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Conversion Factors,
Non-SI to Sl Units of
Measurement

Non-SI units of measurement used in this report can be converted to SI units as follows:

Multip! B To Obtain

feet 0.3048 meters

feet per second 0.3048 meters per second
millimho per foot 3.28 millisiemen per meter




1 Introduction

Background and Applications

Ground penetrating radar (GPR) is an electromagnetic (EM) geophysical method
that has emerged as a versatile high resolution tool for a variety of applications.
When GPR systems became commercially available in the 1970's, the capabilities of
GPR were easily oversold to a market eager for “high-tech” solutions to difficult
subsurface problems. In certain geologic settings, even the very early GPR systems
could produce real time graphic records (i.¢., no processing required) which
resembled snapshots of the subsurface. This tendency to oversell the method led to
frequent application of GPR to inappropriate sites and objectives. Another problem
was the use of GPR by inexperienced personnel. Fortunately, the capabilities and
limitations of GPR are now better understood by geophysicists and the geotechnical
and geoscience community as a whole, and the method is being more rationally
exploited. In cases where GPR has a sufficient depth of investigation capability to
address a specific problem, it has the greatest horizontal and vertical resolution of
any geophysical method that can be applied to the problem.

GPR is applicable to a broad spectrum of interests and problems in geotechnical
engineering and geoscience (Butler 1992). Some of the areas of application include
the following: geological mapping (Butler et al. 1990; Davis and Annan 1989),
foundation investigations (Butler et al. 1989), cavity and sinkhole mapping in karst
areas (Ballard 1983), ground water investigations (Bohling et al. 1989),
archaeological studies (Butler et al. 1994), detection and mapping of buried cultural
features, e.g., waste disposal trenches, utilities, barrels, underground storage tanks,
unexploded ordnance, etc. (Sharp et al. 1990, Llopis and Simms 1993), contaminant
detection and mapping in the subsurface (Brewster and Annan 1994), and structural
studies of buildings, bridges, dams, etc. In a military context, key areas of
application are pavement assessment and evaluation (Maser and Scullion 1992),
airfield evaluation, tunnel detection, concrete structure investigations, installation
restoration, and foundation investigations.

Most commercially available GPR’s are short pulse, time domain, EM wave
propagation systems. The GPR systems use closely spaced EM transmitters (Tx)
and receivers (Rx), and the common graphic data display of GPR waveforms side-
by-side resembles a common depth point (CDP) seismic section (Figure 1). In the
cartoon in Figure 1a, the Tx and Rx are both contained in the box indicated as
“antennae”’; for many GPR systems the Tx and Rx are separate, and the spacing
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between them can be varied. When interpreting the GPR record, however, factors
must be considered which are not relevant in seismic reflection: scattering from
gravel, cobbles, microcrack clusters, and other small geologic inhomogeneities;
backscatter signatures from overhead powerlines and surface structures which can
masquerade as subsurface features in the GPR record; and minor changes in the
dielectric properties of soil, rock or watér which can appear as major GPR
signatures but do not affect other physical properties, such as seismic velocity.
Advantages of GPR are high vertical and horizontal resolution, rapid survey
capability, and near-real time data interpretation in many cases. Major
disadvantages are the site specific applicability and limited depth of investigation
capability (generally less than 15 m),

Justification and Relevance

Ground penetrating radar surveys are often interpreted in a qualitative manner to
identify anomalies. This method of interpretation is used to determine the existence
of a feature, when specific properties of the feature are of no interest. For example,
in the case of the hypothetical GPR cross-section in Figure 1a, the extent of the
interpretation typically is limited to (1) identification of radar events corresponding
to subsurface reflectors (interfaces) and (2) determination of depths to the interfaces
assuming an average EM wave propagation velocity. However, GPR data can also
be interpreted quantitatively to give more definitive depths, geometry, and EM
(physical) properties of the subsurface material. Existing analysis procedures are
simplistic, making use of only a small amount of the information contained in the
received GPR waveforms, and do not consider electromagnetic wave attenuation,
dispersion, scattering, geometric spreading, and interface reflection/transmission
losses. The aim of this research is to develop interpretation procedures which utilize
the full GPR waveform (Figure 1b) for determining layer thicknesses and the EM
properties of subsurface materials.

Scope of Work

This work consisted of three phases: 1) review existing capability for full
waveform forward modeling of GPR signals, 2) develop a catalog of theoretical
GPR receiver waveforms for representative layered models (pavements, concrete
with air- and water-filled cavities, etc.) of interest using typical physical property
values, and 3) examine the feasibility of developing an inverse modeling procedure
to determine physical properties by comparing full waveform forward solutions to
measured GPR signatures.

The first phase involved identifying available GPR modeling programs and
determining which, if any, are suitable for performing full waveform forward
modeling of GPR signals for use in an inverse modeling program or procedure. The
primary criteria are that the model assumptions must be realistic and defensible and
that the major EM phenomena (spreading, attenuation, dispersion,
reflection/transmission, scattering, multiples) be included. One GPR forward
modeling program met the requirements, "GPRMODv2" (Powers and Olhoeft
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1995). Since this project began, GPRMODv2 underwent a major revision and the
authors were cooperative in incorporating special program features to facilitate this
research. The concepts of GPR surveying and the key theoretical aspects of EM
wave propagation in a layered media are developed in Chapter 2. The major
assumptions and conditions of the forward modeling program will be examined in
Chapter 3.

For Phase 2 of this project, the forward modeling program GPRMODv2 was
used to generate models representative of pavement structure and concrete with air-
or water-filled cavities. Parameters were varied for both two and three layer models
to investigate their affect on the resulting GPR waveform.

Finally, for Phase 3, the requirements of developing an inverse GPR modeling
capability are surveyed. First the procedures for manually adjusting the parameters
of a subsurface model in an iterative manner to match model output with field GPR
records is considered. Next the possibilities and advantages of simplifying the
inversion process by constraining and/or reducing the number of model parameters
is addressed. The number of model parameters can be reduced by simply
eliminating some parameters from consideration in the inversion or by determining
some parameters in advance by other means. If some parameters are known or
assumed for the subsurface model, then they can be fixed or constrained during the
inversion, thereby simplifying the inversion process. Parameters can be
independently determined by laboratory testing on soil/rock samples in the
laboratory, from drilling logs, from the results of electrical resistivity and
electromagnetic soundings, from wide-angle GPR reflection/refraction surveys, and
from push probe time domain reflectometry (TDR). The possibility of cross-
correlation of the GPR waveform with the transmitter waveform or deconvolution of
the GPR waveform to determine number and location of interfaces as the first phase
of inversion is studied. Finally, the type of inversion procedure most likely to
succeed will be determined: global inverse solution, such as typically used for
electrical resistivity and frequency- and time-domain EM inversion, or a "layer-
stripping" inversion process.
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2 Electromagnetic Wave
Theory

Ground penetrating radar is an electromagnetic (EM) method which operates in
the megahertz (MHz) or gigahertz (GHz) frequency range. At these high
frequencies displacement currents (currents associated with charges which are
constrained from moving continuously) dominate and energy propagates into the
ground as a wave. An electromagnetic pulse transmitted into the earth undergoes
refraction, reflection, scattering, and dispersion. Contrast in the dielectric
permittivity at layer boundaries causes the EM wave to be reflected and refracted.
The dielectric permittivity is the proportionality factor relating the displacement
current to energy. Since electromagnetic fields consist of both electric and magnetic
fields, any property of the geologic material which affects either of these fields will
also affect the propagation of the EM wave in the subsurface. Generally, the elec-
trical properties of the soil and rock have a greater variation than the magnetic
properties and, therefore, a greater influence on the EM wave propagation. Soil
conductivity, which is usually controlled by the moisture content, is a major factor in
determining if GPR can be used successfully at a site. High conductivity soils, such
as those with high clay content, can significantly attenuate the EM signal and render
GPR virtually useless.

Propagation Velocity, Attenuation, and Wavelength

The governing wave equation appropriate for ground penetrating radar is derived
from Maxwell’s equations (Balanis 1989, chapters 1 and 3). For a plane wave
moving through a source-free material it is

V’E = -K’E or VE = ¥’E,

where k is the complex wave vector, ¥y is known as the propagation vector, E is the
electric field vector, and V2 is the Laplacian operator. Both k and y are used in the
literature, and the relationship between them is simply y=ik where i=V-1. The
material can be dispersive (velocity varying with frequency) and lossy,
inhomogeneous, anisotropic, or none of these, depending on how the wave vector
(or number) or propagation vector (or constant) is characterized. In the most
general terms, a solution to this equation, which describes the plane wave moving
through the material, is T
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E(r) = e,Eoei i)

where r is the position vector, e, is a unit vector in the direction of the electric field,
and E, is an initial amplitude of the electric field. If a harmonic time-dependence is
assumed, as in a propagating EM wave, this general solution becomes

. <. ’
E(r) = e Real [“'Eje 7],

If the material is assumed to be homogeneous, then its properties do not vary as
a function of position. Almost all rocks and soils have some heterogeneities, but on
a scale similar to the GPR wavelength, they can generally be divided into volumes
of homogeneous materials with the property differences occurring at defined
boundaries. If the material is isotropic, then the properties are not direction
dependent. Anisotropy is not uncommon in rocks, as most crystalline structures
show distinct anisotropy, but again on the scale of most GPR wavelengths an
assumption of isotropy is not unrealistic. The material can also be assumed linear,
meaning its properties do not vary with the amplitude of the electric or magnetic
field. This is true at the low magnitudes of the fields produced by ground
penetrating radar systems. See Keller (1987) or Balanis (1989, chapter 2) for more
information on these material property assumptions.

