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Abstract

This work is focused on the assessment of the diagnostic potential of several
geophysical methods when applied to the investigation of a rigid airport pavement. The
potential and limit of each technique are evaluated as well as the added value deriving
from their integration. Firstly, we reconstruct a high-resolution image of the pavement
by a large electromagnetic and georadar screening. An advanced processing of georadar
data, implemented through the picking of the arrival times of reflections for each
profile, provides a quantitative estimation of the deviation between the design and the
as-built thickness of layers. Additionally, electrical tomography has been applied to
unequivocally identify the anomalous zones, where higher values of resistivity would be
associated to porous zones that are prone to degradation and failure. The seismic
tomographic survey had the additional purpose to recover the mechanical properties of
the pavement in terms of both P- and S-waves and consequently of elastic constants
(Poisson’s ratio), whose values were consistent with those recovered in literature. The
anomalies detected by each technique are consistent in their indications and they can
been correlated to failure phenomena occurring at layer interfaces within the pavement
structure or to unexpected variations of the layer thicknesses. The cost-effective
geophysical campaign has validated the four-layered system deduced from the original

design and has been used to reconstruct a high-resolution map of the pavement in order



to discriminate fractures, crack-prone areas or areas where the as-built differs from the
original design.

Keywords: high-resolution integrated geophysical methods, airport pavement, EM,
GPR, seismic tomography

1. Introduction

During their life cycle, airfields and aircraft runways must preserve the structural
integrity for obvious safety and economic reasons. An effective maintenance program
should avoid cracking and failures and minimize time and costs for ordinary servicing
operations. In light of this, all reliable information for monitoring the conservation
status of the pavements are relevant to identify any failure-prone areas.

Over the last decades, geophysical methods have been affirmed as one of the most used
non-destructive methods, with the primary aim to assess the thickness of the pavement
layers and to give an estimation of physical and mechanical parameters of the pavement,
even though mainly involving only the application of Ground Penetrating Radar (GPR)
and Falling Weight Deflectometer (FWD).

GPR has been extensively used for over twenty years now to assess the conservation
status of road pavements (e.g. [1]), to evaluate the effective thickness of different layers
(e.g. [2-5]), to investigate the as-built conditions (e.g. [6]), to assess the amount of water
and clay in the subsoil (e.g. [7-9]) and to monitor cultural heritage (e.g. [10-13]). When
compliant to existing standards for testing concrete or asphalt surfaces ([14]), GPR
measurements can be executed without disturbing the operability of roads. Maser et al.
[6] have demonstrated that the ground-coupled GPR system has difficulty resolving thin
uppermost layers (< 100 mm), whereas air coupled antennas achieved an increased
resolution and can differentiate thinner layers (about 50 mm for asphalt pavements).
When compared with air-launched systems, the ground-coupled system has the

distinctive advantage of a significant increase in depth of investigation, though ground-
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coupling limits the speed of vehicles and productivity ([3,6]). GPR measurements may
be affected by other limitations: there is an intrinsic inability to clearly differentiate
between layers of similar materials due to the low contrast in their dielectric properties
([15]) and additionally the presence of salt, water or high iron content in slag aggregates
may be responsible for high attenuation of the electromagnetic signal in some pavement
layers. As such, the analysis results may be misleading sometimes, especially for
concrete pavements ([6,15-17]). Resolution of recorded data is enhanced by using high
frequency antennas, but at the expense of the penetration depth, which is reduced when
the frequency increases ([3-4,17]).

Beside the GPR method, there are other non-destructive methods widely used during the
last decades, to evaluate the stiffness and the structural capacity of pavement sand soil
foundations. One of the most used for rigid pavements is the FWD, which is an
apparatus designed to impart a load pulse to the pavement surface by dropping a
standard weight from a constant height on a circular load plate firmly placed on the
pavement. The deflection induced by the impact is measured at several distances and
used to calculate stiffness-related parameters of the pavement structure through various
back-calculation processes (e.g. [18,19]). In spite of being a relatively rapid method, the
FWD is very heavy and expensive and its use is limited to few companies. In light of
this, a German roadway organization has developed a Portable Falling Weight
Deflectometer (PFWD), a lightweight instrument, employing the same principles of
FWD with correlations between dynamic deflection modulus and bearing capacity of
layers made easy (e.g. [20]).

For estimating the stiffness and structural bearing of road pavements, Dynamic Cone
Penetrometer (e.g. [21,22]) has also been employed, while Infrared Thermography (e.g.

