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AN EXAMPLE OF COMPLIANCE VERIFICATION OF PAVEMENT PROJECT
SPECIFICATIONS BY MEANS OF GEOPHYSICS

Carolina Narjara Mazzini Amaral" and Lucia Maria da Costa e Silva’

ABSTRACT. The most important information about asphalt pavement is layer thickness. This information indicates whether or not the project specifications were
met, and can also direct future recovery plans. Verifying these data usually relies on destructive techniques, such as boreholes, which may be expensive or even render
verification unfeasible. Using the electromagnetic geophysical method known as ground penetrating radar (GPR), it is possible to verify compliance with pavement
project specifications in an efficient and non-destructive way. We present an example of the use of GPR for this purpose obtained on a paved road at the campus of the
Universidade Federal do Pard (UFPA), in Brazil. The GPR survey enabled individual pavement layers be identified. The comparison of the thickness of these layers, and
those found in a borehole drilled during the GPR survey, with the thickness specified by the construction project plans, showed significant discrepancies.

Keywords: ground penetrating radar, GPR, asphalt layer thickness.

RESUMAO. As informagBes mais importantes sobre o pavimento asféltico sdo a espessura de suas camadas. Estas quantidades indicam se as especificacdes do
projeto foram atendidas e podem também direcionar planos futuros de recuperagdo. A verificacdo desses dados depende geralmente de técnicas destrutivas, tais
como perfuragGes, que podem encarecé-la ou até torna-la invidvel. Com o método geofisico GPR é possivel verificar o cumprimento das especificactes de projeto de
pavimentacao asféltica de maneira eficiente e ndo destrutiva. Apresentamos um exemplo obtido em uma estrada pavimentada no campus da Universidade Federal do
Para (UFPA, Brasil) que permitiu a identificagdo das camadas do pavimento com o GPR. A comparagdo dessas espessuras e daquelas obtidas por meio de um furo
perfurado durante o levantamento GPR com as espessuras especificadas pelo projeto de construgdo mostram discrepancias significativas.

Palavras-chave: radar de penetragao do solo, GPR, espessura de pavimentagdo asfaltica.
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INTRODUCTION

It is important to keep paved streets well maintained not only
for aesthetics but also to ensure traffic safety.

The pavement that makes up roads is composed of a series of
layers ontop of either a leveled surface or natural terrain. All pave-
ments have a certain lifetime or service life, i.e., a time after which
their useful characteristics become compromised or obsolete.

The most important information about asphalt pavement is
layer thickness. This information indicates if the parameters spec-
ified in the project were followed (quality control), and can guide
potential recovery plans in the case that they were not. This infor-
mation traditionally relies on samples obtained from boreholes, a
technique that destroys the pavement, is time-consuming, can be
expensive or even impossible to conduct, and is discontinuous.

Ground penetrating radar (GPR) is a geophysical method
which uses electromagnetic waves to investigate the subsurface.
This method is used in archaeological, environmental, geotech-
nical, and groundwater investigations, as well as in mineral
prospecting, civil engineering, and myriad other fields (Daniels,
2004; Jol, 2009).

The first study of applying GPR to pavements was performed
in the United States in the 1970s by the Federal Highway Ad-
ministration (FHWA), to test the applicability of GPR for evalu-
ating the pavement conditions of tunnels and bridges, accord-
ing to Morey (1998). About twenty years later, GPR began to
see widespread use in pavement studies. Works such as those
by Hugenschmidt et al. (1998), Hickman et al. (2000), Lenngren
gt al. (2000), Maser (2002), Angio et al. (2003), and Lahouar &
Al-Qadi (2008), show examples of the use of GPR in the inspec-
tion of pavements. The primary goals in this application are to
map defects (fissures, fractures, and cracks), define layers, and
identify moisture zones.

Nowadays, GPR is used in many countries to study asphalt
pavement thicknesses and defects quickly, inexpensively, non-
invasively, and non-destructively, and in some countries vehicle-
mounted GPRs are being employed (for example Dong et al.,
2016). However, this use is still uncommon in Brazil.

The first academic works with GPR for pavements in Brazil
were probably conducted by Aguiar (2005) and Lopes (2009).
The former tested the applicability of GPR to the detection of the
pavement — substrate interface, and identification of the pave-
ment’s proximity to the water table, by integrating geodetic data
with GPR data obtained on a stretch of the Alga Viaria Highway in
the state of Pard.