As an EM wave moves through a material, a given location experiences an
electric and magnetic field that reverses polarity with time. When the material is in
the presence of an electric field, some energy is lost as charge transport takes place
according to the conductivity. Some energy is stored by charge polarization
processes according to the measure of dielectric permittivity. However, different
polarization processes take different amounts of time to complete, and the frequency
of the EM wave will determine how much energy is stored for a given polarity cycle.
This results in a frequency dependent dielectric permittivity. Each polarization
process also involves some amount of energy loss through brief conductive losses
while the charges are moving to their polarized state. This is the displacement
current loss, sometimes called an alternating conductivity, or a dielectric relaxation
loss, and can be characterized by making the dielectric permittivity complex
(Olhoeft 1981). The magnetic permeability of most rocks and soils is not much
different from the magnetic permeability of free space, but when iron is present it
can also be frequency dependent and complex with magnetic relaxation effects
(Olhoeft and Strangway 1974; Olhoeft and Capron 1994).

For isotropic, homogeneous materials, the wave vector or propagation vector
reduce to complex, frequency dependent values called the wavenumber or
propagation constant. Depending on the properties of the material, the wavenumber
and propagation constant may be further reduced. In free space, where the
conductivity is zero and propagation exists with no material losses, the wavenumber
is

k=w/u g,

where w is the angular frequency, p, is the magnetic permeability of free space -
(47x10”7 Henries/meter), and ¢, is the dielectric permittivity of free space
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(8.854x10°'2 Farads/meter). The solution for a plane wave traveling in the z
direction reduces to

E(2) = ¢,E, cos[w(t-z/c)]
where the propagation velocity is

V= . ¢ = 3x10® meters/second,

Vheeo

which is the speed of light in free space.

It is often necessary for simplification to assume that the rocks and soils being
investigated with GPR are homogeneous, isotropic, linear, and source-free.
However, they may be dispersive and lossy, which can be handled without too much
complexity. The wavenumber can be written as

k(m)=J—‘;’;(u,—iu,)(e,-ls,)—Icouo(u,-llu,)os

where 1. and €, are the complex, frequency dependent relative permeability and
permittivity, and gy is the static (zero frequency) conductivity. Relative permittivity
and permeability are ratios of the real property value with respect to the value of
free space as in

€ _ . d
,-E——er i€, an M,
) Ho

where €, €, 1., and ;" are the real and imaginary parts of the relative, complex

permittivity and permeability, respectively. For this case, the wavenumber, £, is a
complex, frequency dependent value. It can be expressed in terms of its real and

imaginary parts as
k@) =p(w) -ia(w)

where P is the real part of the wavenumber and « is the imaginary part. Both of
these terms vary with frequency. In these terms, the propagation constant is simply

Y(0)=e(w) +i(w) .
At this point the terminology choice between & and  is irrelevant, as B is the phase
parameter and  is the attenuation parameter for either choice. The wave equation
solution for a plane wave moving through this material in the z direction is
E(z) = ¢,E, ™ cos(wt + fz) .

This wave is characterized by a velocity of
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a wavelength of
_2m
Bw)

and an amplitude change in decibels per meter of
a(w) = -8.686 a(w)

due to conductive and relaxation losses. The frequency dependent parameters « and
B can be expressed in terms of the material properties as

2.2 2.R2
o=l @ A“+B“-A and B= @ QA +B*+4
c 2 ¢ 2
where
A=u',e',-p;( e;+_.9_) and B=|.1:s'r+p,',( e;+.£.] .
we, we,

A convenient way to handle both the frequency dependent and complex nature of
the permittivity and permeability is through the Cole-Cole expression (Cole and
Cole 1941; Keller 1987; Olhoeft and Capron 1994). The formulas are

(g,-¢) .o (T
and =il =H+

e', -i e: =g+ —_—
(1+(wt)™) (1 +(oT)™)
where €_, .., and €, and y, are the high and low frequency limits of permittivity and
permeability, respectively; , and T, are time constants of relaxation, and o, and o,
are Cole-Cole time constant distribution parameters (Cole and Cole 1941). In each
layer, for both permittivity and permeability, four values are given (low frequency
limit, high frequency limit, time constant, and distribution parameter). If the high
and low limits are equal to each other, the property value is real and independent of
frequency (and the time constant and distribution parameter are irrelevant). When
the high and low frequency limits are different, the functions behave as shown in
Figure 2. The time constant of relaxation, T, or T,, controls where in frequency the
decrease in the real part steps from €, to €., which is also the frequency where the
imaginary part is at a maximum. The slopes on the step down in the real part and
the flanks of the imaginary part are controlled by the distribution parameter, &, or
a.,,, which varies from 1.0 to 0.0 for steepest to smoothest slope. When either &, or
o, is zero the corresponding permittivity or permeability is a constant value midway
between the high and low frequency limits.

Using the Cole-Cole functions means ten parameters are required to describe’
each earth material, four each for the complex magnetic permeability and the
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complex dielectric permittivity, plus a static conductivity and a thickness. In the
frequency range from above 100 MHz to less than 1 GHz, soils and rocks often
have very small relaxation losses (Olhoeft and Capron 1994). By disregarding the
complex nature of the material properties and assuming that no iron-bearing
materials are present, which are reasonable assumptions for many cases, the number
of parameters can be reduced to three per material. They are a real, relative
dielectric permittivity, a real, static conductivity, and a thickness. The imaginary
parts of the permittivity and permeability are assumed to be zero, and the real
relative magnetic permeability is assumed to be one. For this case, the wavenumber
is

k() =( %) 6 i

W

and its real and imaginary parts become

a=(2) 1 e+ L | -¢ and [5=(—(‘—)) 1 2+ L | +e
cJN2|\ " |wg) 7 cJN2IN " |wg) 7

Note that because « and f are still functions of frequency, the wave traveling
through this material is still dispersive, but only through conductive losses.
However, when 0/w ¢, is on the order of one or less, which it will be for
conductivities less than 5 millisiemen/meter (mS/m) at 100 MHz and less than 55
mS/m at 1 GHz, then a reasonable approximation for f is

(3

Because the velocity of the wave is @/ , this results in a frequency independent
velocity of

Vz_i.

o

which is commonly used in ground penetrating radar. The wavelength according to
this approximation is simply

A==

He.

where fis the frequency in cycles per second. An approximation that can be made
for a (Von Hippel 1954, page 28) where
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o

2080Jé:

results in a formula for a change in amplitude in decibels per meter according to:

a(w) =

a(w) = -1637-L

Ve

The vectors E, J, H, and B are the electric field, the electric current density
(including displacement currents), the magnetic field, and the magnetic induction,
respectively. The loss tangent is commonly used as a measure of the loss
mechanisms in a material with regard to EM wave propagation. However, separate
loss tangents are often defined for different combinations of loss mechanisms. The
total electromagnetic loss tangent is /P, or the ratio of the imaginary to the real
part of the wavenumber. Physically, this is the phase difference between the vectors
E and H (Lorrain and Corson 1970). The total electromagnetic loss tangent is

6 _+0 P
tand,_, =tan| ——= | =—
2 p

The total electrical loss tangent includes conductive and dielectric relaxation losses,
but not magnetic relaxation losses, and is defined as

" o
€ +——
wWE,

tand, =

e v
sr

Physically, this is the phase difference between E and J. The magnetic loss tangent
is

L
M,

tand =
and represents the phase angle between B and H.
Reflection and Transmission Boundaries

When an EM wave encounters an interface between two media, the contrast in
material properties, the radius of curvature of the interface, and the incident angle,
polarization, and radius of curvature of the arriving energy will determine the
amplitudes, directions, and polarizations of the reflected and transmitted energy.
This encounter can be very complex without some simplifying assumptions.
Generally, these assumptions include making the incident wavefront and the -
material boundary be planar surfaces, and assuming only uniform plane waves. The
polarization effects can be eliminated by considering the problem in only two
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dimensions, where the incident wave is linearly polarized along the third dimension.
This is called a horizontal, perpendicular or E polarization (Balanis 1989, chapter
5). :

Figure 3 shows a planar boundary between two media, and the rays associated
with the planar wavefronts for the incident, reflected, and transmitted energy. The
electric field is oriented in and out of the page in this figure. For a specular reflector,
where the surface roughness consists of height variations that are small compared to
the wavelength, the angle of reflection is equal to the angle of incidence:

6,=6,

The transmitted angle can be calculated from the incident angle and the material
properties through Snell’s Law (Balanis 1989; Lorrain and Corson 1970; Ulaby,
Moore and Fung 1981). The formula is:

.
sin9t=(£2—1] sin0,
Hk,

where k; and p, are the wavenumber and magnetic permeability of the incident layer,
and &, and p, are the wavenumber and magnetic permeability of the transmitted
layer.

