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Ground-penetrating radar simulation in engineering

and archaeology

Dean Goodman*

ABSTRACT

Forward modeling of ground penetration radar is
developed using exact ray-tracing techniques. Struc-
tural boundaries for a ground model are incorporated
via a discrete grid with interfaces described by splines,
polynomials, and in the case of special structures such
as circular objects, the boundaries are given in terms
of their functional formula. In the synthetic radargram
method, the waveform contributions of many different
wave types are computed. Using a finely digitized
antenna directional response function, the radar cross-
section of buried targets and the effective area of the
receiving antenna can be statistically modeled. Atten-
uation along the raypaths is also monitored. The
forward models are used: (1) as a learning tool to avoid
pitfalls in radargram interpretation, (2) to understand
radar signatures measured across various engineering
structures, and (3) to predict the response of cultural
structures buried beneath important archaeological
sites in Japan.

INTRODUCTION

Ground-penetrating radar (GPR) has been applied in a
variety of studies including: groundwater investigations,
identification of buried hazardous wastes, soils mapping, as
well as engineering and geo-technical investigations (e.g.,
Davis and Annan, 1989; Daniels, 1988; Foster et al., 1987;
Olhoeft, 1986; Ulriksen, 1982; Annan and Davis, 1976;
Stewart and Unterberger, 1976). GPR has also been found to
be a useful tool for nondestructive archaeological investiga-
tions (e.g., Goodman and Nishimura, 1992 and 1993; Bevan
1975, 1991; Stove and Addyman, 1989; Vaughn, 1986).

Current GPR research is concentrating on the develop-
ment of equipment and software to keep pace with the needs
of a growing scientific community that would like to collect
and analyze data in a similar fashion to that already practiced

in seismic exploration. Multichannel receivers and transmit-
ters for collecting 3-D GPR data have recently been pro-
posed (Deen and Feijter, 1992). An example of limited 2-D
array data collection has been recently published (Fisher et
al., 1992).

What can be considered the ‘‘pioneer’’ research in terms
of GPR interpretation is the introduction of techniques
similar to those found in the seismic industry including: 2-D
and 3-D migration (e.g., Turner, 1992), complex wavenum-
ber filtering, deconvolution, velocity analysis, etc. Also,
commonly practiced in seismic interpretation are 2-D and
3-D forward modeling. Forward modeling can help to cor-
roborate geologic interpretations made from raw or pro-
cessed seismic data sets. Currently, however, forward GPR
modeling is restricted to 1-D structures in the literature.

In this study, a method for simulating GPR returns from
buried structures is developed. Some of the nomenclature
used is inherently similar to that found in the seismological
literature (e.g., Telford et al., 1990). There are however,
some differences in modeling of GPR signals. One of the
primary differences is the fact that the GPR method normally
transmits and receives signals recorded over a spatial win-
dow—the antenna aperture. In the seismic method, the
receivers (geophones), are normally considered to be point
measurers of ground motions. The effective aperture (spatial
window) of the antenna is an essential factor needed to
properly predict the amplitudes of radar returns, particularly
for reflectors located close to the antenna. One-dimensional
synthetic radargrams have been used frequently in the
literature. However, properly predicting radar signatures
from 1-D structures in the ground requires higher dimen-
sional modeling to account for the effects of antenna aper-
ture, as well as geometric spreading.

Other factors that can distinguish microwave radiation
from simple elastic seismic wave radiation are the dispersive
nature of microwaves. In the case of inelastic seismic waves,
however, analogies can be drawn between dispersive micro-
waves and seismic waves. In this study the dispersive
characteristics of microwaves are not modeled, since it is
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assumed that a monofrequency radar impulse is transmitted
into the ground. In part, there is some justification for
ignoring the dispersive characteristic of microwaves given
the fact that the GPR transmitted signal for many pulsed
radar systems are close to, but not completely, a monofre-
quency signal.

