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Modeling of Ground-Penetrating Radar
Wave Propagation in Pavement Systems

CuauN Lok Lau, ToMm ScurLioN, aAND PauL CHAN

In recent years considerable attention has been focused on the
use of ground-penetrating radar (GPR) to detect a variety of
pavement problems. The results to date have been mixed. In-
formation on the electrical properties of highway materials is
limited as is the ability to model the propagation of electromag-
netic waves in a pavement system. A forward model capable of
simulating the signature of GPR waveforms is proposed. A mono-
static 1 GHz GPR is used in this study. The pavement system is
modeled as a layered medium comprising flat parallel layers of
pavement materials laminated together. Physical laws governing
electromagnetic wave propagation inside the layered medium are
used to calculate the attenuation, dispersion, reflection, and
transmission encountered by the pulse. Major reflection paths
and some mulitiple reflection paths are selected that begin from
the open tip of the antenna, penetrate into the pavement, and
reach the pavement surface again. The analysis is performed in
the frequency domain. The transmitted pulses are traced through
each of these paths one at a time. The resultant echoes at the
pavement surface are then positioned and superimposed together
according to the time required for the pulse to travel each of the
selected paths. A synthetic waveform is thus formed. This process
is called forward modeling. The forward model is tested on data
collected on experimental pavements of known layer thicknesses
and types. Reasonable agreement was achieved between theo-
retically calculated and field-measured GPR traces. In predicting
the amplitude of the waves reflected from layer interfaces average
errors of less than 9 percent were calculated. The error in esti-
mating the time delays between peaks was less than 2.5 percent.
More work is required, particularly in the area of measuring the
complex dielectric properties of paving materials under a range
of operational temperature and moisture conditions.

In recent years several investigators have attempted to use
ground-penetrating radar (GPR) to detect subsurface prob-
lems in pavement systems. Much of the initial work was fo-
cused on manual interpretation of multiple GPR traces col-
lected along a highway. The traces were often color coded,
and an expert was needed to locate the problem areas. Some-
times the approach worked; other times poor results were
obtained. Highway department personnel who evaluated the
technology recognized potential but were often disappointed
by the manual interpretation system.

Only relatively recently have automated procedures been
applied to estimating layer thicknesses (7) and detecting voids
(2,3). These procedures model the pavement as a multilayered
system and apply the laws of electromagnetic wave propa-
gation to interpret the results from a single GPR-reflected
signal. If a single reflected trace cannot be interpreted, there
is little hope of obtaining quantifiable information from mul-
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tiple traces. It is the authors’ opinion that GPR technology
shows potential for highway applications. However, the au-
thors’ knowledge of the required electrical properties of pave-
ment materials is limited. In addition, few models exist that
adequately explain how a GPR wave propagates through a
layered system of different complex dielectrics. Such a model
is proposed in this paper.

A pavement system is modeled as a layered medium con-
sisting of layers of distinct pavement materials. To GPR sig-
nals, different pavement materials are distinguishable elec-
trically in terms of relative permittivity (i.e., dielectric constant),
magnetic permeability and conductivity. In highway appli-
cations the parameter that has the most influence on these
properties is the moisture content of the pavement layer. A
list of relative dielectric constants of typical pavement ma-
terials measured at room temperature at 1 GHz follows:

® Asphalt: 2-6,

@ Crushed limestone: 3-9,
@ Hot-mix asphalt: 4-6,

® Concrete: 6-9,

® Air: 1, and

® Water: 81.

Clearly the addition of moisture to a pavement layer will
significantly increase the dielectric constant of that layer.