When the wavenumber of either material is complex, the transmitted angle
becomes complex. Physically, this means for the transmitted wave the planes of
constant phase (direction of B, the real part of the wavenumber) and the planes of
constant amplitude (direction of e, the imaginary part of the wavenumber) are not
parallel (see Balanis 1989, page 214, or Von Hippel 1954, page 64). This means
the wave is no longer linearly polarized. However, in the case of normal incidence,
where 6, is equal to zero, the transmitted and reflected waves are also normal to the
interface with no polarization changes.

The amplitudes of the transmitted and reflected waves are dependent on the
incident wave amplitude, the material properties of the two media, and the angle of
incidence (and the polarization which is still assumed to be horizontal, E, or
perpendicular to the plane of the incident and reflected rays). The Fresnel equations
(Lorrain and Corson 1970, page 508; Kline and Kay 1965, page 179) describe these
relationships and the formulas are

E .= RE and E.= TE,
where R and T are the reflection and transmission coefficients, respectively, and are

as follows:
_ Ky, cos6, - p, K, cos6,

and
p,k, cos6, +p, k,cos,

Chapter 2 Electromagnetic Wave Theory




21k, cosb,

) Mk, cos0, +u, k,cosO,

For normal incidence (6,=0°), these reduce to

R= ok -1k,
Mok ik,

T= 21,k
Wk +1k,

Note that for complex media, these coefficients will also be complex, resulting in
amplitude and phase changes in the reflected and transmitted waves.
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3 Forward Modeling of GPR
Data

Only within the past five years have serious efforts been made to model full
waveform GPR data. These efforts have concentrated solely on the forward
modeling process. The forward modeling routine must include the physical
parameters introduced in the GPR theory section (complex relative dielectric
permittivity, complex relative magnetic permeability, electrical conductivity, layer
thickness, and time relaxation and distribution parameters) and model the effects
these parameters have on the transmitted waveform. The processes a GPR wave
undergoes as it passes through a material are reflection and transmission at
interfaces or boundaries, attenuation, geometric spreading, dispersion, and
scattering. The GPR forward modeling program GPRMODv2 (Powers and Olhoeft
1995) employed in this research compensates for all of these effects except
scattering. The program makes several assumptions to simplify the modeling
process: zero source-receiver offset; normal incidence; horizontal, layered,
homogeneous, isotropic media; and no three dimensional electric or magnetic
polarization, near-field, or scattering loss effects. The assumption of zero source-
receiver offset and normal incidence are interrelated and will be discussed later.
Assuming a horizontally layered media simplifies the wave propagation path and is
a reasonable assumption for obtaining an initial model response or approximation to
field data. The absence of electric or magnetic polarization is a direct result of
assuming normal incidence and a horizontal interface. In reality, the electric field
probably does not maintain its linearity at an interface, but becomes polarized in
some elliptical form. However, what is measured at the receiver is only the
component of the field that is in the same direction as the transmitted field.

Reflection and transmission of the GPR signal occur at boundaries of contrasting
dielectric properties. With each boundary encountered, the amplitude of the original
signal is attenuated and only a small fraction of the originally transmitted signal is
measured by the receiver. In addition to the primary reflection which occurs at an
interface and is detected by the receiver, reflection multiples are also generated at
interfaces. These multiples are reflections off more than one interface as the
transmitted signal travels through the subsurface. It is important to differentiate the
primary reflections from multiple reflections since multiples do not represent true
interfaces at depth (if a single reflection traveltime is assumed). -
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The conductivity of a material is a major factor in determining the degree of
signal attenuation. The higher the conductivity value, the greater the amount of
signal energy that is absorbed by the medium, thus reducing the amplitude of the
signal measured at the receiver. Soils having a high clay and moisture content can
absorb so much of the transmitted signal that the GPR will not be able to "see"
below that layer. If identification of the clay layer is the objective, then loss of
signal at depth would be a good marker for identifying the clay. However, if the
layer of interest is below the clay layer, then another technique would be required to
locate it. :

There are two types of geometric spreading. The first is caused by the antenna
radiation pattern and the other is a result of spherical spreading of the initial energy
output. The radiation pattern of a GPR antenna varies the amount of energy output
as a function of angle from the normal to the antenna. In addition, the radiation
pattern varies with the electromagnetic properties of the near surface material. The
coupling effects between the antenna and ground surface are generally ignored,
however the forward modeling routine used in this research does provide an option
for fitting the model response to the field data by compressing or stretching the
model waveform. The effect of the incident angle of energy output on the reflection
and transmission coefficients was investigated using the Fresnel equations (chapter
2). Assuming a magnetic permeability of free space and positive, real propagation
constants that increase with depth, plots of the reflection coefficient and
transmission coefficient as a function of incident angle © were constructed (Figure
4). It can be seen that the curves are relatively flat for incident angles 6<20°. The
effect of geometrical spreading caused by the angle of incidence of the energy output
is related to the separation distance between the transmitter (Tx) and receiver (Rx)
antenna. A general rule of thumb given by Annan and Cosway (1992) states that
the separation between the transmitter and receiver should be approximately equal
to 20% of the target depth (Figure 5). Based on this assumption, the ratio between
one half the Tx-Rx distance (s=2x) and the target depth y should be x/y=0.1. This
corresponds to an incident angle of 6=6°, which is much less than the 20° limit.
Thus, if the general rule of Annan and Cosway (1992) is adhered to, normal
incidence can be assumed. For very shallow investigations, high frequency antennae
are required which have very small source-receiver offset and thus virtually normal
incidence.

The second type of geometric spreading occurs when the transmitted energy
propagates into the earth and expands over an ever increasing spherical surface.
The spreading wavefront is only truly spherical when the velocity profile of the
material is isotropic and homogeneous. The forward modeling program corrects for
geometric spreading using an algorithm based on May and Hron (1978) and Balanis
(1989).

Dispersion occurs when the velocity of a material varies with frequency. Both
dielectric, magnetic, and conductive losses can cause dispersion. It is often assumed
that the velocity of a layer is constant, although in reality the velocity is generally
frequency dependent over at least some frequency range. Mathematically,
dispersion is represented by the imaginary components of the dielectric permittivity
and magnetic permeability. As discussed earlier, the complex parameters aré  ~
introduced via the Cole-Cole model. Dispersion is simulated in the forward
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modeling program by computing a separate time delay for each frequency for the
traveltime to a particular reflection event (Powers and Olhoeft 1995).

Scattering occurs on a small scale (scale of the wavelength) and can be classified
as either volume scattering or surface scattering. Volume scattering is caused by
objects dispersed in the media, such as gravel or rocks, which scatter the signal in
multiple directions when the electromagnetic wave encounters it. Surface scattering
occurs when the traveling wave hits a rough interface which causes the wave to
spread in various directions. The primary effect of scattering is the reduction of
signal strength (Olhoeft 1984). Neither type of scattering is considered in the
forward modeling program.

Forward Modeling Example

The forward modeling process begins by choosing the number of layers in the
model and specifying the parameter values for each layer. The parameters include
layer thickness, electrical conductivity, relative dielectric permittivity, relative
magnetic permeability, and the Cole-Cole relaxation and distribution parameters for
the permittivity and permeability. Generally, both the inexperienced and
experienced modeler do not have an intuitive feeling for the parameters required for
modeling GPR data. The low and high frequency limits for both the real relative
dielectric permittivity and real relative magnetic permeability are required as input.
The default values for the magnetic permeability are generally suitable for modeling
most GPR data; only in cases where the soil has a significant iron content will these
values need adjusting. Values for the relative dielectric permittivity and electrical
conductivity can be obtained from publications of laboratory measurements on
similar materials. For the Cole-Cole parameters, the default values are good initial
values. The distribution parameter o governs the slope of the relaxation curve
whereas the relaxation parameter t shifts the curve laterally. These parameters can
be determined from laboratory measurements or, for sand/clay mixtures,
GPRMODv2 includes an option for estimating the Cole-Cole parameters based on
the sand/clay/water ratio (Olhoeft 1986).

