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INTRODUCTION

Ground Penetrating RADAR (GPR) is a noninvasive, continuous high speed tool for data collection that has been used to map
subsurface conditions in several applications. (ANNAN A. P., 1992; KNOLL e KNIGHT, 1994; ARANHA et al., 2002;
SAARENKETO, 2006; LOIZOS e PLATI, 2007; FARIA, 2010). However, this tool’s history is relatively recent. The RADAR
emits electromagnetic pulses into a medium. When it finds a significant contrast in the materials’ electrical properties that are
above and below this interface, part of the energy is reflected back while the remainder continues downward, being reflected again
by another interface or totally absorbed by the medium.

The high resolution image obtained is called a radargram and constitutes the basis for interpreting and constructing the profile of
the existing pavement. Image quality can vary due to the characteristics of reflected, refracted, and diffracted pulses; pulses are
conditioned by the dielectrical properties of the materials investigated and their interaction with the medium in which they are
inserted, as well as by the antenna frequency. These GPR systems typically have the following components: a pulse generator
using a given frequency and potency, one or more antennas which transmit through the subsurface, and a sorter and data recorder
which captures and stores the signals reflected by the medium. Fig. 1 shows how data is obtained using horn antennas.

Data recorded by reflection of the wave in the interfaces shown in Fig. 1 can be interpreted to infer the substrata’s properties with
respect to compaction. This data, typically a GPR scan, present in the reflections at the interfaces 1, 2 and 3 of Fig. 1, can be seen
in Fig. 2. In Fig. 1, interface 1 is the air interface with the asphalt layer, 2 is the asphalt interface with the base, and 3 is the base
interface with the sub-base. The GPR scan is the pulse captured by the receiving antenna after the emitted pulse is reflected and
refracted by interfaces and goes upward straight to the receiving antenna. In Fig. 2, Al is the total reflection amplitude at the
asphalt layer, A2 is the asphalt interface with the base, tl is the propagation time at the asphalt layer, t2 is the time taken to go
through the base layer, noting that these times are the signal’s penetration and reflection travel times (two-way travel times)
(SAARENKETO, 2006).
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The GPR’s basic working principle is that, knowing the time (t) and the velocity (v) of pulse propagation, it is possible to
determine the distance (d) between the object and the pulse’s emitting source (SAARENKETO, 2006).
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Fig. 1. Basic principle of GPR technique using horn antenna for pavement analysis, where T is the transmitting antenna and R is the
receiving antenna (Adapted from SAARENKETO, 2006)
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Fig. 2. Schematic of a GPR scan. (Adapted from SAARENKETO, 2006)

The asphalt layer’s dielectric value can be measured with a GPR antenna using the reflection technique. This technique is based on
the reflection and refraction properties of the electromagnetic waves emitted by the GPR system. A key advantage of this method
is that it generates a continuous series of readings for pavement when coupled to a vehicle with speed compatible with the road’s
operating (SAARENKETO, 1997). The values of the specific dielectric constants of the layer are calculated from the interfaces’
reflection amplitude, and these amplitudes are compared with the reflection of the electromagnet wave emitted by the GPR on a
metal plate (perfect reflector), i.e., it possesses 100% of the signal reflected (SAARENKETO, 2003). With the information from
the amplitudes (measured in volts in analogical systems and bits in digital systems) and measuring the time between the peaks of
the reflections, it is possible to calculate the value of the dielectric constant, (Eq. 2) (SAARENKETO ¢ SCULLION, 2000):

2

&4 = dielectric constant of the asphalt surface layer;
A,= amplitude of the reflection on the surface measured peak to peak;
A,,= amplitude of reflection on a metal plate.

According to Saarenketo (2006), Equation 2 works well for flexible pavements over granular bases and assumes that there is no
attenuation in the surface layer emitted by the GPR, which is a reasonable hypothesis for asphalt pavements. The basic idea behind
the measurements of dielectric constants is that pavement compaction reduces the void content contained in the material.
Assuming that the bitumen content and the fractions of aggregates are constant, it can be said that the dielectric constant for
pavement varies with changes in the void volume, i.e., the dielectric constant increases with an increase in the degree of
compaction employed (SAARENKETO, 1997). This principle is illustrated in Fig. 3 below.
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Fig. 3. Principle of the compaction effect on the asphalt dielectric constant. Adapted (SAARENKETO, 1997).