A method for incorporating dispersion into the GPR
modeling given in this study, however, can be easily con-
ceived in theoretical calculation, but less so in actual com-
putational practice. Essentially, computing the forward
model at a variety of different frequencies with initial con-
ditions given by the frequency components of the transmit-
ted pulse, and then superposing the resultant solutions, can
effectively produce forward models that incorporate micro-
wave dispersion. A similar 1-D application is discussed by
Lau et al., (1992). Dispersive 2-D and 3-D forward modeling
efforts are left for future studies.

RADAR MODELING PROCEDURES

In keeping with the historical development of GPR, which
evolved from airborne radar, a brief mention of the equation
describing signals returned from airborne targets is pre-
sented. The radar equation of a lossy medium describes the
power received from a target (Radar Handbook, 1990):

G.P,A,C
 (4m)2R2R?

r

exp [-2a(R, + R,)],

where

G, = transmitter gain
P, = transmitted power
R, = transmitter-target distance
R, = receiver-target distance
attenuation coefficient
A, = effective area of receiving antenna
C = target radar cross-section.
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Although in principle the radar equation is a formulism
derived mainly for use in flight detection problems, some of
the factors that could affect GPR returns from buried targets
in the ground are described: (1) the effective area of the
receiving antenna, (2) target cross-sections, and (3) the
signal attenuation. The purpose of forward modeling is to
accurately estimate the return signal of microwaves that
propagate into lossy earth media, are reflected from targets
having a specified cross-section, return from the target after
undergoing reflection/transmission, and intersect some ef-
fective area of the receiving antenna. In forward modeling
the transmitter-target and receiver-target distances are spec-
ified according to the model structure along with transmitted
power and gains.

To simulate the time-varying signal recorded with ground-
penetrating radar, the following formula describing a syn-
thetic radargram is developed:

S(t)=1,(t) * 1,(t) * >, D(8) > Qi(1),
(] k

where

S = synthetic radar scan
transmitted impulse wavelet

By
-
Il

1, = receiver impulse response
D = directional response of the antenna
Q = return amplitude response for a ray that may undergo
reflection, transmission, refraction, and attenuation
along the path of a kth wave type
t = time.

The kth wave type refers to a set of traveling instructions for
a particular ray. For example, for a kth wave type designated
as ‘“‘R,” the raypath will include a single reflection; for a
wave type given as ‘‘TRT,” rays examined will first undergo
a transmission, then reflection, followed by transmission
across various structural boundaries, etc.

The synthetic radar scan is represented by a summation
over the entire directional response of the antenna and a
summation over the wave type. Different wave types are
traced through the structure that has been digitized into a
discrete grid. The grid cells contain a total of four parame-
ters; three material parameters (e-complex dielectric permit-
tivity, o-conductivity, w-magnetic permeability) and one
identifier P, containing the coefficients of a spline or poly-
nomial or a functional formula describing structural inter-
faces through the grid cell(s) (Figure 1). The polynomials
allow for an infinite number of possible slope determinations
in a single-grid cell. For this reason, the method has been
referred to as the ‘‘Infinite slope method’’ (Goodman and
Nishimura, 1992) to distinguish it from a “‘finite’” or single-
slope value within a single cell.

The advantages of describing structural slopes in terms of
shape functions are that small scale structures can be digi-
tized into a relatively coarse grid, while still preserving the
entire structural/slope information. In addition, the method
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Fic. 1. A description of the discrete grid used in GPR
simulations. Each grid cell contains values of dielectric
permittivity, conductivity, permeability, and a shape func-
tion identifier for use in determining structural (slope) infor-
mation.
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is independent of the cell shape, since the grid cells are only
used to identify the location of structural boundaries. The
antenna aperture, although not explicitly written into the
synthetic radargram formula, is incorporated into the simu-
lation by the presence of the antenna ‘‘receiver’’ existing
across several grid cells.

