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ABSTRACT 

This paper presents a novel application of finite difference-time domain (FD-TD) 
modeling to concrete to study the interaction of concrete with electromagnetic 
waves. The purpose of this work is to visualize the propagation of the 
electromagnetic fields in a dielectric medium of concrete in an effort to obtain one- 
dimensional images of a concrete target for nondestructive testing purposes. A 
Gaussian pulse plane wave is directed to laboratory size concrete specimens as an 
excitation source. Snap shots of computer simulation are shown to display wave 
propagation and scattering through and by the concrete specimens. Geometry of the 
targets is varied with different dimensions, and with or without an inclusion. 

The radar method is becoming one of the major nondestructive testing (NDT) techniques 
for concrete structures (1) as the need for the use of NDT techniques is increasing. The radar 
method has generally been used for NDT of pavements and bridge decks for civil engineering 
applications (2, 3). Recently, an attempt has been made to expand the capability of the radar 
method for NDT of structural elements of concrete structures (4). The use of electromagnetic wave 
scattering to image the interior configurations of concrete structures is a powerful tool for 
nondestructive remote sensing. The method involves the study of electromagnetic wave interaction 
with various concrete targets and a numerical technique which can simulate wave scattering by a 
dielectric medium such as concrete to examine numerous electromagnetic phenomena on a 
computer. Interpretation of echo grams from radar measurements for NDT of concrete structures 
hinges on an understanding of how electromagnetic waves propagate in concrete. In that respect, 
the study of forward modeling with known material and geometric parameters of concrete can 
provide valuable information as to how the wave propagates through and scatters by a concrete 
target. A candidate numerical modeling approach for this purpose is the finite difference-time 
domain (FD-TD) solution of Maxwell’s curl equations, which are the governing equations of the 
electromagnetic fields (5, 6). The FD-TD is a marching-in-time procedure which can simulate 
continuous wave propagation in concrete. The technique is flexible in simulating objects with 
different geometry and wave sources. The method is especially suited for visualizing the 
electromagnetic phenomena, since electric and magnetic fields are calculated everywhere within a 
computational domain as a function of time (7). 
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This paper presents an application of the FD-TD numerical modeling technique to selected 
laboratory size concrete specimens. Electromagnetic wave scattering phenomena by three different 
types of concrete specimens using the FD-TD method are presented. One-dimensional images of 
the specimens, which represent the interior configurations of the targets, are obtained from the 
numerical study. The outside dimensions of the specimens are varied to examine the effect of target 
sizes on the wave propagation and scattering. The specimens are modeled with or without an 
inclusion to study the detectability of the inclusion. The issues involved in the use of the FD-TD 
method on concrete specimens for NDT purposes are also discussed. 

The FD-TD technique involves approximating Maxwell’s equations in a differential form 
by center differences in space and time (7). The location at which electric and magnetic fields are 
calculated are positioned on a grid for two-dimensional problems. Boundary conditions are 
enforced at the outer boundary of the computational domain and at all dielectric and conducting 
interfaces. At the outer boundary, a second-order absorbing boundary condition is utilized in order 
to simulate unbounded space beyond the computational domain (8). 

The incident wave used for the modeling is a Gaussian pulse plane wave, 

V(t) = e 
-2(14,)2/T2 

9 where V(t) is the electric field of an incident wave (V/m), t is time, to is 
time delay, and T is the pulse width. The Gaussian pulse is used for the modeling because it 
contains multi-frequency information which can simulate wideband radar measurement, compared 
to a single frequency signal. The modeling scheme allows to select any frequency bandwidth of 
interests by changing the pulse width T as shown in FIG. 1. In this study, the incident Gaussian 
pulse is chosen to have a half power bandwidth of 5 GHz in frequency domain as shown in FIG. 
2. The Gaussian pulse in time domain with the time delay to = 0.2 nsl is shown in FIG. 1 with an 
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FIG. 1 
The incident wave of a Gaussian pulse centered at the time delay of 0.2 ns with an 
amplitude of 1 V/m. The pulse width (T) is 0.0762 ns. 

