offset (approx North-South)

* Surveyed points are interpolated between actual survey points for direct comparison
## Pipe not physically present at this L section (GPR giving false reading)
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WMOL1 Transverse 45° GPR scans at 0.6 offset - hyperbola fit
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Note: Surveyed depth is not constant as surface is not at constant grade (ie: change in grade at L = 1.8)
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WMO1 Longitudinal 45° GPR scans at 0.6 offset - hyperbola fit

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A A S
— = O = — = O =
sl g & 2 v 3 5 & 2 9~ 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) [2) [2) N — [2) [2) [2)
1 0912 1.793 1.80 1.92 0.13 0.12 0.67 0.67 0.730 0.060 0.06
2 2573 1.725 1.77 1.88 0.16 0.11 0.643 0.65 0.661 0.018 0.01
3 3.493 1.789 1.76 1.86 0.07 0.09 0.643 0.65 0.650 0.007 0.00
4 4285 1.739 1.75 1.84 0.10 0.08 0.643 0.64 0.640 -0.003 0.00
5 5123 1.725 1.74 1.81 0.09 0.07 0.632 0.63 0.629 -0.003 0.00
6 6.018 1.761 1.73 1.79 0.03 0.06 0.669 0.62 0.618 -0.051 0.00
7 6.847 1.747 1.72 1.77 0.02 0.05 0.604 0.62 0.608 0.004 -0.01
8 7.766 1.831 1.71 1.74  -0.09 0.04 0.591 0.61 0.596 0.005 -0.01
9 8.485 1.683 1.70 1.72 0.04 0.03 0.564 0.60 0.587 0.023 -0.01
10 9.232 1.577 1.69 1.70 0.13 0.02 0.619 059 0.577 -0.042 -0.02

Mean
Std Error +
Max absolute error

0.067
0.071
0.157

0.067
0.036
0.123

0.002
0.022
0.060

L Offset is 90° longitudinal scan offset (approx East-W est)
T Offset is 90° transverse scan offset (approx North-South)

* Surveyed points are interpolated between actual survey points for direct comparison
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WMO1 Longitudinal 45° GPR scans at 0.6 offset - hyperbola fit
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Note: Surveyed depth is not constant as surface is not at constant grade (ie: change in grade at L = 1.8)
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WMOL1 All 45° GPR scans at 0.6 offset - hyperbola fit

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A A S
— = O = — = O =
sl g & 2 v 3 5 & 2 9~ 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) [2) [2) N — [2) [2) [2)
1 0.849 1.697 1.79 1.92 0.22 0.13 0.701 0.69 0.733 0.032 0.05
2 0912 1.793 1.79 1.92 0.13 0.13 0.67 0.68 0.730 0.060 0.05
3  1.680 1.718 1.78 1.90 0.18 0.12 0.674 0.68 0.696 0.022 0.02
4 2.404 1.853 1.77 1.88 0.03 0.11 0.687 0.67 0.669 -0.018 0.00
5 2573 1.725 1.77 1.88 0.16 0.11 0.643 0.67 0.661 0.018 0.00
6 3.276 1.824 1.76 1.86 0.04 0.10 0.687 0.66 0.652 -0.035 -0.01
7 3.493 1.789 1.76 1.86 0.07 0.10 0.643 0.66 0.650 0.007 -0.01
8 4.139 1.796 1.75 1.84 0.04 0.09 0.619 0.65 0.642 0.023 -0.01
9 4.285 1.739 1.75 1.84 0.10 0.09 0.643 0.65 0.640 -0.003 -0.01
10 4.999 1.803 1.74 1.82 0.01 0.08 0.646 0.64 0.631 -0.015 -0.01
11 5.123 1.725 1.74 1.81 0.09 0.07 0.632 0.64 0.629 -0.003 -0.01
12 5.986 1.669 1.73 1.79 0.12 0.06 0.646 0.63 0.618 -0.028 -0.01
13 6.018 1.761 1.73 1.79 0.03 0.06 0.669 0.63 0.618 -0.051  -0.01
14 6.800 1.697 1.72 1.77 0.07 0.05 0.619 0.62 0.608 -0.011 -0.01
15 6.847 1.747 1.72 1.77 0.02 0.05 0.604 0.62 0.608 0.004 -0.01
16 7.649 1.697 1.71 1.75 0.05 0.04 0.591 0.61 0.597 0.006 -0.01
17 7.766 1.831 1.71 1.74  -0.09 0.04 0.591 0.61 0.596 0.005 -0.01
18 8.458 1.747 1.70 172  -0.02 0.03 0.591 0.60 0.587 -0.004 -0.01
19 8.485 1.683 1.70 1.72 0.04 0.03 0.564 0.60 0.587 0.023 -0.01
20 9.232 1.577 1.69 1.70 0.13 0.01 0.619 059 0.577 -0.042 -0.01
21 9.411 1.633 1.69 #H# #H# #H# 0.605 0.59 #H# #H# #H#
Mean 0.071  0.074 0.000 -0.001
Std Error * 0.072  0.036 0.027 0.018
Max absolute error 0.224 0.129 0.060 0.047