The propagation of electromagnetic waves used in the
infinite slope method (ISM) can easily incorporate varying
propagation models; currently a conductive-dissipative
wave theory is incorporated (Jackson, 1977). The form of the
governing electromagnetic wave equation for the electric
field propagating in the z-direction is

d?E(z)
dz?

= y?E(2).

The propagation vector y has both real and imaginary parts
and is defined as (a + ib). The real part gives the attenuation
coefficient of the electromagnetic wave. The attenuation
coefficient at a discrete angular frequency w is

a=ow(lwe'[(1+tan? )2 - 1])"2,

The imaginary part of the propagation vector, the phase
constant, is

b=o(}ue'[(1+tan®d)"2+ 1)),

where tan 8, the loss tangent, is defined as

tan 8§ =

’

(o + ws”)}

wWEe

and ' and " refer to the real and imaginary parts of the
dielectric permittivity, respectively. This equation assumes
that the imaginary parts of both the magnetic permeability
and conductivity are taken as 0. For most materials, other
than some metals, the real part of the magnetic permeability
in the above equations can be approximated as the magnetic
permeability in free space (4710”7 H/m). The loss tangent
gives a measure of the frequency-dependent dissipation of
electromagnetic wave energy caused by dc conduction and
dielectric relaxation (Duke, 1990).

The use of general optics theory to describe the reflection
and transmission of electromagnetic radiation is assumed to
be valid in the ISM synthetic radargram. In this case the
structures considered are assumed to be larger than the
wavelength of the microwave radiation. The reflection and
transmission of parallel polarized microwaves is

Z, cos ) — Z; cos 0,

" Z, cos 0, + Z,cos 8,

27, cos 0
"~ Z, cos 0; + Z,cos 0,

where the complex electromagnetic impedance is given by

\/ Jop
Z = TE—
o+ joe

For those antennas that may have mixed polarization trans-
mission properties, the perpendicular polarized wave com-
ponents can also be included.

Refraction at the interface between two different materials
is found from Snell’s law:

b] sin 0, = sziIl 0,.

The return amplitude response computed in the GPR
radargram simulation for the kth wave type that is attenuated
and undergoes reflections (R, R, . . . R;) and transmissions
(T], Tz . e TJ) is

Or(t) = Ap(R1Ry ...

R (T 1Ty ... T;)d(t — ty),

where the attenuation factor along the path (¢b) of the wave

is
A=f e ) dg.
¢

Theindices 1...iand 1...jrefer to two media encountered
along the raypath. The delay time of the kth ray is #;, given
by the integral of the inverse wave velocity (wave slowness)
over the path of the kth wave type ray:

1
= dé,
& Lv(cb) .

where the microwave phase velocity is v = w/b. With the
use of the delta function, the return amplitude response
contains a series of spikes. The magnitudes of the spikes
correspond to the combinations of reflection and transmis-
sion coefficients along with attenuation factors for the kth
wave type, with locations at time ;.

The final process in creating the synthetic radar scan
involves the convolution with the instrumentation responses
including the receiving and transmitting antenna. The im-
pulse response wavelet is normally assumed to represent a
far-field response of the antenna, although near-field re-
sponses can also be used if they are known and if reflected
waves are recorded within the near-field time window. Most
ground radar antenna impulses approach far-field antenna
responses within a half wavelength in the ground (Duke,
1990).

To start the computation of the GPR radargram, rays are
sent into the grid having a direction and starting amplitude
specified by the directional response (radiation pattern). The
ray has a particular wave type specification indicating
whether reflection and/or transmission will occur at the
various boundaries encountered during its travel. If the
waves return to the starting grid location or within grids
representing the horizontal aperture of the antenna, then
they are recorded. If the wave exceeds the time window
designated, the wave is not recorded and the next wave type
is started. If a wave encounters more interfaces than is
specified for the kth wave type, it is also discarded.

