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ABSTRACT

A ground-penetrating radar (GPR) system was used to collect data over the different
pavement sections of the Virginia Smart Road from June 1999 until December 2002. Three
antennae at different frequencies were used for this research. The collected data were
successfully used to evaluate the physical GPR detection limitations, to evaluate the GPR
accuracy for pavement layer thickness determination, to control the installation of three different
types of reinforcing meshes installed within the pavement, and to estimate the in-situ complex
dielectric constant of several types of hot-mix asphalt (HMA). The data analysis results were
verified by the well-documented structure and composition of each section of the road, in
addition to the embedment of 35 copper plates (perfect electromagnetic reflectors) at the
different layer interfaces during construction of the pavement. It was found that GPR is a
feasible nondestructive tool to estimate the layer thicknesses of bound and unbound aggregate
layers, HMA layers, and concrete slabs. However, interface detection can be altered if the layers
have comparable dielectric constants. A technique was developed to estimate the frequency-
dependent in-situ complex dielectric constant of HMA materials. Results have shown that the
effect of the variations of the dielectric properties within the GPR bandwidth is insignificant vis-
a-vis the accuracy of thickness estimation. The use of GPR as a quality control tool to verify the
success of steel reinforcing mesh installation was also found to be feasible.

Given the success of using GPR for the aforementioned applications in the Virginia
Smart Road, it is recommended that the Virginia Department of Transportation use GPR more
frequently as a quality control tool during new pavement construction projects and as an
assessment tool prior to project rehabilitation and as part of Virginia’s pavement management
system.



INTRODUCTION
Ground-Penetrating Radar

Radar (Radio Detection and Ranging) is an application of electromagnetic (EM) energy.
It was in the early 1900s that the principle of radar was found to be applicable for detecting
airborne objects. The principle consists of transmitting EM waves and receiving the reflected
signals from any object in the path of the beam. During World War I, rapid development of
radar technology took place because of its application in the military. It was later discovered
that different objects interfere differently with EM energy. The main material properties that
have an adverse effect on electric and magnetic fields that constitute the EM wave are
permittivity, conductivity, and permeability. It was also discovered that EM waves travel in free
space with a constant speed comparable to the speed of light. With these discoveries, radar
could be used to detect airplanes, ships, and clouds.

In 1926, Hulsenberg used the same principle to detect buried objects; it was the first
application in which EM waves were “intentionally” transmitted through solids. In 1929,
ground-penetrating radar (GPR) surveys were performed in Austria to sound the depth of
glaciers. GPR technology was forgotten until the late 1950s when a U.S. Air Force plane
misread the altitude given by their radar systems and crashed into the ice in Greenland while
trying to land. This event started investigations into the ability of radar to see into the
subsurface, especially for ice sounding, mapping subsoil properties, and locating water tables. In
late 1960s, some advances in radar technology were made through NASA lunar investigations
when a GPR system was built and was flown to the moon to characterize its surface electrical
properties. During the Vietnam War, the U.S. Army developed a radar system called “Combat
Radar” for locating mines, tunnels, and bunkers. Through further research, this radar system led
to the development of other ground probing radar systems used to identify and profile subsurface
geological features. Since the 1970s, GPR has been used in many applications, including
locating sewer lines and buried cables, measuring the thickness of sea ice, and profiling the
bottom of lakes and rivers.

GPR systems, depending upon the way antennas are used, are classified as air-coupled
systems or ground-coupled systems. In air-coupled systems, the “horn” antennas are typically
150 to 500 mm above the surface. In ground-coupled systems, a transceiver (i.e., a device that
transmits and receives EM signals) is in full contact with the ground. Five radar system types
have been used to evaluate civil infrastructure: frequency modulation, synthetic-pulse, stepped
frequency, synthetic aperture, and pulsed (impulse). In the frequency modulation, the
transmitted signal has a frequency sweep between two preset limits. The reflected signal is
mixed with the transmitted signal and, depending upon the time delay, results in a different
frequency. In the synthetic-pulse, the transmitted wave frequency varies, and the amplitude and
phase of the reflected wave are analyzed at each frequency. In the stepped frequency, the
transmitted signal can be of any shape and have any desired frequency. This will allow for a
better penetration and recognition of some detailed features. However, the data acquisition rate
is very limited. Data collected by synthetic aperture systems is processed in a way that generates
an “image” of the investigated feature. This is achieved by simultaneously analyzing radar
signals obtained at different locations. A pulsed system launches a series of sine wave (a pulse



consists of a wide spectrum of EM waves at different frequencies) at a well-defined repetition
rate to allow the reception of reflected signals.

The pulsed systems are the most used and are the most commercially available. The
principle of the impulse systems is based upon transmission of EM pulse and analysis of the
reflected pulse from interfaces where there is a contrast in the dielectric properties. Figure 1
shows the major components of a pulsed radar system. A sequence of trigger pulses is generated
in the control unit by the radar circuitry. These trigger pulses are sent through the control cable
to the antenna, where each trigger pulse is transformed into a bipolar transmit pulse. These
transmitted pulses encounter different materials in the subsurface with different dielectric
properties. At the interface, signals are reflected back to the subsurface, where they are detected
by the antenna and are sent to the control unit where they are processed and displayed.
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PURPOSE AND SCOPE

GPR technology has been used for the past 20 years for a variety of applications to assess
pavement performance. The main issue after all these years remains to be “how well GPR works
and under what conditions?” Results show that GPR works well for some situations but is not an
appropriate tool for other situations. Currently, it is not used on a routine basis by the U.S.
Department of Transportation (DOT). This is due mainly to difficulties encountered in data
interpretation, as well as the expenses involved for conducting GPR surveys. It is expected that
there will be a growing interest and demand for GPR surveys. However, a number of limitations
exist that are mainly related to interpreting the results of GPR testing:

e The images obtained from the reflected signals (using signal-processing packages)
are not photographs of the features that are beneath the surface being investigated.
The images show the amplitude of the radar-reflected signals from the interfaces with
different dielectric properties. These amplitudes are plotted in colors using user



defined color codes. Therefore, a considerable amount of experience and operator
skill may be required to interpret sub-surface GPR results correctly.

e Extensive amount of data.

e Determination of the exact location of a reflecting feature beneath the surface relies
upon a prior knowledge of the dielectric properties of the material. These dielectric
properties are also frequency dependent; therefore, a frequency domain method of
analysis is required to accurately measure thicknesses.

e Change of the dielectric constant with depth mainly because of the presence of
moisture.

e Losses in the pavement materials, especially with the presence of moisture or
conducting subgrade soils.

¢ Reflections from thin layers may overlap, depending upon the GPR system
resolution.

e Insufficient dielectric contrast between layers may hinder the detection of the
underneath layers.

In light of all these limitations, this project was conducted to evaluate the feasibility of
using GPR as a nondestructive tool for pavement assessment.

This report presents findings from the GPR measurements performed between June1999
and December 2002 over the pavement sections of the Virginia Smart Road. The first part of the
Results and Discussion Section evaluates the physical GPR detection limitations. The second
part of the Results and Discussion Section presents the thicknesses of the pavement layers in the
Virginia Smart Road, as predicted with the GPR surveys. An evaluation of the GPR thickness
prediction accuracy is also presented in this section. The third part of the Results and Discussion
Section shows how GPR was used to control the installation of the reinforcing mesh installed
within the pavement. The last part of the Results and Discussion Section presents a
methodology to measure the complex dielectric constant of the different Superpave mixes used
in the Virginia Smart Road.