L Offset is 90° longitudinal scan offset (approx East-W est)
T Offset is 90° transverse scan offset (approx North-South)

* Surveyed points are interpolated between actual survey points for direct comparison
## Pipe not physically present at this L section (GPR giving false reading)
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WMOL1 All 45° GPR scans at 0.6 offset - hyperbola fit
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Note: Surveyed depth is not constant as surface is not at constant grade (ie: change in grade at L = 1.8)
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WMOL1 All GPR scans combined - hyperbola fit

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A A S
= = (e} c = = (e} c
sl g & 2 5 3 5 & 2 9~ 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
_ [ ] (%) (%) (%) N ] (%) (%) (%)
1 0.00 191 1.90 1.94 0.03  0.044 0.66 0.70 0.78 0.11 0.07
2 0.30 1.89 1.89 1.93 0.04 0.043 0.67 0.70 0.76 0.09 0.06
3 0.60 1.88 1.88 1.93 0.05 0.043 0.70 0.70 0.74 0.05 0.05
4 0.83 1.72 1.88 1.92 0.20  0.043 0.69 0.69 0.73 0.04 0.04
5 0.90 1.87 1.88 1.92 0.05 0.043 0.69 0.69 0.73 0.04 0.04
6 0.94 1.82 1.88 1.92 0.10  0.043 0.69 0.69 0.73 0.04 0.04
7 1.20 1.85 1.87 191 0.06  0.042 0.68 0.69 0.71 0.03 0.02
8 1.50 191 1.86 191 0.00  0.042 0.67 0.69 0.70 0.03 0.01
9 1.66 1.74 1.86 1.90 0.16  0.042 0.66 0.69 0.70 0.03 0.01
10 1.80 1.86 1.86 1.90 0.04  0.042 0.67 0.68 0.68 0.01 0.00
11  2.10 1.9 1.85 1.89 -0.01  0.041 0.67 0.68 0.68 0.01 -0.01
12 2.40 1.86 1.84 1.88 0.02  0.041 0.69 0.68 0.67 -0.02 -0.01
13 2.40 1.92 1.84 1.88 -0.04  0.041 0.69 0.68 0.67 -0.03 -0.01
14 2.69 1.85 1.84 1.88 0.03  0.044 0.67 0.68 0.66 -0.01 -0.02
15 2.70 1.84 1.84 1.88 0.04 0.041 0.70 0.68 0.66 -0.03 -0.01
16 3.00 1.83 1.83 1.87 0.04  0.040 0.69 0.67 0.66 -0.03 -0.02
17 3.23 1.87 1.82 1.86 0.00  0.042 0.70 0.67 0.65 -0.05 -0.02
18 3.30 1.89 1.82 1.86 -0.03  0.040 0.70 0.67 0.65 -0.05 -0.02
19 3.50 1.80 1.82 1.86 0.06  0.041 0.70 0.67 0.65 -0.05 -0.02
20 3.60 1.85 1.81 1.85 0.00  0.040 0.68 0.67 0.65 -0.04 -0.02
21  3.90 1.81 1.81 1.85 0.04  0.039 0.67 0.66 0.65 -0.02 -0.02
22 4.12 1.81 1.80 1.84 0.03  0.038 0.63 0.66 0.64 0.01 -0.02
23 4.20 1.79 1.80 1.84 0.05 0.038 0.63 0.66 0.64 0.01 -0.02
24 4.32 1.77 1.80 1.84 0.06  0.038 0.69 0.66 0.64 -0.05 -0.02
25 4.50 1.76 1.79 1.83 0.07  0.038 0.63 0.66 0.64 0.01 -0.02
26 4.80 1.79 1.79 1.82 0.03  0.037 0.65 0.66 0.63 -0.02 -0.02
27 4.96 1.84 1.78 1.82 -0.02  0.035 0.66 0.65 0.63 -0.03 -0.02
28 5.10 1.83 1.78 1.82 -0.01  0.037 0.68 0.65 0.63 -0.06 -0.03
29 5.12 1.73 1.78 1.81 0.09 0.035 0.62 0.65 0.63 0.01 -0.02
30 5.40 1.82 1.77 1.81 -0.01  0.036 0.69 0.65 0.62 -0.06 -0.03
31 5.70 1.84 1.77 1.80 -0.04  0.035 0.67 0.65 0.62 -0.05 -0.03
32 5.96 1.70 1.76 1.79 0.09 0.032 0.66 0.65 0.62 -0.04 -0.03
33 6.00 1.75 1.76 1.79 0.04  0.033 0.65 0.64 0.62 -0.03 -0.03
34 6.03 1.77 1.76 1.79 0.01  0.031 0.70 0.64 0.62 -0.08 -0.03
35 6.30 1.76 1.75 1.78 0.02  0.032 0.63 0.64 0.61 -0.01 -0.03
36 6.60 1.8 1.75 1.78 -0.02  0.031 0.63 0.64 0.61 -0.02 -0.03