METHODOLOGY

Characterization of the study area: BR-040 is a Brazilian federal highway that is about 1148 km (713 mi) long. It starts in
Brasilia (Federal Capital), ends in the city of Rio de Janeiro, and goes through the Federal District, as well as the states of Goias,
Minas Gerais and Rio de Janeiro. For data acquisition, we chose a stretch of the BR 040 highway that was being widened, located
at Km 470, project stake number 10381, in the municipality' of Sete Lagoas, MG, as shown in Fig. 4.
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Fig. 4 - Features of the study site. BR040, Km 470, South-bound lane.

Data collection: The aim of this study is to determine the dielectric values of the asphalt layer in loose and compacted states via a
"ground-coupled antenna" using the reflection technique and correlating them so that they correspond to the HMAC layer’s

density.

! in Brazil, municipality is understood as the city and surrounding area. It is somewhat analogous to county in the United States and is distinct from the city itself.
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To use the reflection technique with a ground-coupled antenna, it was necessary to develop a bracket to suspend the antenna
between 30 and 50 cm above the ground, we utilized 39 cm. In addition, we needed to use a Im x 1m x 2 mm metal plate,

regarded as the perfect reflector, as shown in Fig. 5 (SAARENKETO, 2006).

Fig. 5 - System used for data acquisition where the metal plate over loose HMAC and the wood bracket for
the 1.6 GHz GPR antenna can be seen

In this test, readings were taken at two different points, one on the left edge and the other on the right edge of the lanes going from
Brasilia to Belo Horizonte. At each point, four readings were performed with the GPR, divided into four steps: the first step was to
carry out readings on the loose HMAC without the metal plate, the second step was to carry out readings on the loose HMAC with
the metal plate, in the third step readings were taken with compacted HMAC without the metal plate, and finally readings were
performed with compacted HMAC with the metal plate. Fig. 06 shows the procedure described above. In each point was realized

about 60 scan.
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Fig. 6. Steps used to obtain results using reflection technique.
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The Figs. 7 and 8 below show the radargrams obtained after steps above.
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Fig. 7. “Radargrams” obtained from the left edge, lane going from Brasilia to Belo Horizonte. (a) “radargram” obtained for loose
HMAC without the metal plate. (b) “radargram” obtained for loose HMAC with the metal plate. (c) “radargram” obtained for
compacted HMAC without the metal plate. (d) “radargram” obtained for compacted HMAC with the metal plate.
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Fig. 8. “Radargrams” obtained from the right edge, lane going from Brasilia to Belo Horizonte. (a) “radargram” obtained for loose
HMAC without the metal plate. (b) “radargram” obtained for loose HMAC with the metal plate. (c) “radargram” obtained for
compacted HMAC without the metal plate. (d) “radargram” obtained for compacted HMAC with the metal plate
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Fig. 9 below shows a radargram obtained during data acquisition with loose HMAC and with the metal plate. It also shows the
amplitude reflection adopted for calculations. Remove background was not used, as it caused poorer results.
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Fig. 9. Aspect of trace obtained with loose HMAC and with a metal plate.

First we removed the direct wave seen at 1.3 ns. Afterwards, to determine the position of the surface of the reflection, that is, the
correct position of the amplitudes to be adopted in the calculations, we used Equation 1. That gave us the two-way travel time that
the aerial wave took to run from the antenna to the ground. A numeric example is shown in Equation 3. Since the antenna was
suspend 39 cm from the ground.

0,39

S=—-'-t=2£-'-t=2 X —
v 0,3

~t=26mns 3)
After identifying the reflection amplitude at the surface at 3.9ns, via Equation 03, to be used in the calculations employing
Equation 02, we used Equation 04 to return the arithmetic average of all the traces’ reflection amplitude, shown in Fig. 9
(amplification), to thus have a good representative value of the reflection amplitude for each profile.

tc tc _
_ Zn=1Pn(4) + Yn=1Pn( )I (4)

A i =
média tc tc
Where:

Apmeaia = the average reflection amplitude measured from peak to peak;

tc = total of radargram columns;
P,(+) = positive peak of the n" trace corresponding to the reflection of interest;
P, (=) = negative peak of the n" trace corresponding to the reflection of interest