Using the GPR data, it was possible to correlate defects
visible on the surface with features in radargrams, identify the

groundwater level, and classify the substrate as clayey soil. It is
this soil, capable of blinding the GPR signal, and common to
many Brazilian regions, along with the tropical weather and abun-
dant rainfall, that explains in part the infrequent use of GPR in
Brazil. The GPR study by Lopes (2009) was conducted on sections
of pavement on the campus of the Federal University of Rio de
Janeiro (Universidade Federal do Rio de Janeiro, UFRJ). The GPR
data were correlated with deflectometry data. The results made it
possible to locate piping under the pavement, to distinguish var-
ious layers within the pavement, and to evaluate the compaction
of the subgrade.

Airport pavements were also studied (Lima-Filho et al.,
2004; Gomes, 2008; Borges et al., 2014), but these have dif-
ferent characteristics than the type of pavement studied in the
present work.

Following a trend which sees universities introducing GPR in
Brazil, field tests in pavement have been performed at the Univer-
sidade Federal do Pard (UFPA) at the Guama Sector Ill campus,
near the Center of Excellence in Energy Efficiency of the Amazon
(CEAMAZON). In several areas of the city of Belém, the pavement
deteriorates very easily. This is believed to be due to the rainy
weather, but other hypotheses are: contracting deficient paving,
and non-compliance with the original pavement project specifi-
cations. The present study was motivated by a desire to evalu-
ate the latter hypothesis. In addition, since the conductivity of the
terrain is generally considered to be quite high, the work also
aimed to test the utility of a high frequency antenna (900 MHz)
in this type of environment, which had not yet been carried out.

PAVEMENT STRUCTURE

Pavements can be classified into three types, according to their
composition: hard, semi-hard, and flexible or asphaltic (Bernucci
gtal., 2006; Alves, 2007). The hard and semi-hard pavements are
characterized by the presence of one or more layers of concrete in
their structures. Flexible pavements, also known as asphaltic, are
the most common used for paving because asphalt is waterproof,
resistant, and durable.

Asphalt pavement usually has four layers: i) a coating of as-
phalt mixed with gravel or pebble, ii) a base with bitumen and
gravel or pebble, iii) a sub-base of gravel or pebble and iv) a sub-
grade reinforcement.

According to the specifications of the road construction con-
tract studied by this work, it would be formed by four layers, de-
scribed below, from top to bottom (Fig. 1). The first layer, 5 cm
thick, corresponds to the asphalt cover. The second layer, called
the base, would be 20 cm thick, and composed of gravel and
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sand with bitumen sealant. The third, the sub-base, would also
be 20 cm thick, and would be composed of gravel and sand.
Finally, the fourth and last layer, subgrade reinforcement, also
5 ¢m thick, would be formed of gravel.

a (b)
ASPHALT
9cm
BASE
27 cm
SUB-BASE 34,5cm
plastic 38,5cm

plaid
45 cm

50 cm
\plastic

plaid

SUBGRADE
REINFORCEMENT

Figure 1 — Thicknesses determined by the (a) project and (b) core description.

Table 1 shows dielectric constant, resistivity and velocity for
gach one of these layers and also for subgrade. The dielectric
constant values are based on values found in the literature for the
materials considered (Daniels, 2004; Jol, 2009). The resistivity is
the problematic physical parameter. The soil resistivity varies from
1 to 50,000 ohm.m, according to W.A. Sauck (personal com.).
It was used 50 ohm.m — that is, 0.02 Siemens/m, the minimum
average conductivity o obtained for the depth from 0 to 2 m from
vertical electrical soundings done in Belém by Mendes (2000)
using Dar Zarrouk parameters (Maillet, 1947). The velocity v
of each layer was calculated on the basis of the equation
¢/+/er, Where ¢ is the light velocity in vacuum
(= 0.3 m/ns) and e, is the dielectric constant (Annan, 2001).

v =

GPR METHOD
The theory of the method is based on the propagation of electro-
magnetic waves, summarized in Maxwell’s equations. GPR uses
electromagnetic pulses with frequencies ranging from 10 MHz to
2.5 MHz (Saarenketo, 2006). Pulses are emitted by a transmitting
antenna, penetrate the subsurface, and are reflected back to the
surface, where they are recorded by a receiving antenna, which
may be the same as or distinct from the transmitting antenna.
The recorded pulses are displayed as electromagnetic waves,
with the wave amplitude and the time elapsed between transmis-
sion and reflection, in a diagram known as a radargram. Changes
in wave amplitude are attributed to variations in the electromag-
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netic properties of the propagating medium. The thickness of the
medium is estimated by measuring the time elapsed between the
propagation and the reflection of the wave.