For analysis purposes, a simulation model capable of pre-
dicting the signature of a GPR waveform collected under
certain pavement subsurface conditions is desirable. Modeling
offers several advantages. For example, suppose a section of
pavement with a 5-in. layer of Type A asphalt, a 10-in. layer
of Type B base, and Type C subgrade is studied by GPR, and
a simulated signature of the GPR waveform is obtained suc-
cessfully. To predict the GPR signature of a pavement with
the same materials and with the presence of an air- or water-
filled void, it is a simple matter of adding a layer of air or
water to the pavement model and to repeat the same simu-
lation procedures. Additionally, a realistic forward model of
a GPR trace can potentially provide a way to estimate both
the thickness and material properties of each layer in the
pavement structure. The idea is to use an iterative procedure
that varies the unknown parameters to minimize the sum of
squared error between actual and calculated traces.

In this paper a simulation model is established for the pre-
diction of GPR signature as would be collected from a pave-
ment with specified subsurface conditions. The result of a
simulation example will be given to demonstrate the feasibility
of modeling in assisting pavement subsurface condition as-
sessment. The intermediate results of the modeling process
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will also be presented to aid understanding of the propagation
characteristics of the GPR signal in a pavement system.

GPR AND BACKGROUND OF
ELECTROMAGNETIC THEORY (4)

Two types of GPR are commercially available: monostatic
and bistatic. As shown in Figure 1, the former uses a single
antenna for transmission and reception. The latter uses two
separate but identical antennas.

For this study, a Penetradar model PS-24 monostatic GPR
(pulse — width = 1 nsec; center frequency = 1 GHz) was
used. A typical trace from this radar on a pavement is shown
in Figure 2. The amplitudes are those reflected from signifi-
cant layer interfaces. The time delays are related to layer
thicknesses and will be discussed further. The aim of this study
is to build a theoretical model to simulate reflected GPR
traces.

GPR works according to the pulse-echo principle. A narrow
electromagnetic pulse is generated by the transmitter and ra-
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diated toward the pavement through the antenna. In many
cases, the wavefront of the transmitted pulse reaching the
pavement surface is approximately a plane wave. Below this
surface is a lossy inhomogeneous medium made of pavement
materials. However, to a 1-ft radar wave, the medium may
appear homogeneous. The propagation of a plane wave along
the z-direction, perpendicular to the surface, in a homoge-
neous medium is governed by the wave equation (5):

2
% = —w’peE 1)
where
E = Re[E, exp(jwt)] = sinusoidal time varying electric
field vector (V/m),
E, = amplitude of the electric field vector (V/m),
o = angular frequency (rad/sec),
z = distance along the propagation direction (m),
@ = magnetic permeability,
¢ = ¢/ — je" = complex permittivity (F/m),
o = o' + je" = conductivity (mho/m).

A solution for E in Equation 1 is

E = Eje i 2)
with propagation constant

k = Ve (I = jtan §) 3)

The loss tangent is defined by

o
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where

g, = 8.854 X 10~'2 = permittivity of free space (F/m),
e, = €'/E, = real part of the relative permittivity, and

e, = &"/e, = imaginary part of the relative permittivity.

1 ' 1 L L 1 i '} m— |
.8k0 2.8 4.0 6,90 8.90 10.06 12,0 14. 2 16.0 18.0 20.0

Time in nanosecond

FIGURE 2 Actual GPR traces from four-layered pavement at

TTI Research Annex.
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If the real and the imaginary parts of jk are separated and
the attenuation parameter o and the phase parameter B are
written as

o = w\/&; (VT ¥ tan?s — 1) (%) )
B = m\/% (VI + tan’o + 1) (mff‘:"‘) (6)

Equation 2 can be rewritten as
E = E e o g iz (7)

The amplitude of the GPR pulse decreases as it propagates
in the material medium, and the pulse shape is distorted be-
cause of the nonlinear phase term Bz. Equations 5 and 6 will
be used in forward modeling to calculate the attenuation and
the dispersion caused by the lossy characteristics of the layered
medium.

Equation 7 shows that a negative value of a will diminish
the amplitude of E of the wave traveling in the z-direction,
and Bz is a nonlinear phase term that distorts the shape of
the signature in time domain. These phenomena will be shown
later.