37 6.79 1.70 1.74 1.77 0.07  0.029 0.62 0.64 0.61 -0.01 -0.03
38 6.86 1.76 1.74 1.77 0.01  0.028 0.64 0.64 0.61 -0.03 -0.03
39 6.90 1.75 1.74 1.77 0.02  0.029 0.62 0.64 0.61 -0.01 -0.03
40 7.20 1.7 1.73 1.76 0.06  0.028 0.60 0.63 0.60 0.00 -0.03
41 7.50 1.72 1.72 1.75 0.03  0.026 0.61 0.63 0.60 -0.01 -0.03
42 7.63 1.72 1.72 1.75 0.03  0.026 0.58 0.63 0.60 0.02 -0.03
43 7.75 1.81 1.72 1.74 -0.07  0.025 0.60 0.63 0.60 -0.01 -0.03
44  7.80 1.73 1.72 1.74 0.01  0.025 0.61 0.63 0.60 -0.01 -0.03
45 8.10 1.76 1.71 1.73 -0.03  0.024 0.61 0.63 0.59 -0.02 -0.03
46  8.40 1.69 1.70 1.73 0.04 0.022 0.61 0.62 0.59 -0.02 -0.03
47 8.44 1.76 1.70 1.73 -0.04  0.023 0.59 0.62 0.59 0.00 -0.03
48 8.50 1.70 1.70 1.72 0.03  0.023 0.58 0.62 0.59 0.01 -0.03
49 8.70 1.65 1.70 1.72 0.07  0.020 0.62 0.62 0.59 -0.04 -0.03
50 9.00 1.65 1.69 1.71 0.06  0.019 0.63 0.62 0.58 -0.04 -0.03
51 9.28 1.63 1.68 1.70 0.08  0.020 0.59 0.61 0.58 -0.01 -0.04
52 9.30 1.64 1.68 1.70 0.06  0.017 0.63 0.61 0.58 -0.05 -0.04
53 9.42 1.62 1.68 #H faz:d HH 0.60 0.61 HH HH #H
54 9.60 1.71 1.68 faz:d #H #H 0.65 0.61 #H #H #H
55 9.90 1.75 1.67 #H faz:d faz:d 0.67 0.61 faz:d faz:d #H
56 10.02 1.53 1.67 fiid fiid fiid 0.60 0.61 fiid fiid fiid
Mean 0.033  0.034 -0.009 -0.014
Std Error + 0.048  0.008 0.037  0.027
Max absolute error 0.203  0.044 0.115 0.075
L Offset is longitudinal scan offset (approx East-W est) * Surveyed points are interpolated between actual survey for comparison
T Offset is transverse scan offset (approx North-South) ## Pipe not physically present at this L section (GPR false reading)
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WMOL1 All GPR scans combined - hyperbola fit
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Note: Surveyed depth is not constant as surface is not at constant grade (ie: change in grade at L = 1.8)
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Horizontal Error

Vertical Error

Summary of Peak Point Errors 3 = o =

o) c o) c

— i N i

> > > >

> > > >

n n n 2]
WMO1 XY GPR scans at 0.3 offset - peak point
Mean 0.024  0.020 -0.008 -0.014
Std Error + 0.033  0.005 0.040 0.034
Max absolute error 0.072  0.025 0.115 0.082
WMO1 XY GPR scans at 0.6 offset - peak point
Mean 0.027  0.026 -0.006 -0.008
Std Error + 0.030 0.005 0.043 0.036
Max absolute error 0.062  0.029 0.115 0.083
WMO1 Transverse 45° GPR scans at 0.6 offset - peak point
Mean 0.047  0.057 -0.011 -0.012
Std Error + 0.078 0.016 0.030 0.017
Max absolute error 0.203  0.080 0.043  0.032
WMO1 Longitudinal 45° GPR scans at 0.6 offset - peak point
Mean 0.047  0.057 -0.011 -0.012
Std Error + 0.048 0.017 0.035 0.015
Max absolute error 0.203  0.080 0.043  0.032
WMO1 All 45° GPR scans at 0.6 offset - peak point
Mean 0.047  0.057 -0.011 -0.012
Std Error + 0.064 0.016 0.033 0.015
Max absolute error 0.203  0.080 0.043  0.032
WMO1 All GPR scans combined - peak point
Mean 0.033 0.034 -0.010 -0.014
Std Error + 0.048 0.008 0.037  0.027
Max absolute error 0.203 0.044 0.115 0.075