An example of the forward modeling output is shown in Figure 6. The model is
for a two layer rigid pavement structure consisting of concrete and gravel base
overlaying a sandy soil. The primary reflections A and B in the output trace are
caused by the concrete/gravel interface at 0.2m depth and the gravel/sand interface
at 0.6m depth, respectively. The reflection at about 10ns (a) is a first multiple (i.e.
wave that traveled same path as primary reflection A) of the concrete/gravel
interface, whereas reflection b is the first multiple of the gravel/sand interface.
Reflections ¢ and d are multiples that traveled a more complex path. The thickness
of layer 1 (concrete) dictates how far in time the primary reflection A is shifted from
zero; as thickness increases, two-way traveltime increases. The separation between
primary reflectors A and B is controlled by the thickness of the gravel base (layer
2). As this thickness decreases, it becomes more difficult to distinguish the location
in time of the concrete/gravel interface (B) because the onset of the reflection event
gets mixed in with the arrivals of the primary reflection A and multiple reflection a.
The ability to differentiate reflection events is a major concern in the inversion of

GPR data.
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Forward modeling is a useful aid in determining if it is feasible to use GPR at a
particular site, what frequency antenna is required to detect layers of varying
thickness, and what type of response should be expected for various combinations
of conductivity, dielectric permittivity, and magnetic permeability. Although
forward modeling is a valuable learning aid, one is often in the situation where the
GPR data has been collected and it is necessary to determine the layer structure and
dielectric properties based solely on the radar data; this is when the inversion of
GPR data is required. The inverse modeling of GPR data is discussed in Chapter 5.
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4 Full Waveform GPR Forward
Modeling Investigations

Modeling Problem Selection and Details

Problem selection and justification

The concepts of EM wave propagation theory and full waveform forward
modeling are discussed in the preceding chapters. In this chapter a common
geotechnical problem is selected for a detailed modeling study to illustrate the use of
full waveform GPR modeling and to investigate key concepts of detectability and
resolution. Included in the modeling study are effects of reflection from interfaces
between different materials, changes in propagation path length, transmitter
frequency, and material properties, multiple reflection events, and attenuation
caused by finite conductivity. The effects of dispersion are not considered in the
present study and are likely not significant in most materials over the frequency
range 100 MHz to 1 GHz (Olhoeft and Capron 1994).

Detection of air- and water-filled cavities in concrete structures or behind
concrete layers is the problem selected for study. This is a frequently occurring
problem that can threaten the integrity and safe operation of critical structures and
an application for which GPR is commonly considered. Cavities can occur in
concrete used as structural components (pillars, walls and monoliths) for a variety of
reasons, e.g., as an artifact of the construction process, a result of concrete
degradation, and as a result of delamination or debonding from other structural
components. Concrete is also used in the form of layers or slabs for building floors
and walls, flow channels, soil and rock slopes, and tunnel liners. Cavities also occur
behind concrete layers or slabs due to a variety of processes, such as differential
settlement or piping. Application of GPR to detection of cavities within or behind
concrete is always a tradeoff between the requirement for high frequencies for
resolution of cavity thickness or of thin concrete layers and lower frequencies for
achieving the required depth of investigation.

Model problem sets -

Three transmitter center frequencies, 300, 500, and 900 MHz, are selected for
the model calculations, and are representative of commercially available GPR
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systems and typical of frequencies which might be selected for investigation of
concrete structures. The Ricker waveform is used for all three frequencies; thus the
shape of the pulse is the same for all three frequencies, with only the duration
varying to produce the variation in center frequency. One major GPR manufacturer
maintains that the Ricker waveform is an extremely close approximation to the
actual waveform for their antennae. Duke (1990) investigated the antennae of a
second major GPR manufacturer and produced calibrated transmitter waveforms;
these actual calibrated waveforms are compared to the ideal Ricker waveforms in
Figure 7 for the same designated, nominal center frequencies. Both the actual and
the Ricker waveforms are scaled to the same arbitrary maximum amplitude. The
actual 300 MHz transmitter waveform and spectra are very similar to the
corresponding Ricker waveform and spectra. The actual 500 and 900 MHz
transmitter waveforms are different from the Ricker waveforms in various aspects,
due to transmitter ringing and noise.

Two problem sets are considered for the modeling investigation. Problem Set 1
consists of models of concrete over air or water. For the concrete over air cases, the
thickness of concrete is systematically varied from 0.1 to 4 m, while for the concrete
over water cases a fixed concrete thickness is selected. Problem Set 2 consists of
models of a concrete layer over a water layer over “sand”. Cases in Problem Set 2
have a fixed concrete thickness, while the thickness of the water layer is
systematically varied. Also, for some of the cases in Problem Set 2, GPR forward
models are conducted with and without multiple events.

Concrete is not a simple material to characterize generically. The EM properties
for concrete used for this investigation were deduced from Buyukozturk and Rhim
(1993) for three concrete water contents (w.c.), 9.5%, 6.7%, and 0%, as shown in
Table 1, which also includes the properties for air, water and sand. A small
frequency dependence of the relative diclectric permittivity is included for concrete.
For purposes of this study, this representative set of EM properties is selected based
on published information, without consideration of the relevance of specific concrete
mix design, i.e., type of cement, sand/gravel/cement/water mix, type and size
distribution of aggregate, etc. The concrete is considered massive and unreinforced.
The concrete specimens used for the measurements by Buyukozturk and Rhim were
cast with a water/cement/sand mix ratio of 1:2:4 by weight, with no coarse
aggregate. A portland cement of Type I was used. Specimen age was 4 weeks at
the time of measurements. The effect reinforced concrete has on the penetration of a
transmitted GPR signal was not studied in this investigation.

Chapter 4 Full Waveform GPR Forward Modeling Investigations

17




18

Table 1
EM Properties of Model Materials
Model Material Relative Dielectric Conductivity
Permittivity (Real) mS/m
300 500 900
MHz
Concrete w.c.=9.5%" 8.4 83 8.1 40
w.e. =6.7% 52 5.1 5.0 30
w.c. =0.0% 35 355 36 10
Air 1 1 1 0
Water 80 80 80 20
Sand 25 25 25 5

Conceptual modeling considerations

A conceptual understanding of the GPR modeling process requires consideration
of EM wave propagation velocities, two-way reflection times from interfaces in the
model, reflection and transmission coefficients, effects of geometric spreading and
attenuation on wave amplitudes, and multiple reflection events. An understanding
of the modeling process also is extremely helpful if not necessary for formulating or
deducing a subsurface model that explains or is consistent with the features
observed in field GPR data. To illustrate the process of conceptual modeling, the
model used in Problem Set 2, concrete over a water-filled cavity over sand, is

utilized.

Consider the specific case of a 0.3 m thick concrete layer over a 0.05 m thick
water cavity over a saturated sand, which is considered infinitely thick for purposes
of the modeling investigation. The EM wave propagation velocity (speed) c; and
EM wavelength A, , where the subscript i refers to the i-th material in the model,
and the amplitude reflection coefficients R;; and transmission coefficients T;;,
where 1,j refers to the interface between the i-th and j-th materials in the model, are
given by the following equations

c,=¢/ ¢,

A=clf,

R;=(Ve, - v&;)/ (Ve + Vey),
and

T,;=2ve, / (Ve + »/8,5'), -

where ¢, is the EM wave speed in a vacuum (3 x 10° m/s), € is the real part of t-he
relative dielectric permittivity of the i-th model material, and fis the frequency. The
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above expressions for the reflection and transmission coefficients are
simplifications for the full frequency dependent expressions (see Chapter 2) used in
GPRMODv2. Using the subscripts ¢, w, and s for concrete, water and sand,
respectively, Table 2 gives the values for wave speed, wavelength, reflection
coefficient, and transmission coefficient for the model materials. The velocities for
concrete are averages for the three frequencies for each water content value.

Table 2
EM Velocities, Wavelengths, Reflection and Transmission
Coefficients
Model Material Velocity, Wavelength, m Reflection Transmission
x10° m/'s (mlns) 300 500 900 Coefficient Coefficient
Layer 1: Rew Tew
Concrete
w.c.=9.5% 1.04 (0.104) 35 .21 12 -0515 0.485
we=67% 1.33 (0.133) 44 27 15 -0.599 0.401
w.c.= 0.0% 159 (0.159) 53 32 .18 -0.654 0.346
Rv.l T'i.t
Layer 2:
Water 0.33 (0.033) A1 .07 04 0.286 1.286
Layer 3:
Sand 0.6 (0.06) 20 .12 .08

With the wave velocities in Table 2, it is possible to determine the two-way
travel times through the layers of the model. Figure 8 shows the results of the
traveltime calculations for selected GPR events in the model, where the terminology
“event” refers to the arrival of energy at the receiver that has followed a distinct
propagation path through the model (or the subsurface in the case of actual GPR
data). Thus the GPR records, either field data or model calculations, consist of
much more than just the primary reflection events from each interface. In some
cases identification of the multiple events is helpful, but in most cases the multiples
complicate the interpretation process by interfering (superimposing) with both the
primary reflections and with other multiples. It is also possible that interfaces will
be so close together (i.c., a thin layer) that the primary reflections will interfere with
each other and the two interfaces will not be resolved. The numerical designation
of the multiples refers to the interfaces where reflections occur along the multiple
propagation path, where the top or air/layer 1 interface is assigned ‘0°. Thus the
designation ‘101” refers to a event which reflects from interface 1, interface 0, and
interface 1; this multiple event is shown as the third event from the top in Figure 8.