METHODS

The Virginia Smart Road, located in southwest Virginia in Montgomery County, is a
unique, state-of-the-art, full-scale research facility for pavement research and evaluation of
Intelligent Transportation Systems (ITS) concepts, technologies, and products. It is the first
facility of its kind to be built from the ground up with its infrastructure incorporated into the
roadway. The completed facility will consist of a 9.6 km connector highway between State
Route 460 in Blacksburg, Virginia, and Interstate 81. The first 3.2 km, already constructed,
serves as a controlled test facility that begins at the southern section of the town of Blacksburg at
the Route 460 bypass and ends 189 m west of Route 723. The test bed facility is designed with
two travel lanes, each 3.6 m wide, with a 3.0 m wide shoulder on each side of the road. The
maximum longitudinal slope of the road is 6% through moderately hilly to mountainous terrain.
The pavement research facility consists of two types of pavement: continuously reinforced
concrete and flexible pavements. The flexible pavement component includes 12 different



flexible pavement designs of approximately 100 m in length each (sections A to L), as shown in
Table 1. Six different layers were used in the flexible pavement sections (all designations are in
accordance with Virginia Department of Transportation specifications):

e Wearing surface: Seven types of wearing surface were used: SM-9.5A, SM-9.5A with
high laboratory compaction, SM-9.5D, SM-9.5E, SM-12.5D, SMA-12.5 (Stone
Mastic Asphalt), and OGFC (open-graded friction course).

e Intermediate hot-mix-asphalt (HMA) layer: BM-25.0 with different thicknesses.
Three sections include a 50 mm layer of SM-9.5A (a wearing surface mix) below the
BM-25.0.

e Open graded drainage layer (OGDL): Out of the 12 sections, three sections were built
without OGDL. Seven sections were treated with asphalt cement, and two sections
treated with Portland cement. The thickness of this layer was kept constant at 75 mm.

e Cement stabilized subbase: A 21-A cement-stabilized layer was used in 10 sections at
a thickness of 150 mm.

e Aggregate subbase: A 21-B aggregate subbase layer was used in all sections at
different thicknesses.

The continuously reinforced concrete pavement section was constructed using a 250 mm
thick concrete slab placed over a 75 mm stabilized open graded drainage layer, 150 mm cement
stabilized aggregate layer, and 75 mm aggregate base layer. The reinforcement within the
continuously reinforced concrete slab consisted of #20 longitudinal reinforcing bars and #15
transverse reinforcing bars. The longitudinal reinforcing bars were placed at intervals of 165
mm on center. The transverse reinforcement was placed at intervals of 1.2 m on center.

To calibrate GPR systems and to better interpret collected data (signals), 35 copper plates
were placed at different layer interfaces throughout the Virginia Smart Road pavement sections.
Thirty-one of these copper plates were placed at the layer interfaces of the flexible sections and
four plates were placed underneath the concrete slab in the CRCP section. The copper plates
serve as a reflecting material and thus allow for accurate determination of the layers’ dielectric
constant. Another benefit of the copper plates is to indicate where the interface between each
two layers occurs. As stated earlier, some of the pavement materials do not have significant
differences in their dielectric properties; therefore, very small amount of energy will be reflected
back from their interface. Sometimes, this reflected energy is obscured by the GPR system
noise; thus, accurate determination of the interface becomes difficult.

The copper plates (914x1219x0.7 mm) were placed at several locations in all tested
sections. The exact locations of the plates were surveyed in the field using a Lecia TC 605 total
station. Initially, the locations of the copper plates were based upon a relative coordinate
system. This system of coordinates originated at each bunker. Figures Al to A13 in the
Appendix A show the position of the copper plates in all the pavement sections. The relative
coordinate system was combined with the construction baseline provided by the Virginia
Department of Transportation (VDOT) to establish state plane coordinates for all the copper
plates, as shown in Appendix A, Table Al. Prior to the placement of a copper plate, three points
were marked in the field representing the upper left corner, the center, and the bottom right
corner of the plate. This marking was used so the plates would be aligned with the road. After



placement on a layer, nails were driven through to the underlying layer to keep the plate in a
permanent fixed position. Figure 2 shows the copper plate placed in Section B under the 21B

layer.
Table 1. The Virginia Smart Road pavement design.
HMA Concrete| OGDL | CTA | Aggregate
Sec Length (mm) (mm) | (mm) (mm)
" | (m) |Wearing Surface| BM-25.0 | SM-9.5A
38mm (mm) (mm)
A 104 SM-12.5D 150 - - 75+ 150 175
B 90 SM-9.5D 150 - - 75+ 150 175/GT
C 87 SM-9.5E 150 - - 75+ 150 175/GT
D 117 SM-9.5A 150 - - 75+ 150 175/GT
E 76 SM-9.5D 225 - - - 150 75/GT
F 94 SM-9.5D 150 - - - 150 150
G 90 SM-9.5D 100 50 - - 150 150/GT
H 90 SM-9.5D 100 50 - 75+ 150 75
I 98 SM-9.5A* 100/RM 50 - 75+ 150 75
J 92 SM-9.5D 225 - - 75+/MB - 150
K 86 |OGFC+SM-9.5D| 225/SR - - 75" - 150
L 104 SMA-12.5 150/RM - - 75" 150 75
CRCP| 300 - - - 250 75+ 150 75
CRCP| 385 - - - 250 75" 150 75

* High laboratory compaction; + Asphalt stabilized; ~ Cement stabilized
SR: Stress Relief Geosynthetic; GT: Woven Geotextile/Separator; RM: Reinforcing Mesh; MB: Moisture Barrier

Figure 2. Copper plate under 21B layer in Section B.




The GPR systems used at the Virginia Smart Road are manufactured by Geophysical
Survey Systems, Inc. All three systems have the same control unit, shown in Figure B1,
Appendix B. For the air-coupled system, the control unit is connected to a transceiver, which is
connected to a pair of horn antennas (one is a transmitter and one is a receiver). Figure B2,
Appendix B, shows the pair of antennas and the transceiver box. For the two that used ground-
coupled systems, the control unit is directly connected to the monostatic antennas, as shown in
Figure B3, Appendix B. Table 2 shows the control unit specifications. While taking data, all
antennas are mounted behind a van with the control unit set inside the van, as shown in Figures

B4 and B5, Appendix B.

Table 2. GPR system specifications.

Radar Parameters: Comments
Antennas Can handle up to 2 antenna inputs simultaneously
Sampling frequency rate up to 100 GHz

Analog Quantization

8 or 16 bits, selectable

Analog to Digital Sampling rate

128, 256, 512, 1024, 2048, 4096 or 8192
samples/scan, selectable

Scan Rate

2 to 220 scans/second, selectable

Programmable time window

2-10,000 nanoseconds full scale, selectable

Programmable  sampling  window

increments

10 picoseconds

Dynamic range of time variable gain 150 dB
Dynamic range of input A/D 25 bits
Dynamic range of input averaging filter | 48 bits
Dynamic range of DSP 24 bits
Clock frequency of DSP 38.5 MHz
Programmable stacking range 2-32768

Acquisition Software:

Inputs

Records data from 1 or 2 channels simultaneously,
1 to 4 data channels selectable

Display Modes

Linescan (using 16 color bins to represent the
polarity and amplitude of the signal), Wiggle plot
and Oscilloscope

System Setups

Storage of over 50 system setup files for different
road types and antenna configurations

Range gain

Manual adjustment from —20 to +120 dB. Number
of segments in gain curve is user-selectable from 1
to 8

Vertical Filters

Individually filter the scans in the time domain.
Low and High Pass, Infinite Impulse Response
(IIR), Finite Impulse Response (FIR), Boxcar and
triangular filter types are available.