Variations in the electromagnetic properties are primarily in-
fluenced by the water content of the medium: an increase in wa-
ter content causes an increase in the amplitude of the reflections
(Topp et al., 1980).

FIELD WORK

The field data were collected with GPR equipment manufactured
by Geophysical Survey System, Inc. (GSSI); a model SIR Sys-
tem 3000 from UFPA, and a 900 MHz antenna from the Federal
University of Ceard.

Common-offset acquisition geometry was used, in which
transmitting and receiving antennas are separated by a fixed dis-
tance and moved along a line. The measurements were taken in
continuous mode, in which the antenna is moved along the sur-
face at a constant speed.

The data acquisition parameters were: spacing between the
traces of 2 cm; time window of 20 ns; 1024 samples per trace and
temporal sampling interval of 0.01953125 ns.

A'longitudinal line (LR149) 190 m in length in the center of a
new road in CEAMAZON was investigated in order to investigate
changes in pavement thickness along the same. Twenty-one ad-
ditional lines, which varied between 6.5 and 7 m in length, were
also surveyed (from west to east, TR128 to TR148). They were
20 cm apart from each other, crossing perpendicular to LR149.
The 20 cm spacing was used in order to investigate changes in
pavement thickness between the center and the edges of the pave-
ment. Figure 2 shows the area where data were collected.

A borehole was drilled at coordinates 1°27'60"S,
48°26'45"W (Fig. 2). The borehole enabled the identification of
four layers, which are shown together with the layers required
by project specifications in Figure 1. It also determined the
thickness of these layers, thus allowing for correlation of radar-
gram reflectors with the interfaces of the pavement layers.

The borehole’s first layer, which is approximately 9 cm thick,
corresponds to hot mix asphalt concrete. Half of the thickness
of this layer is formed by gravel sealed with asphalt mix. The
second layer, the base, is 18 cm thick, is mostly dry, and is com-
posed of small gravel, approximately 2 cm in diameter, with a
small fraction of sand. The third layer, the sub-base, is 7.5 cm
thick, is relatively moist, and consists of larger-sized gravel than
the previous layer, with a large fraction of sand.

The fourth layer, subgrade reinforcement, is 4 ¢cm thick and
consists of gravel of various sizes, as well as fractions of sand
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Table 1 - Depth, physical parameters and layer velocities.

Layer Depth | Thickness | Dielectric | Conductivity | Velocity
(cm) (cm) constant (S/m) (m/s)
Asphalt 0-5 5 533 107 0.13
Base 5-25 20 14 2x107% 0.08
Sub-base | 25-45 20 1 5x1074 0.09
oubgade | e | s 16 | 17x103 | 0075

Reinforcement

Subgrade >50 36 2x107 0.05

g
< ~'

‘0

- ' *sCeamazon

Google Earth

aftitude do ponto de visio 195 n

Figure 2 — Satellite image of study area (Google® Earth, 2017). Yellow line: LR149. Blue rectangle: TR128-TR148. Orange triangle:

borehole (1°27'60"S, 48°26'45"W).

and clayey material. The clay fraction most likely originated from
the landfill layer because the last pavement layer is in contact
with the underlying landfill. Above the subgrade reinforcement
and above the sub-base, there is a plastic mat whose purpose
is to stabilize the overlying layers and to prevent the ingress of
materials from underlying layers such as the landfill clay above
quaternary sediments.

DATA PROCESSING

The GPR data are processed to facilitate visualization and
interpretation. The processing must be adapted to the purpose
of the work. Processing steps used in this study coincide with

the basic processing steps described by Annan (1999), and were
conducted with ReflexW (Sandmeier, 2016). Figure 3 shows the
processing steps.

After converting the raw reads to the ReflexW format, the
zero-offset correction was performed. The traces preceding the
first arrival position are caused by direct waves, as well as in-
stabilities during data acquisition, such as bad coupling of the
antenna with the surface. This correction puts the first arrival of
all the traces in the same position and eliminates the parts of the
traces preceding the first arrival. Time zero was taken as the point
prior to the evolution of the first cycle of the direct wave.