A GPR pulse propagating inside the multilayer pavement
system will encounter the interfaces between the pavement
layers where reflection and transmission take place. The pa-
rameters that determine the amount of the energy that is
reflected back toward the antenna and the remaining portion
that travels downward toward the next interface are the re-
flection and transmission coefficients, respectively. They are
defined for Layers 1 and 2 as follows:

E, _ poky — pik,

R=- 8
E, Pk + ik, ®)
E, 2ok,

T=—fs——22_ 9
E, poky + ik, ©)

For waves propagating through a multilayered medium, the
amplitude of the reflected electric field and transmitted elec-
tric field can be expressed in terms of the reflection and trans-
mission coefficients, in the nth layer

E,(n) = R(n) E{n) (10)
E(n + 1) = T(n) E(n) (11)

where the subscript n refers to the nth interface in a multilayer
pavement system. Only the electric field is considered here
because the receiver electronics in a GPR detects and pro-
cesses only voltage waveforms.

Both the reflected and the transmitted energy are atten-
vated and their spectral characteristics altered by dispersion
as determined by Equations 5—7. These events take place at
each interface of the pavement system. The pulse is traced
through selected paths, and events occurring along the way
are calculated. A synthetic waveform can be constructed on
the basis of knowledge of the events and times of occurrence.
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FORWARD MODELING
Assumptions
Forward modeling is based on the following assumptions:

1. Parallel and planar layers. This assumption is generally
true for typical pavement systems. The subsurface interfaces
may be considered as parallel and smooth for a microwave
energy of a wavelength of 1 ft (30 cm).

2. Plane wave. For monostatic GPR, normal incidence and
reception is easily achieved. There are good reasons to assume
that the wavefront does not deviate significantly from a plane
wave. The only obvious cause for deviation from a plane wave
will be the geometrical spreading of the wavefronts shown in
Figure 3. This may be accounted for by simple manipulation:
(a) measure the length of the horn antenna (L), (b) divide
the distance traveled by a reflection or multiple reflection
event by L and add 1 to the result, and (c) divide the amplitude
of the final wavelet amplitude of the corresponding reflection
event by the number obtained in (b).

Selected Paths and Events

The models used in this program are an adaption of those
proposed by Duke in 1990 (6). The selected paths of the radar
pulse begin at the air-pavement interface and continue into
the subsurface of a four-layer medium as shown in Figure 4.
The angles of incidence are zero at all interfaces. Oblique
rays used are for illustration purpose only. Multiple reflections
occur, and their electric field amplitudes may be comparable
with that of a major reflection from lower layers. Conse-
quently, their use must be accounted for in the theoretical

L is the length of the horn antenna

Spreading wavefronts

Pavement surface

FIGURE 3 Geometric spreading of wavefronts.
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FIGURE 4 Paths of major reflection events.

model. Paths of these multiple reflection/transmission events
are shown in Figure 5.

In the model proposed in this paper, no multiple reflections
below Layer 2 are used. Layers 3 and 4 are subbase and
subgrade in a pavement system; typically they hold significant
amounts of moisture. Consequently, they have higher loss,
and amplitudes from multiple reflections in these layers are
negligibly small and are disregarded in the forward modeling
process.

The pavements considered in this study are three-layer
pavement systems (with two subsurface interfaces). Never-
theless, a four-layer pavement model is established in this
study to account for special cases such as void and delami-
nation between two adjacent layers. A three-layer model can
be obtained from a four-layer model simply by using identical
electrical parameters on two adjacent layers. Equations 5 and
6 are used to compute the attenuation and phase change on
the pulse within each layer.

The amplitudes of the reflected and transmitted waves
are determined by Equation pairs 8 and 10, and 9 and 11,
respectively.