Horizontal Filters

Sequentially filter the scans in the spatial domain.
Stacking background removal, IR, FIR, Boxcar
and Triangle types are available, as well as Static




Radar Parameters:

Comments

Stacking modes.

Data Storage
Hard Drive 1.3GB
Floppy Disk Drive 1.44 MB

Data Transfer

Through parallel cable

Scan size 1 Kb/scan for 16-bit and 512 samples/scan
Antennas:

Ground-Coupled Model 3101

Center Frequency 900 MHz

Pulse width 1.1ns

Ground-Coupled Model 5100

Center Frequency 1.5 GHz

Pulse width 0.67 ns

Air-Coupled Model 4208, TEM horn antenna
Center Frequency 1 GHz

Pulse width 1ns

Pulse Repetition 400 KHz

Since June of 1999, GPR data were collected on the Virginia Smart Road, Table 3. Data
were collected from both the center of the instrumented lane for all the sections and the center of
the non-instrumented lane for sections | and L. Prior to installation of a Distance Measuring
Instrument (DMI) in October 2001, data were collected at an approximate speed of 10 km/h
when the ground-coupled system was used and at an approximate speed of 20 km/h when only
the air-coupled system was used. Installation of the DMI made it possible to take measurements
at specific distances (scan acquisition was set at 10 scans/m). The DMI used in the GPR van,
Figure B6, Appendix B, is manufactured by US Digital. It is a heavy-duty ball bearing optical
incremental encoder. It is connected to the rear wheel using a rigid shaft coupling to minimize
wheel bouncing effects. The DMI can tolerate a shaft speed of 10,000 rpm continuous and an
acceleration of 10,000 rad/sec’. The DMI has two output channels compatible with the input of
the GPR system. The two channels make it possible to collect GPR data either in one direction
(forward or backward) or in both directions. The resolution of the encoder is 2000 pulses per
rotation per channel.



Table 3. Summary of data collection.

Date

GPR System

Sections

Comments

06-07-1999

900MHz

A-H

Over BM-25.0 layer

08-16-1999

1GHz
900MHz

A-L
A-H

I-L: 21-B layer
A-H: BM-25.0 layer

09-07-1999

1GHz

I-L

21A layer

10-12-1999

1GHz

I-L

I: SM-9.5A and the reinforcing mesh
J: Asphalt stabilized OGDL,

K-L: Cement stabilized OGDL and
reinforcing mesh in L

11-04-1999

1GHz
900MHz

I-L
I-L
CRCP

&

I-L: BM-25.0 layer.

01-25-2000

1GHz

A-L

Road completely constructed

02-24-2000

1GHz and 900MHz

All

05-01-2000

1GHz and 900MHz

All

05-25-2000

1GHz and 900MHz

All

07-03-2000

1GHz and 900MHz

All

08-24-2000

1GHz and 900MHz

All

09-27-2000

1GHz and 900MHz

All

10-25-2000

1GHz and 900MHz

All

01-24-2001

1GHz and 900MHz

All

02-21-2001

1GHz and 900MHz

All

04-25-2001

1GHz and 900MHz

All

06-29-2001

1GHz and 900MHz

All

08-15-2001

1GHz and 900MHz

All

10-10-2001

1GHz and 900MHz

All

DMI Installed in the Van

12-07-2001

1GHz and 900MHz

All

01-30-2002

1GHz and 900MHz

All

04-24-2002

1GHz and 900MHz

All

05-22-2002

1GHz and 900MHz

All

06-19-2002

1GHz and 900MHz

All

07-16-2002

1GHz and 900MHz

All

08-22-2002

1GHz and 900MHz

All

09-12-2002

1GHz and 900MHz

All

12-16-2002

1.5GHz

A-B: I-L;
CRCP

RESULTS AND DISCUSSION




Data collected at the Virginia Smart Road were used to assess the performance of GPR
for the nondestructive evaluation of pavements. In particular, the data were used to achieve the
following:

Evaluate the physical GPR detection limitations,

Estimate the GPR accuracy for pavement layer thickness determination,
Control the installation of the reinforcing mesh within the pavement, and
Estimate the in-situ dielectric constant of HMA.

These topics are discussed in the following paragraphs.
GPR Detection Limitations

As was aforementioned, 31 copper plates were embedded, during construction, in the
Virginia Smart Road at the different layer interfaces of the 12 experimental flexible sections. It
is important to note that, because of its high conductivity (5.7x10” Siemens/m), copper is
considered a perfect EM reflecting material whose GPR signature could be easily separated from
the normal pavement response. Thus, the embedded copper plates serve as a good indicator of
the exact locations of the pavement interface reflections.

To study the GPR detection limitations, the data collected with the air-coupled antenna
from section A were examined. As indicated in Table 1, Section A is composed of the following
layers: wearing surface (WS), HMA base layer (BM-25.0), asphalt-treated open-graded drainage
layer (OGDL), cement-stabilized limestone base layer (21-A), limestone aggregate base layer
(21-B), and subgrade layer. Figure 3 shows a scope view of a single GPR scan, and Figure 4
illustrates a linescan (also known as B-scan) view of a group of scans collected over the same
section. A linescan view represents a set of along-track scans stacked together vertically. The
amplitude of each scan is quantized and coded into a solid color. Therefore, the x-axis in this
figure represents the scan number, which is proportional to the surveyed distance, and the y-axis
represents the reflection time that can be converted to depth, knowing the dielectric properties of
each layer. The amplitude to color transformation function used to obtain Figure 4 is given at
the right side of the figure. In order to enhance low reflections, a nonlinear transformation
function was used.

As can be seen in Figure 3, only two reflected pulses are visible: the surface reflection
and the HMA/aggregate base interface reflection. In Figure 4, five strong reflections can be
distinguished. These reflections correspond to the five copper plates placed at the wearing
surface/BM-25.0, BM-25.0/0GDL, OGDL/21-A, 21-A/21-B, and 21-B/subgrade interfaces,
respectively. Moreover, multiple reflections (or reverberations) can be seen in Figure 4
underneath the copper plate reflections. These multiple reflections are due to EM energy
entrapment between the pavement surface and the copper plates, which are strong reflecting
interfaces. In typical pavements, multiple reflections are seldom present in GPR signals because
the bottom layers are usually not highly reflective, in addition the pavement material is lossy,
.which causes rapid attenuation of the reverberating EM energy.

It is clear from Figures 3 and 4 that the 21-B/subgrade and 21-A/21-B interfaces are not
detectable under normal conditions (i.e., without copper plates). This lack of visibility is due to



the low contrast between the dielectric properties of the subgrade, 21-B, and 21-A layers since
they were constructed using the same type of limestone material (which has a dielectric constant,
&, of approximately 8). The low contrast in dielectric constant results in a low amplitude
reflected signal, which is further attenuated by material loss. The effect of material loss on the
reflected signal can be further shown in Figure 4, where the reflected signal from the deeper
copper plates is found to have a lower amplitude (darker color) than the reflected signal from the
shallower plates. In contrast to the base layers, the OGDL/21-A interface (reflection 3 in Figure
4) is easily detectable, even in the absence of a copper plate at the interface, as illustrated in
Figures 3 and 4. This is due to the relatively high contrast between the dielectric constants of
HMA (& approximately 4) and cement-stabilized limestone aggregate (. approximately 8). The
high contrast between the dielectric constants results in a high amplitude reflected signal.
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Figure 3. Scope view of a GPR scan collected over Section A.