WMO1 XY GPR scans at 0.3 offset - peak point

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A A S
— = O = — = O =
sl g & 2 v 3 5 & 2 9~ 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) [2) [2) N — [2) [2) [2)
1 0.0 1.91 1.92 1.94 0.03  0.025 0.66 0.69 0.78 0.11 0.08
2 0.3 1.89 1.91 1.93 0.04 0.025 0.67 0.69 0.76 0.09 0.07
3 0.6 1.88 1.90 1.93 0.05  0.025 0.70 0.69 0.74 0.05 0.06
4 0.9 1.87 1.89 1.92 0.05  0.025 0.69 0.69 0.73 0.04 0.04
5 1.2 1.85 1.89 1.91 0.06 0.024 0.68 0.69 0.71 0.03 0.03
6 15 1.91 1.88 1.91 0.00  0.025 0.67 0.68 0.70 0.03 0.01
7 1.8 1.86 1.87 1.90 0.04 0.025 0.67 0.68 0.68 0.01 0.00
8 2.1 1.90 1.87 1.89 -0.01 0.024 0.67 0.68 0.68 0.01 0.00
9 2.4 1.92 1.86 1.88 -0.04 0.024 0.69 0.68 0.67 -0.03 -0.01
10 27 1.84 1.85 1.88 0.04 0.025 0.70 0.67 0.66 -0.03 -0.01
1 3.0 1.83 1.84 1.87 0.04 0.024 0.69 0.67 0.66 -0.03 -0.01
12 33 1.89 1.84 1.86 -0.03 0.024 0.70 0.67 0.65 -0.05 -0.02
13 36 1.85 1.83 1.85 0.00 0.024 0.68 0.67 0.65 -0.04 -0.02
14 39 1.81 1.82 1.85 0.04 0.024 0.67 0.67 0.65 -0.02 -0.02
15 4.2 1.79 1.82 1.84 0.05  0.024 0.63 0.66 0.64 0.01  -0.02
16 45 1.76 1.81 1.83 0.07 0.024 0.63 0.66 0.64 0.01  -0.03
17 48 1.79 1.80 1.82 0.03  0.023 0.65 0.66 0.63 -0.02 -0.03
18 5.1 1.83 1.79 1.82 -0.01 0.024 0.68 0.66 0.63 -0.06 -0.03
19 54 1.82 1.79 1.81 -0.01 0.023 0.69 0.65 0.62 -0.06 -0.03
20 5.7 1.84 1.78 1.80 -0.04 0.022 0.67 0.65 0.62 -0.05 -0.03
21 6.0 1.75 1.77 1.79 0.04  0.020 0.65 0.65 0.62 -0.03 -0.03
22 6.3 1.76 1.76 1.78 0.02  0.020 0.63 0.65 0.61 -0.01  -0.03
23 6.6 1.80 1.76 1.78 -0.02 0.019 0.63 0.65 0.61 -0.02 -0.04
24 6.9 1.75 1.75 1.77 0.02  0.017 0.62 0.64 0.61 -0.01 -0.04
25 7.2 1.70 1.74 1.76 0.06  0.016 0.60 0.64 0.60 0.00 -0.04
26 75 1.72 1.74 1.75 0.03  0.015 0.61 0.64 0.60 -0.01 -0.04
27 7.8 1.73 1.73 1.74 0.01 0.014 0.61 0.64 0.60 -0.01  -0.04
28 8.1 1.76 1.72 1.73 -0.03 0.013 0.61 0.63 059 -0.02 -0.04
29 84 1.69 1.71 1.73 0.04 0.011 0.61 0.63 059 -0.02 -0.04
30 87 1.65 1.71 1.72 0.07 0.011 0.62 0.63 059 -0.04 -0.05
31 9.0 1.65 1.70 1.71 0.06  0.010 0.63 0.63 058 -0.04 -0.05
32 93 1.64 1.69 1.70 0.06  0.008 0.63 0.63 058 -0.05 -0.05
33 96 1.71 1.68 #H# #H# #H# 0.65 0.62 #H# #H# #H#
34 9.9 1.75 1.68 #H# #HH# #HH# 0.67 0.62 #HH# #HH# #HH#
Mean 0.024  0.020 -0.008 -0.014
Std Error * 0.033  0.005 0.040 0.034
Max absolute error 0.072 0.025 0.115 0.082