1 nanosecond = 1 x 1 0e9 second 
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amplitude of 1 V/m as used in the modeling. The pulse width (T) of the incident wave is 0.0762 
ns in time. The computational domain is shown in FIG. 3 and discretized by 800 by 1400 square 
grids. To achieve accurate results, the grid sizes are taken to be less than a fraction of (- l/10) of 
the smallest wavelength in any medium within the domain. Thus, 1.524 mm is used as a single 
grid size, which corresponds to a fraction of the wavelength at 5 GHz inside concrete specimens. 
Based on the grid size, the physical size of the computational domain is to be 1.2192 m x 2.1336 
m. The detector which collects the reflected signal from the target is located at point A in FIG. 3. 
The physical distance between the detector and the outer boundary of the concrete cylinder is 
0.9754 m. This puts the detector in the far field, based on the far field criterion (9), which gives 
0.7742 m from the outer edge of the target. The incident field is a transverse electric, where the 
electric field is in z-direction in FIG. 3. 

Three different types of laboratory size concrete specimens are used as targets for the 
modeling of wave scattering (FIG. 4). To examine the effects of different shape and size of the 
specimens, 152.4 mm diameter concrete cylinders (FIG. 4a), 152.4 mm x 152.4 mm concrete 
squares (FIG. 4b), and 609.6 mm x 152.4 mm concrete rectangles (FIG. 4c) are used. For each 
group of the specimens, three cases are considered involving no inclusion, an inclusion of a 25.4 
mm diameter #8 steel reinforcing bar (rebar) located at the center, and a void of 25.4 mm diameter 
at the specimen center. The dimensions and configurations of these specimens are chosen so that 
they represent an initial and relatively simple set of laboratory size concrete targets and provide a 
basis for further study on more complex concrete targets. With the two-dimensional modeling, the 
third dimension of the specimen normal to the cross-section is assumed to be infinite. 

The concrete specimens are characterized by their electromagnetic properties in the 
modeling. The electromagnetic properties of concrete used for the modeling are 4.8 for the 
dielectric constant and 0.15 mhos/m for the conductivity. These values represent measured 
electromagnetic properties at 5 GHz for normal strength concrete exposed to normal ambient 
temperature and humidity with uniaxial compressive strength of 21 MPa at 28 days and moisture 
content of 6.7% by weight (10). The specimens for the electromagnetic property measurements 
were cast with water/cement/sand mix ratio of 1:2:4 (by weight) with no coarse aggregates. A 
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FIG. 2 
The incident wave in frequency domain with a half power bandwidth of 5 GHz 
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FIG. 3 
A computational domain for the 2-D ED-TD modeling. The domain is discretized by 800 x 
1400 square grids, where each grid size is 1.524 mm x 1.524 mm. A concrete specimen is 
located at the center of the computational domain. A cylindrical concrete specimen is shown 
as an example. Z direction is pointing out of the figure. 

Portland cement of Type I was used. An open-ended coaxial probe method was used to measure 
the real and imaginary parts of the complex permittivity of the hardened concrete. The conductivity 
was deduced from the imaginary part of the measured values. The penetration depth (5) of concrete 
is 77.4 mm at 5 GHz. 

The electromagnetic properties determine how concrete interacts with electric and magnetic 
fields of an incoming wave. One of the important aspects of the electromagnetic properties of 
concrete is that they vary with frequency and other physical conditions of concrete such as 
moisture content and density. In this modeling, a single set of constitutive parameters, dielectric 
constant and conductivity, is used because the dielectric constant does not vary with frequency 
over the frequency range up to 5 GHz and the variation of the conductivity is small enough that the 
single value of conductivity at 5 GHz can represent the property of concrete up to 5 GHz. Fixed 
values of the electromagnetic properties of concrete can be used for the modeling if these values are 
constant over the interested frequency range or the variation is negligible especially over a narrow 
bandwidth as the case presented in this paper. The changing electromagnetic properties of concrete 
can be also incorporated in the PD-TD modeling (11,12). 
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(a) Cylindrical specimens with a 152.4 mm diameter 

(b) Square specimens with dimensions of 152.4 mm x 152.4 mm 

(c) Rectangular specimens with dimensions of 609.6 mm x 152.4 mm 

FIG. 4 
Laboratory size concrete specimens used for the modeling. Each group of specimens have 
either no inclusion, a 25.4 mm diameter rebar at the center, or a 25.4 mm diameter void at 
the center. 