The gain incorporated by the equipment into the field data
(to allow a first visualization) (Table 2) was removed so that
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the filtering operations could be carried out without any existing
noise being enhanced by the gain.

ZERO-OFFSET
CORRECTION

REMOVE
HEADER GAIN

| DEWOW
FILTERING

RUNNING

| AVERAGE

MANUAL
GAIN

TIME DEPTH
CONVERSION

Figure 3 — Processing flowchart.

Table 2 — Gain applied by the device in the
surveying and gain applied in the processing.

. (Gain (dB)
Time (s) Device Processed
0 5 -10
5 5
10 32
15 45
20 45 20

Filters are applied to remove undesirable effects, such as
ambient, electronic, or operational noises from the data, and to
improve the data’s visual quality. Filters can be temporal (acting
in each time trace) or spatial (acting in multiple traces) within a
certain distance of each other, (besides 1D) or a combination of
both (2D).

Dewow filtering was applied first (1D), since signal amplitude
reaches saturation due to the low-frequency components (diffuse
low frequencies that are not within the GPR’s usable frequency
range) coupled to the signal, which may cause some wow distor-
tion in the radargram. It consists of calculating the moving aver-
age for each stroke value within the chosen time window, which
is adjusted to approximately one period (1.1 ns), followed by its
subtraction from the central value of the window.

The running average filter was also used (2D), which per-
forms a running average over a selectable number of traces for
gach time step. It used a bandwidth of 32 as the current sample,
then took into account the next 16 samples horizontally to the left
and the next 16 horizontally to the right, i.e. 33 samples for each
time value. From these samples the mean value was calculated
and assigned to the current sample as the new value. This filter
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suppresses trace dependent noise and emphasizes horizontally
coherent energy.

The next step was to apply manual gain on the time axis
(y-axis), with the characteristics shown in Table 2.

The radargram represents the GPR data record in the space-
time domain. To convert it to the space-depth domain an estimate
of the propagation velocity of the electromagnetic radiation in the
subsurface for each layer was used. This estimate was based on
the correlation between layer thicknesses found within the bore-
hole (Fig. 1), and the radargram data from nearest the borehole.
Table 1 was built with the velocities used.

For comparison, the time-depth conversion was also per-
formed using only a speed of 0.11 m/ns, obtained by diffraction
hyperbola adjustment (Fig. 4).

RESULTS

Amplitude changes can occur at the transition between two
media, due to contrasts in dielectric values: if the dielectric prop-
erties of two adjacent media are sufficiently different, the am-
plitude of the signal reflected from the interface will be strong
(Saarenketo & Scullion, 2000; Grote et al., 2005). Changes in the
signal amplitude without lateral continuity can be associated with
the ingress of material from other layers.

The amount of attenuation is a function of the electrical con-
ductivity of the materials and the frequency of the emitted sig-
nal. The attenuation is greater in materials with higher conduc-
tivities —for example, media with high moisture content or moist
clays —and at higher frequencies (Topp et al., 1980; Annan, 1999;
Saarenketo & Scullion, 2000; Grote et al., 2005). Other expla-
nations for amplitude changes include content variations (litho-
logical and particle size variation) and, to a lesser extent, density
(compaction) (Andrade, 2005).

Figure 5 shows the raw radargram (with field gain), pro-
cessed radargram, interpreted radargram, and the layers section
obtained. The last also shows the drilled borehole.

Based on the most evident reflectors in the section near the
borehole and on the borehole results themselves, four interfaces
were delineated. The interface between the first and the second
layer shows good continuity. The same does not occur at the
second interface, probably due to differences in density varia-
tions (compaction) and moisture variations within the material.
The zones with attenuation can be explained by local clay enrich-
ment. Signs of local material movement seem to be indicated by
the radargram.

It should be noted that the thickness of the first layer cor-
responds not only to the asphalt cover but also to part of the
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Figure 5— LR149— (a) Raw, (b) processed, and (d) interpreted radargrams. (e) Layers section showing the borehole position (links).

Black Arrows: clay enrichment. White Arrows: differential compaction in layer. Dashed vertical line in (c): material movement.
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base, which is virtually indistinguishable from the cover, as ob-
served in the borehole. The thickness estimation of the thin
top surface is still a difficult problem due to the limitations of
GPR resolution and the similar permittivity of asphalt sub-layers
(Dong et al., 2016).