L Offset is longitudinal scan offset (approx East-W est)
T Offset is transverse scan offset (approx North-South)
* Surveyed points are interpolated between actual survey points for direct comparison
## Pipe not physically present at this L section (GPR giving false reading)




WMO1 XY GPR scans at 0.3 offset - peak point
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WMO1 XY GPR scans at 0.6 offset - peak point

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A &£ 3 2 3
— = O = — = O =
sll s & 2 v 3 g & 200N 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) () [2) N — [2) [2) [2)
1 0.0 1.91 1.91 1.94 0.03  0.029 0.66 0.69 0.78 0.11 0.08
3 0.6 1.88 1.90 1.93 0.05  0.029 0.70 0.69 0.74 0.05 0.06
5 1.2 1.85 1.88 1.91 0.06  0.028 0.68 0.68 0.71 0.03 0.03
7 1.8 1.86 1.87 1.90 0.04  0.029 0.67 0.68 0.68 0.01 0.00
9 2.4 1.92 1.85 1.88 -0.04 0.029 0.69 0.67 0.67 -0.03 -0.01
1 3.0 1.83 1.84 1.87 0.04 0.028 0.69 0.67 0.66 -0.03 -0.01
13 36 1.85 1.83 1.85 0.00  0.029 0.68 0.66 0.65 -0.04 -0.02
15 4.2 1.79 1.81 1.84 0.05  0.029 0.63 0.66 0.64 0.01  -0.02
17 48 1.79 1.80 1.82 0.03  0.028 0.65 0.65 0.63 -0.02 -0.02
19 54 1.82 1.78 1.81 -0.01 0.028 0.69 0.65 0.62 -0.06 -0.03
21 6.0 1.75 1.77 1.79 0.04 0.025 0.65 0.65 0.62 -0.03 -0.03
23 6.6 1.8 1.75 1.78 -0.02 0.024 0.63 0.64 0.61 -0.02 -0.03
25 7.2 1.7 1.74 1.76 0.06  0.022 0.60 0.64 0.60 0.00 -0.03
27 78 1.73 1.72 1.74 0.01  0.019 0.61 0.63 0.60 -0.01  -0.03
29 84 1.69 1.71 1.73 0.04 0.017 0.61 0.63 059 -0.02 -0.04
31 9.0 1.65 1.69 1.71 0.06  0.015 0.63 0.62 058 -0.04 -0.04
33 96 1.71 1.68 #HH# #HH# #HH# 0.65 0.62 #H# #HH #H#
Mean 0.027  0.026 -0.006 -0.008
Std Error * 0.030  0.005 0.043  0.036
Max absolute error 0.062 0.029 0.115 0.083

L Offset is longitudinal scan offset (approx East-W est)
T Offset is transverse scan offset (approx North-South)
* Surveyed points are interpolated between actual survey points for direct comparison
## Pipe not physically present at this L section (GPR giving false reading)




WMO1 XY GPR scans at 0.6 offset - peak point
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WMOL1 Transverse 45° GPR scans at 0.6 offset - peak point

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A &£ 3 2 3
= = (e} c = = (e} c
sllg & 2 % 3 5 & 2 0~ 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) () [2) N — [2) [2) [2)
1 083 1.72 1.84 1.92 0.20 0.08 0.69 0.70 0.734 0.04 0.03
2 166 1.74 1.83 1.90 0.16 0.08 0.66 0.69  0.697 0.03 0.01
3 240 1.86 1.81 1.88 0.02 0.07 0.69 0.68 0.669 -0.02 -0.01
4 323 1.87 1.79 1.86 0.00 0.07 0.70 0.67 0.653 -0.05 -0.02
5 412 1.81 1.78 1.84 0.03 0.06 0.63 0.66  0.642 0.01  -0.02
6 4.96 1.84 1.76 1.82  -0.02 0.06 0.66 0.65 0.631 -0.03 -0.02
7 5.96 1.70 1.74 1.79 0.09 0.05 0.66 0.64 0.619 -0.04 -0.02
8 6.79 1.70 1.72 1.77 0.07 0.05 0.62 0.63 0.608 -0.01 -0.02
9 763 1.72 1.71 1.75 0.03 0.04 0.58 0.62  0.598 0.02  -0.02
10 8.44 1.76 1.69 1.73  -0.04 0.03 0.59 0.61  0.587 0.00  -0.02
11 9.42 1.62 1.67 #H# #HH# #H# 0.60 0.59 #HH# #H# ##
Mean 0.047  0.057 -0.011 -0.012
Std Error * 0.078  0.016 0.030 0.017
Max absolute error 0.203 0.080 0.043 0.032