. . 
f Wave Prooagatlon 

Results of the two-dimensional FD-TD simulation for the model of a 154.2 mm diameter 
concrete cylinder with a 25.4 mm diameter rebar at the center are shown in FIG. 5. The total 
electric field is shown at four instances of time. The magnitude of the electric field is represented 
by the intensity of the dark strip. The rebar is modeled as a perfect electric conductor. 

In FIG. 5, the Gaussian pulse plane wave is directed from top to bottom in the picture. As 
the wave hits the front surface of the concrete cylinder, a part of the wave is reflected toward the 
direction where the wave came from and the remaining part of the wave is transmitted into the 
concrete continuing to propagate through the concrete cylinder. The slow-down of the wave inside 
concrete is clearly seen in FIG. 5b. The speed of the wave inside concrete is decreased by the 

dielectric constant, E, of 4.8 in this modeling, as 1 / A. As the wave passes through the rebar in 
FIG. 5c, another reflection occurs. In FIG. 5d, the last reflection occurs from the back surface of 
the cylinder as the wave completely moves away from the cylinder. 

It should be noted that major reflections are coming from the boundaries where the material 
property discontinuity occurs (air/concrete, concrete/metal, or concrete/air). The significance of 
performing modeling of wave scattering as in this paper is to study detectability of such reflections 
from the boundaries for various types of concrete specimens. High order reflections inside the 
target and multiple reflections are taken into consideration by the modeling. In the following, one- 
dimensional images obtained as results of the simulation are provided. 

One-dimensional images of three groups of the specimens are shown in FIG. 6,7, and 8. 
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The images were obtained by capturing the reflected electric field at point A in FIG. 3. The 
received electric field is plotted as a function of time. The results of the cylindrical specimens are 
discussed first and compared to the square and rectangular specimens. 

(a) A plane wave is directed from the top. 

(c) The wave propagates through the cylinder. (d) The wave leaves the cylinder. 

(b) The wave hits the concrete cylinder. 

FIG. 5 
Two-dimensional FD-TD simulation of wave scattering by a 152.4 mm diameter concrete 
cylinder with a 25.4 mm diameter steel reinforcing bar at the center. The electric field is 
polarized perpendicular to the picture. The dielectric constant of concrete is 4.8 and 
conductivity is 0.15 mhos/m. The time width of the incident Gaussian pulse is 0.0762 ns. 
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In FIG. 6a, for the case of a plain concrete cylinder with no inclusion, the region around 
the peaks B and C correspond to the front and back surfaces of the cylinder, respectively. These 
peaks are clearly identified by tracing the reflections from the computer run as shown in FIG. 5. 
The negative sign of B comes from the reflection coefficient at the air/concrete boundary, which is 
the front surface of the concrete cylinder. The positive sign of C comes from the reflection 
coefficient at the concrete/air boundary, which is the back surface of the cylinder. These 
examinations of the sign of reflection coefficients confirm the identification of the peaks. The 
diameter of the cylinder can be calculated by taking the difference between the peaks and multiplied 
by the speed of wave inside concrete, which is reduced by the permittivity of concrete. Then, the 
total distance is divided by 2 for one way distance as: 

distance = velocity x time 

= f$ xtimedifference/2 

where c is speed of wave in air = 3x108m 
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(a) Cylindrical specimen with no inclusion 
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(b) Cylindrical specimen with a 25.4 mm diameter rebar at the center 
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(c) Cylindrical specimen with a 25.4 mm diameter void at the center 

FIG. 6 One-dimensional images of 152.4 mm diameter cylindrical concrete specimens 
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(a) Square specimen with no inclusion 
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(b) Square specimen with a 25.4 mm diameter rebar at the center 