[23,24]) can help to detect delaminations or near surface defects



Seismic methods have also been proved useful for field testing of pavements (e.g. [25]),
because the elastic modulus, the shear modulus and the Poisson’s ratio can be calculated
without any empirical correlation from the seismic velocities (P-wave and S-wave
velocities). From this point of view, the pavement testing with surface waves ([26]) can
provide reliable 1D models of seismic velocities up to significant depths, even though
the resolution could be lower with respect to the refraction/reflection seismic methods.
Many applications of this technique for pavements are reported in literature (e.g. [26-
28]), although it has been demonstrated that an effective characterization is achieved
with datasets exhibiting a frequency of few tens of kHz, which is something not
achieved by conventional geophysical instrumentation (with geophones up to 100 Hz).
Although Electrical Resistivity Tomography (ERT) is a well-known technique for
archaeological prospection involving buried structures (e.g. [29-32]), only a few
references available in the scientific literature concern the application of DC electrical
methods for the characterization of pavements (e.g. [33]). This technique has the
considerable advantage of investigating a significant volume of subsoil (up to 0.25
times the maximum spread of the ERT array) with good resolution and reliability, even
though the deployment of electrodes and the measurement time heavily affect
productivity. ERT is diagnostic method to detect porous zones that are prone to
degradation or failure anomalous zones, both characterized by an increasing resistivity
comparing with the background medium.

It is well-know that multi-technique approaches integrating data from different methods
may improve the reconstructed image of the pavement (e.g. [34-37]) although the
accuracy, reliability, cost-effectiveness and rapidity are key issues to fully exploit the
diagnostic potential of non-destructive testing methods.

The evaluation of the structural integrity of pavements calls for high-resolution

investigation of the pavement layers and adequate depth of penetration to properly
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characterize the infrastructure and underlying soil. Our approach is based on a
preliminary extensive screening performed by low frequency electromagnetic (EM) and
GPR followed by a more focused survey encompassing ERT and seismic refraction
tomography (SRT).
The idea is to point out possible defects and anomalous zones by a first screening
consisting of measures which are low-cost, rapid to execute and fast to interpret.
This procedure has been tested on an airfield apron located in central Italy, whose
current conditions must be assessed to define the planned and condition based
maintenance and repair.
On these basis, the main goals of the integrated geophysical investigations at this site
are:
¢ to individuate the differences (if any) between the original and the as-built design;
e to detect and to characterize anomalous and weakness zones within the different
layers of the pavement;
e to give an estimation of the physical and mechanical parameters of the different
layers;
e to assess the diagnostic potential and the main limits of each single geophysical
techniques and the added value of the proposed integrated procedure.
In the following four sections we will firstly describe the investigated site (section no.
2), providing then technical information about the geophysical methods employed
(section no. 3), presenting the results of the single technique and the added value of the
integrated approach (section no. 4) with a final discussion (section no. 5).
2. Site description
The study area is a 18 m wide and 50 m large apron, located within an airport in central
Italy (Fig. 1). According to its original design, the apron consists of four layers (Fig.

2a). Portland Cement Concrete (PCC) slabs up to 30 cm of depth (maybe fiber
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reinforced), a base layer of 20 cm (probably stabilized aggregate), a 40 cm thick
subbase layer (often made of lower quality materials than the base course) and a 60 cm
thick subgrade (in situ compacted soil). A picture of the under construction apron is
given in Fig. 2b (left). The shallower in-situ deposits consists of Pleistocene silty sand
overlying Pleistocene silty clay, with variable thickness, as confirmed by an exploratory
borehole drilled close to the study area.

A couple of fractures resulting from longitudinal distress were observed by visual
inspection on the apron surface, as reported in Fig. 2b (right). The cracks are directed
along the y-direction, joining the opposite sides of a single slab. The longitudinal
cracking is usually due to the combination of cycled loads as it can indicate structural
failure due to subsidence or cracking phenomena occurring within or at the interface of
the underlying layers. Therefore, the airport Authority needs to extensively map this
area for planning the restoration activities and steering the repair works towards a
partial or a full depth reconstruction.

3. Methods, data acquisition, processing and inversion

The proposed investigation procedure involves the sequential application of EM, GPR,
ERT and SRT techniques. The main aspects of each technique is hereby detailed by
paragraph. The parameters employed for field data acquisition are reported in Table 1.

3.1 Low-frequency Electromagnetic (EM)

The low frequency electromagnetic campaign was performed within a 18x50 m
rectangular grid, where 0.5 m spaced profiles were acquired along both the x- and y-
direction (Fig. 1), using three different frequencies (2, 8 and 16 kHz). For each
frequency, the recorded output consists in the complex mutual coupling ratio (Q%*)
between the secondary and the primary magnetic fields, expressed in parts per million

[ppm] for both the in-phase and quadrature components.



Under certain constrains, technically defined as "operation at low-values of induction
number" the quadrature component is only a function of the inter-coil spacing s, the
operating frequency f and the ground conductivity o ([38]). The induction number &is

defined as:

9 = /an;ioasz (1)

where 14 is the magnetic constant or permeability of free space.
The above hypothesis holds for 6 <« 1. In this case & ranges from 0.001 to 0.01, for the

whole range of frequencies. Therefore the apparent conductivity oy is given by:
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The in-phase component is generally very sensitive to the presence of metallic objects.
When the complex ratio Q" is mapped as a function of the induction number, a
"resistive-limit zone" can be individuated as the area where the magnetization effect
dominates the EM response. Within this zone (corresponding to low @values) Q"

becomes real and its in-phase component depends directly to the half-space magnetic

apparent susceptibility x, as follows ([39]):

Re(Q") = ~5—G (3)
_ 2Re(Q")
= Tlreen+al (4)

where G is a variable that depends only on the coil configuration. In particular for

bistatic horizontal coplanar coils, G can be expressed as:
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being h the height of the sensor.