Surface Reflection

Spurious Reflection

OGDL/21-A Reflection

Multiple Reflections from
copper plates

Figure 4: Linescan view showing the copper plate reflections at the (1) 21-B/subgrade, (2)
21-A/21-B, (3) OGDL/21-A, (4) BM-25.0/0GDL, and (5) WS/BM-25.0 interfaces.

According to the design of the pavement section studied, the HMA layer is composed of
a wearing surface, an HMA base layer (BM-25.0), and an asphalt-treated drainage layer

10



(OGDL). However, in Figures 3 and 4 it is not obvious where the reflections from the interfaces
between these layers occur. In fact, a close examination of Figure 4 shows a longitudinal
reflection within the HMA layers that does not correspond to any copper plate reflection depth
(the reflection is between reflections 4 and 5 in Figure 4, which correspond to the copper plate
reflections). This spurious reflection is due to the overlap between the reflections from the
pavement surface, wearing surface/BM-25.0 interface, and BM-25.0/0GDL interface. In this
case, the reflections within the HMA layer are masked by the stronger reflections in their vicinity
(surface reflection). Consequently, these three HMA layers would be considered as one
homogeneous layer when attempting to estimate the layer thicknesses from GPR data. Signal
processing techniques that can be used to separate the layer interface reflections in this case are
discussed later in the report.

Layer thickness estimation

As indicated previously, the principle of the GPR system used in this study (impulse
radar) is based upon sending an electromagnetic (EM) pulse through an antenna to the pavement
surface and then recording the reflected pulses from the internal interfaces, where there is a
contrast in the dielectric properties, as depicted in Figure 5. The time difference measured
between the reflected pulses (i.e., #; or ;) can be used in conjunction with the dielectric
properties of the surveyed layer to determine its thickness. The thickness of the i layer could be
computed according to equation (1):

d=—% (1)

where:

e d;is the thickness of the i" layer,

e 1 isthe EM wave two-way travel time through the i layer as shown in Figure 5,
e cis the speed of light in free space: ¢ = 3x10° m/s, and

e & is the dielectric constant of the i layer.

The thickness of any pavement layer can be estimated by using equation (1). Assuming
that the two-way travel time ¢; can be measured accurately from the GPR reflected signal, as
pictured in Figure 5, the dielectric constant &.; would be the only unknown remaining in equation
(1). The dielectric constant ¢, of the first (top) layer (which can be HMA or concrete) can be
estimated non-destructively from the GPR-collected signal, based on equation (2).

A
1+-2

€1 = - (2)

where:
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e &1 IS the dielectric constant of the top layer,
e Ay is the amplitude of the surface reflection as shown in Figure 5, and
e Apisthe amplitude of the reflected signal collected over a flat metal plate placed on

the pavement surface. This calibration measurement is usually conducted either at
the beginning or the end of each GPR survey.

Air

'Base, d>, &.

Figure 5. Typical GPR reflections from a pavement system.
The dielectric constant of the second layer ¢, is calculated using equation (3).
2
(2]-4
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P P

where:
® & IS the dielectric constant of the second layer, and

e Ajyis the amplitude of the reflection obtained at the interface between the first and
second layers as shown in Figure 5.

Similarly, for the third layer the dielectric constant &, 3 is found according to equation (4).

2
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4 4,
A
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where:
e &3 isthe dielectric constant of the third layer,
e A, is the amplitude of the reflection obtained at the interface between the second and
third layers as shown in Figure 5, and
e 1 is the reflection coefficient at the interface between the first and second layers and

IS given by equation (5).
”f ”ﬁ ()

The same process can be repeated iteratively to compute the dielectric constant of the 1"
layer using equation (6).

2
A n—2 A A
1_ “70 + . LR n—1

- 4,
6, =g, 2l D (6)
A

r,n r,n-1
— A “n-1

4

where the reflection coefficient y is given by equation (7).

fﬁ U

It should be noted that, in the above formulation, the pavement layers are assumed to be
homogeneous and to be composed of lossless material. Therefore, the dielectric constant of each
layer is assumed to be constant in the sense that it does not vary with the layer thickness.

21-B layer thickness in Sections | through L

The GPR survey performed on August 16", 1999, was used to determine the as-built
thickness of the 21B layer installed in Sections | to L. The design thickness called for 75 mm for
Sections I and L, and 150 mm for Sections J and K. Since during the survey only the 21B layer
was constructed, the dielectric constant of the 21-B material was estimated using equation (2) for
all the collected scans. Equation (1) was then used to determine the layer thicknesses throughout
these four sections. Figure 6 shows the results for Sections | and J. In this figure, the x-axis
represents the distance traveled along both sections, with zero representing 10 m after the start of
section | (Station 111.30). The as-built thickness in Section | started with approximately 145
mm; it then dropped to around 100 mm in the entire section and where the instruments were
placed. The as-built thickness in Section J was found to be approximately 150 mm. The
transition between the two sections is clearly seen (from 82 m to 96 m). Figure 7 shows the
results for Sections K and L. In this figure, the x-axis represents the distance traveled along both
sections, with zero representing 10 m after the start of Section K (Station 113.20). The as-built
thickness in Section K was found to be approximately 150 mm. The as-built thickness in Section
L varied from 85 mm in the beginning of the section to 75 mm at the end of it. Again, the
transition between the two sections is clearly seen in the figure.
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Figure 6. 21-B layer thickness as obtained with GPR in Sections | and J.
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Figure 7. 21-B layer thickness as obtained with GPR in Sections K and L.
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21-A layer thickness in Sections | and L

The data taken on September 12", 1999, were used to determine the as-built thickness of
the 21-A layer installed in Sections | and L. The design thickness called for 150 mm for both
sections. It should be noted that, because this survey was conducted directly on the 21-A layer,
the reflection from the 21-A/21-B interface was visible, unlike the case when the survey was
conducted on the wearing surface (Figure 4). This is because there were no layers above the
21-A layer to attenuate the low reflection returned from the 21-A/21-B interface. The dielectric
constant of the 21-A layer (top layer) was estimated based on equation (2) for all the collected
scans, and then equation (1) was used to find the layer thickness. Figures 8 and 9 show the
results for Sections I and L, respectively. In these figures, the x-axis represents the distance
traveled throughout the sections from their respective starting stations (111.20 for | and 113.96
for J). The as-built average thickness for Section | was measured to be 172 mm, with a
maximum of 190 mm and a minimum of 163 mm. For Section L, the as-built average thickness
was found to be 168 mm with a minimum of 154 mm and a maximum of 178 mm.