Transmitted

pulse signature Ref.0
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4
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FIGURE 5 Selected paths of multiple reflection events.
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Velocity of electromagnetic wave propagation in a medium
with electrical parameters

o =g + jo',
e =& — j&' and
= Mo

is expressed as (4)

172

(12)

where . = p, is used because pavement materials are non-
magnetic. Because w is large compared to ¢’ and ¢”, and &"
is small compared to &', Equation 12 can be approximated
by

C Cc

v=‘/?—\/? (13)
2

Using the thickness data and Equation 13, round-trip times
for the three reflection events and four multiple reflection
events can be determined in a three-layer system. Because
each event generates a reflected pulse appropriately dispersed
and attenuated, if these pulses are properly positioned ac-
cording to their corresponding round trip times, a linear sum-
mation of the pulses produces the resultant synthetic wave-
form.

Summary of Forward Modeling Procedures

1. The GPR system is calibrated to obtain the transmitted
pulse signature as it emerges from the antenna. The calibra-
tion procedure is as follows:

a. Set up the GPR system in an open environment with
the antenna pointing to the sky. Record the end re-
flection signature of the GPR waveform (see Figure
6). This signal is essentially system noise; it will
be present on all subsequent traces and should be
removed.

b. Place a big (4 ft x 4 ft) flat metal plate perpendic-
ularly below the antenna. The antenna should be
mounted at the height to be used during normal op-
eration, typically 12 in. Record the metal plate re-
flection (see Figure 7). The peak before the main
peak is the end reflection measured in Step a.

c. Align and subtract the signature recorded in Step a
from that of Step b. This provides a good approxi-
mation of the transmitted pulse of the monostatic
GPR (see Figures 8 and 9).

2. Take the fast Fourier transform (FFT) of the transmitted
pulse. Because the equations involved in the calculation of
the model are frequency dependent, it is necessary to find
the frequency components of the transmitted pulse. Figure
10 shows the frequency components of the transmitted pulse.
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FIGURE 6 Signature of GPR waveform with antenna pointing skyward.
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FIGURE 7 Signature of GPR waveform reflected from metal plate.

3. Consider an individual frequency component of the pulse
as a continuous sinusoidal wave. Trace this wave through each
of the selected ray paths and calculate all reflection, trans-
mission, attenuation, and dispersion events encountered along
each path. Do the same for all frequency components for each
path. The amplitude and phase of the wave propagated through
a path and reaching the pavement surface are expressed as a
particular complex number characterizing the component of
the pulse at that frequency. Consider these as new spectral

elements of the spectrum. A resultant echo pulse is formed
by taking the inverse FFT of the new spectrum.

4. Correct geometric spreading loss as discussed earlier.

5. Use Equation 13 to calculate the velocity of the GPR
pulse in each layer. Calculate the time taken to propagate
each of the paths in Step 3.

6. Position and superimpose each of the echo pulses ac-
cording to the time obtained in Step 5 in the voltage versus
time plot.



104

xEQ@

10 .0@B0 —p—: rrioressarincaasgiansaairegestetiannoes

6.00000 -

Uoltage (volts)
|
I

~-2.000080 —

-6 .00000 ~— - cccirrerrearri i diianaians

-10.0000

TRANSPORTATION RESEARCH RECORD 1355

. 000000 4.080000 8.00¢

Time (nanoseconds)

12.680800 16.00600 20.0000
xE@

FIGURE 8 Result of waveform by subtracting Figure 6 from Figure 7.
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FIGURE 9 Transmitted pulse extracted from Figure 8.

Case Study

The forward model of a GPR trace provides a way to estimate
the thickness of pavement layers. The idea is to objectively
match the synthetic GPR trace and field GPR trace by altering
iteratively the unknown parameters, which include the thick-
ness of each layer, used in the model. After the synthetic
GPR trace is obtained, the layer thicknesses used in the model
are then taken to be the true layer thicknesses of the pave-
ment. With some knowledge of the range of electrical param-
eters o, €, and p in an individual layer, forward modeling can
be an efficient method to determine the layer thickness.