Whether or not events interfere with each other or a layer is resolved depends on
the frequency and hence the duration and dominant wavelength of the propagating
waveform. The dominant wavelengths of the nominal Ricker waveforms are shown
in Table 2. Widess (1973) demonstrates that a layer is theoretically resolved for
thicknesses greater that A/8, where A is the dominant wavelength of the waveform
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within the layer. However, practical resolution is typically taken to occur at
approximately A/4 (Jol 1995), and “visual resolution,” i.c., the thickness for which
the two primary reflections are visually obvious, occurs at approximately A/2. Thus
in the absence of interfering multiples, visual resolution of the water layer (see
Table 2) should occur for layer thickness of approximately 0.06, 0.04, and 0.02 m
for frequencies of 300, 500, and 900 MHz, respectively. Based on these
considerations, the water layer in Figure 8 (thickness hw = 0.05 m) should be
visually resolved for 500 and 900 MHz but not for 300 MHz.

A useful way to visualize a GPR record is as the convolution of the propagating
waveform with the impulse response of a model or the earth. The impulse response
is constructed simply as a spike at the two-way reflection time for each event with
amplitude and polarity equal to the reflection coefficient (see Table 2); this
simplistic impulse response ignores transmission and propagation losses. In the
convolutional model response, each event will have duration equal to duration of the
propagating waveform. Interference will then occur when events occur closer in
time than the duration of the propagating waveform. From Figure 7, a duration for
the Ricker waveforms can be defined as the visually apparent time between zero
departure (total duration) for the waveform or as the time between the negative
peaks of the waveform. The approximate values for these definitions of duration
are shown below:

300 MHz S00MHz 900MH:z

Total Duration, ns 6.3 3.7 2.15
Time between negative peaks,ns 2.5 1.5 0.85

Comparing these values for duration to the two primary reflection two-way times in
Figure 8 indicates that the two primary events should be well resolved for 900 MHz,
interfere slightly for 500 MHz (although the two negative peaks for each event
should be resolved), and should significantly interfere for 300 MHz. The resolution
assessment based on waveform duration is completely consistent with the
assessment based on dominant wavelength in the preceding paragraph.

Results of GPRMODv?2 calculations for the concrete/water/sand model of
Figure 8 with concrete w.c. = 9.5% and 900 MHz Ricker waveform are shown in
Figure 9; the top plot is for no multiples, and the bottom plot includes multiple
events. The two primary events are labeled and are clearly resolved as predicted
previously for 900 MHz based on waveform duration and dominant wavelength
considerations. Two multiple events are indicated in the bottom plot. The first
labeled multiple event is actually the superposition of two multiple events, 101 and
212, that arrive nearly simultaneously (see Figure 8 under w.c. = 9.5%). The
multiple event 201 is attenuated significantly, and all other multiple events are not

evident.

As an illustration of the effects of propagation velocity on the spacing of primary
and multiple events, Figure 10 shows GPRMODv2 calculation results for concrete
w.c. = 0.0% and 900 MHz, i.e., identical to the model for Figure 9 except for water
content and hence propagation velocity (see Table 2). From the reflection times'in
Figure 8 under w.c. = 0.0% and dominant wavelength and duration considerations, it
is evident that the primaries should still be resolved; however, multiple event 101
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should now interfere with the 2nd primary, while multiple events 101 and 212
should be resolved. All of these predictions are evident in the calculated GPR
model response and the events are identified in Figure 10. Multiple event 202 is
also evident and identified for this case, because of the decreased attenuation for the
lower conductivity associated with w.c. = 0.0% compared to the higher conductivity
with w.c. = 9.5%.

As a final example to illustrate forward modeling concepts, the GPRMODv2
results for the previous model with w.c. = 9.5% and using a 300 MHz propagating
waveform are shown in Figure 11. Considering the arrival times in Figure 8 under
w.c. = 9.5% and dominant wavelength and duration for 300 MHz, it is obvious that
not only should the two primary events not be resolved but multiple events 101 and
212 should interfere with the primaries. The GPR model results in Figure 11
illustrate the lack of resolution of the two primaries and comparison of the
calculation with no multiples (top plot) with the calculation with multiples (bottom
plot) illustrates the interference of multiple events 101 and 212 with the primaries.
None of the other multiples are evident, illustrating greater attenuation of the 300
MHz waveform relative to the 900 MHz case considered earlier. Although the
complex waveforms in Figure 11 suggest superposition of events, arrival times
other than that of the 1st primary cannot be determined with confidence by visual
inspection. Application of data processing procedures, such as crosscorrelation and
deconvolution, to detect event arrivals that are too closely spaced in time to be
visually resolved is discussed in the next chapter.

Scope and Results of the Modeling Study

Scope of study

Appendix A contains tabulations of the cases included in the Problem Sets.
Table Al lists the 27 cases of Problem Set 1 for concrete over air for which GPR
model responses were computed and reproduced for this report. Table A2 lists the
cases of Problem Set 1 for concrete over water. The GPR model response
calculations from GPRMODV?2 for Problem Set 1 are contained in Appendix B.
Table A3 lists the cases of Problem Set 2 for models of concrete over water over
sand . Cases 37-144 in Table A3 are for calculations with multiples, while cases
145-252 are for calculations with no multiples. The GPR model response
calculations for Problem Set 2 are contained in Appendix C.

Selected results and discussion: Problem set 1

Results of the GPRMODv?2 model calculations for Problem Set 1 are presented
in Appendix B. Figure 12 combines Figures B4 and B11 for a side-by-side
comparison example. The three plots on the left side of Figure 12 are for concrete
over air, while the three plots on the right are for concrete over water, with the same
frequencies side-by-side and concrete thickness h = 0.3 m and w.c.=9.5% for all-
cases. All of the concrete/air and concrete/water cases show the primary and first
multiple event. From Table 2, the reflection coefficient for concrete over water is
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-0.515, while the reflection coefficient for concrete over air is +H0.485. Thus the first
expected and observed difference in the concrete/air and concrete/water cases are the
different polarities of the reflection events. For the concrete thickness 0.3 m, the
primaries and multiples are well separated for all three frequencies. The concrete
thickness for this problem can be determined from the model response by using the
arrival time of the primary or the time difference between primary and multiple
multiplied by the propagation velocity. The approximate two-way time difference
between primaries and multiples is t = 6 ns; the concrete thickness h is given by
h=(¥2)(c/Ve),

h=05x(6x10°) x(3x 105784 m = 031 m,
in satisfactory agreement with the known model value.

Another more subtle feature of the cases in Figure 12 is the effect on amplitudes
of the reflection process and total signal attenuation. For each plot, a “Display
Gain” is shown (rounded to the nearest dB). This gain is a constant by which all
values in the model calculation output values are multiplied to make the maximum
amplitude in the output equal to 80% of the maximum value for the graphic display
(Powers and Olhoeft 1995). Thus the Display Gain is directly related to the total
signal loss as a result of attenuation, spreading, and reflection and transmission at
boundaries for all cases. In fact, the total signal loss will always be greater than the
display gain in dB, since the display gain will be determined by the amplitude of the
first primary event rather than the amplitude of the initial transmitter waveform (the
first primary amplitude will always be less than the initial transmitter waveform
amplitude). Two features are apparent from Figure 12: (1) signal loss increases as
frequency increases for both primaries and multiples as expected; (2) signal losses
are greater by approximately 1 dB for the concrete/air cases than for the
concrete/water cases. The second feature is understood by comparing the reflection
coefficients for concrete/air and concrete/water. Only 48.5% of the incident
amplitude is reflected at the air boundary, while 51.5% is reflected at the water
boundary. This difference in reflected amplitude at the two boundaries amounts to
1dB ( by converting the reflection coefficients to dB and comparing) as shown by
the model calculations. '

In addition to the cases shown in Appendix B, for concrete thicknesses of 0.1,
0.3, and 0.75 m, the thickness h was systematically varied from 0.01 m to 4.0 m to
determine signal loss as a function of thickness for the GPR model calculations.
Signal loss in dB versus concrete thickness for concrete w.c. = 9.5% (top) and 0.0%
(bottom) is plotted in Figure 13, where the “signal loss” is just set numerically
equal to the display gain. The signal loss plots illustrate several important concepts
regarding the interplay of electromagnetic parameters in determining total signal
loss and achievable penetration depth in concrete. The plots in Figure 13 have the
appearance of two linear regions joined by a transition region. The initial steeply
sloping region of the plots corresponds to the region where geometric spreading
dominates the total signal loss, while the second lesser sloping region corresponds
to domination of the total signal loss by actual intrinsic propagation loss. Why the
transition region is so abrupt, particularly for the w.c. = 9.5% cases, is not clear”
The initial linear regions for the w.c. = 9.5% cases and for the w.c. = 0.0% cases are
practically coincident, while the slope for the w.c. = 9.5% cases is steeper than for
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the w.c. = 0.0% cases. The slopes within the second linear region for the three
frequencies are approximately equal for each w.c.; although the curves for each
frequency are separated by approximately 5 dB, i.e., signal loss for 500 MHz'is 5
dB greater than 300 MHz and signal loss for 900 MHz is 5 dB greater than 500
MHz. The second linear region begins at approximately 0.75 m for w.c. =9.5% and
1.75 m for w.c. = 0.0%. Slopes within the second linear region approximately
equal 1.4 dB/m for concrete w.c. = 9.5% and approximately equal 1 dB/m for
concrete w.c. = 0.0%, consistent with observed values for similar materials reported
by others (Annan 1992).