Distance (m)

10 20 30 40 50 60 70 80 90
0 | | | | | | |

50 -

100 -

150

Depth (mm)
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250

Figure 8. 21-A layer thickness as obtained with GPR in sections I.
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HMA layer thickness

As was shown in Figure 3, the layer interfaces of the WS/BM-25.0 and BM-25.0/0GDL of
Section A are not detectable in the GPR scan because the WS and OGDL layers are “thin”
compared to the depth resolution of the GPR system used. The existence of thin layers within a
pavement system has considerable effects on the layer thickness results reported by GPR. In
fact, if these layers are ignored during the GPR data analysis phase (i.e., if multiple layers with
different dielectric properties were considered as a single homogeneous layer), the dielectric
constants estimated by equations (2) through (7) would be incorrect. Moreover, since the
dielectric constant of any bottom layer depends upon the dielectric constants of all the layers
above it, errors in the estimation of the top layer’s dielectric constant would result in erroneous
dielectric constants for all the layers underneath.

Distance (m)

10 20 30 40 50 60 70 80 90
O | | | | | | |

50

100

150 -
-A'WW

Depth (mm)

250
Figure 9. 21-A layer thickness as obtained with GPR in Section L.

In order to show the effects of thin layers on GPR thickness results, the GPR scans collected on
May 22" 2002, with the air-coupled antenna over section A were analyzed to estimate the HMA
layer thicknesses. The total thickness of the considered pavement section’s HMA layer is

263 mm, divided as follows: 38 mm wearing surface, 150 mm BM-25.0, and

75 mm OGDL. This pavement section is a good candidate for testing the effects of thin layers
on GPR thickness estimation performance because the pavement was more than two years old
and the layers had different densities—thus resulting in different dielectric constants. For
example, among the three layers, the OGDL layer has the highest air-voids and lowest asphalt
content; thus, theoretically, it should have the lowest dielectric constant.

The total thickness of the HMA layer found from GPR data along Section A is presented
in Figure 10. For comparison purposes, the HMA design thickness for the same section is also
shown in the figure. After construction of the Virginia Smart Road was completed, direct
measurements on cores and analysis of copper plate location survey data showed that the as-built
HMA thickness differed from the design thickness by a maximum of 6%. Hence, the
performance of GPR in estimating layer thicknesses could be assessed by direct comparison of
GPR results to the actual thicknesses. According to Figure 10, GPR results tend to overestimate
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the real HMA thickness by approximately 10 to 80 mm, which represents 4 to 30% of the total
design thickness. This overestimation is mainly caused by the following:

e The assumption that the three HMA layers have the same dielectric constant, even
though they have different compositions.

e The dielectric constant computation technique, which is based upon the amplitude of
the surface reflection, as given by Equation (2). In fact, due to the overlap between
the surface reflection and the reflection at the WS/BM-25.0 interface, the measured
amplitude of the surface reflection would be greater or less than the real reflection
amplitude. In other words, due to the different peak polarities of the transmitted GPR
pulses (positive peak surrounded by two negative peaks), the superposition of the two
adjacent reflections might have an additive or a subtractive effect, which will either
increase or decrease the measured surface reflection amplitude.

In order to increase the accuracy of the GPR depth estimation technique in the case of
thin layers, the average dielectric constant of the three layers should be estimated. One way of
determining this average dielectric constant is to base its computation on the reflection at the
OGDL/Base interface, instead of the surface reflection, using a modified common depth
technique proposed by Lahouar et al. (2002). This technique considers the dielectric constant of
the whole HMA layer, rather than the surface area alone. For this solution, GPR data should be
collected simultaneously with two antenna systems: a bistatic air-coupled antenna and a
monostatic ground-coupled antenna. The dielectric constant estimation is then based upon the
two-way travel times of the reflections rather than on their amplitudes.

Distance (m)
0 10 20 30 40 50 60 70 80 90 100
O | | | | | | | | |

50 +-------------— ¢ Total HMA —Design = F--------------

100 -

150 -

200 -

Depth (mm)

250 | o

400

Figure 10. HMA thickness found from GPR data when considering all
HMA layers as a single homogeneous layer, Section A.
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When GPR data are collected by a single antenna system, an alternative solution to
counteract the problem caused by thin layers would be to resolve the individual layers in the
GPR reflected signal using a signal processing technique known as deconvolution (Lahouar
2003). ldeally, deconvolution would “remove” the effect of the GPR incident signal from the
GPR reflected signal, resulting in the reflectivity function of the pavement system. Since the
reflectivity function is composed of narrower pulses than the original reflected signal, separating
the interface reflections would be easier, even if the considered layers are thin, as shown in
Figure 11. After finding the exact reflection locations, equations (2) through (7) can be used to
iteratively estimate the dielectric constants of the different layers. Then, equation (1) can be
used to find the thicknesses of the individual layers. It should be noted here that applying
deconvolution to the reflected GPR signals usually produces an output signal with an increased
noise level. Because a high noise level generally makes the detection process of the reflected
pulses more difficult, the probability of missing some interfaces or mistakenly detecting some
noise peaks as layer interfaces (false alarm) might become high with this type of signal
processing.

850 Scans

HMA Layers

Base Layer

Multiple
Reflections from

Figure 11. GPR data after deconvolution showing the copper plate reflections at the (1) 21-
B/subgrade, (2) 21-A/21-B, (3) OGDL/21-A, (4) BM-25.0/0GDL, and
(5) WS/BM-25.0 interfaces.

Figure 12 shows the HMA thicknesses of the WS, BM-25.0 and OGDL layers found
from the same GPR data; that is, after applying deconvolution and using the aforementioned
thickness estimation technique. For comparison purposes, the figure also shows the design
thicknesses for each layer. According to the figure, the thicknesses estimated by GPR are very
comparable to the design thicknesses. Moreover, when comparing the GPR estimated
thicknesses to the design thicknesses, as shown in Table 4, an average thickness error of 3.3% is
found for the WS layer, 7.7% for the WS and BM-25.0 layers, and 0.7% for the overall HMA
layer. The latter result shows the improvement made in the thickness estimation accuracy when
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the pavement’s individual HMA layers were considered instead of being considered as a single
layer.
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Figure 12. HMA thicknesses estimated from GPR data when considering the
individual layers, Section A.

Table 4. Comparison between design HMA thicknesses and GPR thicknesses.

WS | WS +BM-25.0 | WS + BM-25.0 + OGDL
Design (mm) 38 188 263
GPR Average (mm) 37 204 261
GPR STD (mm) 11 9 7
COV (%) 30 4 3
Avg. Error (%) 3.3 7.7 0.7

The HMA layer thicknesses of all the flexible pavement sections of the Virginia Smart
Road found from GPR data for May 22", 2002, survey data are presented in Appendix C. For
comparison purposes the design thicknesses are also shown in these figures. The distances
shown in the x-axis represent distances from the beginning of Section A.

To assess the accuracy of the GPR tool, the layer thicknesses reported by GPR should be
compared to the real thicknesses of the pavement layers. These thicknesses usually differ from
the design thicknesses due to construction operation reasons. Hence, a more appropriate
performance evaluation technique is to compare the GPR results to thicknesses measured
directly on pavement cores. For this assessment method to be reliable, the GPR data used for the
comparison should be collected prior to coring from the same locations where the cores would be
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taken from. In fact, since coring is destructive to the pavement, the presence of core pits, even
filled with HMA material, would affect the GPR signals.