The example field trace (Figure 11) is taken from a section
of an experimental test pavement at the Texas Transportation
Institute (TTI) Research Annex. The section is a three-layer
pavement system. The theoretical and modeled GPR traces
are shown in Figures 11 and 12, respectively. The measured
and computed amplitudes and time delays between peaks are
shown in Table 1 for comparison of these traces. Each am-
plitude is calculated by averaging the amplitude measpred
from peak to preceding minimum and peak to following min-
imum. The time delays are measured between peaks. The
average error in predicting amplitudes is less than 9 per-
cent, and in predicting time delays it is less than 2.5 per-
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cent. A flowchart of the forward modeling process is shown
in Figure 13.

Forward modeling can also be used to predict the signature
of GPR traces taken from experimental or problematic pave-
ment such as those with a void or delamination between two
adjacent layers. Both water- and air-filled voids can be mod-
eled. These simulations can be helpful to diagnosis of prob-
lematic pavements using GPR. Figure 14 shows the model
trace resulting from the simulation of a three-layer pavement
with an air void between concrete and base. The thickness of
the void is ¥ in. The thickness of the concrete and base layer
are each 5 in. The dielectric values of concrete, base, and
subgrade are 6.2, 9.6, and 10.5, respectively.

Once a match between the synthetic trace and the field
trace is obtained, the electrical properties of the pavement
subsurface are known. The synthetic trace is used for obtain-

12'. 0 16'. @ 20.0

ing information of pulse amplitudes and round-trip times for
layer thickness computations. The estimation of complex elec-
trical properties of pavement materials is also provided by
this model. The significance of these dielectric values for pave-
ment engineers is as yet unknown. However, by applying
constitutive models it may be possible to convert these values
into more traditional items such as moisture content or void
contents of pavement layers. This will be the subject of further
research.

CONCLUSION AND RECOMMENDATIONS

A computer algorithm capable of simulating GPR waveforms
collected from pavements was established. The pavement was
modeled as a layered medium comprising layers of pavement
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TABLE 1 Comparison of Measured and Predicted GRP Traces

Amp11{tudes Time Delays
{volts) {nanoseconds)

A, Ay A, A, ty t, ts

Model 2.65 0.52 0.15 0.295 | 2.33 2.68 2.0
Trace

Field 2.64 0.635 0.18 0,29 |2.40 2.80 2.0
Trace

ave 4.080 8.90

1z. @ 16.0 d z2e. e

Corresponding forward model GPR trace.
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materials. Two cases studies were carried out to investigate
the feasibility of forward modeling in assisting pavement sub-
surface problems diagnosis. In the first case, the forward model
was tested on data collected on experimental pavement of
known layer thickness and types. Reasonable agreement was
achieved between modeled and field traces. In the second
case study, a Y-in. air void between concrete and base was
simulated. These simulations computed ideal signatures of
GPR waveforms collected from pavements with voids.

Recommendations for future work on related topics include
the following:

1. Develop a least-square fitting algorithm to allow the model
parameters (layer dielectrics and thicknesses) to be adjusted
automatically by the computer until a satisfactory match be-
tween synthetic and field trace is achieved.

2. The accuracy of the complex dielectric constants of pave-
ment materials is essential to the success of forward modeling.

v

Position major and multiple
reflection events according

to At's.

Sum reflection pulses emerge
at the pavement surface

Trace match
Field trace

Output o, 1, &
and layer
thicknesses

Compensate
geometric
spreading loss

FIGURE 13 Flowchart of forward modeling.

An initial guess that is too far away from the true values will
affect the convergence toward a matching trace. Hence, more
work is required in the area of measuring the complex di-
electric and conductivity properties of paving materials for a
range of materials and environmental conditions.
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FIGURE 14 Model trace of three-layer pavement with air void between concrete and base.
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