Under the above assumptions, we provide maps of both the apparent electrical
conductivity and the apparent magnetic susceptibility of the investigated underground,
after despiking the raw data.

3.2 Ground Penetrating Radar (GPR)

Similarly to the EM investigation, the 0.5 m spaced GPR profiles were acquired within
a 18x32 m rectangular grid (Fig. 1). Three different frequencies (200, 600 and 900
MHz) were employed to investigate with different resolution the pavement structure and
foundation, which has a limited thickness and exhibits similar electromagnetic
characteristics among the different layers. The 200 and 600 MHz shielded antennas
were simultaneously acquired and data have been recorded on 3 channels (channels 1
and 2 where both antennas act as transmitter and receiver and channel 3 where the
signal is transmitted by the 200 MHz antenna and received by the 600), while a single-
channel acquisition was performed with the 900 MHz antenna.

The recorded signals were firstly processed by moving the start time and applying a
band-pass filter, with lower and upper cut-off frequencies of 100-500, 100-1000 and
100-1900 MHz, for 200, 600 and 900 MHz antennas respectively. Further processing
includes a linear gain for equalizing the signal amplitude and recovering the energy
losses with depth and a background removal for suppressing coherent noise. The three-
dimensional data cube built with the GPR profiles was used to extract time-slices
(horizontal sections of the energy at different times) in order to map the subsurface
targets. The time-slices are built summing the squared normalized absolute amplitude,
proportional to the back-scattered (reflected and diffracted) energy (for the sake of
simplicity we have marked it as reflected energy in the following sections), within a
fixed time window. . For the time-depth conversion, the EM wave velocity was
determined by diffraction hyperbola fitting. This procedure has been applied at regular

steps within the site - each 10 profiles (5 m) in both directions - and at depths ranging
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from 0.3 and 0.9 m. The resulting mean velocity is 10 cm/ns with a standard deviation
of approximately 1 cm/ns.

The thickness of the pavement layers were derived from picking of the times of the
main reflections for each profile direction (longitudinal and transversal) and for each
antenna frequency, obtaining the values of x, z and t related to the trace position in the
layer. Using a velocity of 101 cm/ns we calculated and mapped the thickness of the
first two layers and the depth of the subgrade-subsoil interface. The maps were obtained

by overlapping the data of longitudinal and transversal profiles for each frequency.

3.3 Electrical Resistivity Tomography (ERT)

Five 2D ERT lines (L1-L5) were performed on the study area (Fig. 1) using 48 copper
electrodes spaced 30 cm apart and a dipole-dipole array configuration taking advantage
of the roll-along acquisition technique. Under the site conditions, the dipole-dipole array
combines consistent signal strength with good resolution and depth of investigation.
The chosen electrodes are completely non-invasive as we employed a 10 cm square
copper plates (Fig. 3a). The L3 line is partially located outside the apron (Fig. 1).

2D ERT pseudosections are inverted using the VERDI algorithm ([40]) which is based
on the formalism of inequality constraints that allows easy introduction of a priori
information into the inversion process. In this particular case, we made no preliminary
assumption on the pavement layering. This code is now capable to perform robust
inversion ([41]) in addition to the standard inversion procedure and to automatically
select the optimum damping value minimizing the Absolute Error for each iteration
([42]). The quality of the acquired dataset and of the inversion procedure is proven by
the very low Absolute Errors (1.65% and 3.09%) of the final models described in

Section 4.



A smaller area of the apron was investigated by using a 3D ERT configuration (Fig. 3b),
where the 48 electrodes are arranged into a 16x3 snake acquisition scheme. Repeating
11 times this scheme leads to a global inspected zone of 4.5x6.6 m, with 0.3 m spaced
electrodes. The overall dataset to be inverted consists of about 32,000 apparent
resistivity data. The 3D ERT data was inverted using the ErtLab® commercial software
by Multi-Phase Technologies, LLC and Geostudi Astier.

3.4 Seismic Refraction Tomography (SRT)

As described in Section 1, the seismic survey has the additional purpose to recover the
mechanical properties of the pavement in terms of both P- and S- wave velocity and
additional of relevant elastic constants (e.g. Young’s modulus, Poisson’s ratio, etc.).
Seismic data were recorded along the L1 line (Fig. 1), employing a 36 channel system
of 40 Hz vertical geophones (see Table 1) for P-waves while a 48 channels system were
used with 14 Hz horizontal geophones for SH-waves. Additional shots were fired within
the array spread, if compared to standard refraction survey, to permit a high resolution
(HR) tomographic reconstruction (Fig. 3c).