The accuracy of the GPR system was evaluated based upon the thicknesses measured on
19 cores taken from the different sections of the Virginia Smart Road. Figure 13 shows a typical
core taken from Section H. Four different layers can be identified in the core: wearing surface
between 0 and 38 mm (0 and 1.5 in), BM-25.0 between 38 and 127 mm (1.5 and 5 in), SM-9.5A
between 127 and 200 mm (5 and 8 in), and OGDL between 200 and 280 mm (8 and 11 in). The
different layers can be clearly separated in the core based on aggregate size. All cores were
extracted from the pavement after all necessary GPR data were collected. To facilitate finding
the core locations on the GPR data, the cores were taken at a distance of 0.8m (2.6ft) from the
centers of the copper plates embedded in the pavement, which were surveyed and marked on the
pavement surface after the Virginia Smart Road construction was completed. Then, based upon
the copper plate signature, the GPR data corresponding to the core locations were identified by
moving a number of scans corresponding to the offset distance. Locating core data in GPR files
was facilitated by the use of the distance measuring instrument.

The GPR data collected at the core locations were analyzed using the two
aforementioned analysis techniques (i.e., overall and individual HMA layers). Table 5 presents a
comparison between the total core thicknesses and the thicknesses measured by GPR using the
two analysis techniques. The distance column in Table 5 represents the absolute distance,
starting from the beginning of section A, at which the cores were taken. According to these
results, the average absolute error in estimating the HMA thickness using the overall analysis
method is 12.0%, whereas the average error introduced after resolving the individual HMA
layers is only 3.1%. For the overall thickness estimation technique, the absolute error varies
between a minimum of 1.1% for Section A to a maximum of 27.6% for Section K. For the
individual layers technique, the absolute error varies between a minimum of 0.2% for Section F
to a maximum of 9.4% for Section K. According to theses results, it is evident that the layer
separation technique outperforms the overall thickness estimation technique. Again, the high
errors introduced by the latter analysis method are mainly due to the erroneous estimates of the
dielectric constant, which were computed solely from the amplitudes of the surface reflection.

Figure 13. Typical HMA core extracted from Section H at the Virginia Smart Road.
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Table 5. Comparison between core thicknesses and GPR thicknesses obtained by the
overall and the individual analysis techniques.

Core# | Dist. HMA Thick. (mm) Error (%)
(m) Overal Overal
Core I Individual | Individual

Al 45.0 282 313 272 10.9 -3.7
A2 49.9 273 276 276 1.1 1.1
A3 54.8 266 259 259 -2.8 -2.8
A4 60.8 268 252 252 -5.9 -5.9
B2 148.5 283 322 266 13.9 -5.9
D1 307.3 276 315 271 14.3 -1.7
D2 312.6 265 301 255 13.4 -3.9
El 542.9 292 317 298 8.6 2.1
E2 547.9 285 302 283 5.8 -0.8
F1 608.9 211 247 211 16.9 -0.2
F2 613.9 210 247 211 17.4 0.3
F3 619.1 206 239 204 16.2 -0.8
Gl 723.3 195 209 193 7.2 -1.0
G2 733.3 204 214 202 4.9 -1.0
H2 798.1 286 302 270 5.7 -5.5
J1 979.2 286 330 292 15.3 2.0
J2 986.4 355 405 367 14.2 3.5
K1 1091.2 | 297 376 269 26.6 -9.4
K2 1096.2 | 297 379 275 27.6 -7.4

Average Absolute Error (%) 12.0 3.1

Concrete slab thickness in the CRCP section

The GPR data taken on June 19", 2002, by the air-coupled antenna were used to
determine the as-built thickness of the concrete slab along the CRCP section. Since the concrete
slab could be considered as a homogeneous layer, its dielectric constant was computed for each
scan based on equation (2), and then its thickness was estimated using equation (1). Figure 14
shows the concrete slab thickness measured from GPR data over the first 130m of the CRCP
section. The figure also shows the thickness measured directly on a core taken from the
pavement. The core thickness is found to coincide with the GPR thickness with an error of 2%.
It should be noted that for the concrete slab built over the cement treated OGDL layer, the
bottom of the slab is not detectable in the GPR response because of the similarity of the
dielectric constant of the two materials and the high EM energy attenuation of concrete. This
GPR detection limitation is illustrated in Figure 15, which shows the transition from asphalt
treated OGDL to cement treated OGDL around 297m. It is clearly seen in the figure that the
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slab/OGDL interface is visible up to 297m then it disappears. The reflection from the copper
plate at the slab/cement OGDL interface is clearly visible, however.

Distance (m)
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o

Figure 14. Concrete slab thickness through CRCP section.

As could be seen in Figure 15, the reflections from the transversal reinforcing bars
(rebar) in the CRCP section are usually difficult to detect in GPR data collected by an air-
coupled antenna at high survey speeds. This is mainly caused by the relatively small diameter of
the bars combined with the effects of the air gap between the antenna and the pavement surface.
In order to detect the rebar, it is usually preferable to use a high-frequency ground-coupled
antenna and conduct the GPR survey at a very low speed to insure a high spatial acquisition
resolution (at least 1 scan per 20 mm). Because of the large beamwidth (cone within which the
EM energy is transmitted from the antenna) of the ground-coupled antenna (approximately 90
degrees), it would be receiving reflections from the rebar at a certain distance before it actually
reaches it. The distance traveled by the EM waves in this case would be decreasing while the
antenna is approaching the rebar. The minimum distance is achieved when the antenna is
exactly on top of the rebar. The distance would then start increasing again as soon as the
antenna starts moving away from the rebar. The combination of all these reflections is
represented in a Linescan view as a hyperbola, with its peak showing the exact rebar location.
Figure 16 shows GPR data collected by the 1500MHz ground-coupled antenna over the CRCP
section. The locations of the transversal rebar are clearly seen in this figure by the hyperbola
shapes.

Because the longitudinal rebar is orthogonal to the polarization direction of the GPR
antenna, it is usually not detectable by GPR. However, in the case of the CRCP section, and due
to the relatively low spacing between the bars, longitudinal rebar is seen by the GPR antenna as a
continuous layer. Hence, in Figure 16, the longitudinal rebar is shown as a continuous reflection
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connecting the transversal rebar hyperbola reflections. In contrast, because of the same spacing
between the longitudinal bars, some EM energy could still reach and get reflected from the
bottom of the slab (i.e. the mesh formed by the longitudinal rebar is not a perfect EM reflector
like a copper plate), which is found in Figure 16 at the same depth as the copper plate located at
the concrete/OGDL interface.

71 Pavement 7\
Surface

Concrete/Asphalt

OGDL interface

Copper Plate

Figure 15. Air-coupled GPR response over CRCP section.

Construction quality control

GPR was used during the construction phase to control the successful installation of
galvanized steel meshes used in Sections | and L. The ground-coupled GPR system confirmed
that the reinforcing meshes were kept in a leveled position after paving in most parts of the
sections. However, some minor distortions were detected due to the waves produced while
paving, as seen in Figure 17, showing ground-coupled GPR data over the reinforcing mesh
installed in Section I. The same distortions were also found in the installed mesh in Section L, as
shown in Figure 18. It was found that the first 7 m of the mesh were installed in the transition
segment between Sections K and L where the BM-25.0 layer is reduced from a thickness of 244
mm to a thickness of 150 mm.
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Figure 16. Ground-coupled GPR response over CRCP section.
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Figure 17. Ground-coupled GPR survey of section I.
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Figure 18. Ground-coupled GPR survey of Section L.