Determining the specific weight of the asphalt layer

Tables 01 and 02 show the results of calculations obtained for the highway’s left and right edges, respectively. The 1% and 2™
terms of Equation 04 furnish the values presented in the columns “Peak (+)” and “Peak (-)” respectively, while the column
“Average Amplitude” is given by the final result of Equation 04. The field “Dielectric Value” is obtained from Equation 02. A
numeric example using Equation 02 follows:

Aq N\ 2 2
e N £ S .
ga - 1_A_1 . ga - 1- 5302 - ) ( )
Am 79

To validate the mathematical model, we were only able to obtain four values for the dielectric constant due to difficult field
conditions. The column referring to the “Loose” state represents the material without having applied compaction energy, only
having been subjected to vibration from the asphalt paver.
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RESULTS AND DISCUSSION

Table 01. Dielectric values for the left edge at the study site.

Left Edge
Stage Peak (+) Peak (-) Average Loose / Compacted Dielectric Value
Amplitude
1 3290 2012 5302 )
3
2 4030 3872 7902 E 2538
g
—
3 1351 2389 3740
o}
<
4 3231 4668 7899 E 76
=
g
o
o
Table 02. Dielectric values for the right edge at the study site
Right Shoulder
Stage Peak (+) Peak (-) Average Loose / Dielectric
Amplitude Compacted Value
1 2582 887 3469 <«
=
- 6.7
2 4139 3692 7831 % '
Q
|
3 2758 1146 3904 %
Z
4 4207 3995 8202 ) 7.9
‘o
g
]
O

We observed that the value obtained for the left edge with loose (not compacted) HMAC was outside the expected range
(dielectric value equal to 25.8). The dielectric value anticipated for asphalt mixtures is between 4 and 8, and, if there is slag in the
mixture, this value can reach 15 (SAARENKETO, 2006). Thus, this value was discarded for validation of the equation. This error
could have occurred due to interference from radios, cell phones or even from some unknown EM noise at the moment of data
acquisition. The other values found, however, are coherent. A smaller dielectric value for loose HMAC was expected than for
compacted HMAC due to the greater incidence of voids, which was confirmed with the exception of the point excluded (Tables 01
and 02). Further, the value obtained for compacted HMAC on the left edge was similar to that obtained on the right edge, as
expected, since these two points were subjected to similar compaction energy. The results from laboratory tests for the two points
sampled are summarized in Table 03 below.

Table 03. Laboratory Data for the Points Surveyed.

. Edge
Elements of Analysis Right Left
) Loose 9 10
Thickness (cm)
Compacted 7.4 8.1
. . 3 Loose 1973 1935
Specific Weight (kg/m”)
Compacted 2399 2360

Possessing data for the specific weights and the dielectric constant for the asphalt layer, a linear correlation of the data becomes
possible. Fig. 10 shows the features of the line that produces correlation of the points obtained. It can be noted that, using Fig. 10
and the equation for the line that correlates the specific weight in kg/m® with the dielectric value of the mixture, that the expected
dielectric value for loose HMAC, on the left edge where the specific weight measured in the laboratory was 1935 kg/m”, is around
6.6 and not the value obtained with this methodology (Table 01). Figures 7 and 8 show the “radargrams” obtained on the left and
right edges respectively in the lanes going from Brasilia to Belo Horizonte. It is noted that there is a visible alteration in the
amplitude related near the time of 4 ns, between the reading with and without the metal plate, confirming the calculations
undertaken using Equation 1. The amplitudes with the metal plate show themselves to be greater than without the metal plate,
demonstrating that it is a better reflector than the asphalt surface.
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Fig. 10. Correlation of Specific Weight and Dielectric Value
Conclusions and Recommendations

The specific objectives were achieved and the methodology used for correlating the asphalt layer’s dielectric constant with its
specific weight using the reflection technique was shown to be satisfactory in spite of the small sample size. When comparing the
results obtained in this experiment, we verify their coherence with the results obtained by SAARENKETO (2006), where the
dielectric constants obtained were between 4 - 8. Nevertheless, it is worth pointing out the difficulty of finding a location to carry
this experiment out with authorization from the contractor responsible for executing the service. Due to the contractor’s
operational difficulties, we were unable to carry out a greater number of samples, which would have further enriched this work.
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