One important point to stress about the synthetic radar-
gram simulation is that the method incorporates and prop-
erly predicts the effects of geometrical spreading in refrac-
tive media. The relative amplitudes of features in the model
can be statistically sampled and radar cross-sections esti-
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mated for buried targets/structures. To successfully imple-
ment and predict geometrical spreading effects requires a
proper digitization interval used to simulate the directional
response of the radar antenna. For structural models in
which small objects at great depth are observed, a very fine
digitization interval for the response is necessary to ensure
that the target is recorded. With a proper digitization inter-
val, the full waveform of GPR signals can be predicted.

EXPERIMENTAL TEST COMPARISON

A new interactive modeling software package, GPRSIM
(c. 1993, 1992) (short for Ground Penetrating Radar SIMu-
lation) was first tested with data collected at an experimental
test site (Figure 2). A 6 m X 3 m test hole was dug to a depth
of 1 m. Relatively homogeneous beach sand was found from
0-60 cm, below which clay was encountered. Three cylin-
drical objects, a plastic pipe, a metal pipe, and a tree trunk
still containing bark, were buried to 1 m, and then fresh
gravely sand commonly used in road construction was used
to fill the test pit.

A 500 MHz shielded antenna having the directional re-
sponse function given in Figure 3, was used to collect radar
reflection data within a 40 ns time window over the test site.
The impulse response was estimated from reflections mea-
sured from the buried metal pipe. The test site was digitized
into 2 cm X 2 cm grid cells. The directional response
function was sampled every 0.1 degrees. The prediction
traveltimes of two primary wave types, R and RR, are
computed across the test structure (Figure 2).

The measured radargram is compared with a simulation
estimated for the known test structure (Figure 2). Because of
the wide field of view of the radar antenna, objects off to the
side of the antenna can be recorded, resulting in hyperbolic
reflection patterns, as in the case for buried cylindrical (pipe)
structures. The reflection patterns of the R wave type show
clear hyperbolic-type reflection patterns. Also, the multiple
wave type RR, and its presence in the synthetic and mea-
sured data can be clearly seen. In particular, the corner
reflection produces very strong responses in the measured
and synthetic radargrams. Some secondary RR wave energy
is also seen in at least the synthetic radargram, although it is
not as clear in the measured radargram. The RR wave energy
that appears to be almost parallel to the R hyperbolic
reflection pattern and slightly delayed, is caused by a wave
that just grazes off the cylindrical objects-hits the sand/clay
interface or vice versa—and then returns to the antenna.
Another secondary RR wave is predicted which hits the
cylindrical object-bounces off the side walls of the test
pit-and then is returned to the antenna. This wave type is
shown to have some small but ‘‘realizable’’ amplitude after
the recorded signals were converted to typical digital data
having a dynamic range of —127 to +127.

Some adjustments to the final electromagnetic parameters
used in the simulation were made during several trial
runs. The final values chosen are: pit sand (¢’ = 10.5,
o = 0.001 mho/m); beach sand (¢’ = 8, o = 0.0001 mho/m);
clay (¢ = 7, ¢ = 0.01 mho/m); plastic pipe (¢' = 4,
o = 0.0001 mho/m); metal pipe (¢’ = 1, ¢ = 100000 mho/m);
tree trunk (¢’ = 5, ¢ = 0.001 mho/m).

The test simulation shows that it is possible to predict
many of the patterns recorded with GPR. The simulation
also shows how different radargrams can look, as compared
to the actual structures that created them. Particularly in the
case of strictly vertical profiling with a GPR instrument,
which is the most common form of data collection today,
radargrams can be quite deceiving. Migration can accurate’,
solve the problem of ‘‘collapsing’ the hyperbolic reflection
patterns; nonetheless, the multiple reflection from the corner
of the test pit would still remain an unsolved mystery in
piecing together the candidate test structure had it not been
previously known.
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FiG. 2. A comparison of a 500 MHz measured radargram and
a synthetic radargram found for an experimental test site that
was built. The contributions of the primary wave types R
and RR are computed. The corner reflections and reflection
multiples that bounce off the cylindrical objects and the walls
or the test hole floor are also predicted with the simulation
software GPRSIM.
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FiG. 3. The antenna directional-response function used in the

simulation of GPR radargrams.