For SH-waves acquisition, we employed a lightweight wood/aluminum source that
allows horizontal hammer impacts in opposite directions, to enhance the picking of the
S-wave arrival by phase difference (Fig. 3d), while the P-wave was generated by a 1-kg
hammer impact on a steel plate.

Both acquisitions have been performed with a geophone streamer, made up by abrasion-
resistant steel tripod plates connected and towed by a high tensile-strength band.
Inversion of seismic tomography data was performed using the algorithm described in
[43]), employing the linear travel time interpolation (LTI) method for ray-tracing ([44])
and the iterative biconjugate gradient algorithm for traveltime inversion ([45]).

4. Results
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According to the theory, the lowest frequency (2 kHz) was used to map the apparent
susceptibility, while the apparent conductivity map was derived from the 16 kHz
dataset. The apparent conductivity (Fig. 4a) pointed out two main anomalous zones: a
low conductive area located at y=6-18 m and x=10-28 m (marked as A) and a high
conductive area extended along the x-direction at y=0-3 m (marked as B). The anomaly
marked as B was detected also in the apparent susceptibility map (Fig. 4b),
approximately with the same geometrical characteristics, and due to the high
conductivity and high-susceptibility displayed, it could be related e.g. to an increase of
the water content or to a reinforced structure (road, concrete pavement, etc.). In this case
we can confirm that this anomaly is due to a pre-existent pavement through the analysis
of the original working plans. Although a good lateral resolution can be achieved
through EM measurements, this method has the considerable disadvantage of a low
vertical resolution as it provides only average apparent values of the whole investigated
volume.

Using the GPR data, we made a step forward towards the increment of the vertical
resolution. An example of a GPR profile acquired at y=0.5 m, is reported in Fig. 5, for
the 200 (Fig. 5a), 600 (Fig. 5b), 200-600 (Fig. 5¢) and 900 (Fig. 5d) MHz antennas. The
best resolution was achieved through the 900 MHz antenna (Fig. 5d) as long as it is
focused only on the shallower part of the pavement (slab, base and subbase, marked in
yellow, orange and green respectively in Fig. 5). The deeper part of the pavement
system (interface between subgrade and subsoil, marked in purple in Fig. 5) can be
characterized by the 200-600 MHz antennas. The 900 MHz GPR profiles related to the
L1 and L3 alignments (Figs. 6a and 7a) confirm that the pavement is effectively formed
by a four-layer system, where the slabs are always well detectable, with a thickness of
about 30 cm.A higher signal attenuation, maybe due to an increase of conductivity,

occasionally prevent the detection of the third layer.. The high reflectivity displayed at
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x=0-5 m is probably due to the presence of the preexisting structure located below the
subbase layer, previously identified by the EM method.

Where GPR data are mapped as time-slice (Fig. 8), we can discriminate the different
response among the various materials in terms of reflected energy. For the sake of
completeness, we present in Fig. 8 four time-slices, related to increasing depths (0-30
cm; 30-60 cm; 60-90 cm; 90-120 cm) and different antenna frequencies: 900 MHz
(Figs. 8a, 8b and 8c) and 200 (transmitting)-600 (receiving) MHz (Fig. 8d). In detail the
time-slice in Fig. 8a is able to detect the slab joints (black arrows) and the variation of
intensity of reflected energy among the different slabs. The anomalous high-reflected
energy zone (A) in Figs. 8b and 8c, superimposed to the EM resistive anomaly (A in
Fig. 4a), is probably related to a non homogeneous composition of base or subbase
layers. Furthermore we can argue that the base and subbase layers are built with
resistive material having a grain dimension similar to the antenna wave length, causing
diffraction phenomena seen as back-scattering energy in Figs. 8b,c. When the deeper
subgrade is analyzed (Fig. 8d), the main anomaly (B), probably due to a reinforced pre-
existent structure, is y-directed similarly to the EM evidences (Fig. 4). The GPR results
are much more detailed with respect to EM both in terms of spatial and vertical
resolution of the pavement layers, whereas the time needed for investigating the apron
remains approximately the same for both methods. On the other hand EM allows to
characterize the structure in terms of magnetic susceptibility of the material.

When the GPR dataset is used to map as a function of depth of the thickness and
interfaces between layers (Fig. 9), through the advanced processing described in Section
3.2, we can have a quantitative estimation of the deviation between the as-built and the
design thicknesses of the layers and to give a causal relationship for the detected
anomalies. The thickness of the concrete slab is shown in Fig. 9a. The maximum

interval, around the nominal thickness of 30 cm, is about 25-45 cm, with an absolute
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error, derived from the wave velocity estimation, around 3 cm. More specifically, the
white line in Fig. 9a includes a large area (corresponding to the A-zone in Fig. 8b)
where the slabs are slightly thinner than the planned ones. However, we can also
identify zones where the thickness of the slabs are larger than 40 cm, even if small-
sized. The thickness of the base layer (Fig. 9b) is characterized by a wider variation (2-
36 cm), even though the prevalent values are about the order of 16-20 cm, consistent
with the original design. In this case the layer thickness is biased by about 5 cm. The
thickness of the whole pavements system (Fig. 9c), corresponding to the depth of the
subgrade-subsoil interface, ranges between 120 (corresponding to the B-zone) and 190
cm, with a maximum error in the thickness estimation of = 15 cm. This interface is not
always visible in the study area.