In-situ HMA Dielectric Properties Estimation

A new method to characterize the in-situ dielectric properties of HMA over the
bandwidth of GPR (500 to 2000MHz) was developed at the Virginia Smart Road. The method
was used to compare the dielectric properties of the different SuperPave™ mixes used in the
road, namely: SM-12.5D, SM-9.5D, SM-9.5E, SM-9.5A, SM-9.5A, with high lab compaction
and SMA-12.5. The main differences between all these mixes include the binder type, binder
content, and/or the nominal aggregate size. In order to estimate the dielectric properties of these
mixes as placed in the field, GPR scans were taken over the different surface mixes where
copper plates were previously placed during the pavement construction. Since copper is
assumed to be a perfect EM energy reflector, all of the EM energy transmitted by the GPR
through the HMA surface is reflected back to the GPR receiver, with the exception of a fraction
of the energy that is lost within the layer due to material loss (i.e., dielectric loss and conduction
loss). Comparing the measured GPR reflected signal to the transmitted signal, and using a
theoretical model for the surveyed system (i.e., HMA layer plus copper plate) yields the
dielectric properties of the HMA layer, which are the only unknowns in the theoretical model.

Theoretically, the GPR reflected signal is related to the GPR incident signal in the
frequency domain through the overall reflection coefficient of the surveyed system as given by
the following equation:

Fir,0} _ (/)
Fir,()}  F(f)

L, ()= (8)

where I';,(f) is the overall reflection coefficient, F{} is the Fourier transform, fis the frequency,
and Y,(¢) and Yi(¢) are the reflected signal from the pavement surface and the incident signal,
respectively. The Fourier transform is computed from the time domain signal using a fast
Fourier transform (FFT) algorithm. The incident GPR signal is usually measured by placing a
copper plate underneath the antenna on the surface of the pavement. It should be noted that,
because the wearing surface is thin (design calls for a thickness of 38 mm at the Virginia Smart
Road) compared to the GPR depth resolution, the reflected signal is composed of an overlap
between the reflection from the surface of the pavement and the reflection from the copper plate.
Moreover, because the air/HMA surface interface and the copper plate underneath it are strong
reflectors, EM energy would be trapped in between (i.e., EM energy would go back and forth
between the interfaces). This would result in a ringing phenomenon or multiple reflections,
which in turn would overlap with the first two reflections. The multiple reflections would
continue until all the incident EM energy is dissipated within the HMA layer.

On the other hand, the overall reflection coefficient I';,(f) of the considered system (i.e.,
HMA layer plus copper plate) can be determined theoretically using the multiple reflection
model presented in Equation 9. It should be noted that the GPR transmitted wave is assumed in
this case transverse electromagnetic (TEM) propagating normally to the pavement surface. The
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overall reflection coefficient could be modeled theoretically according to the following equation

(Balanis, 1989):

r() =y -yt )

1—yT?

©)

where y(f) and 71(f) are respectively the reflection and transmission coefficients of the air/wearing

surface interface and they are given by the following equations:

W (f) = 1ye, (/)

1+, (f)
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T(f)=e

and:

N is the number of multiple reflections within the HMA layer,

& (f) is the complex dielectric constant of the wearing surface layer,
e d s the thickness of the HMA layer,

e wisthe angular frequency, and
e cisthe speed of light in free space.

(10)
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Figure 19. Multiple reflection model.
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Combining equations (8) and (9) leads to an equation where the reflection coefficient 4¥)
is the only unknown:

1-(1)" _E()

= — 1— 2 T2 — . :O 12

g)=r-A=7r9) - EU) (12)
Equation (12) should be solved for xf) for the different frequencies within the GPR

bandwidth. The HMA complex dielectric constant could then be recovered from the reflection

coefficient ) using the following equation derived from equation (10):

o270 Y
w0 [w(f)J )

Because of the periodicity introduced by the complex factor T, equation (12) typically
has multiple solutions, depending upon the number of multiple reflections N, the frequency f, the
HMA dielectric constant &, and the HMA thickness d. However, in this case it was found that a
unique solution exists for each frequency value within the GPR bandwidth and the maximum
range of physical complex dielectric constant values. This result is illustrated in Figure 20,
which shows the variations of the magnitude of the function g(y) of equation (12) versus the
expected values of yat a frequency of 750MHz. The solution is highlighted in the figure by a
small circle.
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Figure 20. Zeros of the function ||g(p)|| for a frequency of 750MHz.
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The number of multiple reflections N was found by comparing the variations of the
measured real and imaginary parts of the overall reflection coefficient I';,(f) to the corresponding
real and imaginary parts of the modeled reflection coefficient, for different values of ~, and for a
constant dielectric constant. The number of reflections N was thus found to be equal to five (5).
For this value of N, equation (12) does not have a closed form solution; therefore, it has to be
solved numerically. A Gauss-Newton algorithm was found to converge rapidly, in this case, to
the required solution. Because the real and imaginary parts of the dielectric constant are
continuous functions of frequency, the initial solution of the Gauss-Newton algorithm at any
frequency value was chosen to be the exact solution found at the previous frequency value. The
initial solution for the first frequency value was arbitrarily chosen to be four (4), which is a
typical dielectric constant of HMA.

Applying the previous technique to GPR data collected over the different HMA materials
yields their dielectric constant variations over the GPR bandwidth. The real and negative
imaginary parts of the dielectric constant found are depicted in Figure 21a through Figure 21f for
the SM-9.5A, SM-9.5A with high lab compaction, SM-9.5D, SM-9.5E, SM-12.5D, and SMA-
12.5, respectively. A summary of the statistics for the dielectric constant variations (average,
standard deviation, coefficient of variance (COV), and maximum) for the different mixes is
presented in Table 6. According to the results of Figure 21 and Table 6, the variations of the real
part of the dielectric constant within the GPR bandwidth are in the acceptable range. In fact, the
real part’s COV is found to vary between a minimum of 3.6% for the SM-9.5D mix to a
maximum of 12.7% for the SM-9.5E mix. The standard deviation for the imaginary part is
comparable to the average value, which suggests a high COV (high fluctuations around the
average). However, since the imaginary part’s maximum value is approximately 0.7 for all the
mixes, these fluctuations might not be very significant.

Table 6. Summary of dielectric constant variations for the different mixes.

Mix Real Part -Imaginary Part
Average | Std. Dev.| COV (%) | Average | Std. Dev. | Maximum
SM-9.5A 4.9 0.38 7.8 0.1 0.14 0.6
SM-9.5A* 4.3 0.25 5.8 0.2 0.20 0.7
SM-9.5D 4.3 0.16 3.6 0.1 0.10 0.4
SM-9.5E 4.6 0.59 12.7 0.2 0.18 0.7
SM-12.5D 4.7 0.53 11.3 0.3 0.22 0.7
SMA-12.5 4.0 0.48 12.2 0.1 0.15 0.5

* high lab compaction.
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Figure 21. Dielectric constant variations for the different mixes: (a) SM-9.5A, (b) SM-9.5A



Effect of dielectric properties variations on thickness estimation

In order to investigate the significance of the dielectric properties variations on the GPR
estimated HMA thicknesses, the average value of the complex dielectric constant found for each
mix (as presented in Table 6) was used to estimate the thicknesses of the corresponding HMA
layers. It should be noted that, because of the overlap of the reflected pulses and the existence of
multiple reflections within the time domain reflected signal, it is difficult to accurately estimate
the HMA layer thickness using the aforementioned time-domain technique. An alternative
technique is to compute the thickness from the frequency-domain signal by solving equation (12)
for d knowing the complex dielectric constant & . The HMA thicknesses found by utilizing this
technique for each mix, averaged within the GPR bandwidth, are presented in Table 7, along
with their standard deviations (within the GPR bandwidth) and the actual layer thicknesses. The
actual layer thicknesses were measured directly from cores taken near the copper plate locations.