The response function is

adapted from a commercially available antenna (see Good-

man and Nishimura, 1992).

Before a study of some engineering applications, several
common radargram ‘pitfalls’’ that are useful in understand-
ing and interpreting GPR signals are presented.

RADARGRAM PITFALLS

Analogous to ‘‘seismic pitfalls’” (see, for example, Gas-
saway et al., 1987; Tucker and Yorston, 1973; and others),
radar is also subject to similar problems of interpretation. To
exemplify some of these problems, a simulation across a
simple three-layer structure is computed (Figure 4). The top
layer has a variable thickness; the second interface is mod-
eled as a horizontal surface. The wave types R, RRR, TRT,
TRRRT, and the wave types TRTRR and RRTRT (com-
monly referred to as ‘“‘peg-leg’” multiples in the seismic
literature) are simulated across the model structures. For
1-D models the peg-leg multiples follow the same 1-D ray
paths. However, for 2-D and 3-D models this is not always
true. Thus, reciprocal wave types must be calculated inde-
pendently for most 2-D and 3-D structures. To ‘‘generalize”’
the radar patterns of the model structures, since commercial
antenna have a wide variety of pulse shapes, a simple
sinusoidal response having a 1.5 cycle pulse width is used.

~ '
a A. (dry) e'= 7.5
v = 11.0 cm/ns
B. (partial e' = 16
saturation) v = 7.5 cm/ns
e'= 32
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1l.stone v = 10.6 cm/ns e
0 range (m) 4
A B C
0 TR i
T R j TR
time : (q J’
(ns) <
s
(
SpgEmss_"TEm, -  mp="=mall =1 !-=|:"--=! R  gu====a"
RRR "fy,, 707 RRR Tee, T
. == s ==1 L 2= " ui
time TRT oleeenZio_ . IEPTI La
(ns) -;;:::::_. TRT Y L TR
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35 ==-z38%" TRRRT TRRRT """z,

FiG. 4. Synthetic radargram simulation for a three-layer earth in which the top layer has a variable overburden thickness and
the lower interface is flat. Three different dielectric permittivity values for the middle layer and their corresponding radar

simulations are shown.
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Simulations are computed using a 500 MHz sinusoid; a 300
MHz sinusoid is also used in one of the simulations pre-
sented.

In the model, the dielectric permittivity is held constant in
the top and bottom layers. Above the top layerair (¢’ = 1, @
= 0 mho/m) is assumed. In the middle layer, three dielectric
permittivity values are modeled (conductivities are held
constant in all cases). In model A, the dielectric values are
all quite similar, so the radar images look similar to the
actual ground structure. In model B, the middle layer
dielectric value is increased (thereby decreasing the micro-
wave velocity). The synthetic radargram suggests that the
bottom reflecting surface is no longer flat. The reflective field
strengths along the refractors are also changing. In model C,
in which the velocity is about half that of the upper and lower
layers, the bottom reflecting horizon becomes significantly
warped because of the mapping of the upper layer thickness
heterogeneities. Some of the multiple wave types also be-
come important as the contrast changes in the middle layer.
The chance of interpreting a multiple as a structural interface
is also a common radargram pitfall.

) Silt
A 1
v e = 10
depth o = .001 mho/m
(m)
c Concrete
e’ = g
4 7 o = .001 mho/m
Y range (m)

A second common radargram pitfall can be easily visual-
ized by examining how radar patterns can change signifi-
cantly across structures that have only small structural
differences. In Figure 5, simulated radargrams are predicted
for a V-shaped concrete structure in which the depth to the
vertex is increased. The V-shaped trench is filled with a
simulated silt material. The contributions of the primary
wave types R, RR, and RRR are simulated.