Starting from these results, we calibrated the second part of the geophysical campaign,
with the dual purpose to characterize with a ERT survey the deeper part of the pavement
(including the foundation soil) and to give an estimation of the elastic parameters of the
subsoil through high-resolution seismic tomography.

The inverted ERT model obtained for the L1 line (Fig. 6b) was able to reconstruct the
four layers of the pavement structure: the PCC slabs have a conductive behavior (30-40
Qm) since they are probably made of a Fiber Reinforced Concrete (concrete with
discontinuous or uniformly dispersed fibers). In fact, the carbon or polypropylene fibers,
often used for increasing the ductility of concrete elements and the resistance to impact
load of apron pavements, exhibit a slightly conductive behavior (e.g. about 13 Qm after
[46]). The lack of the typical rebar reflections on the corresponding GPR profile (Fig.
6a) confirms the absence of a continuous steel reinforcing throughout the pavement. On

the contrary, the base layer has a resistivity ranging from 200 to 600 Qm, and the

subbase is relatively conductive (60-80 Qm). The subgrade is moderately resistive
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(>300 ©m), while the underlying in-situ subsoil has a resistivity value of about 30-40
Qm. In the first part of the line (x=2-6 m, corresponding the slab. n.2) the effective
layering is quite different with respect to the adjacent layers, due to the presence of the
pre-existent structure.

The L3 ERT line (Fig. 7b) is partially located outside the apron; the inversion outcome
for this line confirms the reliability of this technique to resolve the four-layered
configuration of the pavement and to give information about the type of anomalies
already individuated by GPR. The concrete slab situated at x=7-10.75 m, seems to be
thinner than the neighboring ones and consequently the presence of a high-energy area
in the respective GPR time-slices (Figs. 8a and 8b) could be clarified. The resistivity of
the deeper layer, situated at a depth of 0.9-1.3 m, reaches values higher than 2000 Qm at
x=0-3 m (area marked as B in Figs. 4 and 8d) and at x=10-15 m. The latter anomaly has
been not identified by the other techniques.

When compared to the GPR results, the ERT model is capable to explore up to 1.5 m of
depth so that the deeper anomalies are better resolved. In addition to this, we can have
additional information about the presence of fractures or cracking-prone zones,
generally associated to higher resistivity values. Nevertheless GPR profiles and ERT
lines describe a similar scenario both in terms of effective layering (thickness and
depth) and for the detection of anomalies, where GPR holds a better resolution for the
shallower anomalies and the ERT is able to investigate deeper targets.

From this point of view higher resolution can be given by the 3D ERT array (eleven
array each formed by 16 x 3 electrodes spaced 30 cm apart), focused on the bottom-
right part of the pavement in Fig. 1. The inverted model mapped as horizontal slices at
15 cm (Fig. 10a) and 40 cm (Fig. 10b), shows both the slab joints (Fig. 10a) and two

deeper anomalous resistive zones located at x=0-2.5 m and y=0-1.5 m and at x=3.5-4.5
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m (Fig. 10b) in the base layer. When this horizontal slice is compared with the
correspondent GPR time-slices (Figs. 10c and 10d), the resistive anomalies are clearly
superimposed by high-energy zones. These evidences could be attributed to a more
inhomogeneous composition of the base layer or to a structural defect occurring at the
interface between the concrete slabs and the base layer. The main disadvantages of this
techniques are the huge amount of time needed for investigating a small area (about 30
minutes for a single array) and the limited depth of penetration (up to 0.9 m using a
16x3 electrodes configuration).

Besides the geometrical characterization of the pavement and the identification of
anomalous zones due to a difference between the as-built and the original design or to a
structural failure phenomena occurring below the concrete slabs, the airport Authority
needs to estimate the stiffness properties (e.g. elastic modulus, Poisson's ratio) in order
to evaluate if the pavement has maintained the original bearing capacity. The seismic
refraction tomography can fulfill this target as long as it is focused only on anomalous
zone where the mechanical parameters differ from those early assessed on undisturbed
areas. Unfortunately, this kind of survey is still not rapid and low-budget, especially for
high-resolution investigation (30x30 cm grid) as it needs a further effort to mechanize
the source-receiver system. The results of the seismic tomography, performed on line
L1 in Fig. 1, are shown in Figs. 11 and 12. In Fig. 11a and 11b two example shot
gathers are reported for both P-Wave and S-Wave seismic tomography lines
respectively, where good quality first arrivals could be picked for both surveys. For SH
waves, picking of the S-wave arrival is enhanced by overlapping two opposite polarity
records at each shot location. Where the Fourier amplitude spectrum of the above-cited
seismograms are displayed (Fig. 11c and 11d for P- and S-wave respectively), it can be
noticed that the relevant frequency content of the seismic signals is mainly distributed