L Offset is 90° longitudinal scan offset (approx East-W est)

T Offset is 90° transverse scan offset (approx North-South)

* Surveyed points are interpolated between actual survey points for direct comparison
## Pipe not physically present at this L section (GPR giving false reading)




WMOL1 Transverse 45° GPR scans at 0.6 offset - peak point
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WMO1 Longitudinal 45° GPR scans at 0.6 offset - peak point

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A &£ 3 2 3
= = (e} c = = (e} c
sllg & 2 % 3 5 & 2 0~ 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) () [2) N — [2) [2) [2)
1 0.940 1.82 1.84 1.92 0.10 0.08 0.69 0.70  0.729 0.04 0.03
2 2694 1.85 1.80 1.88 0.03 0.07 0.67 0.68 0.660 -0.01  -0.02
3 3.500 1.80 1.79 1.86 0.06 0.07 0.70 0.67 0.650 -0.05 -0.02
4 4321 1.77 1.77 1.84 0.06 0.06 0.69 0.66 0.639 -0.05 -0.02
5 5123 1.73 1.76 1.81 0.09 0.06 0.62 0.65 0.629 0.01  -0.02
6 6.032 1.77 1.74 1.79 0.01 0.05 0.70 0.64 0.618 -0.08 -0.02
7 6.861 1.76 1.72 1.77 0.01 0.05 0.64 0.63 0.607 -0.03 -0.02
8 7.745 1.81 1.70 1.74  -0.07 0.04 0.60 0.61 0596 -0.01 -0.02
9 8.499 1.70 1.69 1.72 0.03 0.03 0.58 0.61  0.587 0.01  -0.02
10 9.281 1.63 1.67 1.70 0.08 0.03 0.59 0.60 0.577 -0.01 -0.02
11 #itH 1.53 1.66 ## ## ## 0.60 0.59 #H# #H# #H#
Mean 0.047  0.057 -0.011 -0.012
Std Error * 0.048  0.017 0.035  0.015
Max absolute error 0.203 0.080 0.043 0.032

L Offset is 90° longitudinal scan offset (approx East-W est)

T Offset is 90° transverse scan offset (approx North-South)

* Surveyed points are interpolated between actual survey points for direct comparison
## Pipe not physically present at this L section (GPR giving false reading)




WMO1 Longitudinal 45° GPR scans at 0.6 offset - peak point
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WMOL1 All 45° GPR scans at 0.6 offset - peak point

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A &£ 3 2 3
— = O = — = O =
sll s & 2 v 3 g & 200N 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
| — — [2) () [2) N — [2) [2) [2)
1 083 1.72 1.84 1.92 0.20 0.08 0.69 0.70 0.734 0.04 0.03
2 094 1.82 1.84 1.92 0.10 0.08 0.69 0.70  0.729 0.04 0.03
3 166 1.74 1.83 1.90 0.16 0.08 0.66 0.69  0.697 0.03 0.01
4 240 1.86 1.81 1.88 0.02 0.07 0.69 0.68 0.669 -0.02 -0.01
5 269 1.85 1.80 1.88 0.03 0.07 0.67 0.68 0.660 -0.01  -0.02
6 3.23 1.87 1.79 1.86 0.00 0.07 0.70 0.67 0.653 -0.05 -0.02
7 350 1.80 1.79 1.86 0.06 0.07 0.70 0.67 0.650 -0.05 -0.02
8 412 1.81 1.78 1.84 0.03 0.06 0.63 0.66  0.642 0.01  -0.02
9 432 1.77 1.77 1.84 0.06 0.06 0.69 0.66 0.639 -0.05 -0.02
10 4.96 1.84 1.76 1.82  -0.02 0.06 0.66 0.65 0.631 -0.03 -0.02
11 5.12 1.73 1.76 1.81 0.09 0.06 0.62 0.65 0.629 0.01  -0.02
12 5.96 1.70 1.74 1.79 0.09 0.05 0.66 0.64 0.619 -0.04 -0.02
13 6.03 1.77 1.74 1.79 0.01 0.05 0.70 0.64 0.618 -0.08 -0.02
14  6.79 1.70 1.72 1.77 0.07 0.05 0.62 0.63 0.608 -0.01 -0.02
15 6.86 1.76 1.72 1.77 0.01 0.05 0.64 0.63 0.607 -0.03 -0.02
16 7.63 1.72 1.71 1.75 0.03 0.04 0.58 0.62  0.598 0.02  -0.02
17 775 1.81 1.70 1.74  -0.07 0.04 0.60 0.61 0596 -0.01 -0.02
18 8.44 1.76 1.69 1.73  -0.04 0.03 0.59 0.61  0.587 0.00  -0.02
19 8.50 1.70 1.69 1.72 0.03 0.03 0.58 0.61  0.587 0.01  -0.02
20 9.28 1.63 1.67 1.70 0.08 0.03 0.59 0.60 0.577 -0.01 -0.02
21 9.42 1.62 1.67 #H# #H# #H# 0.60 0.59 #H# #H# #H#
22 10.02 1.53 1.66 #H# #H# #H# 0.60 0.59 #H# #H# #H#
Mean 0.047  0.057 -0.011 -0.012
Std Error * 0.064  0.016 0.033  0.015
Max absolute error 0.203 0.080 0.043 0.032