In model A, the R wave type reflection leg looks quite
similar to the actual structure. The RRR multiple wave type
can be seen in the traveltime plots. For the given contrasting
materials, the multiple RRR is significantly lower in ampli-
tude than R, but it is visible when sufficient gain is applied.
The multiple RRR shows some ‘‘crossing’’ of reflection legs.
This effect can be seen clearly in the direct R arrival for
model B and model C. As the depth to the vertex increases
beyond ‘‘critical,”” the wave type RR is recorded and is a
significant component of the simulated GPR signal (model C).
The crossing of reflections, as well as the ‘‘sudden’ appear-
ance of multiples can make radargram interpretation difficult.
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FiG. 5. GPR simulation for a series of V-shaped concrete trenches filled with silt material. Three different depths for the trench
are examined (A = 0.55 m; B = 0.85 m; C = 1.25 m). The primary wave type contributions of R, RR, and RRR are computed.
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Another important effect influencing GPR returns is wave
refraction. Wave refraction can create broad or narrow
beams depending upon the electromagnetic materials that
are traversed. An example of wave refraction for real
dielectric permittivity increasing from 1 to 81 and decreasing
downward from 81 to 1 is shown in Figure 6. The refraction
of radar waves can significantly control target cross-sections
of buried objects that are imaged.

As an example, Figure 7 shows a water zone (simulating,
for example, a saturated channel sand or gravel deposit—
i.e., a low velocity zone) imbedded in a three-layer ground.
The wave types R, RR, RRR, TRT, TRRRT, TTRTT,
TTRRTT, TTRRRTT, TRTRR, RRTRT, TTRTRRT, and
TRRTRT have been included in the simulation. The syn-
thetic radargram is simulated for a 300 MHz radar antenna.
The synthetic radargrams show a “‘lensing’’ effect whereby
the rays are refracted downward into the low-velocity zone
and arrive later in the radar scan. The low-velocity zone is
found to be narrower than the actual structure when imaged
with radar. The low-velocity zone causes shadow zones off
to the sides, in which little or no wave energy is transmitted.
Shadows can be particularly troublesome, especially if im-
portant target structures are located within them. The lens-
ing beneath water zones is also enhanced from relatively
strong recorded multiples that can traverse the (fresh) water
(low velocity) zone and be recorded. (In the case of water
containing some dissolved salts, the attenuation in this case
would prevent strong multiples from being recorded from the
water zone.)

SIMULATION IN ENGINEERING APPLICATIONS

A GPR simulation is computed for a commonly occurring
engineering problem—a void beneath an ‘‘old’’ concrete
road that may have been resurfaced. The values used for the
roadbed are taken from Lau et al., (1992). In this model, the
imaginary parts of the dielectric are included for added
model “‘reality’” and complexity. These values are in no way
universal, as the range of electromagnetic parameters for
common materials can vary significantly. Also, the electro-
magnetic parameters can vary with time because of changing
environmental condition.

Synthetic radargram simulations are estimated beneath
the resurfaced roadbed having a void (Figure 8). The syn-
thetic shows several important features that are indicative of
void spaces (high-velocity zones). At the top of the void
space a phase reversal is observed. (This may not be
realized, however, in the case when the void is buried in low
dielectric material and is directly below high-dielectric ma-
terials). The waves traversing the void space have the
appearance of warping upward since microwave velocities
are highest in the void region and require the least amount of
traveltime to return to the receiving antenna. Also, corner
reflections within the void account for the broad hyperbolic
radar reflection legs.

The simulations shown are for transmitter and receiver
colocated (zero offset). The GPRSIM software package also
supports data acquisition for nonzero offset reflection profil-
ing, wide angle reflection profiling, topographic profiling,
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Fic. 6. The effects of wave refraction from a simulated stratigraphic structure in which the dielectric
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degree directional response function (e.g., Figure 3).
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and array studies. Using forward modeling, as is accom-
plished with the GPRSIM software, the possibility of esti-
mating the sizes of void spaces which is crucial to road
rehabilitation programs, is feasible. Voids existing beneath
concrete airport runways, for example, are a particularly
worrisome situation. Their detection in noisy data sets can
be aided by using some forward modeling procedures.