around 400-600 Hz for P-wave and 100-200 Hz for S-Wave seismograms, respectively.
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The initial models for tomographic inversion of P- and S-wave dataset reflect the
effective layering recovered by the above mentioned techniques, under the hypothesis of
a velocity inversion passing from the slabs (Fiber Reinforced Concrete, conductive in
ERT models) to the base layer (resistive in ERT models), while the seismic velocities of
subbase layer (conductive) are supposed to be higher than the previous ones. The
models are limited to a depth of 0.9 m corresponding to the subbase-subgrade interface,
because the subgrade and the soil have lower stiffness than the overlying structure.

The results of the P-wave (first arrival) seismic tomography are displayed in Fig. 12a.
Through the tomographic inversion of seismic data we reconstruct a P-wave velocity
(Vp) for the concrete slab of about 2000 m/s, while the P-Wave velocities of the
underlying layers are 1600 m/s (base) and 2300 m/s (subbase). There are only moderate
changes in the Vp distribution within the model, principally due to the presence of the
slab joints, even though the base layer seems to be affected by a higher variability,
notably at x=6-10 m and at x=15-16 m, similarly to the GPR and ERT evidences (Figs.
6 and 8b).

The shear-wave tomography (Fig. 12b) has confirmed the same layering, with S-wave
velocities ranging from about 1250-1300 m/s for slabs to about 900 and 1450 m/s for
base and subbase. The S-wave model seems to be more diagnostic than the P-wave
model, with respect to the velocity variation within each layer, detecting a low-velocity
zone in the subbase layer at x=10 accordingly to the ERT and GPR sections. The
relative Root Mean Square Error (RMSE) for the two models is satisfactory,
considering that the average travel time is about 1.5 ms and consequently the absolute
RMSE is on the order of 0.2 ms, slightly higher than the random error committed by the
operator during the picking procedure.

The resulting Poisson’s ratio (o) is given by the following formula:
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oc=0.5 871 (6)

where B is the ratio between Vp and Vs.

The slab n.1 and the asphalt zone are characterized by a low seismic ray coverage:
consequently o was evaluated only for the first layer. Hence we retrieve an average
Poisson’s ratio distribution, displayed in Fig. 12c, according to the pavement layering.
The concrete slabs has a o of 0.1-0.2, while for the base and the subbase o is 0.25-0.28
and 0.17-0.23 respectively. These values are consistent with those recovered in
literature on Portland Cement Concrete (slabs) and on a cement stabilized (base and
subbase layer).

To evaluate the soil stiffness and to seek for independent confirmation of the
tomography section, we compared a full waveform synthetic simulation with the
tomographic inversion results. A 48-channel synthetic shot gather with the same
geometrical characteristics of the seismic line is simulated by reflectivity modeling over
a 1D model which is representative of the inverted tomographic section. We used a
vertical surface point source with a Ricker embedded source wavelet having a frequency
peak of 600 Hz. The 1D model was chosen averaging the results over the tomographic
section, excluding the receivers over the asphalt. The compressional velocity of the
three layers is set, from top to bottom, as 2000 m/s, 1650 m/s and 2300 m/s,
respectively, whereas for the S-wave velocity values are: 1300 m/s, 900 m/s and 1450
m/s from top to bottom. The layer thickness is chosen as compliant to the original
pavement design (Fig. 1). Although it is recognized ([47]) that proper investigation of
the uppermost layers of a pavement structure requires a different acquisition system
capable of handling much higher frequencies (>2000 Hz), the comparison may confirm
anyway that the main characteristics of the observed spectra can be effectively predicted

by full waveform modeling.
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In Fig. 13 we display the results of this comparison in terms of the vertical component
of particle velocity. In Fig. 13a we report the phase velocity vs frequency (or phase-
shift) spectrum of an example shot gather of the experimental data. The frequency-
phase velocity (f-c) spectrum of the synthetic shot gather is reported in Fig. 13b. The
open black circles superimposed on the spectra indicate the ensemble of the
experimental dispersion points (maxima of the f-c spectrum) averaged over all the shots
of the seismic line. The main characteristics of the synthetic spectrum (Fig. 13b) are
consistent with the observed one (Fig. 13a) and therefore confirms independently the
pavement structure and layer velocities as pointed out by seismic tomography, which in
principle may be affected by apparent velocity and hidden-layer problems in the case of
velocity reversals. At the higher frequencies (>1000 Hz) the lack of correlation on the
observed spectrum is due to the low frequency of the employed geophones (40 Hz).

5. Discussion and Conclusions

The integration of well-developed geophysical methods (electro-magnetic, georadar,
electrical and seismic) can be an important tool where the integrity and reliability of an
airport pavement have to be assessed. These methods are cost-effective and can be used
to map extensively the pavement during the verification tests to be performed at the end
of the work, in order to discriminate critical areas or areas where the as-built differs
from the original design.