A somewhat initially surprising result is that the plots predict greater signal loss
at larger propagation distances (> 2 m) for the lower conductivity concrete. The
explanation for this somewhat counterintuitive result is the role played by dielectric
permittivity in signal loss and the geometric spreading formulation (see Chapter 3
and Powers and Olhoeft 1995). The factor of two decrease in dielectric permittivity
plays a larger role in determining penetration than the factor of four decrease in
conductivity; this relative effect may not be the same for other ranges of permittivity
and conductivity.

A typical value for total loss that can occur from all propagation effects and still
result in detection of the signal at the Rx is 100 dB (Annan 1992). Assuming that
the signal loss plotted in Figure 13 is the actual total propagation loss, this will give
a conservative estimate of achievable maximum concrete thickness penetration for
each frequency at the thickness where each curve crosses the 100 dB loss value. It
is assumed that the average of the maximum thicknesses for w.c. = 9.5% and 0.0%
is the maximum thickness for an “average concrete”; these values are tabulated
below:

300 Mhz 500 Mhz 900 MHz
Maximum Penetration Thickness, m 8 6.8 3.7
(For ‘average concrete” at 100 dB
total signal loss)

These values of 100 dB penetration thickness are consistent with values of 100 dB
penctration range calculations reported elsewhere for similar conductivities and
permittivities (Annan 1992).

Selected results and discussion: Problem Set 2

Problem Set 2 is a systematic investigation of the primary and multiple events
associated with the concrete/water/sand model discussed in the “Conceptual
modeling considerations” section. For this investigation, the water layer thickness is
varied from 0.01 m to 0.4 m for three concrete water contents and three frequencies.
The concrete thickness is fixed at 0.3 m for all cases in Problem Set 2. The
complete GPRMODNv?2 calculation results of the investigation are presented in
Appendix C which serves as a reference catalog for this type problem. For -
problems of this type, the key factors to be determined are concrete thickness, cavity
thickness, and whether the cavity is water- or air-filled. Determination of the
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concrete thickness was discussed in the preceding section. Determination of the
cavity (water layer) thickness requires the arrival time of the second primary event.
Thus the two primary events associated with the cavity must be resolved either
visually or via data processing. Identification of the two primary events allows the
determination of the concrete and cavity thicknesses. The propagation velocities
within the concrete and cavity are also determined, and in turn the real part of the
dielectric permittivity of the concrete and cavity-filling material, which will identify
the cavity-fill material (air or water). The preceding discussion is a description of a
manual inversion of GPR data. In the actual case of field GPR data, all the multiple
events and noise will be present to complicate the identification of the second
primary and determination of its arrival time. The value of the full waveform
forward modeling capability is for iterative manual inversion or as the core of an
automated inversion capability, since all primary and multiple events (as well as
attenuation, spreading and dispersion effects) are included.

The cases for water layer thickness hw = 0.05 m are discussed in detail in the
“Conceptual modeling considerations” section. For this water layer thickness, the
two primary reflections are just resolved for 900 MHz but not resolved for 300
MHz (see Figures 10 and 11). Examination of the results in Appendix C reveals the
following approximate water layer thicknesses required for visual resolution:

300 MHz 500 MHz 900 MHz
Minimum Resolvable Layer Thickness, m 0.1 0.05 0.03

Although there is a slight dependence on concrete properties affecting the
resolution, the above visually resolvable thicknesses are good rules-of-thumb.

Considering the minimum water layer thickness required for visual resolution, as
in the preceding paragraph, results in output from GPRMODv2 in which the
primary and multiple events are closely spaced in time and superimposed to some
extent. It is useful and instructional to consider a water layer thickness for which all
the events are separated. Figure 14 reproduces Figure C54, Case 252, for water
layer thickness hw = 0.4 m. An additional display gain of 20 dB is applied to Figure
14 to enhance recognition of the events. Eight events are identified in Figure 14.
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5 GPR Inverse Modeling

The numerical inversion of any geophysical data is basically an iterative process
where a forward model is fit to the data and the parameters adjusted until an
acceptable fit between the model and the data is achieved. The greater the number
of parameters involved in the inversion, the more complex the inversion process.
Since some GPR parameters are interrelated, a unique inversion solution cannot be
obtained. Because of the large number of parameters involved and the
nonuniqueness of the solution, the usual techniques for inverting geophysical data to
obtain a global solution of all parameters simultaneously via an iterative least
squares inversion procedure (Simms and Morgan 1992) is not practical for full
waveform GPR data. However, experience and knowledge of typical values of
parameters for a given material can aid in simplifying the GPR inversion
requirements and in determining if the inversion result is reasonable.

Parameter Considerations

Based on the forward modeling program GPRMODv2 (Powers and Olhoeft
1995) discussed previously, a minimum of thirteen parameters are involved in the
modeling of GPR data. Thus, a minimum of thirteen parameters would be required
as input to the inversion. The parameters include three that pertain to the overall
model (number of layers, coupling ratio, and zero time offset) and ten that are
required for each layer (conductivity, thickness, and eight Cole-Cole parameters).
The number of initial variable inversion parameters can be reduced to four if some
simplifying assumptions are made. The parameter zero time offset is obtained from
header information when the data were collected in the field; it is dependent on the
GPR system used to acquire the data. A second parameter, coupling ratio, is
determined from the expression C=ve,/2. This relationship was obtained by
assuming the antenna is designed for a material having a dielectric permittivity of
£,~4 50 the Velocity V gy = fiignMantenna = €/ VE, = ¢/2. The interaction of the
transmitted pulse with the ground surface tends to reduce the peak operating
frequency of the antenna thus V4 = (fyignhantenns)”/ C. = ¢/VE,. A permittivity of
four is arbitrary but the expression for the coupling ratio provides an adequate
initial approximation. The two parameters dealing with the magnetic permeability
can assumed initially to be constant, their values governed by whether the material
is or is not magnetic. However, if a material is thought to have a significant iron
content then these parameters should be allowed to vary throughout the inversion.
The four Cole-Cole relaxation and distribution parameters, two related to the
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dielectric permittivity and two to the magnetic permeability, can also be initially
taken as constant. If the material is dispersive or wet, then the default values will
need to be adjusted. The five remaining parameters, number of layers, layer
thickness, electrical conductivity, and high/low relative dielectric permittivities, are
the major parameters involved in modeling GPR data. For the inversion though, the
number of layers and layer conductivity (if measured in the field or laboratory) can
be fixed, which leaves three parameters per layer that will vary throughout the
inversion process, layer thickness and high/low relative dielectric permittivities, plus
the coupling ratio.

The first step in the inversion process is to determine how many layers are
represented in the GPR trace. Two methods were investigated to do this,
crosscorrelation and deconvolution. Crosscorrelation compares two sequences to
determine how similar one sequence is to the other. An example of using
crosscorrelation to identify interface boundaries is shown in Figure 15. In Figure
15a, a 900 MHz Ricker waveform was crosscorrelated with the forward model
response from a three layer model consisting of concrete, water, and sand (no
multiples). A Ricker waveform is representative of the output signal for a
commercially available GPR antenna system. The top plot is the Ricker waveform,
the center plot is the model response, and the bottom plot is the result of the
crosscorrelation. Figure 15b represents the same set of plots except the input
wavelet (top plot) is that for a 900 MHz antenna of another GPR manufacturer. For
both input waveforms, the crosscorrelation results in a replica of the input wavelet
at each layer interface. The apparent discrepancy in the location of the interfaces
relative to time (location of peaks on the model response and crosscorrelation
curves) represents the time difference between the peak on the input wavelet and
zero time. The crosscorrelation ignores any time offset of the input signal, thus time
t’ of peak B’ on the crosscorrelation curve is equal to time t between peak A on the
input wavelet and peak B on the model response curve.

Deconvolution was also tested as a method to identify layer interfaces.
Deconvolution is a process designed to restore a waveshape to the form it had
before it underwent a linear filtering action (Sheriff 1984). The same input and
model response curves used above were deconvolved to obtain the location of the
layer boundaries (Figure 16). Again, the input signal in Figure 16a is a Ricker
waveform and Figure 16b is the other calibrated antenna waveform. The
deconvolution is also relative to the input wavelet and ignores any initial time offset.
Note that the deconvolution output is similar to that of an impulse rather than a
replica of the input wavelet, as was the case in the crosscorrelation.