ARCHAEOLOGICAL APPLICATION

Radar simulations at archaeological sites have been suc-
cessfully applied in the study of protected burial mounds in
Japan (Goodman and Nishimura, 1992, 1993). As Japanese
cultural properties laws prevent the excavation of burial
mounds for other than planned public construction projects
on these sacred grounds, GPR is one of the most valuable
tools to help learn about protected archaeological sites. One
of the strongest motivations for creating synthetic radar-
grams are that they can quickly help to identify a class of
burial styles that may exist beneath the ground. One partic-
ular style is shown in Figure 9; this type of burial, mostly
found at sites that housed ancient VIPs in Japan during the
Kofun period (300-700 A.D.), consists of a stone coffin-like
structure. The shapes of the stone coffins are important to
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Fic. 7. GPR simulation for a three-layer ground containing
an irregularly shaped subsurface water duct (low-velocity
zone). Simulation is computed for a 300 MHz pulse. The
wave refraction from a single antenna location is shown
along with the resulting ‘‘shadow zones.”’

the archaeologist as they relate information regarding the
date of construction, as well as the social hierarchy of the
entombed person. Through forward modeling, a computer
catalog of GPR radargram simulations similar to those in
Figure 9, are being collected for a variety of different coffin
structures. These catalogs of possible candidate coffin
shapes will help archaeologists in their quest to determine
the nature of important cultural properties buried beneath
protected land.

CONCLUSIONS

The results from this study indicate it is possible to
effectively model GPR signals collected over 2-D structures
buried in the ground. The simulations for some simple
structures also dictate the need to be careful in the interpre-
tation of GPR radargrams as the effects of multiples, wave
refraction, and geometric spreading can lead to interpreta-
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Fic. 8. Synthetic radargram simulation (500 MHz) for a
four-layer ‘‘resurfaced’’ road containing a void space (high-
velocity zone). The wave type contributions of: R, TRT,
TTRTT, TTTRTTT, RRR, TRRRT, TTRRRTT, TTR-
RTT, TTTRRTTT, TTTRRRTTT, RRTRT, TRTRR, TR-
RTRTT, TTRTRRT are included in the simulation. Because
of the strong energy returned from recorded events of the
wave type TTRRTT, which reflects from the corner(s)
located at ““A’” and ‘“B”’ in the model, the TTRRTT wave
type has been identified in the synthetic radargram. The
outer reflection leg of TTRRTT that appears as a hyperbolic
pattern is from corner ‘‘A’’; the inner reflection leg is
primarily from within the void at corner ‘“B.”
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tion pitfalls. As multichannel array surveying becomes more
frequent, some of the pitfalls discussed in this study, which
are found from vertical (zero offset) profiling, can be pro-
cessed out of GPR radargrams. In the case of interpretation
problems that can arise from changes in material properties,
(e.g., Figure 4), a priori velocity information can help to
determine the actual shapes of the interfaces imaged with
vertical reflection profiling GPR.

This report also shows that GPR radargrams for voids
beneath roadbeds can be simulated. The roadbed simula-
tions indicate that void spaces can produce broad radar
patterns caused by multiple reflections from within the void.
The application of forward models that have been computed
for a variety of road conditions can be used to search for a
best match with field data.

The synthetic radargram method discussed, although it
does not currently model diffracted waves or inhomoge-
neous waves, can accurately provide a close approximation
to the full waveforms measured across many simple struc-
tures in the ground. »

Forward modeling is essential to understanding and inter-
preting raw GPR radargrams and should be used in all
situations when possible to add confidence in the site inter-
pretation.
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FiG. 9. GPR simulation of a generalized stone coffin com-
monly found at the Kofun Period (300-700 A.D.) burial
mounds in Japan.
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