In addition to the GPR method, an established technique for these applications, the
high-resolution electrical and seismic methods can give a further contribution in order to
retrieve geometric, physical and mechanical parameters of the pavement.

In particular, the geophysical campaign has validated the layout deduced form the
original design and formed by four layers having a medium thickness of about 30, 20,
40 and 60 cm respectively, each characterized by a high degree of variability in both the

x- and y-directions. The first layer, consisting of PCC slabs, probably fiber reinforced,
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is relatively homogeneous and characterized by low resistivity (about 30-40 Qm) and a
Poisson’s ratio around 0.15. The base layer covering the entire area at depths ranging
from 30 to 50 cm is more inhomogeneous, as it remains undistinguishable in some areas
from the underlying layer and exhibits a different physical characteristics (resistivity of
about 200-600 Om and Poisson’s ratio of 0.27), related to a less rigid and more porous
material. The subbase layer presents a resistivity of about 100 Om and a Poisson’s ratio
of 0.2. The Poisson’s ratios of the three layers are consistent with values recovered in
literature for pavement materials. Below this three-layered pavement, we detected a
resistive layer (subgrade) and a homogenous low resistivity value (40-50 Qm) related to
the in-situ silty sands deposits. The ERT and SRT methods has provided reliable
inverted models, with low RMSE values displayed at the final iteration.

The EM method returns only a low-resolution image of the pavement, although very
rapid and cost-effective. It can be employed for a quick screening of the airfield, where
a high degree resolution is not required. On the contrary, GPR can give a high-
resolution image of the investigated pavements, where the time necessary to investigate
a fixed area remains approximately unchanged with respect to the EM. Nevertheless the
detected anomalies cannot be always properly addressed and it could be difficult to give
an unambiguous cause-and-effect relationship in the absence of a-priori or additional
information. An advanced processing, based the picking of the arrival times
(eliminating what is derived by the interpolation) can give a more quantitative
information about the deviation between the design and the as-built thickness of layers
(whose mean value shall not be lower by more than 5% compared to the original
design). Therefore it can be an important tool for engineers and professionals involved
in the final testing procedure of the structure.

Some major issues, previously highlighted for GPR, can be fulfill by ERT, to be

executed along 2D alignment conveniently spaced, since the 3D configuration is still
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not rapid as it requires about 30 minutes for acquiring a single dataset with a widespread
used resistivimeter.

Although the pavement layers were well-recognized and modeled using all the two
above mentioned methods, the ERT suffers of loss in resolution in depth and the GPR
signal strength is adequate only for depth up to about 1-1.5 m. As a matter of fact the
anomalies detected by each technique are consistent among them and they can be
correlated to failure phenomena occurring at interfaces between layers or to an
inhomogeneous thickness of the different layers. However we still has not found for this
site a clear causal relationship between these anomalies and the surface evidences
(fractures) Where an elastic characterization is needed for assessing the maximum
vertical load, the seismic refraction tomography has the substantial advantage, with
respect to the Falling Weight Deflectometer (FWD), to directly calculate velocity values
and consequently the Poisson’s ratio at small intervals throughout the pavement. This
lead to a high-resolution reconstruction of the analyzed pavement as compared with the
low-resolution obtained by the FWD, whereas a more detailed mapping can be obtained
only with a non-linear increase of the operational costs.

On the other hand, since the seismic methods are not always rapid, especially for a high-
resolution multi-shot tomography, it needs a further improvement towards the
developing of a mechanized and continuous system including source, streamer and
cables, and acquisition systems capable of handling much higher frequencies than the
conventional geophysical acquisition systems, sources and receivers.

Therefore, GPR and EM can be extensively used to derive the effective layering, both
referring to the thickness of the concrete slab and to the thickness and the degree of
conservation of the underlying materials. In more detail 2D and/or 3D ERT arrays can
be applied to unequivocally identify the anomalous zones, early individuated by a large

GPR screening, where higher values of resistivity would be associated to the more
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porous and prone to breaking zones. Then a more focused investigation on selected
areas should comprehend a SRT survey for retrieving the mechanical parameters. This
approach on field investigations could be further improved by monitoring the physical
and mechanical parameter in time for maintenance and in order to avoid the occurrence
of critical conditions on the structure.
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List of tables

Technique

Acquisition details

Low-frequency electromagnetic
(EM)

Device: Electro-magnetometer GSSI Profiler EMP 400
Frequencies: 2, 8 and 16 kHz

Grid spacing: 0.5 m

Investigated area: 18 x 50 m

Ground Penetrating Radar (GPR)

Device: IDS antennas

Frequencies: 200, 600 and 900 MHz
Grid spacing: 0.5 m

Investigated area: 18 x 32 m

Electrical Resistivity Tomography
(ERT)

Device: Iris Syscal Pro resistivimeter

Array: Dipole-dipole roll-along (customized sequence)
2D lines, Dipole-dipole 16x3 snake array (3D grid)
Electrodes: 48 copper plates (10x10 cm)