_o.05 _ 1 i . . . . . . . ..i . . . . . . . . . . . . . . . . . . . . . . . . . i ..______.___ _ 

-0.1 _ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..._...! . . . . . . . . . . ..______.__~ ___._._.._..._.._ 1 

_o.15 _ . . . . . . . . . . . . . . . .._. _...............___ j ___.__..__......_.._~ __._.__..__..__...___ i .__.___.._______~ 

1 front surf&e i 
-0.2j ’ a a ’ I c c c * ’ m m L a ’ ’ ’ * m ’ ’ m a 

6 7 8 9 10 

Tie Step (ns) 

(c) Square specimen with a 25.4 mm diameter void at the center 

FIG. 7 One-dimensional images of 152.4 mm x 152.4 mm square concrete specimens 
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(b) Rectangular specimen with a 25.4 mm diameter rebar at the center 
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(c) Rectangular specimen with a 25.4 mm diameter void at the center 

FIG. 8 One-dimensional images of 609.6 mm x 152.4 mm rectangular concrete specimens 
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TABLE 1 
Calculated distances between material boundaries obtained from the numerical modeling 

Concrete Specimens 

a) Front to back 
surface distance 
actual: 152.4 mm 

b) Front surface to 
rebar distance 
actual: 63.5 mm 

c) Front surface to 
void distance 
actual: 63.5 mm 

Cylinders 

(EZe~ 

124.32 mm 

64.86 mm 

64.86 mm 

Squares 
(152.4 mm 

x 152.4 mm) 

137.29 mm 

65.94 mm 

65.94 mm 

Rectangles 
(609.6 mm 

x 152.4 mm) 

155.66 mm 

65.94 mm 

65.94 mm 

the front surface is the same indicating that there is no shape or dimension effect on the front 
surface reflection. However, for the back surface reflection, cylindrical specimens produce earlier 
return than the squares and the rectangles due to creeping wave mechanism, which is a 
phenomenon generally associated with smooth bodies. Both the square and the rectangular 
specimens show edge effects. The edge effect is more severe with the square specimens when 
there is an inclusion. The wave interacting with edges interrupts the signal from the inclusions as 
seen in FIG. 7b and 7c. The rectangular specimens give good results in picking up the dimensions 
of the whole target and the location of the inclusions. The locations of inclusions for rectangular 
specimens are clearly seen in the larger scale plots for clarity. 

The source of error for the FD-TD modeling comes from the fact that the target is 
discretized and modeled by square grids. Curved edge of cylinders are approximated by squares. 
The computational domain has open boundary condition simulating open air measurement. 
Absorbing boundary condition applied in the modeling can have a certain error, even though it 
should absorb any reflection passing through the outer boundary of the domain. 

Another aspect of this modeling is that it incorporates the measured electromagnetic 
properties of concrete as input data. The physical condition of concrete and the frequency of 
incoming wave determine the electromagnetic properties of concrete. If the frequency dependency 
of the property is small or the incident wave has narrow frequency bandwidth, constant values of 
the properties may be used as in this modeling. Incorporation of changing electromagnetic 
properties is possible but may not be absolutely necessary, if the variation is negligible. 

Simulation of electromagnetic wave propagation and scattering through and by concrete 
specimens is performed using the finite difference-time domain (FD-TD) method. A Gaussian 
pulse plane wave centered at the direct current with a half power bandwidth of 5 GHz and an 
amplitude of 1 V/m is directed to the three types of laboratory size concrete specimens with or 
without an inclusion. The propagation of the electromagnetic fields in a dielectric medium of 
concrete is visualized and one-dimensional images are obtained as results. The size of the concrete 
specimens and locations of the inclusions are predicted through modeling. The findings also 
suggest that the shape and size of the outer geometry of targets affect the detectabiity of targets and 
inclusions inside. The numerical modeling scheme of the FD-TD method is shown to be an 
effective means to predict electromagnetic phenomena associated with concrete targets for 
nondestructive testing purposes. Future work will involve laboratory experimentation for 
comparison with the numerical modeling results. 
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