Table 7. Comparison between measured thickness and GPR estimated thickness.

Mix Average Measured GPR Estimated Std. Dev. of
Dielectric Thickness Thickness Estimated
Constant (mm) (mm) Thickness (mm)
SM-9.5A 4.9-j0.1 48 48 2
SM-9.5A* 4.3-j0.2 46 46 1
SM-9.5D 4.3-j0.1 45 45 2
SM-9.5E 4.6-j0.2 40 40 2
SM-12.5D 4.7-j0.3 46 46 2
SMA-12.5 4.0-j0.1 44 44 3

* high lab compaction.

According to the results presented in Table 7, the average HMA thicknesses estimated by
GPR are exactly equal to the actual thicknesses of the different wearing surface types.
Furthermore, based upon the standard deviation, it is apparent that the fluctuations of the
thickness around the average are within an acceptable range (a maximum standard deviation of
3 mm was found compared to an average of 44 mm, which gives a COV of approximately 6%).
Hence, it could be concluded that the variations of the dielectric constant within the GPR
bandwidth do not largely affect the accuracy of the layer thickness determination of the different
HMA. In other words, for the six investigated types of HMA, utilizing a static dielectric
constant corresponding to the average dielectric constant within the GPR bandwidth would not
jeopardize the accuracy of the layer thickness estimations from GPR data.

CONCLUSIONS

GPR testing at the Virginia Smart Road allowed the evaluation of the performance of
GPR when used for nondestructive testing of flexible and rigid pavements. This evaluation was
facilitated by the full knowledge of the different structures and compositions of the various
sections of the road, in addition to the embedment of copper plates (perfect EM reflectors) at the
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different layer interfaces during construction of the pavement. The following findings are
presented:

1. Use of GPR to nondestructively estimate the layer thicknesses of aggregate, HMA,
and concrete layers is validated. The error of the HMA layer thickness was found to
be around 3% when the individual layers were resolved in the GPR reflected signal.
The error increased to 12% when the overall HMA layer was considered without
resolving the thin layers

2. A technique to estimate the variations, versus frequency, of the in-situ dielectric
properties of HMA layers was developed and validated.

3. The effect of the variations of the dielectric properties within the GPR bandwidth is
found to be insignificant vis-a-vis the accuracy of thickness estimation.

4. GPR can successfully be used as a quality control tool during pavement construction
to ensure that the constructed layer thicknesses conform to the design. This
nondestructive technique can be considered as a better alternative to coring since it
does not disturb the pavement structure and provides continuous thickness
information along the constructed section. GPR surveys can be conducted as soon as
the HMA layer is hard enough for driving on it (i.e., 4 to 5 hours after placing the
layer).

RECOMMENDATIONS

Given the success of using GPR for different applications at the Virginia Smart Road, it
is recommended that GPR be implemented for use as a quality control tool for constructing new
pavements and as an assessment tool for rehabilitation projects and as part of the Commonwealth
Pavement Management System. The type of GPR system to be used depends upon the
application and the level of accuracy needed in the project. For example, to measure the
thickness of HMA layer or concrete slab in a network level, an air coupled system is
recommended with a survey performed at a speed of 90 km/h. On a project level, air- and
ground-coupled systems should be used simultaneously to achieve more accurate results.
However, the survey speed should be reduced to 25 km/h.
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APPENDIX A

Figure Al. Copper plate locations, Section A
Figure A2. Copper plate locations, Section B
Figure A3. Copper plate locations, Section C
Figure A4. Copper plate locations, Section D
Figure A5. Copper plate locations, Section E
Figure A6. Copper plate locations, Section F
Figure A7. Copper plate locations, Section G
Figure A8. Copper plate locations, Section H
Figure A9. Copper plate locations, Section |
Figure A10. Copper plate locations, Section J
Figure Al11. Copper plate locations, Section K
Figure A12. Copper plate locations, Section L
Figure A13. Copper plate locations, CRCP Sections

Table Al. State coordinates for the copper plates
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Figure Al. Copper plate locations, Section A.
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Figure A13. Copper plate locations, CRCP Sections.

Table Al. State coordinates for the copper plates

[T e ) I —————————————R—————

Section # || Copper Plate Location || Northing Easting Elevation
Under 21B 1096611.710]] 3332189.048]| 633.391

Under 21A 1096610.100]1 3332193.854] 633.447

A Under OGDL 1096608.464| 3332198.651| 633.517
Under BM-25.0 1096606.801]1 3332203.438]| 633.437

Under WS 1096605.100]] 3332208.200]f 633.449

B Under WS 1096576.619|| 3332278.677]] 631.156
Under 21B 1096574.512]1 3332283.286]| 630.416

c Under BM-25.0 1096531.250}] 3332365.856] 628.112
Under WS 1096528.659|] 3332370.212]| 628.051

Under BM-25.0 1096495.711]1 3332421.321]| 626.144

D Under 21A 1096492.813|1 3332425.479] 625.734
Under WS 1096489.892]] 3332429.621] 625.981

E Under 21B 1096337.702]] 3332595.979] 618.186
Under BM-25.0 1096333.836] 3332599.257| 618.200
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APPENDIX B

Figure B1. Control Unit

Figure B2. Transceiver and horn antennas for the air-coupled system

Figure B3. Ground-coupled antennas: (a) 900 MHz, (b) 1.5 GHz

Figure B4. Air-coupled and ground-coupled antennas mounted behind survey van
Figure B5. Control unit inside van

Figure B6. DMI mounted on GPR van wheel
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(@) (b)
Figure B3. Ground-coupled antennas: (a) 900MHz, (b) 1.5GHz.
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Figure B5. Control unit inside van.
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Figure B6. DMI mounted on GPR van wheel.
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Figure C1.
Figure C2.
Figure C3.
Figure C4.
Figure C5.
Figure C6.
Figure C7.
Figure C8.
Figure CO9.
Figure C10. HMA thicknesses, Section J

HMA thicknesses, Section A
HMA thicknesses, Section B
HMA thicknesses, Section C
HMA thicknesses, Section D
HMA thicknesses, Section E
HMA thicknesses, Section F
HMA thicknesses, Section G
HMA thicknesses, Section H
HMA thicknesses, Section |

APPENDIX C

Figure C11. HMA thicknesses, Section K
Figure C12. HMA thicknesses, Section L
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Figure C1. HMA thicknesses, Section A.
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Figure C2. HMA thicknesses, Section B.
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Figure C3. HMA thicknesses, Section C.
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Figure C4. HMA thicknesses, Section D.
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Figure C5. HMA thicknesses, Section E.
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Figure C6. HMA thicknesses, Section F.
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Figure C7. HMA thicknesses, Section G.
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Figure Co. HMIA Thicknesses, Section H.
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Figure C9. HMA thicknesses, Section I.
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Figure C10. HMA thicknesses, Section J.
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Figure C11. HMA thicknesses, Section K.
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Figure C12. HMA thicknesses, Section L.
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