Electrodes spacing: 0.3 m

Investigated area: 4.5 x 6.6 m (3D) and five 2D lines
(L1-L5)

P- and SH-wave Seismic Refraction
Tomography (SRT)

Device: 2 seismographs Geode Geometrics

Seismic source: 1 kg sledge-hammer and steel/wood-
aluminum plates

Geophones: 36 geophones at 8 Hz (P-wave) and 48
geophones at 40 Hz (S-wave)

Geophones spacing: 0.3 m

Shots distance: 0.3 m

Investigated area: L1 line

Table 1. Parameters for field data acquisition
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Figure captions

Figure 1. (a) Aerial plan of the surveyed areas and location of the field investigations.
Figure 2. (a) A-A’ cross-section as indicated in Fig. 1. (b) Picture of the under-
construction apron (left) with indication of joints and fractures (right).

Figure 3. (a) 2D ERT and (b) 3D ERT arrays, by using non-invasive 10 cm square
copper plates. (c) P-Wave acquisition and (d) SH-Wave acquisition on line L1 in Fig.1a,
by using a geophone streamer (three-legged steel plate) and lightweight sources.

Figure 4. Map of the EM results. (a) Conductivity map for the 16 kHz frequency with
indications of resistive (A) and conductive (B) zones. (a) Magnetic susceptibility map
for the 2 kHz frequency with indications of the anomalous zone (B).

Figure 5. Example of GPR profiles at y=3.5 m (corresponding to the L1 line in Fig. 1a),
for the 200 (a), 600 (b), 200-600 (c) and 900 (d) MHz antennas. The layers are marked
in yellow (slabs), orange (base), green (subbase) and purple (subgrade).

Figure 6. (a) GPR vertical profile on L1 line for the 600 MHz antenna. The layers are
marked in yellow (slabs), orange (base), green (subbase) and purple (subgrade). (b)
Inverted model of ERT line L1. The direction of the line and the position of the first
electrode is shown in Fig. 1. The layers are marked in black. Slab joints are indicated by
dashed lines.

Figure 7. (a) GPR vertical profile on L3 line for the 600 MHz antenna. The layers are
marked in yellow (slabs), orange (base), green (subbase) and purple (subgrade). (b)
Inverted model of ERT line L3. The direction of the line and the position of the first
electrode is shown in Fig. 1. The layers are marked in black. Slab joints are indicated by
dashed lines.

Figure 8. Time-slice drawn for the GPR dataset. The L1 and L3 alignments are

indicated with black dashed lines. (a) Time-slice at a depth of 0-30 cm for the 900 MHz
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antenna. Slab joints are indicated by black arrows. (b) Time-slice at a depth of 30-60 cm
for the 900 MHz antenna. The high-energy zones is marked as "A", similarly to the EM
evidence in Fig. 5a. (c) Time-slice at a depth of 60-90 cm for the 900 MHz antenna. The
high-energy zone is marked as "A", similarly to the EM evidence in Fig. 5a. (c) Time-
slice at a depth of 90-120 cm for the 200-600 MHz antennas. The high-energy zone is
marked as "B", similarly to the EM evidence in Figs. 5a and 5b.

Figure 9. Effective thicknesses of the pavement layers as resulting from the picking of
the arrival time. (a) Thickness of slabs. The area delimited by white line corresponds to
the anomalous zone "A" detected by the time-slice in Fig. 7b. (b) Thickness of the base
layer. (c) Thickness of the whole pavement system (four layers).

Figure 10. Horizontal sections drawn at a depth of 15 (a) and 40 cm (b) from 3D ERT
on the area indicated in Fig. 1. Data inversion is performed using the ErtLab® software.
GPR time-slice at a depth of 0-30 cm (c) and 25-55 cm (d) on the same area of 3D ERT.
Figure 11. (a) P-Wave seismogram for shot number 2 (x=0 m) with picked P-wave
arrivals. (b) SH-Wave seismogram for shot number 4 (x= 1.2 m) with picked SH-wave
arrivals. Solid black line and solid gray line correspond to the opposite shot direction.
(c) Fourier amplitude spectrum of selected traces for the P-Wave seismogram. (d)
Fourier amplitude spectrum of selected traces for the SH-Wave seismogram.

Figure 12. (a) Inverted model of the P-Wave seismic line L1. (b) Inverted model of the
SH-Wave seismic line L1. (¢) Poisson’s Ratio section derived from the inverted seismic
models.

Figure 13. (a) Phase velocity-frequency spectrum of an example shot gather for the
experimental dataset. (b) Phase velocity-frequency spectrum of an example shot gather

for the synthetic dataset. Open black circles indicate the experimental dispersion points.
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Highlights

We discuss potential and limits of an integrated geophysical approach for
pavement testing.

ERT and GPR methods can be used to derive the effective pavement layering.
Physical and mechanical parameters are provided by ERT and seismic
tomography.

ERT and seismic surveys can be focused on anomalous zones individuated by
GPR and EM.
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