When the Ricker waveform is used as the input signal, both the crosscorrelation
and deconvolution provide a relatively sharp response. However, as the input signal
becomes more complex, as with the other input waveform, deconvolution provides a
cleaner and sharper identification of the layer interface. The simplification of the
output to an impulse-like response is desirable in order to obtain a clearer definition
of the layer boundary and, in cases when thin layers are present, for separation
(resolution) of the layers.
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A rough estimate of the interface depth can be determined based on an estimate
of the material velocity and the traveltime. This should provide an adequate initial
value for the inversion routine.

The electrical conductivity can be obtained from a reference, which typically
would report a range of values for a given material, laboratory measurements, or
data collected in the field. However, it is preferable to measure the conductivity of
the material since conductivity values can vary over a wide range and are dependent
on site specific conditions.

Values for the relative dielectric permittivity are obtained from laboratory
measurements performed on field samples or, more commonly, from publications of
laboratory measurements on similar materials. The permittivity of the near surface
soil layer can also be obtained using time domain reflectometry (TDR). This field
measurement would correspond to the high frequency dielectric permittivity in the
forward modeling program. The real dielectric permittivity tends to range between
4 and 25 for typical soils and pavements. In the higher frequency range, f>100
MHz, the high frequency dielectric permittivity €,.. dominates and the low frequency
dielectric permittivity €, can be set equal to €,.. However, if dispersion is a factor

- within the operating frequency range of the antenna, then &, should be set greater
than €,...

A list of the thirteen inversion parameters and their general range of values is
given below. The values for the relative dielectric permittivity are based on one
author's experience whereas the values for relative magnetic permeability and the
Cole-Cole parameters were obtained from forward modeling exercises using
GPRMODv2 (Powers and Olhoeft 1995). Many of these parameter ranges are
based on laboratory measurements of field samples (Olhoeft 1986, Olhoeft and
Capron 1994). Note that the dielectric permittivity and magnetic permeability
parameter values have -1 flags in the program to indicate a metallic or magnetic

object.

PARAMETER RANGE

Number of Layers variable

Layer Thickness, h variable

Conductivity, o 0-50 mS/m

€1 € 4-25, dry sand 4-10, metallic object -1

T, dry 1.0, wet 10.0, iron in soil: dry 0.8, wet 10.0 ns
o, dry 1.0, wet 0.8, iron in soil: dry 0.7, wet 0.8

My iron-free soil 1.0, iron in soil 1-16, magnetic object -1
IR iron-free soil 1.0, iron in soil 1-2, magnetic object -1
T, iron-free soil 1.0, iron in soil >0.3 ns

o, iron-free soil 1.0, iron in soil 0.75

Cr 1-2

Offset dependent on antenna system

Chapter 5 GPR Inverse Modeling

27




28

Afier the initial values of the parameters have been chosen, the inversion
proceeds by calculating a model GPR trace and comparing it to the field trace.
Usually some measure of fit is used to determine if the model trace is a satisfactory
representation of the field trace, or if the parameters should be adjusted and a new
model trace calculated. This process is repeated until a maximum number of
iterations has been reached or the model fit is acceptable. The conventional
methods for data inversion invert all parameters simultaneously. When the problem
contains a large number of parameters, which could be the case with GPR data, the
inversion becomes time consuming and problems with convergence arise. A

-possible inversion technique to avoid this problem is to use a layer stripping

method. Layer stripping involves inverting for parameters one layer at a time and
then removing that layer and proceeding downward through the subsurface. The
number of parameters solved for at a given time are reduced, and therefore the time
required to perform the inversion is greatly reduced. The layer stripping technique
has been used to invert dc resistivity data (Pekeris 1940) and seismic reflection data
(Yagle and Levy 1985).

Manual Inversion of GPR Data

To illustrate the procedure involved in a numerical inversion, the manual
inversion of GPR field data is presented through the use of the forward modeling
program GPRMODv2 (Powers and Olhoeft 1995). A plot of the field data is given
in Figure 17. The hyperbolic reflection on the right side of the radar section is
caused by a 4 feet diameter steel pipe. The initial parameter values chosen to invert
the data are listed below. Only four of the parameters in the table were allowed to
vary; all others were assumed constant. The thickness of the material overlaying the
pipe was calculated based on an assumed velocity of 0.1m/s and a one-way travel
time of 18ns (obtained from plot of field data). '

PARAMETER VARY VALUE

Number of Layers no 2

Layer Thickness yes h,=1.8m

Conductivity no 6,=10mS/m, 0,=10,000mS/m
€4 yes £4=8, €,=1

€. yes €n=8, €,.,=-1

T, no t,=10ns, t,=0ns

o, no «,;=0.8, a, =1

My no Ha=1, pp=-1

Hre no Her =1, P =1

T, no T,,=0ns, 7,,=0ns

«, no o,=1, a,.=1

Cr : yes ve /2 =141

Offset no 9.45 ns -
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Figure 18a is a plot showing the initial model fit (solid curve) to the field data
(dotted curve). The field scan is the GPR trace at the apex of the pipe reflection.
The GPR field data (Figure 17) show that the onset of the pipe reflection occurs at
about 36ns and it is at this point where fitting of the model trace will begin. The
initial model requires the curve to be expanded vertically and shifted to the left. To
accomplish this, the dielectric permittivity is increased to 9.0, giving a C=1.5, and
the layer thickness decreased to 1.34m for the first iteration (Figure 18b). The
model curve is now in approximately the correct position laterally, however the
curve still requires more vertical expansion. For the second iteration, the
permittivity is increased to 10 with C=1.58 and the layer thickness must be
decreased to 1.2m (Figure 18c). This iteration appears to have smoothed the
variations present in the curve between 55ns and 70ns, which should be retained
since the field scan shows the undulations and therefore should be modeled. In the
next iteration, the permittivity is reduced to 9.2, C=1.52, and the layer thickness
increased to 1.3m (Figure 18d). Now the model curve has basically the same shape
as the field scan, so the dB is increased to 7 to vertically enhance the model response
(Figure 18¢). Further attempts to match the positive peaks in the model curve with
those in the field scan were not successful so the model fit in Figure 18e is accepted
and the inversion process terminated. The parameters used in each iteration step are
summarized below.

ITERATION ¢, & C_ _h dB

=g —_—

Initial 8.0 80 141 180 O
1 9.0 90 150 134 0
2 100 100 152 130 O
3 9.2 92 152 130 0
Final 9.2 92 152 130 7

Holding many of the parameters constant is not a bad practice if effects caused by
dispersion are small and the remaining parameters can be reliably determined or
estimated. Which parameters can be held fixed during the inversion depends on the
soil properties at a site. The iterative procedure is considerably simplified when the
number of varying parameters involved in the inversion is reduced.
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6 Conclusions

In situations where ground penetrating radar has a sufficient depth of
investigation capability to address a specific problem, it has the greatest horizontal
and vertical resolution of any geophysical method that can be applied to the
problem. Existing analysis procedures use only a small amount of the information
contained in the received GPR waveform, and do not consider electromagnetic wave
attenuation, geometric spreading, dispersion, scattering, and interface
reflection/transmission losses. This research focused on the assumptions and
considerations necessary for developing an interpretation procedure that utilizes the
full GPR waveform for determining layer thicknesses and the EM properties of
subsurface materials.

Forward modeling of GPR data is helpful in determining if it is feasible to use
GPR at a particular site given certain physical properties of the soil, what frequency
antenna is required to detect layers of varying thickness, and what type of response
should be expected for various combinations of conductivity, dielectric permittivity,
and magnetic permeability. The forward modeling study showed that, because of
the superposition of primary arrival events and multiples, arrival times other than
that of the first primary reflection cannot always be determined with confidence by
visual inspection of the GPR record. The application of data processing techniques
to detect event arrivals that are too closely spaced in time to be visually resolved is
required.

An initial investigation of the inversion of GPR data was undertaken. There are
many parameters involved in the inversion of full waveform GPR data. The
inversion problem would be unmanageable without making certain assumptions and
restraining some parameters with field measurements. Fortunately, in the high
frequency range, /> 100MHz, dispersion often times is not a major concern so the
imaginary component of the dielectric permittivity and magnetic permeability is
zero. If the soil is relatively iron-free so the magnetic permeability can be assigned
a fixed value, then the number of free parameters in the inversion is reduced to three
per layer, the real dielectric permittivity (€,=¢,..in GPRMODv2), conductivity, and
layer thickness, plus the coupling ratio (C=ve,/2).