The subgrade reinforcement marks the boundary between the
pavement and the landfill, which can be observed by the change
in the pattern of reflections from high-amplitude horizontal re-
flections, to very low-amplitude, irregular reflections, which may
show that the substrate or landfill contains more clay than the
overlying layer.

Table 3 shows the thickness of each layer as required by the
pavement project specifications, with their actual thickness as
identified by the core and by GPR, and also the error between
gach layer’s thickness and the thickness required by the project
specifications. The results for LR149, applying different veloc-
ities for each layer, compared with using only 0.11 m/ns per
layer (from diffraction hyperbola adjustment) are shown on Ta-
ble 3, respectively. Results for one of the transversal radargrams
(TR147) using different velocities for each layer are also shown
in Table 3.

The errors are considerable near the borehole, and become
smaller as we move away in the direction of the start of the new
asphalt road. The average total thickness obtained for the pave-
ment in LR149 is 6.4% less than that required by the original
pavement project. For the transversals it is of the same order of

magnitude (for TR147, for example, it is 9%). The use of a single
velocity value (obtained, for example, by hyperbolic adjustment)
for the time-depth conversion leads to larger errors (+13.2% in-
stead of —6.4%). In the transversals there is little difference in
total thickness shown between the center and at least one of the
edges: almost all of them showed somewhat lower thickness in
the center.

DISCUSSION AND CONCLUSIONS

The thicknesses of the individual layers observed in the borehole
and obtained by the radargrams are not in agreement with those
required by the original pavement project specifications, and the
total thickness of the pavement is less than that defined in the
specifications.

The errors found in this pavement project are larger than the
4% average error of GPR results reported by Hu et al. (2016), an
error margin obtained when GPR results are calibrated with core
thicknesses, as was done in the present CEAMAZON study.

What does draw attention, however, is the existence of atten-
uation zones and bedding zones of excellent contrast within the
layers. The latter seem to be related to the presence of gravel,
while the former, to the inappropriate presence of clay, contained
in the layers.

A possible explanation for the discrepancies lies in the rel-
ative costs of the materials used. Clay, sand and gravel have
the following cost ratio: 1:1.6:5.2 per cubic meter. Gravel is by

Table 3 — Layer thicknesses according to pavement project, core, and radar, and errors between
them. LR149 and LR149(0.11) — Longitudinal radargram converted to the space domain with different
velocities for each layer, and with 0.11 m/ns, respectively. TR147 — Transversal radargram 147 (layers
with different velocities). Av — Average; Std Dev — Standard Deviation.

Thicknesses (cm) LR149 LR149(0.11) TR147
Layer Project | Core | AvStdDev | Av+StdDev | Av4Std Dev
Asphalt 5 9 8.740.003 | 8.740.003 | 9.120.002
Base 20 18 10.34£0.021 | 12.940.029 | 9.340.16
Sub-base 20 75 23.540.061 | 28.7£0.075 | 22.540.026
Subgrade 5 4 | 43+0008 | 63+0012 | 460007
Reinforcement
Total thickness 50 385 46.8 56.6 455
Error (%)
Layer Core— | LR14%a- LR149b— TR147 -
Project Project Project Project
Asphalt 80.0 74.0 74.0 82.0
Base -10.0 485 -355 -535
Sub-base —65.0 175 —435 12.5
Subgrade Reinforcement | —20.0 -14.0 26.0 -8.0
Total -24.0 6.4 132 -9.0
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far the most expensive paving component in the Amazon region.
The gravel that is used in the base and sub-base layers is more
expensive per cubic meter than a square meter of asphalt 5 cm
thick, at a ratio of 1:3.3. This occurs because rocks in Amazonia
are rare in comparison with sediments from the tropical overbur-
den, due to the climate.

On the other hand, the use of a single velocity value for
the time-depth conversion leads to larger errors. In the case
studied, it indicated a thickness greater than that defined in the
specifications.

Thus, this experiment showed that GPR can be an excellent
tool to verify if road construction is being performed in accor-
dance with contract specifications. The GPR checks must be done
in the center of the road, because the thickness can be somewhat
lower than in the edges as indicated by the transversal radargrams.
Where there are areas of dubious quality, such as those reported,
we consider it fundamental to perform other boreholes to verify
them; the acquired knowledge could then be used for GPR study
for longer stretches of pavements.
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