L Offset is 90° longitudinal scan offset (approx East-W est)
T Offset is 90° transverse scan offset (approx North-South)

* Surveyed points are interpolated between actual survey points for direct comparison
## Pipe not physically present at this L section (GPR giving false reading)




WMOL1 All 45° GPR scans at 0.6 offset - peak point
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WMOL1 All GPR scans combined - peak point

Grid Ref Horizontal Measurements Vertical Measurements
= X D L N X D L
A &£ 3 2 3
- = (@] c - = (@] =
sl s & 2 v 3 g & R v 3
= = [} > > > = [} > > >
O O I= > > > O I= > > >
_ [ ] (%) (%) (%) N ] (%) (%) (%)
1 0.00 191 1.90 1.94 0.03  0.044 0.66 0.70 0.78 0.11 0.07
2 0.30 1.89 1.89 1.93 0.04  0.043 0.67 0.70 0.76 0.09 0.06
3 0.60 1.88 1.88 1.93 0.05 0.043 0.70 0.70 0.74 0.05 0.05
4 0.83 1.72 1.88 1.92 0.20  0.043 0.69 0.69 0.73 0.04 0.04
5 0.90 1.87 1.88 1.92 0.05 0.043 0.69 0.69 0.73 0.04 0.04
6 0.94 1.82 1.88 1.92 0.10  0.043 0.69 0.69 0.73 0.04 0.04
7 1.20 1.85 1.87 191 0.06  0.042 0.68 0.69 0.71 0.03 0.02
8 1.50 191 1.86 191 0.00 0.042 0.67 0.69 0.70 0.03 0.01
9 1.66 1.74 1.86 1.90 0.16  0.042 0.66 0.69 0.69 0.03 0.00
10 1.80 1.86 1.86 1.90 0.04 0.042 0.67 0.68 0.68 0.01 0.00
11  2.10 1.9 1.85 1.89 -0.01  0.041 0.67 0.68 0.68 0.01 -0.01
12 2.40 1.86 1.84 1.88 0.02 0.041 0.69 0.68 0.67 -0.02 -0.01
13 2.40 1.92 1.84 1.88 -0.04  0.041 0.69 0.68 0.67 -0.03 -0.01
14 2.69 1.85 1.84 1.88 0.03  0.044 0.67 0.68 0.66 -0.01 -0.02
15 2.70 1.84 1.84 1.88 0.04 0.041 0.70 0.68 0.66 -0.03 -0.01
16 3.00 1.83 1.83 1.87 0.04  0.040 0.69 0.67 0.66 -0.03 -0.02
17 3.23 1.87 1.82 1.86 0.00 0.042 0.70 0.67 0.65 -0.05 -0.02
18 3.30 1.89 1.82 1.86 -0.03  0.040 0.70 0.67 0.65 -0.05 -0.02
19 3.50 1.80 1.82 1.86 0.06  0.041 0.70 0.67 0.65 -0.05 -0.02
20 3.60 1.85 1.81 1.85 0.00  0.040 0.68 0.67 0.65 -0.04 -0.02
21 3.90 1.81 1.81 1.85 0.04  0.039 0.67 0.66 0.65 -0.02 -0.02
22 4.12 1.81 1.80 1.84 0.03  0.038 0.63 0.66 0.64 0.01 -0.02
23  4.20 1.79 1.80 1.84 0.05 0.038 0.63 0.66 0.64 0.01 -0.02
24 4.32 1.77 1.80 1.84 0.06  0.038 0.69 0.66 0.64 -0.05 -0.02
25 450 1.76 1.79 1.83 0.07  0.038 0.63 0.66 0.64 0.01 -0.02
26 4.80 1.79 1.79 1.82 0.03  0.037 0.65 0.66 0.63 -0.02 -0.02
27 4.96 1.84 1.78 1.82 -0.02  0.035 0.66 0.65 0.63 -0.03 -0.02
28 5.10 1.83 1.78 1.82 -0.01  0.037 0.68 0.65 0.63 -0.06 -0.03
29 5.12 1.73 1.78 1.81 0.09 0.035 0.62 0.65 0.63 0.01 -0.02