Both crosscorrelation and deconvolution were shown to be effective at
delineating material interfaces, however deconvolution was better able to resolve
interfaces for more complex transmitter waveforms. Identification of the number of
interfaces (hence number of layers) and their approximate location in depth and/or
time is an important first step in the inversion process.
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Figure 3. Incident, reflected, and transmitted rays, and their associated angles, at
an interface
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Figure 5. lllustration relating antenna separation (s) to target depth (y). Rule of
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Figure 12. Comparison of concrete/air, Cases 10-12, with concrete/water reflections,
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Figure 18. lilustration of manual inversion of GPR data. a) initial mode! fit (solid

curve) to field data (dotted curve), b) model fit after Iteration 1,
c) model fit after lteration 2, d) model fit after iteration 3, €) model fit
obtained by increasing dB level -
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Appendlx A
Tables of Cases for Forward
Modeling Problem Sets

’ Table Al--Concrete/Air: Cases 1-27
Table A2--Concrete/Water: Cases 28-36

Table A3--Concrete/Water/Sand: Cases 37-252

Appendix A Tables of Cases for Forward Modeling Problem Sets

At




0 l L e 4
6 v Lo 9’ 9'c 81010U00 1 006
bl 0 l l e [4
8 L Lo S6°e SS'e 93ei0u00 l 005
ol 0 t ! e . [4
L L Lo S'e St 01940U00 1 '00e %0
bl 0 l l e [4
9 L €0’ 0's 0's 910J0U0d l 006
- . ) 1 L 1e z
.S L i €0’ 'S L's 9319i0U00 L 00s
- (0] i l e z
14 v €0’ ¢'S (41 931e4o0u0d l (o]0} %L9
™ 0 L L g <
: ‘e (A ¥0’ T8 z'8 010J0U0d t 006
K 0 t L 18 4
(4 L O’ €8 €8 8j2Jouod l 00s
L o l ! Jie 4
l V 14%2 A ] '8 83010U00 l o00e %S'6
9880 Aw) {w/s) (zZyw) ejuon
ssouyolyL o ) Y3 |suaey STYCE] Asuenbesq FTYYY

\

LZ-1 sesu) iJju/e1810U0)

lv e|qel

Appendix A Tables of Cases for Forward Modeling Problem Sets

A2



b 0 l l e [4
_— 8l ; oy 10" g’ 9'c 931010U0d t 006
, B - o l i L z
L S Lo ss€ | sse 03010U00 L 005
- o 1 l h_.w. [4
gl e Lo St S'E 8390U00 L 00€ %0
- (o] l l e [
St g €0 0’s 0's ©3840U02 l Aoom
- 0 1 t e 4
€ €0’ L'S 1's ©316J0U02 l 00S
d (o] I l a8 [4
%L'9
€ £0° TS TS 619J0U00 t oo0g
- 0 t l e [4
€ Yo z'8 [4: 83040u02 1 006
- o l l Je [4
) i € 142 €8 €8 ©1840U00 l 00S
n - ) l l ™ z %se ||
ol € 0’ '8 '8 818J0uU0d 3 ooe
9885 (w) (wy/s) (Z4yw) Juesuog
ssewOy L [o] ~'3 Y3 |sla38 N 13hu Asuenbeug FTIYY

LZ-1 088D :1j8/61010U0)
{penuguo)) LV ejqa)

Appendix A Tables of Cases for Forward Modeling Problem Sets

A3




- 0 0 l e z
L s L0 9°¢ 9°'¢ 91040U00 1 006
- 0 l ! 18 T
__’ 14 aL Lo’ ,m.um.w SS'€ 91010u00 l 003
bt 0 l l e . <
ST st o - s'e S'¢ €38.10u0d 1 00¢ %0
*° 0 L L e z
ve SL €0 0's 0'S 938JO0U0D . 006
- 0 _ l L e [4
14 L - €0’ 1'S 1's 83940U02 l 00Ss
- 0 l L 18 (4
(44 TA €0’ (4] 'S 918J0U00 L oot %L'9
- 0 l l 18 (4
.—.N. sL 14%3 '8 '8 830J0U0D { 0086
= 0 l l e [4
ON TA t0* €8 €'8 9}eJouod i 00s
bod o l l 8 [4 %S'6
6l S’ v0* '8 v's @jesouod l 0oog
esug {w) {wy/s) {z4w) wnuoy
ssawyolyL 0 -3 s [eHaIBI Johu Aouenbesy ST
LZ-1 s988) :118/010I0U0Y

(penuguoQ) Ly ejqet

- Appendix A Tables of Cases for Forward Modeling Problem Sets

Ad



hed (403 08 08 i9lem [4
8e v > 10 9'c 9'e 91010U0D l 006
-’ 20" - 108 08 ie18m r4
-1 € 10 mm”m S§'¢ -91840U00 L 005
bod co’ 08 08 iojem [4
4> e Lo 5'€ S'€ . 101000 1 ooe %0 -
- [ 08 08 1838M z
et e €0 o’s 0's 8}ai0u0d s 008
bod o . 08 o8 iolem 4
4> K3 €0’ 's 'S 03010u00 L 00s
- zo 08 o8 1938m z
Le € €0° [4°] (4] 81940U0d i 00t %L'9
bt co* 08 08 i818M Z
. 08 > 0’ '8 T8 930i0u0d i . 006
B - o 08 08 solem z
. _— .m.N £ 14% €8 £'8 6j0J0U09 l 00s
» [{ X 08 08 1818M (4
_ 8¢ e o’ '8 '8 ©3010u00 L 00¢ %S'6
(w) {wy/s) (zyn)
ese) ssewoyy o ~3 ¥3 s8Ny 10Au] Aousnbaiy UUOY INIBAA

9€-8¢ $9s8) 119JB\\/231940U0)

¢V sjqel

Appendix A Tables of Cases for Forward Modeling Problem Sets



A6

Table A3

Concrete/Water/Sand Variable Water Layer Thickness Test. Cases

Concrete Properties:

Water Frequency ' €, €, o Thickness
Content {MHz) . (Slm)‘= {m}
9.5% 300 8.4 8.4 04 3
500 83 8.3 04 3
900 8.2 8.2 .04 3
6.7% 300 5.2 5.2 .03 3 "
500 5.1 5.1 .03 3 I
800 5.0 5.0 .03 3
0% 300 3.5 3.5 .01 3
500 3.55 3.55 .01 .3
900 3.6 3.6 .01 - .3
Water Properties That Remain Constant:
Il - ; |
{S/m)
" 80 80 .02 ”
- Sand Properties:
” €, €,. o Thickness
(S/m) {m}
” 25 25 .005 -
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Table A3 (Continued)
Concrete/Water/Sand: Variable Water Laxer Thickness Test Cases 3

7-252

Water Content ‘Frequency Thickness of Water Case Case
{(MHz) (m) {with mult.} {no muit.)
9.5% 300 01 37 145
02 38 146
.03 39 147
04 40 148
05 41 149
.10 42 150
15 43 151
.20 ! 44 152
.25 45 183
.30 46 154
.35 47 155
.40 48 156
500 01 49 157
02 50 158
.03 51 159
.04 52 160
.05 53 1861
.10 54 162
.15 55 163
.20 56 164
.25 57 165
.30 58 166
.35 59 167
40 60 168
900 .01 61 169
. .02 62 170
.03 63 171
.04 64 172
.05 65 173
0, 66 174
.15 67 175
.20 68 176
.25 69 177
.30 70 178
.35 71 179
.40 72 180
6.7% 300 .01 73 181
.02 74 182
.03 75 183
04 76 184
.05 77 185
.10 78 186
.15 79 187
.20 80 188
.25 81 189
.30 82 190
35 83 191
.40 84 192
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Table A3 (Continued)

Concrete/Water/Sand: Variable Water Laxer Thlckness Test Cases 37-252

6.7% 500 01 85 193
02 86 194
03 87 196 ...
04 88 186
05 89 197
.10 20 198
18 91 199
.20 92 200
.25 93 201

.30 924 202
35 95 203
.40 26 204

200 01 97 205
.02 98- 206

.03 99 207

04 100 208

05 101 209

.10 102 210

.15 103 211

.20 104 212

.25 108 213

.30 106 214

.35 107 215

.40 108 216
0% 300 01 109 217
02 110 218
.03 111 219
04 112 220
.05 113 221
.10 114 222
.15 115 223
.20 116 224
.25« 117 225
.30 118 226
.35 119 227
.40 120 228
500 .01 121 229
02 122 230
.03 123 231
.04 124 232
.05 125 233
.10 126 234
.15 127 235
.20 128 236
.25 129 237
.30 130 238
.35 131 239
.40 132 240
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Table A3 (Continued) ' .
Concrete/Water/Sand: Variable Water Layer Thickness Test Cases 37-252

0% 9200 01 133 241
02 134 241
..03 135 243, _
04 - 136 244
05 137 245
.10 138 246
18 139 247
.20 140 248
25 141 249
.30 142 250
.35 143 251
.40 144 252
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Figure B1. GPR model calculation results, Cases 1-3
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Figure B2. GPR model qélculation results, Cases 4-6
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Figure B3. GPR model calculation results, Cases 7-9
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Figure B4. GPR model calculation results, Cases 10-12
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Figure B5. GPR mode! calculation results, Cases 13-15
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Figure B6. GPR model calculation results, Cases 16-18
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Figure B7. GPR model calculation results, Cases 19-21
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Figure B8. GPR model calculation results, Cases 22-24
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Figure B9. GPR model calculation results, Cases 25-27
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Figure B10. GPR model calculation results, Cases 28-30
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Figure B11. GPR model calculation results, Cases 31-33
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Figure B12. GPR model calculation results, Cases 34-36
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