30 5.40 1.82 1.77 1.81 -0.01  0.036 0.69 0.65 0.62 -0.06 -0.03
31 5.70 1.84 1.77 1.80 -0.04  0.035 0.67 0.65 0.62 -0.05 -0.03
32 5.96 1.70 1.76 1.79 0.09 0.032 0.66 0.65 0.62 -0.04 -0.03
33 6.00 1.75 1.76 1.79 0.04  0.033 0.65 0.64 0.62 -0.03 -0.03
34 6.03 1.77 1.76 1.79 0.01  0.031 0.70 0.64 0.62 -0.08 -0.03
35 6.30 1.76 1.75 1.78 0.02  0.032 0.63 0.64 0.61 -0.01 -0.03
36 6.60 1.8 1.75 1.78 -0.02  0.031 0.63 0.64 0.61 -0.02 -0.03
37 6.79 1.70 1.74 1.77 0.07  0.029 0.62 0.64 0.61 -0.01 -0.03
38 6.86 1.76 1.74 1.77 0.01  0.028 0.64 0.64 0.61 -0.03 -0.03
39 6.90 1.75 1.74 1.77 0.02  0.029 0.62 0.64 0.61 -0.01 -0.03
40 7.20 1.7 1.73 1.76 0.06  0.028 0.60 0.63 0.60 0.00 -0.03
41 7.50 1.72 1.72 1.75 0.03  0.026 0.61 0.63 0.60 -0.01 -0.03
42 7.63 1.72 1.72 1.75 0.03  0.026 0.58 0.63 0.60 0.02 -0.03
43 7.75 1.81 1.72 1.74 -0.07  0.025 0.60 0.63 0.60 -0.01 -0.03
44  7.80 1.73 1.72 1.74 0.01  0.025 0.61 0.63 0.60 -0.01 -0.03
45 8.10 1.76 1.71 1.73 -0.03  0.024 0.61 0.63 0.59 -0.02 -0.03
46  8.40 1.69 1.70 1.73 0.04 0.022 0.61 0.62 0.59 -0.02 -0.03
47 8.44 1.76 1.70 1.73 -0.04  0.023 0.59 0.62 0.59 0.00 -0.03
48 8.50 1.70 1.70 1.72 0.03  0.023 0.58 0.62 0.59 0.01 -0.03
49 8.70 1.65 1.70 1.72 0.07  0.020 0.62 0.62 0.59 -0.04 -0.03
50 9.00 1.65 1.69 1.71 0.06  0.019 0.63 0.62 0.58 -0.04 -0.03
51 9.28 1.63 1.68 1.70 0.08  0.020 0.59 0.61 0.58 -0.01 -0.04
52 9.30 1.64 1.68 1.70 0.06  0.017 0.63 0.61 0.58 -0.05 -0.04
53 9.42 1.62 1.68 faz:d HH HH 0.60 0.61 faz:d HH faz:d
54  9.60 1.71 1.68 faz:d faz:d faz:d 0.65 0.61 faz:d HH faz:d
55 9.90 1.75 1.67 #H faz:d faz:d 0.67 0.61 HH HH faz:d
56 10.02 1.53 1.67 fiid fiid fiid 0.60 0.61 fiid fiid fiid
Mean 0.033  0.034 -0.010 -0.014
Std Error + 0.048  0.008 0.037  0.027
Max absolute error 0.203 0.044 0.115 0.075
L Offset is longitudinal scan offset (approx East-W est) * Surveyed points are interpolated between actual survey for comparison

T Offset is transverse scan offset (approx North-South) ## Pipe not physically present at this L section (GPR false reading)



WMOL1 All GPR scans combined - peak point
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Appendix C - Survey Plans of Test Site



PenTable : TEXT_SUBSTITUTIONS_FOR_COLOUR:.tbl

PlotDriver : printer:halfgthick.plt

at 11:57:41 AM

d:\data‘projects utility\9999 st marys ul baseline\na-001-sc-a4.dgn
on 29/10/2009
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